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ABSTRACT

OXYGEN DEFICIENT PEROVSKITES:
EFFECT OF VACANCY ORDER ON ELECTRICAL CONDUCTIVITY,
MAGNETISM AND ELECTROLYTIC ACTIVITY.
Ram Krishna Hona

November 20, 2019

The present thesis deals with the synthesis and study of the physico-chemical properties of
perovskite based oxide materials. Several novel oxygen deficient perovskites (ODP) have
been synthesized by conventional solid state synthesis method. The novel compounds are
CaSrFe20¢.5, CaSrFeCo0¢5, CazFe1sGaosOs, CaSrFeGaOs and BaSrFe:Os. Their
magnetic, charge transport and electrocatalytic properties have been studied. Structural
effect on electrical conductivity, magnetic and electrocatalytic properties have been studied

in some series of ODPs.

CaSrFe206-5, CaSrFeCo0s-5, CazFe15GansOs and CaSrFeGaOs have brownmillerite type
orthorhombic structures with layered structure having alternate tetrahedral and octahedral
layers which are connected to one another by corner sharing. These are vacancy ordered
compounds. BaSrFe>Os is vacancy disordered compound with cubic structure. Most of the
studied materials exhibited G-type long range antiferromagnetic arrangement of magnetic

moments.



During the study of charge transport property, compounds with structural order in a
particular series show relatively less conductivity at room temperature and semiconductive
nature and transition to metallic conductivity during temperature dependent conductivity
measurement. Vacancy disordered compounds show relatively higher conductivity at room
temperature and show mixed (semiconductive and metallic) conductivity during

temperature dependent conductivity measurement.

The study of electrocatalytic properties revealed the relation with the conductivity and the
structural order. The electrocatalytic activity toward oxygen evolution reaction is highly

efficient if the material is highly conductive or highly ordered.

Vi
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CHAPTER 1
INTRODUCTION
1.1. Introduction to solid states chemistry
I.  Solid state chemistry

Solid-state chemistry, also known as material chemistry, is the study of the synthesis,
structure, chemical, and physical properties and the application of solid materials
particularly non-molecular solids. In general, the chemistry, structure and properties of the
solid materials are interrelated. Thus, for a specific solid state chemistry, the study should
be aimed at getting detailed knowledge of the three factors such as how the chemistry
affects in the structure of a material and then how the structure affects the physical
properties. One example of study of solid state chemistry is study of structure-property
relation in perovskite oxide materials. Richard J. D. Tilley has well collected the works of
structure-property relation in perovskite oxides.® They have been intensively studied for
their dielectric, piezoelectric, and ferroelectric nature. Now the range of property-study has
been extended to magnetic ordering, multiferroic properties, electronic conductivity,
superconductivity, thermal and optical properties.® Perovskite oxides have wide range of
structures from cubic SrTiOs to cation and anion deficient phases to hexagonal perovskites
related to SrMnOs.! The chemical and physical properties of any members of these
structural forms can be tuned to wide ranges by simply substituting A or B site cations.
Next good example of structure-property relation can be found in a literature? which states

the correlation between anti-ferromagnetic Neel temperature and structural destruction in



the series of rare earth ortho-ferrites (LnFeO3, Ln= La-Lu). The t value is below 1 for all
LnFeOs leading to perovskite superstructure due to tilting of octahedra. The crystal
structure will experience increasing tilt of the octahedra due to the decreasing effect of A
cation radius down the lanthanide series. The interaction between B cations coupled with

intervening oxygen ions results Antiferromagnetism.® The effect of super-exchange leads
to antiparallel alignment of the spins. The Neel temperature will become lower as the
distortion increases causing more tilt. Thus, the Neel temperature can be correlated with
the tilt of the octahedra. Thus, structural-property in solid state material can be revealed.
So, a solid state chemist requires to have knowledge of structural — property relation to
design a material of desired structure, property and application.

Il.  Synthesis of solid state materials

As is clear from the title “solid state chemistry”, generally no solution but hihg temperature
(heat) is used to propare a desired material. However, in some cases such as in
coprecipatipitaiton and solgel method, solutions are used in the pre-stage of the synthesis
and in subsequent steps, high heat is used to decompose the precurser compounds after
drying. For perovskite oxides, convensional solid state method can normally be employed.
In this process, the precurser compounds are mixed in stoichiometric proportions and
mixed thoroughly. Since the solid state precursers require complete decomposition to form
a completely new compound, multiple and high heating is required. In this case, the
reaction takes place by ion diffusion at high temperature which is very slow process.
Generally, peroskite oxides are synthesized from nitrates or carbonates. So, two stages of
heating namely, calcination (low tempetature) and sintering (high temperature) are

acomplished to get a material of pure phase. This technique is commonly used to



investigate the chemistry induced structural changes and thermal stability of the strucutres.
The detailed procedure for this method can be obtained in this thesis based articles.

I1l.  Characterization methods of solid-state mateerials

i.  Structure and phase purity identification

Once a sample is synthesized, its phase identification is first job to go ahead with other
characterization procedures. A phase is a crystalline solid with a regular 3-dimensional
arrangement of the atoms. Powder X-ray diffraction method is employed as a fast phase
identification technique in solid state chemistry. The measured diffraction peak positions
and intensities are like a fingerprint for a particular phase. The spacing of powder
diffraction lines are dependent on the unit cell parameters for a crystalline compound.
Phase purity is checked by comparison of the measured pattern with the entries in reference
databases using a search-match algorithm. This is also known as qualitative phase analysis.
The peak indexing is simplified by the computer programming during the comparison with
the structure of another known compound. The powder pattern of a phase is confirmed by
refinement process using certain computer programs such as Rietveld refinement using
GSAS with EXPIGUI interface, Full prof fitting and Topaz fitting programs, where a

known phase model is used for XRD data fitting.

The diffraction data may also be collected using neutrons. Neutron diffraction is a result
of interaction of neutrons with nuclei and therefore scatters strongly with light atoms as
well as hevy atoms and can easily differentiate between isotopes. X-rays intereact with
electron clouds and therefore scatter strongly from heavier elements with larger electron
clouds. So, If a compound with elements of nearly similar atomic mass or with light

elements is to be identified with exact composition and atomic positions, then neutron



diffraction is suggesed. For example, we used neutron diffraction for CazFe1s5GagsO0s
compound to find the atomic position of Fe and Ga elements in the crystal structure which
X-ray diffraction could not explain.

ii.  Magnetic measurement

Most materials have no permanent magnetic moment but a moment is induced in the
presence of a field. The response is called magnetic susceptibility (y). Usually magnetic
susceptibility is measured to find the degree of material magnetization in an applied
magnetic field. Mathematically, it is the ratio of magnetization M (magnetic moment per

unit volume) to the applied magnetizing field intensity H.

TI=

(1)

Magnetic susceptibility, y, is a function of temperature, T. So, it is commonly measured
over a range of temperature. Magnetic field is also applied during susceptibility
measurement. Generally, two measurements are performed for y versus T: (a) Zero Field
Cooled (ZFC) measurement where sample is first cooled in the absence of a field and then
susceptibility is measured in the applied field as temperature rises. (b) Field Cooled (FC)
measurement where sample is first cooled in the presence of a field and then susceptibility
is measured in the same field as temperature rises. The data obtained from these two
measurements, x versus T may overlap or diverge from each other. The divergence shows
the formation of magnetic domains induced by the applied field. the y versus T plot appears
as a smooth curve at low temperature region for a paramagnet. Any deviation from this

behavior is an indication for the presence of a magnetically ordered state and the



temperature at which the deviation occurs is the magnetic transition temperature.
Measurement of magnetization of a material as a function of the applied filed, H, at
constant temperature is also common. The magnetization is recorded during H rising and
falling, both times. the M versus H graph is linear for a paramagnet, (as long as the
saturation at high field and low T is not reached) and the data collected during both times,
H value rising and falling will overlap. However, if there is any uncompensated magnetic
moment in the system, divergence is observed for the data obtained for increase and
decrease of H.

iili.  Other techniques

Other techniues for characterization include scanning electron microscopy for micro
structure analysis, X-ray Photoelectron Spectroscopy for oxidation state analysis,

iodometric titration for oxygen content calculation.

iv.  Physico-chemical property measurement
Temperature dependent oxygen absorption and desorption behavior of the materials is
measured by thermogravimetric analysis using Ar gas. DC measurement and impedance
spectroscopy study are performed for temperature dependent conductivity behavior
analysis and conductivity mechanismin of a material, respectively. CV measurement is
performed for oxygen evolution reaction.

IV.  Basics of diffraction

I Bragg’s law
X-rays are electromagnetic waves with a much shorter wavelength than visible light,
typically on the order of 1A (1x107*° m). When a beam of X-rays fall on a single particle,

it scatters the incident beam uniformly in all directions. These scattered beams can add



together in a few directions to reinforce each other resulting a diffraction. The regular
arrangement of atomic particles in a crystal system is responsible for the diffraction of the
beams. X-ray diffractions were used in the identification of our material’s crystal
structures.

Crystals are regular arrays of atoms. These arrays form imaginary planes in the crystal
system called crystal lattice. Lattice planes are crystallographic planes, characterized by
the index triplet hkl, the so-called Miller indices. Parallel planes have the same indices and
are equally spaced, separated by the distance dnk,( figure 1.1.1). There can be a number of
sets of planes running in different directions in a crystal system, and they are named
according to their orientation relative to the axes of the unit cell, the smallest repeated unit
in the crystal system. For example, a set of planes, in an ideal cubic crystal system, running
parallel to bc plane intercepts a axis but do not intercept b and ¢ axes and can be expressed
by Miller indices, hkl as (1,0,0) planes. These planes are responsible for the constructive

interference.



dhi

Figure 1.1.1. Lattice planes formed by regular arrays of atoms in a crystal

According to Bragg’s law, when the waves are scattered from lattice planes separated by
the interplanar distance d, the scattered waves interfere constructively and they remain in
phase when the difference between the path lengths of the two waves is equal to
an integer multiple of the wavelength. The path difference between two waves undergoing
interference is given by 2dsin 0, where 0 is the scattering angle (as shown in figure 1.1.2).
Mathematically, it can be expressed as

nA = 2d sinf (2)

When the diffraction meets the above condition, a constructive interference between the
diffracted beams becomes possible to generate a diffraction. The diffraction data are
commonly expressed as a function of 26 where the diffraction peak at smallest 20

corresponds to the largest d spacing.


https://en.wikipedia.org/wiki/Interference_(wave_propagation)
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Figure 1.1.2. Bragg’s law in diffraction

ii. Reciprocal lattices

To understand the reciprocal lattice, let us consider a unit cell of a cubic crystal (figure
1.1.3). Let us consider an arbitrary point A from which a normal AB (vector) is drawn
to a plane “bc”. The distance of 4B should be reciprocal of di (distance between two bc

planes) i.e. AB = di. Every line drawn normal to all planes in all directions must have the
hkl

distance equal to di . The planes can also be characterized by a vector (on«) perpendicular
hkl

to the normal vector AB. Now, the lengths of the perpendicular vectors (AE) are reciprocal
to the interplanar spacings. The end points of these vectors (blue arrows in figure) also

produce a periodic lattice that is known as the reciprocal lattice of the original direct lattice.



Figure 1.1.3. Reciprocal lattice point

If we consider a set of parallel planes hkl with the interplanar distance dnk and if we take
one (onk) with length 1/dna from a set of vectors normal to the planes' family, then,
onkl represents the whole family of hkl planes having an interplanar spacing given by dni .
iii. Ewald’s sphere
The Ewald’s sphere is the most useful tool to understand the occurrence of diffraction
spots. It helps to visualize the properties of Bragg’s law, nA = 2d sin®. It is an imaginary
sphere of radius 1/A surrounding a crystal ( shown in figure 1.1.4). If we consider a real
crystal in the center of the sphere, the origin of the reciprocal lattice lies in the
transmitted beam at the edge of the Ewald sphere. Diffraction maxima (reflections,
diffraction spots) occur only when the Bragg equation is satisfied and the Bragg’s
condition, nA = 2d sin0 is satisfied by the diffraction only when a reciprocal lattice point

lies exactly on the Ewald sphere.
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Figure 1.1.4. Ewald’s sphere forming diffraction

1.2. Introduction to oxygen-deficient perovskites

Perovskites are a class of materials with similar structure and a myriad of exciting
properties like superconductivity, magnetoresistance, catalysis and many more. They are
easy to synthesize and are considered as the future of solar cells because their attractive
structure makes them perfect for enabling low-cost, efficient photovoltaics. Since they have
characteristics of mixed ionic and electronic conductivity, they can be applied as electrodes
for fuel cells and hence they are also considered as future energy materials. They are
predicted to play a role in next-gen electric vehicle batteries, sensors, lasers and much

more.

I.  Perovskite oxides
Oxide groups containing two or more different cations are called complex or mixed
oxides. Many types of crystal structures are known for the oxides. One of them is

perovskite structure. Perovskite oxides have the crystal structure similar to CaTiOz and it
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is expressed in general chemical formula ABOs where A is generally alkaline earth metal
or rare earth metal cations and B is transition metal or main p block metal cations
(specifically group 13 metals). The ideal cubic-symmetry of perovskite structure has the
B cation in 6-fold coordination surrounded by six oxide anions forming an octahedron. The
A cation is surrounded by 8 octahedra with 12-fold cuboctahedral coordination. The size
of A cations is bigger than B cations. The ideal structure of perovskite, which is illustrated

in Fig. 1.1, is a cubic lattice.

(b) “’

Figure 1.2.1. Crystal structure of perovskite oxide. (a) Crystallographic unit cell and
corner-sharing BOs octahedra (cyan) are highlighted. The large white spheres are the A
atoms. (b) View along the unit cell axis. Because of the cubic symmetry, the three axes are
identical. (c) Coordination geometry around the A atom, which is 12-coordinated.

These ABO3 oxides are regarded as purely ionic crystals where the following relationship
between the radii of the A, B, and O~ ions holds true for a cell axis (a) in the ideal cubic

structure,!

a= 20y +1y) =205 +71) (3)
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Although few compounds have this ideal cubic structure, many oxides have slightly
distorted variants with lower symmetry (e. g., hexagonal or orthorhombic). There are
various types of distortions in the perovskite structure that are strongly related to their
properties. Tolerance factor (t) can be applied in order to understand the deviations from
the ideal cubic structure. tolerance factor (t) can be found out from the following
equation.t

_ (ratro)
- \/E(TB+T0) ( 4 )

In perovskite-type compounds, the value of t lies between approximately 0.80 and 1.10
and the ideal cubic structure has the value of t close to 1. It has been found that the oxides
with the lower t values (0.85) crystallize in the distorted variant of cubic form such as
orthorhombic or rhombohedral while greater than 1 gives hexagonal or tetragonal
structure including units of face sharing BO6 octahedra. Thus, the crystal structure can
be transformed by substituting A or B cation by another cation of different ionic radius
which alters the Tolerance factor.
Il.  Oxygen deficient perovskites

Oxygen deficient perovskite (ODP) oxides are a class of compounds having less oxygens
than in perovskite oxides and it is represented by general formula ABO3zx or A2B20e.
swhere x or 0 represent oxygen deficiency. Figure 1.2.2 demonstrates a structure of ODP.
If A and B have different cations (where A and A’ are alkaline earth metal ions and B and
B’ are transition metal ions) like in CaSrFeMnOs, the formula can be expressed as
AA’BB’0Os.s. In oxygen deficient perovskites, the oxygen vacancy (also called as defect)

can transform the coordination geometry around B cation from octahedra to tetrahedra* or

12



square pyramidal* geometry. There are many ways of vacancy ordering/disordering which
make oxygen deficient perovskites possible to have structural flexibility>®. If tetrahedral
geometries are formed, BO4 tetrahedra can share corners with other BO4 tetrahedra or BOe
octahedra. This corner sharing tetrahedra can arrange in a regular pattern forming a long
chain. This chain may form layer alternating with the layer of BOs octahedra. These
alternating layers are demonstrated in figure 1.2.2. A number of different space group
symmetries arise due to difference in the ordering of the tetrahedral chains within the unit
cell.” The space group is determined by the relative orientation of the tetrahedral chains.
There are two possible orientations, which are arbitrarily called right-handed and left-
handed. If all tetrahedral chains have the same orientation, the space group lbm2 is
obtained. If the tetrahedral chains have the same orientation within each layer but are
oriented opposite to the chains in the next tetrahedral layer, the resulting space group is
Pnma. The random orientation of tetrahedral chains leads to the space group lcmm. A less
common space group is Pbcm, where each tetrahedral chain is oriented opposite to all of
its nearest neighbors within the same layer and in the neighboring layers. These space

groups belong to brownmillerite structures.
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Figure 1.2.2. Crystal structure of CaSrFeCoO ; (a) crystal structure showing unit cell with

alternating (Fe/Co)Os octahedra (cyan) and (Fe/Co)Og4 tetra (pink) layers. The large white
spheres are Sr atoms, the green spheres inside octahedra and tetrahedra are Fe and Co atoms
and small red spheres are oxygen atoms. (b) A view along b axis to show the orientation of
tetra next to each other in each layer. All atoms are removed for clarity. (c) shows the
coordination geometry around the Sr atoms. Note that the Sr is 8-coordinated.

1. Physical properties and their possible applications.

The oxygen deficient perovskites contain BOs octahedra, BO4 tetrahedra and/or BOs
square pyramids. In such a case, the B cation can have multiple oxidation states like Fe**
and Fe*" which lead to charge transport.* Sometimes these structures are distorted due to
some kind of structural strains leading to the creation of structure induced small polarons.®-
% This also makes the materials conductive.

B cations in perovskite oxides are transition metals. Transition metal complexes with
unpaired d-electrons in transition metal are magnetic. The spin of a single electron is +(1/2)
or —(1/2). when two electrons are paired with each other, the magnetic moments are counter

balanced due to opposite spins but when the electron is unpaired, it creates a weak magnetic
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field. More unpaired electrons increase the paramagnetic effects. When a transition metal
is in coordination complex, its electron configuration changes due to the repulsive forces
between electrons in the ligands and electrons in the metal. Depending on the strength of
the ligand, the compound may be paramagnetic or diamagnetic.

In recent years, oxygen deficient perovskites have been studied for the application in
energy production and storage such as oxygen evolution reaction, hydrogen evolution
reaction and battery materials.

IV.  Roll of A- and B-site cations

When A-site or B-site cation is substituted in a material, it may result in the transformation
of crystal structure in the material due to the radii variation. This structural transformation
can affect properties of these materials. When B-site cation is substituted, the crystal
structure changes due to the change in the B-site ionic radius or the charge on the cation.
SroFe20s has been reported to have a vacancy-ordered structure containing FeOg octahedra
and FeOy tetrahedra®®. when one of the Fe atoms (which is B-site cation) is substituted with
Mn, the resulting compound, Sr.FeMnOs, contains vacancies distributed randomly,
without any type of ordering.!! Similarly, tetragonal compound, Sr2Fe2Os-5 With magnetic
moments in spin-density wave state, transforms to cubic Pm-3m structure of SroFeMnOe.5
when one of the Fe atoms is replaced by Mn. The resulting material, SroFeMnQe.s, has
inhomogeneous magnetic ground state, where the majority of the sample contains
fluctuating spins.** Even minor changes to the B-site cations can sometimes lead to major
changes, as highlighted by the difference between SraFe1.9Cro.10s-5, cubic Pm-3m, and
SraFe1.9C0010s-5 , orthorhombic Cmmm.'? Again this leads to significant variation of

magnetic properties in these two materials.*?
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The material properties can also be affected by changes in the A-site cation. An example
is the difference between the two compounds CazFe,Os and SraFe,0s.23* While both of
these materials have ordered structures, where Fe atoms have both octahedral and
tetrahedral geometry, the change in the A-site cation leads to different space groups.
CazFe2Os crystallizes in the primitive space group Pnma,*® whereas Sr.Fe;Os has a body-
centered space group lemm.® A similar effect is observed for Ca,GaMnOs and
Sr,GaMnOs, where the change in the A site cation results in changes in the space group.*®
V.  Electrical conductivity of oxygen deficient perovskites
Many ODPs are mixed oxygen ion and electron conducting materials. Electronic transport
in ODPs takes place through holes.* 7 It is also called as polaron mechanism. For this
mechanism, materials should have elements with multiple oxidation states at B-site.'81°
For example, SroFe;06.5, a well-known ODP, has the oxidation states of Fe** and Fe**.%In
such materials, the electrons hop through M-O-M bond system. In the case of SroFe20s.s,
the electrons hop through Fe3*-O-Fe** where the Fe®* converts to Fe** and vice versa after
electron hopping. The speed of electron hopping is fast and hence it looks like the positive
charge is moving during the electron hopping. So, it is considered as positive charge (also
called hole) movement or P-type conductivity and it is called polaron mechanism. The
schematic representation of polaron mechanism is shown in figure 1.2.3. The electronic
transport in ODPs is governed by various factors. If the hole concentration (polarons) is
higher in a material, the electronic transport and electrical conductivity is higher.*> " |t
has been shown that changes in the electrical conductivity correlate with changes in the
bond lengths and angles.?*??> The shorter the M-O bond length and the larger the M-O-M

bond angle, the better is the orbital overlap and the electronic transport and the conductivity
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becomes better. Thus, the electrical conductivity of ODP does not depend on only one
factor. The conductivity is p-type in metallic ODPs and the polaron mechanism is

temperature activated.?*-%*

Initial End

Figure 1.2.3. Representation of electron hopping through Fe**-O-Fe** bond system

VI.  Magnetism in perovskite oxides

Magnetic moment of a system shows the strength and the direction of its magnetism.
Magnetism results due to uneven interaction of the magnetic dipole moments. An electron
has an electron magnetic dipole moment generated by spinning electric charge. There are
many different magnetic behaviors such as paramagnetism, diamagnetism, and
ferromagnetism. In perovskite oxides with B cations having unpaired d-electrons such as
Fe3*, Mn®", Co®*, magnetic ordering can take place. However, in most of the cases
antiferromagnetism and ferromagnetism take place due to super- and double- exchange,
respectively.! The energy of the antiferromagnetic system is lower due to the antiparallel
alignment of the spins. This system is established by coupling the unpaired d- electrons of

two B cations by p-electrons of an intervening oxygen between them as shown in figure
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below. The presence of vacancy can affect in the magnetism of perovskite oxides.*

M—O M

p

d2 'z dj2

Figure 1.2.4. Super exchange by coupling two metals with unpaired d-electrons with an
oxygen anion.

There are different possible anti-ferromagnetic ordering schemes in perovskite oxides such
as A-, C- and G-type. A-type AFM has the atoms with opposite moments in adjacent
layers. C -type AFM has neighboring atoms in the layers with opposite spins and G — type
AFM has all neighboring B ions with opposite spins. The different schemes are shown

below in figure 1.2.5.

A-AFM C-AFM G-AFM
Figure 1.2.5. Three different ordering schemes in antiferromagnetic perovskite oxides
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VII.  Oxygen evolution reaction

Oxygen evolution reaction deals with electrolysis of water. Water electrolysis is the process
of electrically splitting water into oxygen and hydrogen. The reaction can be expressed as
2H,0O — 2H2 + O2

Here, H2 is evolved at cathode and O2 is evolved at anode. The reaction is associate with
1.23 V of potential in all media at standard condition.?® The efficiency of electrolyzer
system is limited by the kinetic overpotential losses associated with the oxygen evolution
reaction (OER) at the anode in both acidic and basic medium.

Overpotential is the potential difference between the potentials achieving a specific current
density and 1.23 V. Usually it is measured in mV, as an example if a catalyst achieves E
=1.53 V, then it bears an overpotential of 300 mV. Different electrocatalysts have been
studied to reduce the overpotential for the oxygen evolution reaction. Recently, ODPs have
attracted attention toward this research. Different mechanisms have been proposed for the
OER in alkaline media for ODPs.?6?” The commonly accepted mechanism in alkaline
solution involves four steps, where there is a single electron transfer in each step. In the
first step, the reaction initiates by the adsorption of OH™ on the active site of the catalyst,
i.e., metal site, M. In the second step, a hydroxide from the electrolyte abstracts a proton
from M-OH to form M-O and water. In the third step, M-O combines with a hydroxide to
form a peroxide. Finally, in the fourth step, the peroxide intermediate reacts with OH™ to
give an oxygen and water and regenerate the catalyst.

1. M+OH — M-OH +¢

2. M-OH+OH - M-O+H,O+¢
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3. M-O+OH — M-OOH +¢

4, M-OOH+OH - M+H,0+0O2+¢
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CHAPTER 2
TRANSFORMATION OF STRUCTURE, ELECTRICAL CONDUCTIVITY AND

MAGNETISM IN AA’Fe;O¢.5, A=Sr, Ca and A’= Sr?

INTRODUCTION

The applications of oxygen-deficient perovskites in areas such as solid oxide fuel cells
(SOFCs), superconductors, magnetoresistants, and gas diffusion membranes indicate the
importance of this family of materials.?®3! The general formula for oxygen-deficient
perovskites can be represented as ABOs.x or AA’BB’Os.5, where the B/B’ cations (which
can be the same or different) have octahedral, tetrahedral, or square-pyramidal coordination
geometries. The A/A’ cations (which again can be the same or different) occupy the free
spaces in between the above polyhedra. The vacant sites, that are created due to oxygen
deficiency, can have a random distribution in the crystal structure. In such cases, the
average structure retains the perovskite-type atomic arrangement, but with partial site-
occupancy (as opposed to full occupancy) on oxygen positions.®> An alternative scenario
involves an ordered arrangement of vacant sites. There can be different types of vacancy-

ordering depending on various parameters, including the degree of oxygen deficiency. For

! The work described in this chapter was published in Inorganic Chemistry ( 2017, vol.

56, p. 9716-9724)
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example, materials with large concentration of defects, i.e., d = 1, usually form structures
where the oxide deficiency appears in alternating layers, where corner-sharing B’O4
tetrahedra are formed. This leads to a structure that contains layers of BOs octahedra
separated by B’Oa tetrahedra. This is called brownmillerite-type structure.® 33-* Another
type of ordering involves the formation of square pyramidal geometry around the B-site
cations. In materials with smaller degree of oxygen deficiency, other schemes of vacancy-
ordering are observed, involving the formation of both square-pyramidal and octahedral

coordination geometries.®

Understanding various parameters that determine the crystal structure of oxygen-deficient
perovskites is important, as there is a direct correlation between their structure and
functional properties. The manipulation of cations on the B-site is known to affect the
structure of oxygen-deficient perovskites. For example, despite structural similarities
between Ca2FeAlOs and Ca2FeGaOs, they have different space groups, Ibm2 (Ima2) for
the former and Pcmn (Pnma) for the latter.%” Both materials feature the brownmillerite-
type structure, described above, containing octahedral and tetrahedral layers. The corner-
sharing tetrahedra form chains that run parallel to the octahedral layers, and have two
possible orientations, called right handed (R) and left handed (L). In CazFeAlOs, all
tetrahedral chains have the same orientation (either R or L), leading to space group 1bm2
(Ima2). In CaFeGaOs however, the R and L orientations appear alternately from one

tetrahedral layer to the next, resulting in space group Pcmn (Pnma).*’

The effect of the A-site cation on the crystal structure is also important. For example,
Sr,GaMnOs has a body-centered structure described by Ima2 or Imcm space group, 8

whereas Ca;GaMnOs has a primitive structure with space group Pnma.3 However, both of
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these materials have a similar structure-type, containing octahedra and tetrahedra, but with

different space group symmetries.

In this article, we study materials with formula, AA’Fe>O¢-5, where A=Sr, Ca and A’= Sr.
The Sr-containing phase, SroFe2Oe.-5, is known to have various oxygen contents. The fully
oxidized material, SroFe2Og, can only be obtained if the initial air-synthesis is followed by
heating under 30 MPa of pure oxygen.®® Products with different degrees of oxygen
deficiencies can be synthesized if samples are heated under different gas atmospheres.®
However, the direct synthesis in air at 1250 C, without any additional gas treatment, leads
to a product with formula SroFe;Os7s, where § = 0.25. *° Regarding the Ca-containing
analogue, CaSrFe;Oe.s, little information is known. The formation of an orthorhombic
structure with similar composition through liquid nitrogen quenching and vacuum
treatment has been reported.3® However, the magnetic structure and electrical transport
properties of this material are not known. Here, we show that CaSrFe,Os.5 can be
synthesized under the same conditions as the Sr>-ananlogue. We have performed neutron
diffraction experiments to examine the crystal structure and explore the long-range
magnetic order in the CaSr-material. We have also conducted extensive charge transport
studies on both Sr. and CaSr compounds. These studies have revealed the sharp contrast
between these two materials and demonstrated the dramatic transformation of magnetism

and electrical conductivity in AA’Fe20s-5 as a function of A-site cation.

EXPERIMENTAL
Both materials were synthesized under the same synthesis conditions. Stoichiometric
proportions of the precursors, SrCOs (Sigma Aldrich, 99.9%), CaCOgz(Alfa Aesar,

99.95%), and Fe.Os (Alfa Aesar, 99.998%) were used for solid-state syntheses. The
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mixtures of precursor powders were ground using agate mortar and pestle, pressed into
pellets and heated in air at 1000°C for 24 hours. The pellets were then ground and refired
in air at 1250 °C for 24 hours. In all cases, the furnace heating and cooling rates were set

at 100 °C/h.

The phase purity and structure of polycrystalline samples were examined by powder X-ray
diffraction at room temperature using a Bruker D8 Discover diffractometer with
CuK, radiation and a PANalytical Empyrean diffractometer with CuK,: radiation
(A = 1.54056 A). The Rietveld refinements were carried out using GSAS software*® and
EXPGUI interface.** The morphological analyses were performed using a high resolution
field-emission scanning electron microscope (SEM). The electrical properties of the
polycrystalline samples were investigated using electrochemical impedance spectroscopy
(EIS). AC impedance measurements were performed in the frequency range 0.1 Hz — 1
MHz using a computer-controlled frequency response analyzer. Similarly, 2-probe DC
measurements were carried out by measuring the output current by applying constant
voltage of 1 mV. X-ray photoelectron spectroscopy data were obtained using Mg Ka
radiation (1253.6 eV) at room temperature. Thermogravimetric analysis was done from 25
to 800 °C in air. Magnetic susceptibility data were obtained by applying magnetic field of
1000 Oe in the temperature range 2 K to 400 K. Neutron diffraction experiments were
performed on POWGEN diffractometer at Oak Ridge National Laboratory, with center

wavelength of 1.333 A, covering the d-spacing range 0.4142 — 6.1363 A.
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RESULTS AND DISCUSSION
Crystal structure

The crystal structure is transformed as a result of replacing one of the Sr atoms with Ca on
the A-site. The Sr.-compound is known to have a tetragonal crystal structure®® consisting
of corner sharing FeOs octahedra and FeOs square-pyramids. Figures 2.1 and 2.2 show the
Rietveld refinement profile and crystal structure of this material. The refined structural
parameters are listed in Table 2.1. The FeOs square-pyramids form dimers that are
separated by FeOe octahedra. There is no connectivity between different dimers in the
structure. The octahedral and square-pyramidal Fe sites alternate within each layer. As seen
in Figure 2.2c and Table 2.1, there are two distinct crystallographic positions where A-site

cations (Sr?*") reside. These two sites have coordination numbers 11 and 12.

The substitution of one Ca for Sr leads to a dramatic change in the crystal structure. Our
neutron and X-ray diffraction experiments show that the CaSr-compound has an
orthorhombic structure, consisting of alternating layers of octahedra and tetrahedra, as
shown in Figure 2.3. The FeOs octahedra share corners with other octahedra within the
same layer, and with the tetrahedra in the layers above and below. The tetrahedral layer
actually consists of chains of FeO4 tetrahedra that run parallel to the octahedral layers. The
A-site cations in this material have coordination number 8 (Figure 2.3c). This is the so-
called brownmillerite-type structure. Materials with this structure-type usually have
orthorhombic 1bm2, Pnma, Pbcm or lcmm space groups depending on the relative

orientation of tetrahedral chains (Figure 2.3b).33-3* As mentioned before, the tetrahedral
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Figure 2.1. Rietveld refinement profile for powder X-ray diffraction data of SroFe2Oe-5 in
14/mmm space group. Stars represent experimental data, red solid is the model, vertical tick
marks show Bragg peak positions, and the blue line represents the difference plot.

(c)

Figure 2.2. Crystal structure of SroFe2Og-5. (2) and (b) show the alternating FeOs octahedra
(purple) and FeOs square pyramids (green), viewed along the a and ¢ axes, respectively.
The large grey spheres are Sr atoms. (c) shows the coordination geometry around the Sr
atoms. Note the presence of both 11 and 12-coordinated Sr atoms.

chains have two possible orientations, right handed (R) and left handed (L). The space
group Ibm2 is obtained when all tetrahedral chains have the same orientation. However, if
the R and L orientations appear alternately from one tetrahedral layer to the next, the space

group Pnma is obtained. The Pbcm space group is less common,®¥3442 where the
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orientation of each tetrahedral chain is opposite to all nearest neighbors within the same
layer and in the neighboring layers above and below. Finally, the space group Icmm is a
result of random orientation of tetrahedral chains in the structure. For our CaSr-material,
the Pbcm space group was readily ruled out, because it requires the formation of a large
unit cell with distinct supercell peaks.3*34%2 These peaks are absent in neutron and X-ray
diffraction data. The Pnma structure can be identified by the presence of 131 and 151
peaks, which are also absent in our data, ruling out this space group. The Icmm and Ibm2
models were then examined by Rietveld refinements, leading to a poor fit for Icmm, but an
excellent fit for Ibm2 space group (Figure 2.4). The refined structural parameters are listed

in Table 2.2.

Table 2.1. Refined structural parameters of SraFe2Oe.s.

Space group: 14/mmm
a=10.9343(6) A b=10.9343A ¢=7.6988(4)A Rp=0.0216 wRp=0.0312

Element X y z Occupancy Uiso Multiplicity
Srl 0.2601(5) 0 0 1 0.015(2) 8
Sr2 0.2478(4) 0 0.5 1 0.014(2) 8
Fel 0 0 0.25 1 0.024(7) 4
Fe2 0.25 0.25 0.25 1 0.007(4) 8
Fe3 0.5 0 0.25 1 0.033(7) 4
01 0 0 0.5 1 0.017(1) 2
02 0.123(2) 0.123(2) 0.225(2) 1 0.017(2) 16
03 0.253(2) 0.253(2) 0.5 1 0.017(1) 8
04 0.126(2) 0.626(2) 0.25 1 0.017(1) 16
05 0.5 0 0 1 0.017(2) 4
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(b)

Figure 2.3. Crystal structure of CaSrFe.O¢s. (a) The octahedral FeOs (purple) and
tetrahedral FeO4 (green) layers. Grey spheres represent Sr. (b) View from top to highlight
the chain formation in the tetrahedral layer. The Sr atoms are omitted for clarity. (c)
Coordination geometry of Sr atoms. Note that Sr is 8-coordinated.
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Figure 2.4. Rietveld refinement profile for powder X-ray diffraction data of CaSrFe>Oe.s,
space group lbm2. Black stars, red line, vertical tick marks and lower blue line represent
the experimental data, structural model, Bragg peak positions and difference plot,

respectively.
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Table 2.2. Refined structural parameters of CaSrFe2Os.s.

Space group: Ibm2

a= b= c= Rp = WRp =

5.6314(3) A 15.1807(8) A 5.4695(3) A  0.0174 0.0237

Elements X y z Occupancy Uiso Multiplicity
Cal  05127(4) 0.1108(1) 0.009(4) 0.5 0.013(1) 8
Sr1  0.5127(4) 0.1108(1) 0.009(4) 0.5 0.013(1) 8
Fel  0.0763(6) 0.25  -0.003(6) 1 0.010(2) 4
Fe2 0 0 0 1 0.020(2) 4
01 0.227(3) 0.0067(5) 0.295(5) 1 0.015(3) 8
02 0.0820(1) 0.1485(4) 0.002(8) 1 0.015(3) 8
03 0.382(3) 0.25 0.891(6) 1 0.015(3) 4

The morphology and crystallite sizes of both Sr, and CaSr materials were also examined
using scanning electron microscopy. Figure 2.5 shows the surfaces of sintered pellets for
both materials. The crystallite size decreases as a result of replacing one Sr with Ca. In
addition, the crystallites seem to be packed more densely and have more contact with each

other in the CaSr-material.

Figure 2.5. Scanning electron microscopy images of (a) SroFe20s.5 and (b) CaSrFe20e.s.
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Some comments on the oxygen contents of these compounds are in order. Note that for
both compounds, Fe-O3 was used as starting material and the synthesis conditions were
identical. If iron retains its +3 oxidation state, the oxygen stoichiometry in AA’Fe2Oe¢-5
formula should be 5, resulting in 6 = 1. We have performed X-ray photoelectron
spectroscopy experiments on the CaSr-compound, to determine the oxidation state of Fe.
As shown in Figure 2.6, the satellite peak at ~8 eV higher than the Fe 2ps;» peak is a
signature of Fe®*.#-*4Therefore, the oxygen content of the CaSr-compound should be very
close to 5. This is consistent with the crystal structure of the CaSr-compound, and the
formation of brownmillerite-type structure, which has oxygen stoichiometry of 5. This
behavior, namely the retention of +3 oxidation state in perovskite-based oxides synthesized
at high temperature, has been observed before.®? This is in sharp contrast to the Sro-
compound, where the tetragonal structure implies the oxygen stoichiometry of 5.75, i.e., 8
=0.25, which has also been confirmed by thermogravimetric analyses.*® This indicates that
a considerable amount of iron in the Sro-compound has been oxidized during the synthesis.
Note that both Sr. and CaSr materials are synthesized under the same condition. Therefore,
the difference in the B-site cation oxidation state as a result of variation in the ionic radius

of the A-site cation is remarkable.
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Figure 2.6. X-ray photoelectron spectroscopy data for CaSrFe20e.s.

The transformation of the crystal structure upon changing the A-site, from Srz to CaSr, is
clearly related to the average cation size. Note that Ca and Sr share the same
crystallographic site. This structural change may be explained in terms of the relationship
between ionic radii and the coordination geometry of the A-site cations in the two structure
types. When only Sr?* cation is present, the tetragonal structure is stabilized, where this
large cation is accommodated in 11 and 12-coordinated A-sites. However, when the
average ionic radius on the A-site is decreased (due to the presence of Ca?"), the
orthorhombic structure, featuring 8-coordinated A-sites, is preferred. At the other extreme,
namely in a material with only Ca on A/A’ sites, the structure remains ordered, as observed
in CazFe20s, which also features the brownmillerite-type structure but a different space

group.®
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Figure 2.7. Powder X-ray diffraction data for the series of materials with varying Ca/Sr
ratios.

To investigate this structural transformation further, we set out to determine the A-site ionic
radius that prompts this structural change. We synthesized a series of compounds, listed in
Figure 2.7, where the Sr/Ca ratio was varied systematically. These experiments showed
that transformation from tetragonal structure (with octahedral and square pyramidal
geometry) to orthorhombic structure (with octahedral and tetrahedral geometry) takes place
at Sr/Ca ratio of 1.4/0.6. Using this ratio, the average cation size on the A-site can be
calculated. As mentioned before, the A-site cations in the tetragonal phase have
coordination numbers (CN) 11 and 12. lonic radii for CN=12 have been tabulated*® for
Sr?*,1.44 A, and Ca?*, 1.34 A. Using these radii, one can calculate the average ionic radius

required for the structural transformation to be ~1.41 A.
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Magnetic structure

The change in the A-site cation and subsequent alteration of the crystal structure leads to
significant changes in the magnetic order. The Sr. compound is known to have an
incommensurate magnetic structure with propagation vector k= (0.687, 0, 0.326), where
magnetic moments are in “spin-density wave” state.*’ The magnetic moment value has
been found to be 2.54(4) us at 11 K. All magnetic moments are tilted by —35.3 degrees
with respect to the ¢ axis. The moments are aligned within planes perpendicular to the body
diagonal of the unit cell, i.e., [111] direction. The magnetic transition temperature is 75

K.47

We have shown that the magnetic structure is transformed upon replacing CaSr for Sr> on
the A-site. We studied the magnetic structure of the CaSr-compound using neutron
diffraction. Figure 2.8 shows the Rietveld refinement profile for simultaneous refinement
of crystal and magnetic structures of CaSr-material. Neutron experiments at 10 K indicated
that the CaSr-compound is antiferromagnetically ordered, as evident from strong magnetic
reflections. In materials with this type of crystal structure, the relative intensities of the two
main magnetic peaks is indicative of the orientation of magnetic moments.* If this ratio is
close to 1, the magnetic moments are oriented along the longest unit cell axis. However, if
the intensity ratio is close to 3, the magnetic moments are aligned along the shortest axis.
In our neutron diffraction data, these peaks appear at d ~ 4.43 A and 4.51 A (Figure 2.8)
with relative intensity close to 3, indicating that the magnetic moment orientation should
be parallel to the shortest axis. Magnetic structure refinements with neutron diffraction data

showed that magnetic moments are indeed parallel to the shortest axis, c. These
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Figure 2.8. Refinement of the crystal and magnetic structures using neutron diffraction data
for CaSrFe2O¢-5. The upper and lower tick marks represent the peak positions for crystal
and magnetic structures, respectively.

refinements also revealed that each magnetic moment is aligned anti-parallel to all of its
nearest neighbors, forming the so-called G-type antiferromagnetic structure, as shown in
Figure 2.9. The magnetic unit cell has the same size as the crystallographic unit cell. The
magnitude of magnetic moments of the octahedral and tetrahedral Fe atoms were also
determined. The magnetic moment values at 10 K are 4.6 (2) us and 3.9(2) us, for
octahedral and tetrahedral sites, respectively. In addition, we performed neutron diffraction
experiments at 300 K. These experiments indicated that the G-type antiferromagnetic order
in the CaSr-material persists even at room temperature. The magnetic moments are still
oriented along the c-axis and the magnitudes of moments at 300 K are 4.0(2) pug and 3.5(2)

ug for the octahedral and tetrahedral sites, respectively.
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Figure 2.9. The G-type antiferromagnetic order in CaSrFe.O¢.5. Note that magnetic
moments on each Fe site are aligned opposite to all nearest neighbors. The moments are
oriented along the c-axis.

Note the sharp contrast between the CaSr-compound, featuring antiferromagnetic order
even at room temperature, and the Sro-material, where the spin-density wave state occurs
below 75 K. We also performed magnetic susceptibility measurements on the CaSr-
material in the temperature range 2 — 400 K, as shown in Figure 2.10. A broad feature and
divergence between zero-field-cooled and field-cooled data were observed at about 52 K.
This behavior has been observed before for antiferromagnetic materials at temperatures far
below their Neel temperature,®® and corresponds to short-range magnetic domains or
possible magnetic side product.®®* However, the absence of any sharp transition combined
with the neutron diffraction results that show long-range magnetic order at 300 K, indicate

that the Neel temperature for this material should be higher than 400 K.
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Figure 2.10. Magnetic Susceptibility data for CaSrFe>Oe.s.

Electrical properties

The change in the crystal structure has a pronounced effect on electrical transport
properties. The electrical conductivity measurements determine the resistance, R, of each
material, and the resistivity, p, is calculated from p = RA/L, where L and A are the length
and cross sectional area of cylindrical samples, respectively. Conductivity, o, is then
calculated from the inverse of resistivity. The total conductivities of SraFe2Oes and
CaSrFe20e¢.5 were obtained using both DC and AC methods. In each case both DC and AC
techniques led to very similar total conductivity values, as shown in Table 2.3. Note that
various parameters contribute to the total conductivity, including electrode reactions, bulk
and grain-boundary resistances, ionic and/or electron transport phenomena.

In perovskite-based oxides, heterovalent atoms having more than one stable oxidation state
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(e.g., Fe3*/Fe*") are needed on the B-site for electronic conductivity. The metal (M) 3d and

oxygen 2p orbitals overlap and electron hopping occurs through M—O-M pathways.

Table 2.3. Room temperature conductivity and activation energies.

Total conductivity, o (Sem™)  Activation energy (Ea) in eV
AC DC
SrzFe206-5 7.698 x 10! 8.540x 10 0.118
CaSrFe 065 1.201 x 101 1.616 x 10 0.653 for 298 — 673 K (25 — 400 °C)
0.201 for 673 - 1073 K
(400 — 800 °C)

The M—-O bond distance and M—O—M angle determine the degree of overlap. Shorter bonds
and larger angles are associated with greater orbital overlap and higher conductivity.*® Due
to the presence of corner-sharing octahedra and tetrahedra in the CaSr compound, the
average Fe—O—Fe bond angle (138.8°) in this material is smaller than that for the Sro-
compound (177.2°). Therefore, smaller degree of orbital overlap is expected in the CaSr-
compound. The corner-sharing of octahedra and tetrahedra leads to distortions in the
coordination geometry of Fe atoms, resulting in a wide range of Fe—O bond lengths in the
CaSr-material, from 1.780(7) A to 2.302(7) A. However, the Fe—O bond lengths in the Sr-

compound are close to each other and range from 1.92(3) A to 1.97(3) A.

As observed in Table 2.3, at room temperature, there is nearly one order of magnitude
difference between the total conductivity of the Sro-material and that of the CaSr-
compound, indicating the significant effect of crystal structure on the electrical transport

properties.
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To operate any device that works based on conductive oxides over a wide temperature
range, knowledge of the charge transport properties as a function of temperature is
required. Therefore, variable-temperature DC conductivity studies were performed for
both materials at the temperature range of 298 K— 1073 K (25 °C — 800 °C). From these
experiments the activation energies were obtained, as shown in Table 2.3. The conductivity
trends during heating and cooling cycles and the Arrhenius plots for both materials are
shown in Figure 2.11. The plot in Figure 2.11b was used for fitting with the Arrhenius
equation for thermally activated conductivity,*>5! which helped to find the activation

energy of total conductivity.

—Ea

oT = coe kT (5)

where o° is a pre-exponential factor and a characteristic of a material, and Ea, K and T are
the activation energy for the conductivity, Boltzmann constant and absolute temperature,
respectively. The activation energy for the total conductivity (Ea) can be calculated from
slope of the line of best fit in log 6T vs 1000/T plot. As shown in Table 2.3, Ea value for
the total conductivity of SroFe>Oe5 is 0.118 eV. For CaSrFe;O¢.5 two Ea values are
obtained, 0.653 eV for 25 — 400 °C (298 — 673 K) and 0.201 eV for 400 — 800 °C (673 —

1073 K).

There is a sharp contrast between the CaSr and Sr. compounds with regards to their
conductivity trends as a function of temperature. The Sro compound shows metallic
properties,> while the CaSr-material is a semiconductor. As mentioned above, the average
Fe—O-Fe bond angle in the Sro-compound is greater than that in the CaSr-material. Several

authors have discussed the correlation between increase in bond angles and the broadening
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of valence and conduction bands in perovskites, leading to changes in properties from
insulator or semiconductor to metallic systems.*® 3% The broadening of bands and overlap
between the metal 3d and oxygen 2p bands closes the band gap completely, leading to the
formation of hybrid M—-O-M bands, and metallic properties. The charge transfer occurs

through these hybrid bands.*: %34

As observed in Figure 2.11, SroFexOe.5 displays a trend where conductivity decreases

gradually with respect to temperature in the entire range from 298 K to 1073 K, indicative
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Figure 2.11. (a) Total conductivity of SroFe2Oe.5 and CaSrFe:Os5 as a function of
temperature. For SroFe2Og-5, the heating and cooling data (red and green) overlap. For
CaSrFe20e.5 hysteresis is observed between heating (black squares) and cooling data (blue
circles). (b) Arrhenius plot of the total conductivity for SroFe;Os.s (red stars) and
CaSrFe20e.5 (black circles).

of metallic properties. The decrease in conductivity as a function of temperature in a
metallic system is a result of increase in the frequency of collisions between charge carriers

and phonons.>
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On the contrary, the conductivity of CaSrFe,O¢s increases gradually with the rise in
temperature, a behavior typical of a semiconductor. The conductivity then decreases after
~673 K. In materials that feature the same structure type as CaSr-compound, i.e.,
alternating layers of octahedra and tetrahedra, increase in electrical conductivity as a

function of temperature is usually observed.®

The conductivity mechanism is through the formation of polarons. The different bond
lengths of corner-sharing tetrahedra and octahedra in this structure-type introduce
structural distortions, resulting in lattice polarizations which favor polaronic charge
transport mechanism®®°’. The dependence of conductivity on oxygen partial pressure has
been observed in these materials indicating the p-type semiconductivity.® Also, the
dominance of electronic conductivity above room temperature in high oxygen partial
pressure, e.g., O2 partial pressure in air, has been shown for perovskite-type systems. In
these cases, the main charge carriers are electron holes, leading to p-type
semiconductivity.>®* The extrinsic holes are formed through the absorption of oxygen
molecules on the surface of the sample, facilitated by the presence of oxygen vacancies.

The process can be described using the following idealized equations®” °°:
% 0, > 0% +2h" (6)

In ferrites, the variable valence of iron is essential for charge compensation and electronic

conductivity.
Fe3*+ h" — Fe** (7)

The formation of Fe** ions allows the polaronic electronic conductivity to occur through

Fe3*—0* —Fe* pathway.>" 6162

40



The increase in conductivity as a function of temperature®® % 57 is explained in terms of
temperature-activated hole formation and increased polaron mobility.>® Another feature
observed in Figure 2.11 is a change in the electrical conductivity trend for the CaSr-
compound above ~673 K. This behavior has been observed in similar materials before.>>
57, 6364 Some researchers have observed greater loss of oxygen in thermogravimetric
analysis (TGA) above a certain temperature close to the temperature of the conductivity
transition.%3% They have assigned the decrease in conductivity above a particular
temperature to the loss of oxygen and disruption of the Fe3*—0O* —Fe** conduction
pathways.®*-%* Our TGA data (Figure 2.12) show a feature between 370 — 440 °C (643 —
713 K), where the weight loss is interrupted by a plateau and a slight weight-gain, before
the descending trend in weight continues above 440 °C. The feature in TGA data matches
the temperature where the change in conductivity trend occurs. The weight loss is
somewhat accelerated above 440 °C, as seen from the slope of the TGA plot. (Figure 2.12)

Overall, the total weight loss for the material is less than 1%.
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Figure 2.12. Thermogravimetric analysis data for CaSrFe;Os.5 in air
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It is worth noting that the release of oxygen results in more oxygen vacancies, which
enhances the oxide ion conductivity. The decrease in total conductivity is observed because
the increase in ionic conductivity is less significant than the decrease in electronic

conductivity.®*

We also examined the possibility of any structural phase change at high temperature, which
could contribute to the decrease in conductivity above ~673 K. We heated a sample of
CaSr-compound to 1073 K (800 °C), followed by quenching into liquid nitrogen to trap
the potential high temperature phases. The XRD data indicated that the crystal structure

had remained intact and no structural changes had occurred.

Some researchers have noted that the discontinuity in conductivity trend sometimes occurs
close to the Neel temperature.>” Some authors have even used electrical conductivity to
determine the Neel temperature.®® We note that our CaSr-material is antiferromagnetically
ordered at room temperature. A comparison between the refined magnetic moments, 4.6
(2) us and 3.9 (2) us, at 10 K and the corresponding values at 300 K, 4.0 (2) ug and 3.5 (2)
uB, indicates that the magnetic moments magnitude remains considerably high at room
temperature. Also, the magnetic susceptibility data indicate that the Neel temperature

should be higher than 400 K.

Another interesting feature of the electrical conductivity of CaSr-compound is the
pronounced hysteresis in the conductivity data obtained during heating and cooling cycles
below ~673 K. The conductivity values during cooling are greater than those obtained
during heating. The observation of this feature confirms the contribution of oxide ion
conductivity to total conductivity of this material, making it a mixed electronic-ionic

conductor, as described before for some mixed conductors.?> ® The oxygen
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absorption/desorption phenomena, which are slower than electron diffusion, are
responsible for the observation of these hystereses.®? % This also indicates that oxygen loss
has a positive impact on overall conductivity and cannot be responsible for the change in
conductivity trend above 673 K. The temperature-activated mobility of polarons seems to
reach a maximum, where no further increase in mobility occurs with increasing
temperature. The collisions between charge carriers lead to decrease in conductivity as

temperature increases further, similar to the behavior observed in metallic systems.
CONCLUSION

The alteration of electrical properties and magnetism of oxygen-deficient perovskites
AA’Fe;06.5, A=Sr, Ca; A’=Sr, as aresult of changing the crystal structure, due to the effect
of the A-site cation, has been demonstrated. It has been shown that the incommensurate
magnetic structure of the Sro compound, featuring magnetic moments in spin-density wave
state which are perpendicular to the body diagonal of the unit cell, can be transformed into
a long-range G-type antiferromagnetic system upon changing the A-site cations into CaSr.
This occurs as a consequence of a structural alteration. The structure with alternating FeOs
square-pyramidal dimers and FeOs octahedra is converted into a structure featuring
alternating layers of tetrahedra and octahedra. The electrical properties are also
transformed by changes in the A-site cation, where a metallic system is converted into a
semiconductor featuring mixed ionic-electronic conductivity, as evident form charge

transport studies in the temperature range 298 K- 1073 K.
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CHAPTER 3

UNRAVELING THE ROLE OF STRUCTURAL ORDER IN TRANSFORMATION GF
ELECTRICAL CONDUCTIVITY IN CazFeCo0Os-5, CaSrFeCo0Os-5 AND Sr2FeCo0s-5

INTRODUCTION

Oxygen deficient perovskite oxides possess unique properties that make them ideal
candidates for application in devices such as gas diffusion membranes?, ceramic
membranes for oxygen separation?, sensors®, solid oxide fuel cells (SOFCs)?,
superconductors and colossal magnetoresistants.®

The oxygen deficient perovskite oxides are represented by general formula ABOsx or
A:B2065. The A and B sites can contain more than one type of cation. Oxygen-deficient
perovskites can have a variety of structures depending on several factors including the
extent of anion deficiency and vacancy order/disorder. While disordered vacancies in
oxygen-deficient perovskites are common, there are a number of ways for the vacancies,
created due to oxygen deficiency, to order. This leads to great diversity and variation in
structure and properties of this family of compounds®”’. The vacancies result in different

coordination geometries such as tetrahedral or square pyramidal.®° One of the structure-

2 The work described in this chapter was published in Inorganic Chemistry ( 2017, vol.

56, p. 14494-14505)
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types containing tetrahedral geometry comprises corner-sharing tetrahedra which form
chains that run almost perpendicular to the longest unit cell axis (Figure 3.1). The
tetrahedra in these chains also share apexes with octahedral layers above and below them.
Therefore, the overall structure appears as a combination of octahedral and tetrahedral
layers as shown in Figure 3.1. This is called the brownmillerite-type structure. In situations
like this, where there is more than one unique crystallographic site for the A or B cations,
the general formula can be expressed as AA’BB’Os.5. The variation in the type of cations
on A or B sites, affects the structure and properties of these materials. For example,
Sr2Fe,0s has a vacancy-ordered structure containing FeOs octahedra and FeOq tetrahedra. !
Replacing one of the Fe atoms for Mn leads to a change in crystal structure. The resulting
material, Sr.FeMnOs, contains vacancies that are distributed randomly, without any type
of ordering.*? Another example is the difference between CazFeAlOs and CaFeGaOs.'
These two materials have the same structure-type, but the change in the B-site cation results
in a change in the space group. The Al-containing compound crystalizes in lbm2 space
group, while the Ga-containing material has space group Pcmn.®3

The material properties can also be affected by changes in the A-site cation. An example
is the differences between the two compounds CazFe,Os and SroFe20s.141° While both of
these materials have ordered structures, where Fe atoms have both octahedral and
tetrahedral geometry, the change in the A-site cation leads to different space groups.
CazFe20s crystallizes in the primitive space group Pnma'®, whereas Sr2Fe2Os has a body-
center space group lemm*t. A similar effect is observed for Ca,GaMnOs and Sr.GaMnOs,

where the change in the A-site cation results in changes in the space group.’
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(b)

Figure 3.1. Crystal structure of CaSrFeCoOs-s. (a) The crystallographic unit cell. The
alternating (Fe/Co)Os octahedra (cyan) and (Fe/Co)O4 tetra (pink) are highlighted. The
large grey spheres are the A-site cations, Ca*>*/ Sr**. (b) A view along the b axis (longest
axis) to show the uniform orientation of tetrahedral chains. The A-site cations are omitted
for clarity. (c) The coordination geometry around the A-site cation. There are 8 oxygens
that are close enough to the A-site cation to be in its coordination sphere.

In the above examples, the change in the A-site cation only affects the crystal symmetry,
and the overall structure-type remains the same. In this article, we show significant changes
in structure and electrical properties due to the variation in the A-site cation. We
demonstrate that changes to the structural order have major consequences with regard to
the electrical charge transport in three oxygen-deficient perovskites, Ca2FeCo00Os.s,
CaSrFeCoOsg-s and Sr2FeCo0e.s5.

EXPERIMENTAL

All three materials, Ca2FeCoQOg-5, CaSrFC00s.5 and Sr2FeCoOe.5, were synthesized under
the same condition. The precursor compounds CaCOs(Alfa Aesar, 99.95%), Fe,Os (Alfa
Aesar, 99.998%), Co304 (Alfa Aesar, 99.7%) and SrCOs (Aldrich, 99.9%) were used in
stoichiometric proportions for solid state syntheses. The precursor powders were mixed
and ground together using agate mortar and pestle, pressed into a pellet and heated in air
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at 1000°C for 24 hours. Then the sample was reground and refired in air at 1200°C for
24hours followed by slow cooling. In all cases, the heating and cooling rates were 100°C/h.
The phase purity and structure of the polycrystalline samples were studied by powder X-
ray diffraction at room temperature using CuKal radiation (A = 1.54056 A), and step-size
0.008°. The GSAS software'® and EXPEGUI interface’® were used for Rietveld
refinements. The sample morphologies were examined using a high-resolution field-
emission scanning electron microscope (SEM). X-ray photoelectron spectroscopy was
performed at room temperature using Al Ko radiation (1486.7 eV). The electrical
properties were investigated by DC and AC conductivity measurements on pressed pellets
that had been sintered at 1200 °C. The densities of sintered pellets were ~50%, ~27% and
~76% of the theoretical densities for CaxFeCo0s.5, CaSrFC00ss and Sr2FeCoOe.s,
respectively. The relative densities are consistent with SEM results, as described in the next
section. Electrochemical impedance spectroscopy (EIS) was performed in the frequency
range 0.1 Hz-1MHz using a computer-controlled frequency response analyzer at room
temperature. The 2-probe DC measurements were performed in the temperature range 298
to 1073 K (25 — 800 °C) by applying a constant voltage, 10 mV, and collecting the output
current. Variable temperature electrical conductivity measurements were carried out during
both heating and cooling cycles. The rate of heating and cooling for conductivity
measurements was 3 °C min’. lodometric titrations were performed by dissolving about
50 mg of sample and excess Kl (~2 g) in 100mL of 1M HCI. 5 mL of the solution was then
pipetted out, and the iodine that had been generated in the solution was titrated using
0.025M Na2S203. Near the end point of the titration, 10 drops of starch solution were added

to act as indicator. All steps were performed under argon atmosphere. Neutron diffraction
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experiments with center wavelength of 1.333 A were performed on powder samples (~4 g)
in vanadium sample holders at 300 K on POWGEN diffractometer at Oak Ridge National
Laboratory.

RESULTS AND DISCUSSION

Crystal structure

We have determined the crystal structure of CaSrFCo0QOs.s and demonstrated the sharp
contrast between this material and Ca2FeCo0Qg.5 %° and SroFeC00s.5.2

Researchers studying CO. absorption? have previously identified a phase with a
composition similar to CaSrFCo0Os.s. However, they could only determine the cell
dimensions, and no other structural information is available for this material. We examined
the structure of this material through a series of Rietveld refinement analyses using
monochromatic X-ray and time-of-flight neutron diffraction. The data indicate that this
material has an orthorhombic structure featuring tetrahedral chains that are sandwiched
between octahedral layers. As shown in Figure 3.1, the tetrahedral chains run parallel to
the octahedral layers. Each tetrahedron in the chain shares corners with the octahedral
layers above and below. This material is the brownmillerite-type structure that was
described above.

Materials with this structure-type usually crystalize in space groups Pnma, Ibm2, lcmm or
Pbcm.??2 The space group is determined by relative orientation of tetrahedral chains.
There are two possible orientations, which are arbitrarily called right-handed and left-
handed. If all tetrahedral chains have the same orientation, the space group Ibm2 is
obtained. If the tetrahedral chains have the same orientation within each layer but are

oriented opposite to the chains in the next tetrahedral layer, the resulting space group will
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be Pnma. The random orientation of tetrahedral chains leads to space group Icmm. A less
common space group is Pbcm,?® where each tetrahedral chain is oriented opposite to all of
its nearest neighbors within the same layer and in the neighboring layers. Materials that
crystalize in space group Pbcm have a large unit cell, that has twice the volume of the unit
cell for other space groups mentioned above. The large unit cell is represented by supercell
reflections in powder diffraction data, making this type of structure easily identifiable. The
absence of Pbcm supercell reflections in the powder X-ray diffraction data of CaSrFCoQse.
5 rules out this space group. The other primitive space group, Pnma, is identified by the
presence of 131 and 151 peaks in the powder diffraction data, which are absent in the body-
centered systems. The 131 peak is especially prominent when present. The absence of these
peaks in the PXRD data of CaSrFCoOe.; indicates that this material does not have a
primitive unit cell and crystallizes in one of the body-centered space groups, lcmm or lbm2.
Multiple Rietveld refinements with these two space groups were performed using high-
resolution Kay XRD datasets on different CaSrFCoOe.s samples to ensure the
reproducibility of the results. With Icmm space group, the atomic parameters could only be
refined individually, while simultaneous refinement of all atomic parameters led to the
divergence of the Rietveld refinements. This was observed consistently for multiple

samples and

49



| 1 [} (LTI | R 1 1 RN VTR R RN IR IR
J, " s - -

- o INVUTERRP WS SRS SN PRI

167 20 30 a0 B0 s 700 w0
20 (degree)

Figure 3.2. Rietveld refinement profile for powder X-ray diffraction data of CaSrFeCoOe-

5. Crosses represent experimental data, solid red line is the Ibm2 model, vertical tick marks

show Bragg peak positions, and the lower line represents the difference plot.

refinement trials. The Ibm2 space group, however, always led to an excellent fit. All profile
parameters, background, unit cell dimensions, atomic positions, and thermal displacement
factors were refined simultaneously, giving an excellent fit to lbm2 space group. The
Rietveld refinement profile is shown in Figure 3.2 and the refined atomic parameters are
listed in Table 3.1. Given the inherent limitation of laboratory X-ray diffraction with
regard to differentiating elements with similar atomic numbers, such as Fe and Co, neutron
diffraction experiments were undertaken to study the distribution of Fe and Co on different
positions in this material. Given the large difference between the neutron scattering lengths
of Fe, 9.45, and Co, 2.49, these two nuclei are readily distinguishable by neutrons. The
neutron diffraction results and Rietveld refinement profile are shown in Table 3.2 and
Figure 3.3, respectively. Initially two models were tested where Fe and Co were placed
exclusively on tetrahedral and octahedral sites, and vice versa. However, the refined

thermal displacement factors on tetrahedral and octahedral sites became unusually large on

50



one site and negative on the other. Therefore, the site occupancies on these two sites were
refined, leading to an excellent fit and atomic parameters that are shown in Table 3.2. As

observed here, Fe and Co are distributed nearly evenly over the octahedral and tetrahedral

sites.
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Figure 3.3. Neutron diffraction Rietveld refinement profile for CaSrFeCoOe.5. Magnetic
reflections have been omitted. Crosses represent experimental data, solid red line is the
Ibm2 model, vertical tick marks show Bragg peak positions, and the lower line represents
the difference plot.
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Table 3.1. Refined structural parameters of CaSrFeCo0Os.5 using powder X-ray diffraction.

Space group: 1bm2
a=>5.5576(2) A, b= 15.1658(5) A, ¢ =5.4141(2) A, Rp = 0.0164, wRp = 0.0220

Elements X y z Occupancy  Uiso  Multiplicity
Cal  05103(6) 0.1116(2) -0.004(6) 0.5 0.024(1) 8
Srl  0.5103(6) 0.1116(2) -0.004(6) 0.5 0.024(1) 8
Fel  0.0776(9)  0.25 -0.011(7) 1 0.030(3) 4
Col 0 0 0 1 0.031(2) 4
o1 0.25(1) 0.0008(8) 0.268(7) 1 0.042(3) 8
02  -0.075(2) 0.1544(6) -0.005(1) 1 0.042(3) 8
03 0.372(4) 0.25 0.85(1) 1 0.042(3) 4

Therefore, both tetrahedral and octahedral layers contain almost equal quantities of Fe and
Co. These findings highlight the strength of neutron diffraction in tackling problems that
cannot be resolved by X-rays. To study the correlation between crystal structure and
electrical conductivity, we also synthesized Ca>FeCoOes and SroFeCoOes (hereafter
referred to as Caz and Sr» analogues) under the same conditions as CaSrFeCoOs.s (hereafter
CaSr-compound). Table 3.3 compares the space groups and unit cell parameters for all
three compounds. The Sr. material crystallizes in the cubic space group Pm-3m.?!:2* The

formation of the cubic structure with space group Pm-3m was confirmed by our Rietveld
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Table 3.2. Refined atomic parameters of CaSrFeCo0Os.s in 1bm2 space group using neutron
diffraction.

Elements X y z Occupancy Uiso
Cal 0.5125(6) 0.1110(2) 0.010(2) 0.48(5) 0.0140(8)
Srl 0.5125(6) 0.1110(2) 0.010(2) 0.52(5) 0.0140(8)
Fel 0.0664(9) 0.25 -0.031(2)  0.46(3) 0.022(2)
Col 0.0664(9) 0.25 -0.031(2)  0.54(3) 0.022(2)
Fe2 0 0 0 0.52(2) 0.009(1)
Co2 0 0 0 0.48(2) 0.009(1)
01 0.2393(8) 0.0094(2) 0.266(2) 1 0.0106(6)
02 -0.057(1) 0.1406(2) 0.008(3) 1 0.0204(7)
03 0.370(1) 0.25 0.889(2) 1 0.027(1)

refinement results. Figures 3.4 and 3.5 show the crystal structure and Rietveld refinement
profile of the Sr. compound. The refined atomic parameters are listed in Table 3.4. The
Caz compound has a brownmillerite-type Pbcm structure?® (Figure 3.6) with a large unit
cell, which is double the size of that for a typical brownmillerite, and ordered arrangement
of tetrahedral chains, where each chain is oriented opposite to all of its nearest-neighbors.
Our Rietveld refinements confirm the formation of the Pbcm structure 2° (Figure 3.7) under
the same synthesis conditions as the other two materials. Table 3.5 lists the refined atomic

parameters for the Ca, compound.
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Table 3.3. Comparison of space groups and unit cell parameters for Ca;FeCo0Oe.3,
CaSrFeCo0Oeg-; and Sr2FeCo0Oe-s

Sr2FeCo05 CaSrFeCOO0O5 Ca2FeCo0O5
Space group Pm-3m Ibm2 Pbcm
Lattice
parameters
a(A) 3.86469(3) 5.5576(2) 5.36854(8)
b (A) 3.86469(3) 15.1658(5) 11.1063(2)
c(A) 3.86469(3) 5.4141(2) 14.8079(2)
V (A% 57.722(1) 456.33(4) 882.92(3)

The trend in the structural order in progression from Sro-compound to CaSr and Ca;
materials is remarkable. In the Sr, material, the vacant sites, created due to oxygen
deficiency, are distributed randomly. In the CaSr compound the vacancies are ordered. The
vacant sites only appear in alternating layers, forming tetrahedral chains, instead of
octahedral geometry that is commonly observed in perovskites. All tetrahedral chains in
this material have the same orientation, as evident from its space group. The Ca, material
has the same type of vacancy order. However, an additional type of ordering is also present,
namely the alternating orientation of tetrahedral chains within and between layers.
Therefore, it is evident that as the Ca content increases, the degree of ordering also

increases.
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Figure 3.4. Crystal structure of SroFeC00s.5. (a) The crystallographic unit cell and corner-
sharing (Fe/Co)Os octahedra (cyan) are highlighted. The large grey spheres are the Sr
atoms. (b) A view along the unit cell axis. Due to cubic symmetry, the three axes are
identical. (c¢) The coordination geometry around the Sr atom, which is 12-coordinated.

We investigated the oxygen contents of all three materials using iodometric titration, which
showed that the formulae for the three compounds can be described as SroFeCo0Oe.5 (6 =
0.5), CaSrFeCo00e-5 (6 = 0.8) and Ca2FeCo0e-5 (6 = 0.9). Note the greater oxygen content
of the disordered Sr, material. We have also confirmed these results by monitoring the
oxygen loss due to the heating of samples in argon at temperatures up to 1200 °C, which
usually leads to oxygen stoichiometry of 5, i.e., § =0, in oxygen-deficient perovskites.1% 23
We also explored the correlation between the A-site cation and the morphology and
crystallite size by performing scanning electron microscopy studies on all three materials.
Interestingly, the CaSr compound has the smallest crystallite size, as shown in Figure 3.8.

The Sr> and Ca, compounds have comparable crystallite sizes. However, the contact

between crystallites is enhanced in the Sr> material compared to the other compounds.
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Figure 3.5. Rietveld refinement profile for powder X-ray diffraction data of SroFeC00Oe.s
refined in Pm-3m space group. Crosses represent experimental data, solid red line is the
model, vertical tick marks show Bragg peak positions, and the lower blue line represents
the difference plot.

Table 3.4. Refined structural parameters of SroFeCoOe.s.

Space group: Pm-3m
a =3.86469(3) A, Ry = 0.0142, wR, = 0.0192

Element x y z Occupancy Uiso Multiplicity
Srl 05 05 0.5 1 0.0183(3) 1
Fel 0 0 0 0.5 0.0177(4) 1
Col 0 0 0 0.5 0.0177(4) 1
01 0 0 0.5 0.92 0.0220(6) 3
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Figure 3.6. Crystal structure of CaxFeCoOQs.5 featuring alternating (Fe/Co)Os octahedra
(cyan) and (Fe/Co)O4 tetrahedra (pink). The large grey spheres are Ca atoms. The
crystallographic unit cell is highlighted using yellow lines. Note that the unit cell here is 2-
times larger than that for the CaSr analogue.
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Figure 3.7. Rietveld refinement profile for powder X-ray diffraction data of Ca2FeC00e.5
refined in Pbcm space group. Crosses represent experimental data, red solid line is the
model, vertical tick marks show Bragg peak positions, and the blue line represents the

difference plot.
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To investigate these structural transitions further, we carried out a series of experiments
and synthesized 21 different materials by systematically varying the Ca/Sr ratio to
determine the average ionic radius that is required on the A-site to promote these structural
transformations. The ionic radii play an essential role in the formation of different
perovskite-type structures.?® For our materials, the transition from disordered structure to
the ordered system occurs when the Ca/Sr ratio is greater than 0.3/1.7. (Figure 3.9) We also
determined the Ca/Sr ratio that is required for transition from the lbm2 structure (where all
tetrahedral chains have the same orientation) to the Pbcm system (with alternating
orientation of tetrahedral chains). This transition was found to occur at Ca/Sr ratio 1.2/0.8,
as indicated by the appearance of (120) peak at 26 = 23° in Figure 3.10. Using the ionic
radii for 12-coordinated Sr?*, 1.44 A, and Ca?*, 1.34 A, ? one can calculate the average
ionic radius that prompts each of these phase transitions. The transition from a disordered
to ordered system occurs when the average ionic radius on the A-site is greater than ~1.42
A. The transition from the ordered system with uniform orientation of chains to the more-
ordered system, with alternating chain orientation, takes place when the average ionic

radius is larger than 1.39 A.
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Table 3.5. Refined structural parameters of Ca2FeC00Os.s.

Space group: Pbcm
a=5.36854(8) A, b=11.1063(2) A, c¢=14.8079(2) A, R, =0.0167, WRp = 0.0215

Element X y z Occupancy Uiso Multiplicity
Cal -0.006(2) 0.757(2)  0.393(1) 1 0.038(8) 8
Ca2 -0.491(3)  0.516(2)  0.609(1) 1 0.035(7) 8
Fel 0.439(3)  0.719(1) 0.25 0.5 0.032(7) 4
Col 0.439(3) 0.719(1) 0.25 0.5 0.032(7) 4
Fe2 -0.054(3)  0.539(2) 0.25 05 0.042(8) 4
Co2 -0.054(3) 0.539(2) 0.25 05 0.042(8) 4
Fe3 -0.504(3) 0.75 0.5 05 0.026(8) 4
Co3 -0.504(3) 0.75 0.5 05 0.026(8) 4
Fed 0.0 0.0 0.0 0.5 0.043(9) 4
Co4 0.0 0.0 0.0 0.5 0.043(9) 4
01 0.114(8)  0.662(4)  0.25 1 0.04 4
02 0.604(9)  0.552(4) 0.25 1 0.04 4
03 -0.213(7)  0.612(4)  0.489(2) 1 0.04 8
04 -0.760(9)  0.609(4)  0.490(2) 1 0.04 8
05 0.042(7) 0.459(4)  0.359(3) 1 0.04 8
06 0.527(6) 0.781(4)  0.365(4) 1 0.04 8
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Figure 3.8. Scanning electron microscopy images for SroFeCoOes, CaSrFeCoOs.s
andCazFeCo0s.5
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Figure 3.9. Powder XRD data for the series Sr>.xCaxFeCoOe-5, X = 0 — 1. The structural
transition occurs above x = 0.3.
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Figure 3.10. Powder XRD data for the series Sr.xCaxFeC00s.5, X = 1 — 2. The structural
transition occurs above x = 1.2,

X-ray photoelectron spectroscopy (XPS)

The oxidation states of iron and cobalt in all three materials were explored using XPS

analyses, which revealed an interesting trend with regard to the cation oxidation states in

these three compounds. We note that the starting materials used in the syntheses, namely

Fe,O3 and Co30q, contained Fe®*, Co?* and Co**. The main XPS peak for Fe3* is the 2psp.

peak, which appears at about 710 — 711.5 eV.2"? In our spectra this peak is present.

However, additional features are also observed in the spectra indicating that other oxidation

states are present as well, as discussed further below. Similar observations are made for
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Co, where the dominant Co3* peak, i.e., the 2ps» peak,**3! is observed at ~780 eV, but

additional features signify the presence of other cobalt oxidation states as well.

For Fe, the position and width of the 2ps/> peak, as well as the positions of satellite peaks,
which appear at higher energy than the 2ps/. peak, are indicative of oxidation states.?”%° In
the XPS spectra of our materials, two satellite peaks are observed for Fe, one at ~ 4 eV
higher and another at ~ 6.5 — 7.5 eV higher than the center of the 2ps» peak. The first
satellite peak, located at ~ 4 eV higher than the 2ps, peak, belongs to Fe?*?¢2° The second
satellite peak, at ~ 6.5 — 7.5 eV higher than the 2ps peak, is the signature of Fe3*28-29. 32
Therefore, the XPS data show that these materials contain Fe in both divalent and trivalent

states. Figure 3.11 shows the Fe XPS spectra for all three materials.

Unlike the Fe spectra that are quite similar for all three compounds, the Co spectra show
an interesting variation in oxidation states. The most striking difference is the low energy
shoulder on the cobalt 2p3/. peak for the Ca, and CaSr-compounds, which is absent for the
Sro-material, as seen in Figure 3.12. The low energy side of the cobalt 2ps> peak for Ca
and CaSr-materials is much wider and is stretched further into the low-energy region,

showing a distinct shoulder, which is not present in Sro-material spectrum.
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Figure 3.11. The Fe XPS spectra for Ca2FeC00s.5, CaSrFeC00e.5 and SroFeC00s-5

The low energy shoulder is indicative of Co?*.3% 32 There is also a shoulder on the high
energy side of the 2ps, peak for all three compounds, which represents Co**.3-3! Two
satellite peaks are present in the cobalt spectra for all three materials, including the Sro-
compound that lacks Co?*. The first satellite peak appears at about 785 eV — 787 eV, while
the second satellite peak is observed at about 788 eV — 789 eV. The first satellite peak
represents tetravalent cobalt,* and is located ~ 3.5 — 5 eV higher than the Co** peak, as

expected.3!
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Figure 3.12. The cobalt XPS spectra for CazFeC00s.5, CaSrFeCo0Os-5 and Sr2FeCoOeg.s

This satellite peak is especially pronounced in the CaSr and Sro-materials. The second
satellite peak belongs to Co®*, located at ~ 8 — 9 eV higher than the 2ps/. peak, as expected
for trivalent cobalt.3! Note that the relative binding energy of satellite peaks for different
oxidation states of cobalt does not follow the same trend as the relative binding energy of
the main 2ps/2 and 2py2 peaks, which have a different origin compared to the satellite peaks.
The satellite peak for Co** appears at lower binding energy than that for Co®*.3! In general,
some degree of cobalt oxidation is expected at high temperature in air.2* However, the

above observations point to an interesting redox phenomenon in these materials, where
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further oxidation of cobalt becomes possible through the reduction of iron. In addition, it
is remarkable that the disordered Sr. compound lacks Co?*, while the ordered Ca, and CaSr
materials contain divalent cobalt. It appears that the disordered structure encourages the

oxidation of Co%* to Co®".

Electrical conductivity
The electrical properties of these three materials were studied by DC and AC methods. The
total conductivity was found by first obtaining the resistance from the intercept of the data
with the real axis (Z’) of the Nyquist plot at high frequency in the AC method. Similar
values were obtained using DC method by applying constant voltage or current and
measuring the output current or voltage. The resistance values obtained using the above
methods, can be used to calculate the conductivity (o) using the following equation:
oc=L/RA (8)

where L and A represent the thickness and cross sectional area of the cylindrical pellet,
respectively. The electrical conductivity values for the three compounds, CazFeCo0Oe.s,
CaSrFCo00s.5 and SroFeCo0s.5 were obtained by AC method at room temperature and by
DC method from 298 to 1073 K. The room temperature conductivity values are listed in
Table 3.6. These results show the order of the total conductivity for the three compounds
at room temperature:

CaxFeCo00e-5 < CaSrFeCo0Os.5 <  Sr2FeCo0s.s
The electrical conductivity increases as the Sr content and structural disorder increase. Note
that the Sr. compound is the most disordered phase, where oxygen vacancies have random
distribution. The Ca> material is the most ordered phase featuring vacancy order and also

tetrahedral chain order. The bond angles may play a role as well. It has been shown that
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changes in electrical conductivity correlate with changes in bond lengths and angles.®*3°
Some researchers have used density-functional theory calculations to show that when the
Co—0O—Co bond angles in LaixSrxCoOs get closer to 180°, the overlap between the
unoccupied cobalt 3d conduction band and the occupied oxygen 2p valence band is
enhanced, leading to improvement in electrical conductivity.*® Metallic conductivity can
be obtained due to the formation of a hybrid band as a result of the enhanced overlap
between metal 3d and oxygen 2p bands. %8 A correlation between conductivity and bond
angle is also observed when the x-value is varied in La;xSrxC0o03.34% A change from
semiconductivity to metallic conductivity is observed at x = 0.25. This change has been
explained by the introduction of doped states within the band gap and broadening of these
states into a band as x increases, which leads to band overlap and transition from
semiconductor to metal. It has been observed that at around x = 0.25, where this transition
occurs, there is an abrupt increase in the Co—O—Co bond angle. 3% For our materials, the
Fe(Co)-O-Fe(Co) bond angles in the Sr. compound are 180°, while those angles in the Ca
material can be as small as ~123°.2° The small angles are a consequence of the vacancy-
ordered structure, where each tetrahedron shares corners with two tetrahedra as well as two
octahedra. In order for the structure to accommodate these simultaneous corner-sharing,
the bond angles distort from the ideal perovskite angle (180°). Large bond angles in the Sr2
compound and smaller angles in the Ca> material correlate well with the relative
conductivity of these materials at room temperature.

To obtain a more in-depth understanding of the electrical conductivity, variable
temperature studies were performed on all three materials. Figure 3.13 shows the

conductivity of the three samples during heating and cooling cycles in the temperature
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range 298 — 1073 K. The conductivity of Ca,FeC00s.s and CaSrFeCo0s.5 increases with
temperature indicating the semiconducting nature of these materials. However, the
conductivity of Sr.FeCoOs.5 decreases as the temperature increases, exhibiting metallic

behavior.
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Figure 3.13. Total conductivity of SroFeCo0Qe.5, CaSrFeCo00e-5 and Ca2FeC00s.5 as a
function of temperature. For SroFe2Oe.3, the heating (red) and cooling (black) data overlap.
For CaSrFeCo0Oes.5, the heating data are shown in green and cooling data in blue. For
Ca2FeCo0s.-5, the heating and cooling data are shown in pink and cyan, respectively.

The semiconducting properties, observed in the Ca> and CaSr compounds, have been
observed for other oxygen-deficient perovskites (ODP) before. In general, when oxygen
partial pressure is high, e.g., the oxygen partial pressure in air, the electronic conductivity
is usually dominant in ODPs.***' In semiconducting ODPs, the dependency of
conductivity on the oxygen partial pressure indicates the p-type semiconductivity.*>* In

these p-type semiconductors, the primary charge carriers are electron holes®®4%: 45-4 The
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holes are generated extrinsically due to the absorption of oxygen molecules on the surface,
which is aided by the oxide vacancies present in the material. This leads to the following
processes: 40 4°

%0, > 0% +2h° (9)

M3 +h — M* (10)
The presence of a variable valence metal (M) is essential, as it leads to the formation of
small polarons, and electronic transport through the M3*—O—M** network.*® The polaronic
conductivity in the Caz and CaSr compounds is a result of the structural properties, where
structural distortions occur to accommodate the corner-sharing between octahedra and
tetrahedra. These distortions lead to lattice polarization that promotes polaronic charge
transport.*® The polaron mobility is enhanced by rising temperature. This temperature-
activated mobility results in an increase in total conductivity,*” which can be expressed by

the equation

c=nep (11)

where o, n, e and Y are conductivity, concentration of electrons/holes, charge of electron
and mobility of charge carriers, respectively.

The observed differences in the conductivity of the ordered Ca, and CaSr materials
compared to the disordered Sr. compound are clearly related to the crystal structure, which
seem to lead to different conduction mechanisms. The large bond angles (180°) in the Sr»
compound lead to the enhancement of overlap between metal 3d and oxygen 2p orbitals,
leading to metallic conductivity, similar to the situation observed in some other materials,

such as LaixSrxCo0s.%® In the ordered Ca, and CaSr compounds, the distorted angles do
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not allow for good orbital overlap and broadening of bands. The conduction in these
materials is through polaronic mechanism, which is activated further at high temperature,
leading to enhanced conductivity at elevated temperatures.

For the Sr. compound, the decrease in electrical conductivity as a function of temperature
occurs due to the increase in collisions between phonons and charge carriers as the
temperature increases. ' In addition, for this material, the conductivity as a function of
temperature has the same descending trend in the entire temperature range, 298 K — 1073
K.

Unlike the disordered Sr, material, the ordered Caz and CaSr compounds exhibit a change
in the conductivity trend at high temperature. For the Ca, compound, the increase in
conductivity continues up to ~ 500 °C (773 K), and then plateaus and even decreases
slightly. Similar trend is observed for the CaSr compound, where the increase in
conductivity continues up to ~ 300 °C (573 K) and then a plateau and decrease in
conductivity is observed. The downturn in conductivity as a function of temperature is
indicative of a metal-like conductivity, pointing to a semiconductor to metal transition.
There appears to be a limit to the temperature-activated increase in the polaron mobility,
beyond which the collisions between phonons and charge-carriers lead to decrease in
conductivity and metal-like temperature-dependent behavior. It should be noted that the
ionic conductivity is expected to increase at high temperature, due to some oxygen-loss
and creation of more vacancies. However, the decrease in electrical conductivity is greater

than the increase in ionic conductivity, leading to an overall decrease in total conductivity.

48
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A small degree of oxygen loss at high temperature has been observed through
thermogravimetric analysis (TGA) of the CaSr compound in the temperature range, 25 —
800 °C. As shown in Figure 3.14, there is about 1% weight loss as a result of heating up to
800 °C. More interestingly there is an inflection in the TGA data between 300 — 400 °C,

matching the temperature where the transition in electrical conductivity occurs.
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Figure 3.14. Thermogravimetric analysis of CaSrFeCo00Qs.s in air. An inflection in the data

appears in the temperature range between the dashed lines. The inset shows the derivative
plot.

In the entire temperature range, the highest conductivity among the three materials is
observed for the CaSr-compound at ~ 400 °C. There appears to be an optimum degree of
structural order that leads to the highest conductivity at high temperature. Both the
disordered Sro-compound and the highly ordered Ca,-material have lower conductivities at

high temperature compared to the CaSr-compound.
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We also tested the possibility of any structural transition at high temperature. This was
done by heating the CaSr compound to 800 °C, followed by quenching in liquid nitrogen.
However, the XRD data showed no changes in the crystal structure.

Another remarkable property was found when we examined the materials’ conductivity
during both heating and cooling cycles. For the Sr. compound, the conductivity values
during both heating and cooling cycles were the same. However, for the Ca, and CaSr
compounds, the conductivity was greater during the cooling cycle. The observation of these
hystereses confirms the contribution of ionic conductivity to the total conductivity as
describped for other mixed ionic-electronic  conductors.*®  The oxygen
absorption/desorption phenomena are relatively slow compared to the electronic transport
processes. The oxygen vacancies created at high temperature are not immediately filled
when the temperature is lowered. Therefore, the high ionic conductivity persists at lower
temperatures, leading to an increase in total conductivity compared to the values obtained
during heating. Interestingly, the divergence between the heating and cooling data is only
observed below the transition temperature, i.e., in the semiconducting region, for Caz and
CaSr compounds. However, above the transition temperature, where the Ca, and CaSr
materials exhibit metallic behavior, the heating and cooling data overlap. This overlap
between heating and cooling data is the same behavior observed for the metallic Sr
material in the entire temperature range, 298 — 1073 K.

The Arrhenius equation can be applied to the variation of conductivity with temperature,
from which activation energy for conductivity can be obtained.* Figure 3.15 shows the

Arrhenius plot for conductivity in the temperature range, 298 — 1073 K.
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Figure 3.15. Arrhenius plot of the total conductivity for SroFeCoOe.s (black triangles),
CaSrFe20s.-5 (red circles) and CazFe2Q0e¢.5 (green stars).

The straight lines represent the fit using the Arrhenius equation for thermally activated

conductivity :47 5152

_Ea

oT = cce kT (12)

where o° is a pre-exponential factor and a characteristic of a material. Ea, K and T are the
activation energy for the electrical conductivity, Boltzmann constant and absolute
temperature, respectively. The activation energy (Ea) can be calculated from the slope of
the line of best fit in the log o7 vs 1000/T plot. These values are listed in Table 3.6. As
evident from Figure 3.15 and Table 3.6, the slope of the Arrhenius plot changes at high
temperature for the Ca, and CaSr compounds, consistent with the change in the
conductivity trend. This leads to two different Ea values, where the activation energy at

high temperature is smaller than that at low temperature for both Ca, and CaSr compounds.
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Table 3.6. Room temperature conductivity and activation energies

Samo] Total conductivity 1at room Activation energy of total
ample temperature (Scm_ ) conductivity (E ) in eV
AC DC
5 5 298 K — 800 K: 0.2225
CaFeCo0s5 6.5 X 10 6.49 X 10 800 K — 1073 K: 0.2587
4 1 298 K — 600 K: 0.72365
CaSrFeCoOss  1.184 X 10 1.077X 10 600 K — 1073 K: 0.16669
S1aFeCoOss 8270 X 10 8256 X 10 0.12437
CONCLUSION

Considering the importance of solid-state oxides in energy industry, especially for the
development of advanced fuel cells, the investigation of methods to tune and control their
electrical conductivity is essential. In this article, the correlation between electrical
conductivity and structural order has been studied in a series of oxygen-deficient
perovskites. Our findings indicate that, transition from disordered to ordered systems can
be controlled by controlling the average ionic radius of the A-site cation. The conductivity
at room temperature has an inverse correlation with ordering of oxygen vacancies.
Furthermore, the least ordered compound exhibits metallic behavior, while the ordered
materials are semiconductors. In addition, it appears that high temperature conductivity
requires an intermediate level of vacancy-order. At high temperature, the highly ordered
and highly disordered systems do not conduct as well as a material with an intermediate
degree of ordering. Additionally, structural order leads to a semiconductor-to-metal
transition at high temperature, which is absent in the disordered compound. Another effect

of ordering is the mixed ionic-electronic conductivity manifested in hysteresis in
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conductivity data during heating and cooling cycles. These findings indicate that electrical
properties of oxygen-deficient perovskites can be tuned by modifying the structural order

in these materials.
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CHAPTER 4
MAGNETIC STRUCTURE OF CaSrFeCoOs: CORRELATION WITH STRUCTURAL

ORDER?®

INTRODUCTION

The study of magnetic properties and materials that exhibit various types of magnetism is
motivated by scientific curiosity as well as the important applications of magnetic materials
in various areas, such as spintronics and magnetic memories.®’*® Among magnetic
systems, solid-state oxides are particularly fascinating due to the diversity of properties
observed in this series of compounds. Oxygen acts as an effective bridge for magnetic
coupling, leading to strong magnetic interactions in many transition-metal oxides.
Perovskite-type systems, with general formula ABOg, are especially interesting, where A
is usually an alkaline-earth metal or lanthanide and B is usually a transition metal. (Figure
4.1) The large A cations are located in spaces between corner-sharing BOs octahedra. It is
possible to form perovskite materials with some degree of oxygen-deficiency. The vacant

sites that are created as a result of oxygen-deficiency can spread in the structure arbitrarily,

3 The work described in this chapter was published in Material Research Bulletin ( 2018,

vol. 106, p. 131-136)
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forming a disordered system.!* © An example is Sr.FeMnOs,'! where oxide vacancies are

distributed randomly, forming a disordered cubic structure.!

However, it is also possible to form oxygen-deficient perovskites, in which vacancies have
an ordered distribution. The ordering of vacant sites can lead to the formation of new
structure-types derived from the perovskite structure. An example is BazIn20s,”* in which
the vacancies lead to the formation of tetrahedral coordination geometry in alternating
layers. The layers, where the tetrahedral geometry appears, contain chains of corner-
sharing tetrahedra, that run parallel to the octahedral layers, as shown in Figure 4.1. This
arrangement, which is derived from the perovskite system, is called brownmillerite-type
structure. *> 727> The magnetic properties of oxygen-deficient perovskites have a strong
correlation with the arrangement of vacant sites and the structure of materials. If the
material composition contains magnetic cations, the magnetic order usually occurs when
structural order is present.”” The lack of structural order usually leads to the absence of
magnetic order.”> However, there are exceptions, such as SraFe1sCros0s,’® where the
vacancies are spread randomly in the structure, forming a disordered system, but the

magn