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Abstract

This thesis describes the application of advanced atomistic simulation techniques to study the defect
properties, dopant substitution and ion insertion reactions in two novel materials FeSb,Os4 and
Caslr;O12. New pair potentials were empirically derived to fit both the parent phases and a series of
related phases. The crystal structures predicted using these potentials were in good agreement with the
observed values. These potentials were then used to investigate the defect behaviour (both intrinsic
and extrinsic) in FeSb2O4 and CasIr;O12. For FeSbaOs, the calculations predict that the preferred mode
of intrinsic disorder in the system would be through the creation of oxygen Frenkel defects. The dopant
substitution calculations predict that among the species that were examined, the most favourable
dopant species at Fe site is Mg?* and at Sb site is, Pb?>*. The preferred charge compensation mechanism
for this substitution was predicted to be through the oxidation of Fe?" to Fe** in the chains of linked
octahedra. For oxygen and fluorine insertion, the calculations predict that the oxygen insertion
reactions are energetically more favourable. In the case of oxygen insertion reaction, the simulations
predict that the interstitial oxygen ions occupy sites in the one-dimensional channels bonding to Sb
ions in the channel walls. The extra oxygen intake is balanced by the oxidation of Fe?" to Fe** in the
chains of octahedra and Sb*'to Sb>" in the channel walls. The calculations predict the formation of a
defect cluster comprising of three 4-coordinate Sb*>* ions, two O interstitials and one 6-coordinate
Sb>* ion. Similarly, for fluorine insertion, the calculations predict that the interstitial ions occupy the
central position in the channels and are bonded to two 4-coordinate Sb*>* ions in the channel walls. For
Caslr3O12, the defect calculations suggest that the preferred mode of the intrinsic disorder will be
through the creation of calcium Frenkel defects. The energetics of Na insertion in Caslr;O12 that the

Na goes to Ca site 1 to form CasNalr;O12 and goes to Ca2 site in CasNax[r3O12.
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Chapter 1: Introduction



1.1 General Background

Functional materials are those materials that have inherent unique features or physical properties which
allow them to perform specific useful functions. For example, thermal properties, optical properties,
electrical and magnetic properties. Functional materials form the basis of most modern technological
advancements ranging from computing, communication, storage and display in the Information and
Technology (IT) sector to clean production and storage in the energy sector. These materials
encompass all material types such as organic, inorganic, hybrid materials, nanomaterials and
interfaces. Among these, the mixed metal oxides form a large part of functional materials and have
been used for important applications such as anode, cathode and catalyst materials from lithium-ion

batteries and fuel cells.

Much ongoing research in this area is concerned primarily with enhancing the existing
properties of these materials and in developing new functional materials using known mineral
structures as a template. Perovskite (general formula ABO3, the structure is given in figure 1.1 a) is a
prime example of one such mineral. It is one of the most extensively researched structure types which
has been used to develop a range of technologically useful functional material e.g. BaTiO3' which
displays ferroelectric behaviour, LaxSrixMnOs;?> which displays colossal magnetoresistance
(CMR)behaviour and YBa>CuzO7* which is a structurally related high-temperature superconductor.
The interesting electrical and magnetic properties of perovskites are primarily due to their structure,
which consists of corner-linked octahedra made of metal cations (MOg) and a second 12-coordinate
cation with a larger ionic radius situated between the octahedra. This unique framework allows the
introduction and control of mixed oxidation states of the cations within the octahedra. Spinel
(MgAlLOg, or general formula AB>X4) is another structure type that had served as a starting point for
developing new functional materials such as LiMn,O4 which acts as an alternative cathode material

for Li-ion batteries.* Rutile (TiO2, the structure is given in figure 1.1 b) is another structure type, which



has an interesting framework consisting of edge-shared chains of MOg octahedra, along the c-axis,
which are joined together by corner linking. A number of materials with this structure type demonstrate
interesting properties such as VO,> exhibits metal-insulator transitions, MgF.° displays transparent

optical properties and SnO,’ shows catalytic properties used in gas sensing.

Figure 1.0.1 (a) Crystal structure of a Perovskite mineral along xy-plane; (b) Crystal structure of a rutile mineral along the xy-
plane

Therefore, it has become increasingly clear that significant and important research in solid-
state inorganic chemistry has focused on the development of novel functional materials from known
mineral structure or the improvement of existing materials by cation substitutions or aliovalent doping.
This thesis is also concerned with two such interesting, inorganic material types derived from naturally

occurring structures:

1.  FeSb>0O4— A naturally occurring mineral known as Schafarzikite has recently gained academic
interest due to its interesting structure comprising of chains of linked octahedra, similar to those
seen in rutile. However, there are now two unique cation sites that increase the functionality

and empty channels that can be used for anion insertion. 8'°



it.  Caslr;O;2 — A ternary metal oxide containing iridium. IrO; is one of the best-known catalyst
material used in electrochemical oxygen evolution reaction. It also has an interesting structure
of linked octahedra and two distinct cation sites to allow oxidation control of one site through

aliovalent substitution on the other site.'!

Both the compounds have similar chains of edge-linked octahedral. They also have two
crystallographically different cation sites which offer the potential for aliovalent substitution to fine-
tune the electrical and magnetic properties of these materials. They also display one-dimensional
behaviour due to the presence of the chains of octahedra. However, there are quite a few dissimilarities

between them as well.

1. As discussed later, FeSb,O4 has channels occupied by the electron lone pairs on the Sb*” site,
which could be used as the site for anion insertion; similar sites in CasIr3O12 are occupied by
Ca" ions and hence, the possibility of anion insertion is absent.

2. The preferred conduction mechanism in FeSbO4is through anion interstitials in the channels
and electron migration in the chains of linked octahedra; conductivity in CasIr;O12 is electronic

through either holes or electrons as it exhibits semiconducting behaviour. '

The principal aim of this work is to apply modern computational methods to present a detailed
study of the defect chemistry of the Caslr;O12 and FeSboO4 in a way that is complementary to the
experimental investigations. For this study, atomistic simulations techniques are considered to be
invaluable in providing in-depth knowledge of the mode of operations of these complex and novel
materials. These techniques are best suited in terms of the scale and numerical efficiency needed to

further the fundamental understanding of the synthetic strategies.

Over the past decade, computer modelling has proved to be a useful tool in calculating and
probing the structure, properties and defect behaviour of complex systems. It links fundamental theory

with experiments and hence, has been employed to act alongside experimental techniques to develop



a better understanding of the mode of operation of complex materials. These techniques have been
successfully used to study the ion migration in anion conductors and have been adapted to describe the
same in fluorites, perovskites and brownmillerite type oxide structures which also demonstrate similar

conduction properties. !> 13

1.2 Schafarzikite- FeSb20g4

Schafarzikite (FeSb2Os4) is a naturally occurring rare mineral which belongs to a family of compounds
that are isostructural with Pb3;O4 or Minium.'®. It was first discovered in 1921 in the Slovak Republic
by Professor Ferenc Schafarzik!”. It can be found largely within antimony-rich deposits in a small
number of locations around the world.'®!” It is a tetragonal mineral with the space group P4»/mbc and
the lattice parameters a = 8.61574 A and ¢ = 5.92069A.° The atomic position in the structure is
summarised in table 1.1. FeSb,O4 consists of two crystallographically unique cation sites namely, Fe?*

and Sb**, having octahedral and trigonal pyramidal geometry, respectively.

Table 0-1.1 Fractional Coordinates of Schafarzikite °
Species Oxidation State = Wykoff Position x y VA
Fe 2+ 4d 0 2 Y
Sh 3+ 8h 0.1772(2) 0.1648(2) 0
or’ 2- 8h 0.6794(1) 0.1794(1) Ya
02" 2- 8h 0.0999(2) 0.6419(2) 0

*0l is the apical oxygen; ** O2 is the equatorial oxygen



As shown in Figure 1.1, the structure consists of rutile-like edge-shared chains of FeOs
octahedra running along the c-axis. Every unit cell consists of two such chains, which are linked
together by Sb*" ions. This potentially provides a means to functionalise the material and fine-tuning

the electrical and magnetic properties by allowing electronic control of the cations within the chains.

Each Sb*" ion is bonded to three oxygen atoms and has an unbonded electron lone pair,
assuming a trigonal pyramidal geometry, SbO3. Chains of trigonal pyramidal SbOs run parallel to the
chains of FeOs octahedra and the lone pair of electrons are directed into the channel along the ab-plane
in alternating direction. The Fe-Fe separation (2.96 A) within the chains is smaller than the separation
between two neighbouring Fe-Fe (6.07 A) within the same ab plane, providing some one-dimensional

character to Schafarzikite. All the compounds belonging to the Schafarzikite family have the general

structure formula MX,04.

Figure 1.2 (a) A crystallographic representation of the unit cell of Schafarzikite along xy-plane; The blue octahedra represent
the FeOQg octahedra; the dark blue spheres represent Sb3* ions, the red spheres represent the apical oxygen O1 and the yellow
spheres represent the equatorial oxygen O2. The empty space is in the middle is the channel. (b) Interconnectivity of multiple

units along the xy-plane.



1.2.1 Lone pair interaction in Schafarzikite

As mentioned in the earlier section, the structure of Schafarzikite consists of unbonded electron
lone pair pointing out into the unoccupied channel along the xy-plane. Due to high electron repulsion,
the lone pair pushes the other ligands on the central atom Sb**, towards one side, giving rise to a
distorted polyhedron equivalent to SbOse, where e denotes two lone pairs per formula mass. The steric
effects of the electron lone are clearly visible when considering the bond angle of the O-Sb-O bonds,
which are less than 109.5°; the ideal bond angle for a tetrahedron. This indicates the strong repulsive
force of the lone pair over the single bonds in accordance with Valence Shell Electron Pair Repulsion

(VSEPR) theory. A schematic representation of the structure with lone pairs is given in Figure 1.2.

1,%° proposed that the volume of space occupied by a lone pair similar to that of

Andersson et a
an O or a F~ anion whereas the lone pair-cation distance is far less than the cation-anion distance.
This theory provides a route to chemically modify the system, by inserting extra oxygen or fluorine
anions into the channel with an appropriate charge balance on the cations on sites M and X. This
approach has been successfully adopted experimentally and will be described later in the chapter.
Compounds with electron lone pairs containing cations continue to attract interest, due to the presence
of an asymmetric coordination environment around the lone pair cation, which can possibly result in

interesting physical properties such magnetic properties.?!-*2



Figure 1.3 An illustration of the Schafarzikite unit cell with the lone pairs represented by the grey coloured sphere
1.2.2 The MX204 Family

Many variants of structures related to MSb>O4 have been synthetically created where site M is
largely but not exclusively occupied by the first-row transition metals (TM) (MSb2O4; M= Mn, Ni,
Co, Zn and Mg; refer to table 1.2). Several other systems with doping on both M and X sites have been
reported. Additionally, mixed cation systems have also been reported where a single site is occupied
by two cations. Among these systems, a few phases have demonstrated oxidation of site M when site
X was substituted by a suitable element. In all these cases, the phases retained the original FeSb,O4
structure (the P4o/mbc symmetry): B = Sn?, A = Ti*"; B = As**, A =Cu?", Ni*"! and B =Pb*", A =

Pb**, Pt** 2 (refer to Table 1.2)

! No structural details were given; previous failed attempts to synthesise the arsenites have been reported™
2 Has Pbam symmetry but contains similar structural features to Schafarzikite®?



Table 1.2 Reports of different compounds belonging to the MX,04 family adopting the Schafarzikite Structure

M cation X cation

As3+ Sn2+ Sb3+ Pb2+
Mg - - 23 )
Ti _ 24 - -
Mn - _ 25 *
Fe _ - 26 -
Co _ - 27 -
Ni 28 _ 29 _
Cu 30 _ 31 _
Zn %% _ 32 _
Sn _ _ _ 16
Pt ) ) ) 335k
Pb 34

* Forms a ‘different ‘zig-zag’ low dimensional structure.>

**4dopts a layered NaAsO:x-like structure; has a high-temperature Schafarzikite structure polymorph.>®

%% 4dopts an orthorhombic Schafarzikite-like structure, like Pb304 at low temperature.
1.2.2.1 Mixed X site structures

The availability of a chemical route to oxidise the cation within octahedra chains in
Schafarzikites (MX204) has attracted considerable interest to functionalise these materials. In some
materials this was achieved by creating an M**/M>* mixed-phase by primarily the substitution of Sb>*
by Pb**at site X.” However, the literature on these types of systems is scarce. Initial attempts to

1’37

synthesise a pure phase MSb,.xPbxO4 for M= Mn by Abakumov et al,>’ was unsuccessful. The high



stability of the oxidation reaction of Mn?" to Mn** resulted in selective oxidation of Sb*>* to Sb>* which
further substituted Mn** in the octahedral chains. The findings of a similar study performed by
Whitaker et al’ with the iron variant were in contrast with those of Mn variants. The study
demonstrated the successful synthesis of a mixed-phase at site X: FeSb,xPbxO4 with varying levels of
Pb?" up to x=0.75 which in turn resulted in the preferential oxidation of a significant amount of Fe**
to Fe*" ions as a charge compensation mechanism. This system was found to retain the P4»/mbc
symmetry. It was observed that with the increase in the level of lead content in the system there was
an expansion in the chains of the edge linked octahedra along the ¢ axis. The expansion was a response
to the increased repulsion between the Fe-Fe ions within the chains, owing to the oxidation of Fe** to
Fe’". A similar experiment was also conducted with the cobalt variants- CoSb; sPbg sO4*® that resulted

in mixed Co%"/Co>" cations within octahedral chains.

Another study performed by De Laune et al,*

was successful in synthesising a new and
interesting system where Sb** ion was replaced by a combination of Pb®" and Bi** ions. It was the first-
ever example of a phase of Schafarzikite containing purely the trivalent Fe** ions within the octahedra
chains and Bi**, Pb** ions forming the channel walls and the link between the octahedra. The structure
of this material was related closely to the parent phase FeSb,O4. The unit cell had expanded along the
lattice constant a and contracted along ¢ to accommodate the difference in size and charge of Pb*" and

Bi** ions and the increased interionic repulsion between the Fe®" within the octahedra chains. The

magnetic considerations of these phases have been discussed later in this chapter.

1.2.2.2 Mixed M site structure

The literature on phases containing a mixture of transition metal ions for site M is even scarcer.
The systems reported so far include Fe/Co*®#%42, Mn/Co*!, Mg/Ni*’ Fe/Mg* and Mn/V *. The Mn/V
system was reported in a brief by Abe et al, ** wherein a high purity phase- (Mn;xVx) Sb2Os (Where x

= 0-0.6) with P4>/mbc symmetry was reported. However, the method used for calculating the lattice



parameters was unclear. These findings contrasted with those reported by Brach et al** where a similar

system Mg;.xNixSb204 (where 0.01 < x < 0.20) was reported to have rhombic distortion.

The Fe/Co, and Mn/Co phases were synthesised in a detailed study of the structure and
magnetic properties of a series of compounds containing mixed M*" cations for iron and manganese
variants: FexCo1xSb,04 (x= 0.0, 0.25, 0.50, 0.75, 1.0) and MnxCo1xSb204 (x=0.0, 0.2, 0.4, 0. 5, 0.6,
0.8, 1.0). The unit cell size was seen to increase with the increase in the amount of x. However, this
increase was not as rapid as in the Mn containing series. The variations observed in the unit cell size
was in accordance with the difference in the atomic radii of the cations (Mn?" > Fe** > Co?"). A small

decrease along lattice constant ¢ was also observed with the increase in levels of x. #!

The synthesis of mixed Fe/Mg phases was recently performed in an experiment aimed at
studying the structure and magnetic properties of these materials and their oxygen and fluorine rich
phases.* The new phases with the mixed Fe/Mg composition: Fe;xMgxSboOs (where x= 0.25, 0.50,
0.75), were observed to retain the Schafarzikite (FeSb>O4) structure. The unit cell parameters were
seen to decrease with the increase in the amount of Mg owing to the decrease in the ionic radius of Mg
(0.72 A)* as compared to Fe (0.78 A)*. A detailed description of the oxygen and fluorine rich phases

is given in the next section. 447

1.2.3 Oxygen and Fluorine insertion

Schafarzikites have a unique structure containing one-dimensional channel with Sb** cations
in the channel walls. These channels are occupied by lone pair of electrons and are separated by FeOs
octahedra chains that run parallel to the channel walls. It has been observed that for most oxide
materials that have empty channels, the walls consist of O* ions and these channels act as sites for
cation insertions. This unusual structure along with the material’s high compositional flexibility could

be used to explore the possibility of anion insertion within the channel walls. Though the structure has



received much attention due to the magnetic and electrical properties associated with the octahedra

chains, the possible chemistry that could occur within channels have largely been unexplored.

Oxygen ion insertion in a one-dimensional channel

I, 47 investigated the possibility of inserting oxygen

A recent study by de Laune et a
interstitials into the unique one-dimensional channels in compounds belonging to the Schafarzikite
family. Several compounds with the structure of Schafarzikite were synthesized by heating them in an
oxygen-rich environment at 600-750 °C for 6 hours. These oxidised products displayed an increase in
their respective masses. Among these, the compounds with high Fe?" content displayed the highest
mass increase resulting from high oxygen intake, which resulted in broadened diffraction peaks. To
overcome this difficulty the amount of the Fe?" per formula unit (pfu) was controlled by substituting

isovalent cations, Co?" and Mg?*, at site M and aliovalent cations, Pb*" at site X. The resulting phases

and the amount of Fe?* pfu corresponding to each phase is summarised in table 1.3.

Table 1.3 Summary of the composition used to insert excess oxygen ions 7

Composition Amount of Fe’* pfu
Coy.75Fe.255b204 0.25

Mgo.75Feo.255b204 0.25

FeSb1.25Pb.7504 0.25 F&®* and 0.75 Fe**

Coo.25Fe.758b1.75Pbo.2504 0.50 F&’* and 0.25 F&*



The masses of these oxidised phases were then investigated using Thermogravimetric Analysis
(TGA) to study the mass changes as a function of the rise in temperature. All samples containing Fe*"
ions displayed an increase in their masses around 350°C. At first, this mass increase was associated
solely with the amount of Fe?" ions in the sample. It was considered, that for every O ion that gets
absorbed in the system, two Fe?" ions are oxidised to two Fe*" ions. However, the amount of O
absorbed (upto 0.50 pfu) was observed to be twice as much as that expected (0.24 pfu) from the
oxidation of 2Fe*" to 2Fe*" . A few hypotheses were proposed to explain this difference in mass
increase: /) the oxygen entering the channels could be in the form of peroxide ions, 2), the presence
of Fe*" ions and 3), the oxidation an additional cation, Sb*" to Sb>". Further investigations were
performed using Raman and Mossbauer Spectroscopy techniques. The results from each technique
pointed towards the presence of a Sb>* ion in the oxidised samples and no traces of either peroxide

ions or Fe ions in a higher oxidation state, were found.*’

Neutron Powder Diffraction (NPD) data was collected on FeSb,xPbxO4+y samples to determine
the atomic position of all the ions within the system, including the O? interstitials. Based on the NPD
data, it was observed that interstitial O> were found at sites within the one-dimensional channels. The
atomic positions of all the ions in the oxidised sample was determined using NPD technique. All the
positions are summarised in table 1.4; the observed lattice parameters for this phase are, a= 8.4063A,

c=6.0443A. Y



Table 1.4 Summary of the atomic positions of FeSbg;.25Pbg.2504+y 47

Atom Position X y z Occupancy
Fe 4d 0.0 0.5 0.25 1.0

Sb/Pb 8h 0.1542 0.1557 0.0 0.625/0.375
o1 8d 0.6701 0.1701 0.0 1.0

02 8h 0.0981(3) 0.6278 0.25 1.0

03 16i 0.540 0.417 0.254 0.059

In table 1.4, O1 refers to oxygen ions present at the apical site, O2 refers to oxygen ions present

at the equatorial site and O3 refers to the oxygen interstitial in the lattice.

Based on the average atomic positions, the average Sb-O bond distances as well as the bond
valence sum (BVS) values, the formation of defect cluster comprising of two 4-coordinate Sb>* ions,

two O?" interstitials and one 5-coordinate Sb>* ion, was proposed.*’

This low-temperature oxidation mechanism is unique to this phase and it suggests the
possibility of high oxide ion mobility within the channels. These partially filled oxide ion channels
could provide an interstitial oxide ion migration as compared to the normal migration mechanism that
occurs through vacancies. The above redox reaction coupled with a variety of cation substitutions at

site M could result in a range of catalytic and electrocatalytic applications.



Fluorine ion insertion

Fluorine insertion in some low dimensional oxide materials in the past has led to changes in
the structural and electronic properties resulting from the oxidation of the transition metals in the
materials.***°. La,CuOy4 is a prime example of this phenomenon where the material transitions from
semiconducting behaviour to superconducting behaviour when fluorine is inserted in the structure:

Another investigation by de Laune et al, °! extended the oxygen insertion study to examine the
possibility of fluorine insertion reactions. Various samples of compounds Schafarzikite were
fluorinated by heating them in flowing F» at 230 °C at varying time intervals. Phases Mgo s0Feo.50Sb204
and Coo.s0Feo50Sb204, were selected for determining the amount and atomic position of F~ ions
absorbed by the system. These samples had a fixed amount of Fe*" ions at site M, hence the problem
associated with broadened diffraction peaks was avoided. Cations such as Co?" and Mg?* that were
found to be stable at the temperature at which the reaction occurs were doped onto site M to avoid any
further oxidisation during the fluorination process. The structure of both the fluorine excess phases
was determined by X-ray Diffraction (XRD) technique. NPD data from the investigation of the
oxygen-excess phases, along-with XRD data was used to locate the absorbed F~ ions. It was observed
that the sites that occupied interstitial F~ ions were closely related to those occupied by O?" interstitials
in the oxygen-excess phases.*’ The charge compensation mechanism responsible for the uptake of
extra fluorine was the oxidation of Fe*" to Fe*". Based on the average atomic position values and
average Sb-O and Sb-F bond distances, it was proposed that the absorbed F~ ions occupied sites close
to the centre of the channels and were bond two 4-coordinate Sb** ions in channel walls in a bridge-
like manner. This structure was proposed on the assumption that there was no exchange between the
oxygen and fluorine ions. Simple Madelung Energy calculations were performed to verify this

assumption.’! The reported atomic positions of Mgo soFeo.s0Sb,O4 are summarised in Table 1.5



Table 1.5 A summary of the atomic positions of Mgy FeysSb204F.!

Atom Position
Fe/Co 4d

Sb 8h

)] 8d

02 8h

F 16i

0.0

0.1660

0.6747

0.1

0.560

0.5

0.1634

0.1747

0.6348

0.474

z Occupancy
0.25 0.5/0.5

0.0 1.0

0.0 1.0

0.25 1.0

0.265 0.120

In both anion insertion reactions described above and the localised structure around the anion

interstitials, the individual bond distances or the possibility of fluorine and oxygen ions exchange were

not determined. The reason for this is that a) crystallographic data gives average values of all the bonds

and atomic positions and b) O* and F~ have coherent X-ray diffraction lengths and hence

experimentally, it is impossible to differentiate between the two species.

1.2.4 Magnetic properties

All the compounds with the MX>O4 structure show antiferromagnetic (AFM) ordering at Neel

temperature for the range 40-60 K with the exception of CuAs2Os which is ferromagnetic at low

temperatures.>? The two principal types of antiferromagnetic order observed for MX>04 compounds

are A-type magnetic order and C-type magnetic order with the moments aligned parallel to [001] and

perpendicular to [001] direction, respectively ( refer to figure 1.4). FeSb2Oy4 is observed to display A-

type order below the Neel temperature 45K resulting from a strong magnetic exchange between Fe**



ions within the octahedral chains (the small separation within the octahedra chains causes the Fe?*

orbitals to overlap and hence interaction).>®
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Figure 1.4 A pictorial representation of the A and C type magnetic ordering

A change in magnetic ordering is observed as moves across the first row of transition metals
from Mn to Ni; compounds with M=Mn, Fe show A-type antiferromagnetic order whereas compounds
with M= Co, Ni display C-type magnetic ordering. To investigate this unique magnetic behaviour,

Greaves et al,'%*!

investigated magnetic properties of compounds with mixed compositions for site M,
MnxCo1xSb204 and FexCo1xSb2O4 for different doping levels of x between zero and one. Mossbauer
spectroscopy revealed interesting magnetic properties wherein both the structures show canted
antiferromagnetic behaviour which changes from type C to type A when x is varied from 0 to 1,
respectively. An interesting shift of magnetic order from A-type to C-type was observed in FeSba.
«PbxO4 and oxygen excess Mo soFeo 50Sb204+y**47 due to partial oxidation of Fe?* to Fe** resulting from
cation substitutions at site X. Pure Fe*" ion containing compound FePbBiOs, display A-type magnetic
ordering highlighting the delicate balance that exists between the interchain-interchain magnetic

exchange. *°

The electronic conductivity studies related to these compounds suggests semiconducting

behaviour for compounds that contain Fe?" ions and phases with a mixed composition of Fe**/Fe**

ions show the highest levels of conductivity. *7-!



1.2.5 Computational literature

The need for computational modelling arises when many processes taking place at the atomistic
level cannot be completely understood through characterisation and crystal refinement techniques. At
times it is not easy to distinguish between similar species of ions like F- and O* with characterisation
techniques like XRD and NPD; for instance, when fluorine ions are inserted in Schafarzikite, it is
impossible to determine whether fluorine ions occupy sites within the channels or if they prefer to
substitute the oxygen ions in the FeOg chains. As the above reaction is charge neutral and both oxygen
and fluorine similar neutron scattering lengths, it is very difficult to differentiate between the two
reactions. Hence, atomistic simulation can be employed to gain a fundamental understanding of the
energetics of such reaction, the crystal structure, the mode of operation of defects and the properties

associated with the defect behaviour for such compounds.

The main challenge in describing the structure of FeSb,O4 using computational techniques is
the accurate simulation of the lone pairs on the Sb** ion. These lone pairs occupy what seem to be
empty spaces in the crystal along the ab-plane and distort an otherwise regular pyramidal geometry of
the Sb’". Few attempts have been made to simulate the Schafarzikite-related structures
computationally and all these studies involve using the ab-initio, Density Functional Theory (DFT)
calculations.* 3 No investigation or study has yet been conducted to model these structures using the

atomistic approach.

Gordon et al, >

investigated the effect of pressure on the magnetic properties in CuSb2O4 using
DFT calculations. Cumby .J **also performed DFT calculations on a number of compounds belonging
to the MX204 group to study the structural behaviour and effect of pressure on structural and magnetic
behaviour. Catlow et al, °® have also used DFT calculation to study the oxidation-reduction processes

taking place at the (100) surface of FeSbOs. In the same study, the group has also presented the effect

of introducing oxygen vacancies on the (100) surface wherein the oxygen vacancies result in Sb**



formation such that the lone pairs on the Sb*" ions point towards the vacancy sites. Other groups that
have worked with compounds having similar structural complexity of the inert pair of electrons have
used atomistic simulation techniques. Islam et al,'>!° is an example of one such group which has
studied the structural properties and defect behaviour of the various phases that contain the Bi** cation
lone pair. The study presented a unique technique of using Cation-Cation short-range interaction
similar to an oxygen-oxygen interaction (used to model all oxide materials) to accurately model the
effects of the electron lone pair on the crystal structure. The study also used the shell model proposed
by Dick and Overhauser *’ to describe the polarization effect of the Sb>" due to the lone pair of

158

electrons. Lebellac et al,° is another group that investigated the electrostatic effect of electron lone

pairs systems on pure systems like alpha-PbO, Pb3O4, SnO and system with impurities.

1.2.6 Project Aim

The aim of this study is to present atomistic techniques for the development of novel pair potential
values for FeSb,O4 and compounds with a similar general formula (MX>0s4). These pair potential
values would describe the steric effect of electron lone pairs on FeSboO4 and will be used to reproduce
the crystal structure of with high level of accuracy. These parameters will also be used to predict defect
chemistry and energetically favourable dopant species for insertion on M and X cation sites. The study
also aims to model the insertion of anions O and F into the empty channels, which are unique to this
structure and predict the most energetically favourable positions for the anions, the appropriate charge
compensation mechanism and the coordination environment of the surrounding lattice ions. These
techniques will act as a tool for studying the known structure and work alongside with experimental
techniques. Majority of modelling will be performed using the software General Utility Lattice

Program (GULP).



1.3 Caslr3zOn2
Iridates

Electrochemical and photochemical splitting of water to produce hydrogen gas and oxygen
gas requires a highly active catalyst for the oxygen evolution reaction (OER) at the anodic surface.
Catalysts for oxygen evolution reaction (OER) and oxygen reduction reaction (ORR) in both acidic
and basic solutions are highly sorted after for clean energy production and storage through batteries,
electrolysers and fuel cells The performance and application of RuO, and IrO, as most active
electrocatalysts are well known.>*%°Currently, IrO is the only known 5d transition metal oxide which
exhibits an admirable OER activity and stability even in acidic conditions and hence has been used as

a state-of-the-art catalyst.5!~63

Iridium oxide belongs to the family of transition metal dioxides with rutile like structure which
consists of arrays of edge shared IrOs octahedra cross-linked by corner-sharing. This structure leads to
the formation of vacant channels which could act as tunnels to transport intercalated ions.** Owing to
the interesting physical properties, there has been an increase in the research on oxides of iridium or
iridates: Kitaev spin liquid in AxIrOs, spontaneous Hall effect at zero field in Pr2Ir,O7, metal-insulator
transitions with all-in all-out ordering in LnIr>O7 and spin orbit interaction (SOI) induced Mott
insulating state in Sr2IrO4.9"2 Iridates like BalrO3%¢6% Sr3Ir.07%°, CaslrOs’?, CalrO;’*, etc, where IrO»
retains its formal charge are also being investigated as many of them have exotic electronic and
magnetic properties. Iridium is a rare and precious metal and therefore, a considerable amount of
research has been conducted to explore the advancements in OER activity to reduce iridium
consumption. The research concerns mostly with irradiates such as binary or ternary oxides of iridium,
doped with other metals: Co”, Ni’®, Cu”’, Ru’® and Sn”® and new structure types like hollandite® and

pyrochlores.’!



As outlined in Section 1.1, the presence of two cation sites in perovskites, ABO3, provides the
ability to control the oxidation state of cation at site B, by dopant substitutions on cation site A. This
unique structural property of the perovskite has been responsible for most of the functional materials
that have been derived from this framework. This ability to control the oxidation state of iridium ions
is absent IrO2 as a second cation site is missing. However, the calcium containing ternary oxide of
iridium, Caslr;O12, has two cation sites and hence shows potential for electronic control in IrOg chains.

Moreover, unlike most iridates, the iridium ions assume a mixed oxidation state of +4.67 in Caslr;O2.

1.3.1 Structural and Chemical considerations

Caslr3O12 is a ternary oxide of iridium which has a hexagonal structure. It was initially
identified as CaxIrO4.%? It belongs to the P-62m space group and has the lattice parameters a and ¢
equal to 9.4208 and 3.1941 A, respectively. There are two unique cation sites namely, Ca and Ir. The
structure consists of one-dimensional (1D) IrOs octahedra which form triangular lattices. The presence
of these infinite chains of one dimensional IrO¢ could give rise to unique electronic and magnetic
properties. There is no cross linking between neighbouring octahedra chains and the inter-chain Ir-Ir
distance is 5.32 A. The calcium atoms are arranged in between chains of IrOs octahedra with one
calcium being 7-coordinate and the other being 9-coordinate. There are three crystallographically
equivalent Ir ions: one Ir*" (54°) and two Ir*" (5d%) ions in each formula unit and they exist in a 1:2
ratio.!!"8? The averaged formal charge of Iridium ions is +4.67. A detailed structure is given in Figure

1.3 and the atomic positions are given in Table 1.6.



(a) (b)

Figure 1.3 Caslr;Oy, viewed along the (a) z-axis and (b) x-axis; The grey sphere represent the IrOs chains, the green spheres

represent the calcium ions and the red spheres represent oxygen ions.

Table 1.6 Summary of the atomic positions of CasIr;Oy,. 33

Atom X y b4 Mult
Cal 0.3333 0.6667 0.5 2
Ca2 0.7124 0.0 0.5 3
Ir 0.3324 0 0 3
o1 0.201 0 0.5 3
02 0.462 0 0.5 3
03 0.446 0.242 0 6

Though the structure of this compound is unique and has two distinct cation sites which could
act as sites for aliovalent substitution to fine-tune the electronic and magnetic properties, studies
reporting the effect of cation substitution on either of the sites are scarce. Xiang et al.®* reported the
production of CaslIr;O12 in a study that investigated the effect of an isoelectronic substation within

single crystals of (SrixCax)2.yIrOs+, for varying levels of x. The structure evolved from the nominal



n=1 Ruddlesen-Popper phase (for x=0 to 0.11) to the quasi one-dimensional Caslr3O1; structure for
higher concentrations of Ca ion (beyond x=0.75). An intermediate phase consisting of a three-
dimensional network of corner shared octahedra- Sr3Calr.O9 was also reported. The study also
reported an antiferromagnetic phase transition in Caslr;O12 phase when Sr ions were substituted (upto
11 %) onto the Ca site (Sri-xCax)sIr3O12 (for x=0.89). Other calcium iridate variants with substitution
onto the calcium and iridium site include CazCulrOs, Caz.75Ni25IrOs.2> and CazNalrOg, CasNaRuOg.%
The study by Zur Loye et at,*® reported the incorporation of smaller alkali metals in perovskite-related
oxides that contains a structure with alternating face share octahedra and trigonal prisms. They reported
two isostructural Calcium iridate and ruthenate phase where it was possible to insert smaller cations
onto the Calcium site (Na" < Sr**< Ba** < K*); however, the insertion of the larger potassium cation
lead to the formation of an incommensurate phase. There have not been any reports on the cation
substitution on Iridium. The magnetic and electronic properties of this compound are summarised in

the next section.

1.3.2 Electronic and Magnetic Properties

A recent study by Matsuhira et al, ¥’

reported the display of semiconducting behaviour over a
small bandgap (~ 0.2 eV) which resulted in non-linear conductivity in CasIr;O12 along the ¢ axis. The
main findings of the study reported a decrease in resistivity with a decrease in temperature. The ab-
inito calculations revealed a considerable change in the low energy electronic structure resulting from

the spin-orbit interaction. The Fermi surface exhibited a sheet-like structure along the ¢* axis due to

the presence of 1D chains of IrOs octahedra.®’



1.3.4 Project Aim

In an ongoing study, it was possible to obtain single phase materials with Na cations substituted
with Ca, in Caslr3O12 to form CasNalr;O12; the charge compensation was achieved by the oxidation of
iridium ions from +4.67 to +5.00. The unit cell sizes obtained were slightly different compared with
the parent phases. There are two crystallographic sites for calcium ion in the parent phase and with
XRD, it is difficult to provide definitive answers in which Ca site the Na is located. Therefore, this
study was undertaken to determine the energetically preferred site for Na and to determine the same
for insertion of two Na ions in the parent phase to form CazNalr,O12. The study also aims to investigate
the defect behaviour of this material and determine the preferred modes of intrinsic defect chemistry.
For this purpose, novel pair potentials were derived to fit CasIr3Oi2 and its Na doped variants. The
results obtained from this study will be used if further study of electrocatalytic properties of CasIr;O12

and the related phases is undertaken.



Chapter 2: Computation Simulation

Methodology



2.1 Introduction

In theoretical solid-state chemistry, reproduction of the crystal structure is a crucial step to
understanding and predicting the physical and chemical properties of a compound. Simple structures
comprising of two to three atoms can be modelled using basic mathematical equations that enable the
researcher to calculate the most energetically favourable arrangement for those atoms. However, this
is not always the case and as the complexity of the structure under study increases, the need for a more
powerful tool also increases. This problem can be overcome by the use of atomistic or computer
simulation methods that enables the researchers to model diverse and complex systems with ease and

efficiency.

Atomistic simulation techniques now enjoy being a popular choice for the modelling of
complex structures as well as dynamic processes in solid-state chemistry. In the past, these techniques
have served as powerful tools to validate and bolster experimental data. With the advancement in the
area of computing, these methods can not only predict but also guide experiments to get the desired
results.®® It is possible to model pure crystal structures, amorphous structures, defects and their
behaviour in solids and lattice vibrations and other dynamic processes. All the static lattice simulations
in this project were performed using the General Utility Lattice Program (GULP). GULP, developed
in the early 90s is a sophisticated code, which has a collection of algorithms that are useful for
simulating inorganic as well as organic structures with high precision. The energy minimization
calculations are based on the structure’s inherent symmetry, which enables GULP to be more efficient

by maximizing the use of space group of symmetry as compared to other existing codes. 3



2.2 Potential Model

All the atomistic simulation techniques rely on a potential model for the reproduction of the
crystal structure with accuracy. A potential model is a mathematical description of the lattice energy
of a crystal structure. This lattice energy (Ev) is the energy required to bring together ions from infinite
separation to an equilibrium position within a crystal structure. For the computational calculation of
EL, it is assumed that the system consists of an infinite array of point charges and the energy of the
system is a summation of all the interactions between ions present within the unit cell and their

replication to infinity by symmetry. The mathematical representation of EL is given in equation 2.1.
— VN 1N yN 1N N v
EL —_— l=1El +Ezl=1z_]=1El_] +g Zl=12]=12k=1El]k ...... (21)

The relative energies or energies from various atomic interactions are of primary use and
concern. Hence, the first term E;, representing the self-energy (which is constant) in equation 2.1 is
ignored. The remaining terms result from the interaction between the central i ion and its neighbouring
ions j, k. All compounds simulated in this study are ionic and thus, the pairwise interaction is dominant,
resulting in the truncation of equation 2.1 to include only the E; term.* This energy is partitioned into

the energy due to long and short-range interactions.”’

E,

Eir + Esg (2.2)
qiq;
Ep = ZijTj] + X ®y(r) (2.3)

The first term Errin equation 2.2 represents the long-range interactions resulting in Coulombic
energy between ions i and j separated by distance . The second term (the two-body term) Esg
represents the short-range energy resulting from electronic repulsion and Van der Waal’s attraction
between the ions in close proximity. The total lattice energy E; represented by Equation 2.3, is a sum

all the long and short-range interactions between the pairs of ions i and ;.



2.2.1 Long range interactions

Long-range interactions are electrostatic in nature and account for almost 80% of the total
lattice energy in most ionic compounds. The Coulomb’s law for electrostatic interaction, given by
equation 2.4, wherein, ¢; and g; are the formal charges of the atoms or ions defines these interactions,
ryj is the distance between ions and & is the permittivity of free space. Due to its inverse dependence
on the interatomic distance, this potential is slow converging. Hence, it is computationally quite

expensive, as one would have to model a large number of interactions even at large distances.

Ep(ry) = — (‘“q") (2.4)

47'[80 Tij

Ewald Summation is used to overcome this problem, wherein the Laplace transform of the
interatomic distance is calculated and then it is split into two rapidly convergent series namely, the real

space and the reciprocal space.’!

2.2.2 Short Range Interactions

The short-range potentials or interactions describe the nonbonded interactions at short distances
(1-2 A). These interactions include electron cloud overlap, Pauli’s repulsion and Van der Waals’s
attraction. Depending on the number of ions interacting within a given system, a suitable potential
form can be employed to model the short-range potential energy. For most ionic systems, these
interactions are limited to two-body interactions only; three-body interaction or multiple body
interactions are used to describe the interactions that are covalent in nature or have an angular
dependence. Potential forms such as the Morse potential®®>, the Lennard-Jones potential **, the
Buckingham® and Born-Mayer potential *> are employed to model the forces acting between ion pairs.
Among these, the Buckingham and Born-Mayer potentials are the most commonly used potential forms as

they have an exponential term to describe Pauli’s repulsion due to the electron cloud overlap and an



attractive term with an inverse 7% dependence which describes the attraction between induced dipoles

of charged electron cloud at small separations. (equation 2.5)*°

Esg(rij) = Aijexp< pijj) - <r—6j> (2.5)

Here A4, p and C constant potential parameters for each ion-ion interaction; their values are
obtained by empirical fitting. This is achieved by changing the values of these parameters until the

predicted structure is in close agreement with the experimental one.
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Figure 2.1 A plot illustrating the short-range O-O interaction for FeSb>O4



2.2.3 Polarizability

Ionic polarization arises due to the distortion of the distribution of the valence shell electrons
due to the presence of charged ions or atoms in close proximity with each other. This phenomenon
affects the accurate reproduction of the crystal structure, interionic bond distances and the mechanical
properties such as the elastic constants and the dielectric constants. Hence, it is important to include

this phenomenon in the fitting of parameters for the potential model.

A simple mechanical model called the Shell Model proposed by Dick and Overhauser®’ was
employed to describe this phenomenon. In the application of this approach, the total charge of an ion
was partitioned into a core (X) which was made up of the inner electrons and a massless shell (Y) which
comprised the valence shell electrons. The core and the shell were connected with a harmonic spring.
The value of the spring constant (k) of the spring allowed the core and shell to relax independently of
each other during the energy minimisation process. Polarizability (o) of an ion with respect to the
charge of the core and shell (Y) and the spring constant (k) of the harmonic spring can be calculated
by the following equation.

a=— (Y—Z) 2.6)

o 4meg \ Kk

An illustration of the Shell Model is presented in figure 2.2. Here the black sphere represents
the core and the outer grey sphere represents the shell. The degree of polarizability is governed by the
stiffness or the spring constant of the spring. If the spring is very stiff then the electron shell will be
stationary and polarisation would not happen, even under the presence of an external electric field
(resulting from the ions in close proximity), if the spring is too loose then the electron shell could move
far away from the core resulting in the structure to collapse. Hence, the core-shell charges and the

spring constant need to be chosen carefully.
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Figure 2.2 Representation of the Shell Model
2.3 Perfect lattice simulation

Once a set of pairwise potential parameters are able to accurately reproduce the crystal
structure, it is then possible to the study the physical properties and defect behaviour of that system.
Hence, it is essential to select suitable parameters and to obtain an optimised crystal structure with

respect to these parameters using a suitable energy minimisation or geometry optimisation process.

2.3.1 Energy Minimisation

Energy minimisation is essentially the systematic alteration of lattice parameters with respect
to the selected potential model until the net force /' on each ion due to its neighbouring ion is minimised
(equation 2.7). The structure thus obtained may or may not be an exact reproduction of the
experimental crystal structure with a 100% accuracy; it could be slightly different as the ions relax
with respect to the interionic forces and the interatomic parameters. This structure corresponds to a

thermodynamically low energy configuration.

0E
or

F = 0 (2.7)



The internal energy E of the system can be expressed as a Taylor series at any given
configurational space (Equation 2.8), where the first derivative is termed as the gradient vector g and
the second derivative is termed as the Hessian matrix H. However, the energy of a crystal is a
multidirectional function based on the ionic coordinates with a complex energy surface. The minimum
point on this surface refers to the most stable and low energy point. If one deviates even slightly from
this position, then the next point will be less stable and of higher energy. This expansion is truncated

at either the first or the second derivative depending on the energy minimisation technique being used.

_ 9E 1 9%E 2 4.
E(x +0x) = E(x) + o ox + 92 (6x)* + (2.8)

Most energy minimisation algorithms work on the principle of calculating the gradient or the
first derivative of the internal energy of the system with respect to its lattice parameters. The gradient
vector provides information about the direction of the search. Two of the commonly used algorithms

that calculate the gradient are the steepest descents and the conjugate gradients method.

The steepest descent method looks for the direction with the highest gradient and then searches
for a minimum along that direction. This is an iterative process and it is repeated till a minimum value
is found. This method is limited to the data regarding the current step as the information regarding the
energy hypersurface (information from all the previous steps) is ignored. This can be computationally
exhaustive if the starting point is far away from the minimum value or if one is trapped in some local

minima. %

The conjugate gradient method is more efficient than the steepest descent, as it combines the
information from the previous searches with the current search and thus ensures a rapid convergence.
This is achieved by selecting a new search direction independent to the previous search directions and
comparing the two before proceeding to the next step. For an N-variable system, the directionality is

reduced by 1 every single time and hence a minimum is guaranteed at the end of N steps. °’



Another efficient yet more time-consuming method that relies on calculating both, the first and
the second derivatives is the Newton Raphson method. Here the displacement vector Ax is determined

from the current position to the minimum position by using equation 2.9.
Ax = —aH g (2.9)

Here «a is a scaling factor, which is determined by a repeated line search along the direction of
the search vector to determine one-dimensional minima. This factor is useful as most initial
configurations, or the starting points of the optimisation process are not close to the absolute minima
and the system is not harmonic. The only advantage of using this process is that it stores the
information from each Hessian Matrix H, calculated during the optimisation process. The number of
atoms in the system determines the size of the matrix (core and shells both if using a core and shell
model). This could result in very large matrices for systems containing a large number of atoms in
their unit cell. Thus, a combination of conjugate gradient method and the Newton Raphson method is
commonly used for locating a minimum in a time-efficient manner. The latter follows the conjugate
gradient method when the search is closer to suitable local minima on the energy surface. All the

methods described above aim to find a suitable local minima as opposed to global minimum.

2.3.2 Physical Properties

Once the crystal structure has been optimised, it is then possible to calculate various physical
properties using the second derivatives of the energy function. Properties that can be calculated include
the elastic constants, the bulk and the shear modulus, the dielectric constants etc. These properties play
an important role in describing the behaviour of the lattice under different kinds of perturbations. Some

of the most commonly calculated properties are explained below.



Elastic Constants

The elastic constants are calculated taking the second derivative of the energy density function
with respect to the strain applied to the system. These elastic constants are used to determine the
mechanical hardness of the system under study and the degree of deformation with respect to the
external stress applied on to the system. There can be six different types of applied strain and hence
the elastic constant tensor takes the form of a 6 x 6 matrix.”® The elastic constants can be calculated

by using equation 2.170.
1 -1
Cijkl = 4 (Wss — WscWec Wcs) (2.10)

Here V is the volume of the unit cell, Wss is the strain-strain second derivative matrix Wsc &
Woes is the mixed Cartesian-strain second derivative matrix and Wcc is the Cartesian space coordinate

second derivative matrix.

Dielectric Constants

The static dielectric constants are calculated at low and high-frequency limits and are given by

a 3 x 3 matrix. The elements of the matrix are calculated using equation 2.11
41 —
€ap = Oqp + VqTVVcclq (2.11)

Here q is the charge of each ionic species and o, B are the cartesian directions. The static
dielectric constant matrix is summed over both the cores and shells of the ionic species, whereas the

high frequency is summed only over the shells.

Other properties that can be calculated include phonon modes, the density of states and
dispersion curves. These properties can be directly compared with the experimental data and hence
can be used to validate the potential model. In the absence of experimental data, these properties can

be used as predictive data.



2.4 Defect Calculations

Once the geometry of the lattice has been optimised with respect to an appropriate potential
model, it is then possible to introduce defects in the lattice. The creation of defects causes the ions
around the defect to be disturbed in order to accommodate the defect. The interaction between the
defect and the lattice ions are Coulombic in nature and hence the effect is long-range. The degree pf
perturbation decreases with the increase in distance from the defect. Defects can be accurately
modelled by using the Mott-Littleton method ** wherein the material is divided into two regions
namely- the inner region (regionl) close to the defect and the outer region ( region 2a and region 2b)

which is further away from the defect. The schematic of this approach is given by figure 2.3.

Figure 2.3 An illustration of the Mott-Littleton Model*



The defect energies of the defective lattice are calculated by minimising the energy function of
the lattice with respect to the displacement of ions that surround the defect. Difference between the

minimum energy function of the pure and the defective lattice gives the corresponding defect energy.

Region I (consisting of more than 410 ions) consists of the ions which are in close proximity
to the defect centre. The perturbation due to the force exerted by the defect in the region is maximum
and hence ions in this region are allowed to relax explicitly using Newton-Raphson minimisation.
Region II is further away from the defect centre and consists of all the ions outside the region I until
infinity. This region is further subdivided into region Ila and region IIb. Region Ila acts as a buffer
region between region I and region IIb and the ion relaxations here are also explicitly calculated as
region I. Region IIb is considered as a dielectric continuum where the defect forces in this region are
weaker than region Ila. The ion displacement in this region is considered to be a result of the

polarisation due to the defect in region I. This effect has been summarised by equation 2.12.
P=— (1——)ﬂ (2.12)

Where P is the polarisation per unit cell at a point » from the defect centre, V' is the volume of
the unit cell; ¢ is the effective charge of the defect and ¢ is the static dielectric constant. The total
defect energy Ep is a summation of the energies of the two regions and can be calculated by using

equation 2.13

Ep = E/(x) + Epjg(x,y) + Eyp(v) (2.13)

Here E; (x) is the energy of region I with respect to the Cartesian coordinates, E () is the energy of
region II as a function of the Cartesian displacements and E (x,y) is the energy of interaction between
the two regions. It is the energy associated with region Ila, which facilitates a smoother convergence

during the minimisation process.



2.5 Mean Field and Supercell Approach

Materials with more symmetry degenerate sites as compared to the ions that can occupy them
or mixture of ions sharing the same position are known as partially occupied sites. These sites present
an added difficulty when it comes to simulating these materials. This problem can be overcome by the
construction of a supercell with the same material composition and stoichiometry as the real system.
This system is searched for the most thermodynamically stable structure in the configuration space.
One of the problems with this approach is the number of possibilities that need to be individually
located and examined to determine the most stable configuration is high and it increases significantly
with the increase in the size of the supercell. The second is the simulations could also result in the loss
of crystal symmetry. This method is useful for simulations where the structural knowledge of

individual ions and their corresponding bond distances needs to be determined.

The alternate approach modelling systems partial occupancy is the mean field approach. This
is an approximate approach, where all the atoms in the system are assigned an occupancy factor O;
between 0 and 1. Then the product of their corresponding occupancy factor scales the sum of all the
interaction. The inclusion of partial occupancies is in-built in GULP through the creation of pseudo
ions. This method works well for complex structures, as the experimental data is also based on average

values.



Chapter 3: Derivation of Pair Potentials



3.1 Introduction

The availability of effective and robust pair potentials forms the basis of all atomistic simulations. It
is important that these potentials are able to reproduce both the system under investigation and their
experimentally determined properties. Moreover, these potentials must be transferrable to other
systems with similar interactions as found in the original system from which they were derived, only
then can they be employed to make accurate and valid predictions. To date, there are no potential sets
available that were derived to fit the systems under examination, namely FeSb2O4 and Caslr;O12.
Hence all the pairwise potential values were either derived from scratch or by modifying the existing
ones to accurately reproduce the crystal structure of the systems mentioned above. The rest of the

chapter will discuss the fitting methodology developed to suit both FeSboO4 and Caslr3O1,.

3.2 Basic Fitting Methodology

All static lattice calculations performed in this study were performed using the GULP code.%®
The short-range Buckingham potential parameters A4, p and C and the shell model parameters Y and k&
as described in Chapter 2 were derived empirically. The empirical fitting procedure is an iterative
process that simply involves the adjustment of the above-mentioned parameters until a good agreement
between the experimental and calculated properties has been reached. The quality of the fit to
experimental data was determined by using a least square method, which minimizes the difference
between experimental and calculated properties.

F=>Yw (M)Z (3.1)

fe exp

The properties that were used in this study were the lattice constants, the bond lengths, lattice
energies, the number of cycles required for achieving geometry optimisation. In the above equation F'

is the sum of squares, the feuc and fe, are the calculated and observed/experimental properties



respectively. Each property was assigned a weighting factor w, which allows the fit to be weighted
towards the property of choice. As the only experimental data available related to the crystal structure
hence all the three lattice constants were assigned the same weight. (w=1). In order to obtain an
unbiased contribution of values belonging to different categories, the least square differences were
normalised. This methodology is similar to the one used by Read et al. *° The parameters for both
compounds under study, FeSb204, Caslr;O12 and their aliovalent substitution species were fitted to
their basic oxide and the pure phases. Efforts were made to make sure that the sum of the deviations

from the experimental lattice parameter was less than 1% for each system.

3.3 FeSb204 Potentials

The compound FeSb,Os consists of iron bonded to six oxygen ions in an octahedra and
antimony bonded to three oxygen ions with a pair of lone pair of electrons. In order to accurately
reproduce the crystal structure, the short-range cation-anion (Fe**-O?", Sb**-0?) and anion-anion (O*
-O%) interactions were described using a Buckingham Potential form (as outlined in Chapter 2) and
the core-shell model was used to account for the polarisation of the ions. There a number of robust and
transferrable Fe>*-O?and O*-O% potentials fitted to a range of crystal structures. However, to the best

of my knowledge a robust Sb**-O* has not been reported so far.

3.3.1 Modelling the Lone Pair of Electrons

As outlined in Chapter 1, each Sb** ion has a lone pair of electrons pointing into the one-
dimensional channels that exist along the z-axis. These lone pairs act as the fourth ligand and exert a
strong electrostatic repulsive force, which is responsible for stabilising these one-dimensional
channels. Hence, it is crucial to accurately model the effect of the antimony electron lone pair.
However, the challenge was to come up with a suitable methodology that could achieve this and be

robust enough to allow chemical manipulation with the structure for studying its defect properties. The



literature on modelling compounds with lone pairs of electrons was scarce and the studies by Islam et
al,®15 and Lin et al,'°!%! were the only two examples of cases where atomistic modelling was used
to model the crystal structure of compounds having lone pairs. Both the studies firstly used the shell-
model to account for the polarization resulting from the presence of the lone pairs and secondly,
described the cation-cation interaction in addition to the cation-anion and anion-anion interactions, to

model the repulsion between the lone pair of electrons present on the cations involved.

The study by Islam et al.'® successfully modelled the crystal structures of Aurivillius phases
that contain compounds with Bi** ions that also have the added difficulty of the strong electrostatic
repulsion due to the lone pair of electrons. In order to accurately model the effect of the force exerted
by the lone pairs of electrons, the Bi**-Bi** short-range interaction was derived along with other cation-
anion and anion-anion interactions. Similarly, the study by Lin et al.'°%!! attempted to study the both
intrinsic and extrinsic (effect of different impurity cations) behaviour in lead tungstate using the Pb*"-
Pb?" short-range interaction in addition to rest of the pair potentials to model the lead tungstate crystal.
The short-range parameters and the calculated crystal structures of Bi,WOs, aPbO and PbWO4 are

summarized in fable 3.1 and 3.2 respectively.



Table 3.1 Summary of the previously published potentials set for compounds with lone pair of electrons

Short Range Parameters

Interaction A(eV)

Bi3+...Bi3+

Bi3+' . 02-

W6+. o0 02-

Pb2+...Pb2+

Pb2+. . 02-

02-. o0 02—

Pb2+...Pb2+

Pb2+...02-

24 244.50

49 529.35

767.43

24.98

72276.42

9547.96

18912.1140

8086.8038

p (A

0.3284

0.2223

0.4386

0.3284

0.2223

0.2192

0.313781

C (eV/ A%

Bi:W0s 313

0.00

0.00

0.00

aPbO

0.00

0.00

32.0

PbWO, 100,101

2.60

0.264866 3.5636

Shell Model

Y(e)

-5.51

-5.51

5.89

-4.00

-4.00

-2.04

-0.09

-0.09

k (eV/ A

359.55

359.55

7.69

172.7

172.7

6.3

21006.539

21006.539

Ref.

13

13

13

13

100

100



The listed potentials were employed to reproduce the crystal structures to verify the use of an
additional cation-cation interaction. The difference between the observed and calculated crystal
structures of Bi,WOs and PbWO; indicated that the potentials were able to reproduce these complex
structures well within the percentage difference limit of 3%. However, the difference between the
actual and predicted values for aPbO turned out to be larger than the values reported in the study.
Attempts were made to vary the short-range cut-off between 6 A to 25 A, but no set of predicted values
came close to the reported or experimental ones. Pb?>*-O?" and Pb?*- Pb*" potentials derived in the later
part of this study to fit a similar compound, Pb3O4 were also unsuccessful in reproducing the aPbO

crystal structure within the overall difference of 0.3A or 3%.

Table 3.2 Summary of the quality between the experimental and predicted structures of compounds with lone pair of electrons

Parameter Experimental Calculated %Difference
Bi:W0; '** Islam et al.'”>  Present study Islam et al'®  Present study
a 54373 54113 54113 -0.48 -0.48
b 16.4302 16.7710 16.7710 2.07 2.07
c 54584 5.5340 5.5340 1.39 1.39
a, B,y 90° 90° 90° 0 0
a PbO'*” Islam et al. Present study  Islam et al. Present study
a 3975 3.9748 3.9475 -0.01 -0.69
c 5.023 5.0227 5.3552 -0.01 6.61
afy 90° 90° 90° 0 0
PbWO, ' Lin et al. ' Present study Lin et al. '°  Present study
a 5441 5.456 5.456 0.27 0.27
c 12.024 12.020 12.020 -0.03 -0.03
apf,y 90° 90° 90° 0 0



The grid search method for empirical derivation of the potentials for this structure resulted in
very few solution sets with an overall difference of 9% between the initial and final values. This could
be a result of the complexity of the crystal structure and the lack of availability of properties

(mechanical and dielectric constants) other than the crystal structure to fit the potentials to.

3.3.2 Sb203 potentials

This methodology was employed to fit the Sb-O and Sb-Sb potentials of binary phase Sb,Os

(Valentinite '%). Initially, two models were used to test this methodology.

i.  In the first model, the crystal structure was described using the cation-anion (Sb*"-0%)
and anion-anion (O?-O?) potentials, without using the cation-cation potential (Sb>*-
Sb**"). The unit cell in this model failed to optimise and achieve a thermodynamically
stable structure.

ii.  In the second model the crystal structure was described using the Sb**-Sb** potential in
addition to the Sb**-O?* and O*-O% potentials. The crystal structure did optimise but

the discrepancy between the calculated and experimental values was almost 19%.

From the above two models, it was evident that the use of an additional cation-cation potential
enables the crystal structure to achieve a geometry optimised state, however, there was a need to refine
the potentials to get a better agreement between the experimental and predicted crystal structure.
Owing to the lack of any Sb**-O* and Sb**-Sb*" potentials, the potential values of Bi**-O*, Bi**-Bi*"
and O*-0% from Islam et al,'* were chosen to be a reasonable starting point used to describe the short-

range interaction of antimony and oxygen ions in the two models as a sensible starting point.

An attempt was made to vary the core-shell parameters and the spring constant but due to the
lack of any dielectric constant values to fit the parameters to and due to the inability of the potentials
to work with the different core-shell and spring constant parameters these values were directly

transferred from the Islam et al, study !°. The short-range cut off was set to 12 A. The pairwise



potentials were fit systematically and iteratively, starting from Sb**-O?" as the total discrepancy
between the calculated and experimental structure was the least for this interaction as compared with
Sb-Sb and O-O. The crystal structure is orthorhombic hence a root mean square value of the percentage
difference for the three lattice constants, a,b, and ¢ was used to determine the over-all deviation Ad
associated with each set of 4 and p values. The largest value acceptable value of Ad was considered to

be +/-3% as compared with the experimental data.

AS = V8a? + 8b2 + §c? (3.2)

The initial combined least-squares sum and error or difference surfaces resulting from the
coarse refinement of the Sb-O interaction didn’t have any solution set that was between the 0 to 3%
error or difference range. Hence, the solution sets with the least square sum range between 0 and 1 the
smallest difference (equivalent to ~7.5%) were used in further refinement of the Sb-Sb and O-O
potentials. This process was repeated until the over-all difference and the least-squares sum were
minimised and a good agreement between the predicted and experimental crystal structure was
achieved. The final least square sum surface as a function of the potential parameters 4 and p are given

in figure 3.1.
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Figure 3.1 Least Square Sum surface constructed from the potential parameter set for Sb-Sb interaction

The solution sets situated along the purple area of the graph had the best agreement with the
experimental data. These sets were further tested by performing point defect calculations to check the
accuracy of the model and the robustness of the potential set. Due to the lack of availability of any
experimental data on mechanical and dielectric properties, the robustness and the accuracy of the
potential values were tested by their ability to achieve a geometry optimised state when point defects
namely vacancies and interstitials were introduced in the system. The solution sets that were able to
successfully allow the introduction of O and Sb vacancies were selected and they were then used to
reproduce the cubic phase of SboOs. The final potential values, the resulting crystal structure, the
mechanical properties and the position and energy of the oxygen and antimony vacancies are

summarised in table 3.3, 3.4 and 3.5.



Table 3.3 Summary of the Short-Range Potential Parameters Fitted for the orthorhombic phase of Sb>03

Short Range Parameters Shell Model
Interaction  A(eV) p (A) C (eV/ A%  Y(e) k(eV/A?)  Ref.
Sb3+-Sh3* 35014 0.2990 0.00 -5.51 359.55 Fitted
Sb3+-0* 27300.29 0.241961  0.00 -5.51 359.55 Fitted
0’0* 9701.33 0.21799  32.5 -2.04 6.3 Fitted

Table 3.4 Summary of the quality of fit between the experimental and calculated structure of the orthorhombic and cubic phase

of Sb203

Lattice Constant Experimental (A)  Calculated (4) % Difference

Sb,0;- orthorhombic phase;'* Lattice energy = -132.94 (eV)

a 4.9290 4.9430 0.30
b 124850 12.3680 -0.93
c 54300 5.4440 0.27

Sb,0;- cubic phase;'’" Lattice energy = -132.84 (eV)

a 11.1519 11.4733 2.88



Table 3.5 Summary of the calculated Mechanical properties

a) Mechanical Properties

Elastic Constants (GPa) Calculated

Cu 63.4411
Ci2 70.1922
Cis 98.6829
Css 3.5731
Cu 117.8885
Css 132.6207
Bulk Modulus (GPa)

Reuss 75.6679
Voigt 91.4640
Hill 83.5660

b) Defect Energies for Sb and O

Species Defect Energy (eV)
Sh3+ 42.38
0 (1) 8.64

0% (2) 13.68



These values were then transferred to simulate the FeSb,O4? crystal structure; all the published
Fe-O potentials were tested with the Sb and O potentials derived from Sb2Os. Potential parameters by

1,'"%resulted in the least percentage difference on the lattice constants and the crystal

Catlow et a
structure and hence was employed as a sensible starting point for the Fe-O interaction. The short-range

potential cut-off was set as 12 A. The starting potential values, the core and shell parameters, the spring

constants have been summarised in table 3.6

Table 3.6 a) Starting Potential Parameters for FeSb>Q4; b) Initial Structural Parameters for FeSb,O4

a) Starting Short Range Potential Parameters

Short Range Parameters Shell Model
Interaction A(eV) p (A) C (eV/ A%  Y(e) k(eV/A?)  Ref.
Fe*tFe**  1207.6 0.3084 0.00 2.997 62.9 108
Sb3+-Sb>* 35014 0.2990  0.00 -5.51 359.55 Fitted
Sb3+-0% 2730029  0.241961  0.00 -5.51 359.55 Fitted
0*0* 9701.33 0.21799  32.5 -2.04 6.3 Fitted

b) Initial Crystal Structure’

Lattice Constant Experimental (A) Calculated (A) % Difference
8.3619 -2.97
a, b 8.6175
6.1536 3.93
c 5.9207
90° 0

afy 90°



It was evident that the potential parameters were able to successfully reproduce a geometry
optimised crystal structure with a small difference between the experimental and predicted values. This
discrepancy was attributed to the different coordination environments of antimony, iron and oxygen
ions in Sb203, FeO and FeSb,04. This suggested that the potential values needed further refinement to

fit the crystal structure of FeSbyOa.

Schafarzikite is a new and novel compound and thus there is a scarcity of physical data other
than the crystal structure to fit the potentials to. As outlined in Chapter 1, this study was the first
instance where FeSb,O4 was modelled and studied using atomistic techniques. The fitted potentials
would be employed to study the possibility and the effect of oxygen and fluorine insertion into the
one-dimensional channel having lone pair of electrons. Hence, all potentials derived during this study
were tested through their ability to reproduce the pure lattice accurately and work well with the crystal

structure that had oxygen vacancies and interstitials.

3.3.2 Anion-Anion potentials

Finding a robust set of potential values that could reproduce the crystal structure with a 3% or
less difference between the expected and the predicted structure and allow the introduction of point
defects and impurities was challenging. An attempt made using the Buckingham four range potential
form for O-O derived by Read et al,*® failed to achieve a geometry optimised structure and resulted in

unnaturally large core-shell separation - 1.02 A approximately.

The range of values varied until this point were between 10 to 40,000, 0.2 to 0.4 and 1 to 50
for 4, p and C parameters respectively. This range was selected by a careful survey of all the published
values of O-O potential. Most solution sets that were able to reproduce the crystal structure accurately
(within the 3% error or difference limit) failed to optimise when vacancies of oxygen, iron and
antimony were created. These crystal structures had good agreement with the experimental values of

lattice constants a and b, but the difference along lattice constant ¢ was between 1.5 to 3.5%. The upper



limit of the range of the grid search for the potential parameter C was then increased from 50 to 100.
It was observed that the new solution sets resulted in a smaller percentage difference, less than 1.5%,
between the experimental and predicted value of the lattice constant ¢ and were able to achieve
geometry-optimised structure even with introduction points defects like vacancies and interstitials in
the system. However, all these systems resulted in a large negative value (equal to -75 eV

approximately) for the creation of oxygen, iron and antimony vacancies.

The upper limit was further increased to 350 while keeping the grid search range for 4 and p
same as mentioned earlier. Figure 3.3 and 3.4 shows the percentage difference surface of lattice
constants @ and c as a function of the potential parameters A, p and C. The solution sets along the
yellow area in the percentage difference surfaces resulted in a difference close to zero and were chosen
for further testing. The selected sets were tested with a defected system with antimony, oxygen and
iron vacancies. The energy for creating vacancies in the system now ranged between 0.2eV to 2eV,
IeV to 3eV and 12eV to 25 eV for oxygen, iron and antimony, respectively. The solution set with the
highest defect energy value for each species, the lowest percentage difference along lattice constant ¢
and the best agreement between the actual and predicted structure was then selected for refinement of

Sb-0O, Sb-Sb and Fe-O potentials.
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Figure 3.3 Percentage difference surface in ¢ as a function of potential parameter A and C
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3.3.3 Cation-Anion, Cation-Cation potentials

The Sb-Sb and Sb-O potentials were adjusted simultaneously. The initial coarse refinement
resulted in many solution sets where the difference between predicted and experimental crystal
structure was less than 3%. Out of these solution sets, the ones, which resulted in, smaller than 0.2%
difference between the predicted and experimental value of lattice constant ¢, were selected for the
further refinement to increase the accuracy of the predicted results. The selected solution sets were
used to reproduce system with vacancies and those that resulted in positive defect energy values for
creating an oxygen vacancy that were close to or more than 3 eV were selected for the refinement of

Fe-O potentials.

The aim was to refine the potential parameters until the final defect energy value for creating
an oxygen vacancy was between 7eV to 14eV. The same procedure was repeated for fitting the Fe-O
potential. The potential parameters that resulted in a difference smaller than 0.1% between the actual
and predicted crystal structure and lattice constant ¢ were selected for fine refinement and testing.
Figure 3.5 gives the root mean square (RMS) or a combined error or difference surface for the Fe-O

refinement plotted as a function of potential parameters A and p.
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Figure 3.5 RMS value surface for the final refinement of Fe-O potential

The solution set selected at the end of the fitting procedure resulted in an overall difference of
0.16 % and the difference between the actual and predicted value of lattice constant ¢ was 0.15%. The
potential parameter set and the resulting lattice parameters, the inter-ionic separation and the fractional

coordinates are summarised in table 3.7, 3.8 and 3.9.



Table 3.7 Summary of the final short-range potential parameters for FeSb,04

Final Short-Range Potential Parameters

Short Range Parameters Shell Model
Interaction = A(eV) p (A) C(eV/A% Y(e) k(eV/A?)  Ref
Fe*tFe** 1230 0.325 0.00 2.997 62.9 Fitted
Sb3+-Sh3* 18100 0.3330 0.00 -5.51 359.55 Fitted
Sh3+-0* 9100 0.2787 0.00 -5.51 359.55 Fitted
0’ 0* 27299 0.24387 300 -2.04 6.3 Fitted

Table 3.8 Summary of the goodness of fit on the fitted potentials for FeSb,O4

Lattice Constant; Lattice energy =-171.24 (eV)

Experimental (A)° Calculated (A) Difference (A) % Difference

a, b 8.6175 8.6202 0.002 0.03
C 5.9207 5.9293 0.008 0.15
apfy 90° 90° 0 0

Inter-ionic separation

Fe-Ol1 2.186 2.165 0.021 0.96
Fe-02 2.104 2.318 -0.214 -10.10
Sb-01 1.998 2.035 -0.037 -1.85

Sb-02 1.932 2.100 -0.168 8.69



Table 3.9 Summary of all the fractional coordinates of Schafarzikite-FeSb,O4

Species Experimental Calculated % Difference
Fe
x 0.0 0.0 0
y 05 0.5 0
z 025 0.25 0
Sb
x 01772 0.1656 6.50
y 0.1648 0.1604 2.60
z 0.00 0.00 0
o1
x 0.6794 0.6784 0.15
y 0.1794 0.1784 0.55
z 0.25 0.25 0
02
x 0.0999 0.0947 5.12
y 0.6419 0.6821 6.29

z 0.00 0.00 0



3.3.4 Potential Validation

The structural data summarised in fable 3.8 suggests that the predicted values are in
good agreement with the initial crystal structure. The largest discrepancy between the initial and final
structure is along the c-axis, the direction along which the lone pairs are situated. The final fractional
coordinates listed in fable 3.9 also confirms the same as the largest observed difference between the
initial and final structure is along with Sb ions, resulting from the displacement of Sb core and shell
by 0.02 A. The Sb shell here represents the lone pairs of electrons and the core-shell displacement
represents the Cation-lone pair distance. The interionic distances summarised in table 3.8 however,
suggests an elongation of the Sb-O2 and Fe-O2 bonds which results in the distortion of the FeOs
octahedra as observed in figure 3.6 (a). However, due to the lack of availability of other physical
properties to fit to and the overall good agreement between the simulated and observed crystal

structure, this solution set selected for further testing.

R —— - —————

(a)

Figure 3.6 An illustration of the predicted and experimentally determined unit cell of FeSb,O4 along xy-plane (a) Predicted
Crystal structure (b) Experimental Crystal Structure; The blue coloured spheres represent the Fe ions, the indigo coloured

spheres the Sb ions and red spheres the O ions.



As these potentials were to be used to study the defect behaviour and oxygen and fluorine
insertion in Schafarzikite hence the robustness of the final set of potentials were tested by introducing
oxygen, iron and antimony vacancies and oxygen interstitials in the system. The defect energy values
for creating oxygen, iron and antimony vacancies and oxygen interstitial looked sensible. The detailed
defect chemistry will be discussed in detail in Chapter 4. Table 3.10 summarises the predicted

mechanical properties.

Table 3.10 Summary of the predicted values of elastic constants and defect energy values

Mechanical Properties
Elastic Constants (GPa) Calculated
Ci 221.2262
Ci2 129.1240
Cis 91.4077
Cs; 145.9658
Cy 1931.0723
Css 118.5600
Bulk Modulus (GPa)
Reuss 124.4001
Voigt 134.5659

Hill 129.4830



These final set of potentials were then tested for transferability by employing them to reproduce
the crystal structure of a few compounds belonging to the Schafarzikite family. The list of the
compounds and their resulting crystal structures are given in table 3.11. The derived values of Sb-O,
Sb-Sb and O-O potentials were transferred to all the four compounds listed in table 3.11. Published
potentials were employed to describe the Mg?*-0%, Co**-0O*, Pb**-O?" and average discrepancy of 3%

with the experimental structures.'® !

Table 3.11 Summary of the goodness of fit across other phases belonging to the Schafarzikite family

Compounds Lattice Parameter
Experimental Calculated % Difference

MnSb;0,'" a 8.695 8516 -2.06

c 6.010 5.929 -1.34
MgSh,04'" a 8476 8.617 1.65

c 5.938 5.920 -0.33
CoSbh:04''* a 8.481 8.422 -0.70

c 5921 5.928 0.12
Pb;0," a 8811 8.810 0.01

c 6.563 6.563 0.00



Other potentials namely, Pb**-Pb?*, Pb?**-O%, Sb-F and F-F were also derived to standard

structures'®107

using the empirical fitting procedure which has been discussed in this chapter. These

potentials were employed to study the effect of lead substitution on to the antimony site and the fluorine

insertion in FeSb2Oy, the potential values are summarized in table 3.12.

Table 3.11 Summary of other pair potentials derived in this study

Short Range Parameters

Interaction A(eV) p (A)
pPy’-0* 110 0.2799
Pb’+-Pb** 5314 0.3121
Sh3*F 1200 0.33

FF 2100 0.27

C (eV/ A%

0.00

0.00

0.0

20.0

Y(e)

-4.00

-4.00

-1.378

-1.378

Shell Model

k(eV/A?)  Ref.

172.7 Fitted
172.7 Fitted
24.36 Fitted
24.36 Fitted



3.4 Caslr;0O12 Potentials

Caslr;O12 has also not been studied using atomistic simulation techniques prior to the current
study and hence there were no potentials fitted to specifically to the compound. The short-range
interactions needed to model a thermodynamically stable crystal structure are Ca>*-O? and O*-O* and
Ir*67.0%. There were a number of well-known and well utilised Ca-O and O-O potentials in the
literature to choose from but there were no potential parameters derived for the Ir ions. Hence, a new

Ir-O pair potential was derived to fit Caslr;O12 and a similar compound NalrOs.

The purpose of deriving the Ir-O potential parameters was the study of the possibility and the
mechanism of Na substitution onto the Ca site accompanied by the oxidation of Ir*%* to Ir’* to
compensate for the charge imbalance in Caslr;O12. Hence, the refinement process was started by first
fitting the Na-O, Na-Na and Ir-O potentials to a similar compound with both Na and Ir°" ions: NalrOs.

These potentials were then tested and transferred to model Caslr;O1a.

The potentials values derived by Binks et al,''® were chosen as the starting point for the
refinement of Na-Na, Na-O interaction; the O-O potential was fixed to the values derived by Busker
et al '''. The Ru*"-O* potential derived by Bush et al. !'was used as the starting value for Ir**-O%
interaction. The Shell Model was employed to describe the iridium and oxygen ions, whereas the rigid
ion model was used for the sodium ions. The cut-off value was set to 10A. The starting pair potential

values and the resulting crystal structure for NalrOs is given in table 3.12.



Table 3.12 Summary of a) the starting potential values for NalrOs; b) initially calculated crystal structure values

Interaction

Na*Na*

Na+...02-

IV5+' 0o 02-

02—. . 02—

Lattice Constant

a) Starting Short Range Potential Parameters

A(eV)

1677.830

1271.504

17048.850

9547.960

Short Range Parameters

p (A) C (eV/ A% Y(e)

0.2934 0.00 1.00
0.3000 0.00 1.00
0.2219 0.00 0.343
0.2192 32.0 -2.04

b) Initial Crystal Structure

Experimental (A)''® Calculated (A)

2.9961
3.03968

11.0635
10.3576

7.1865
7.1766

90°
90°

Shell Model

k (eV/ A%

446.3

6.3

% Difference

-1.43

6.82

0.14



The 7% RMS difference between the actual and predicted crystal structure suggested that there
was a need for potential refinement to achieve better agreement between the two values. All the
potential values were derived using the same grid search method that was used for FeSb>O4 potential
derivation. As the structure is orthorhombic, the total difference associated with each solution set was
calculated using the root mean square method given by equation 3.2. Due to the lack of availability of
any reported dielectric and mechanical properties, the robustness and accuracy of the potentials were
tested by their ability to achieve a geometry-optimised state with vacancies and interstitials in the
system. The potentials were derived systematically and iteratively starting from Na-O as the interaction
resulted in a considerable decrease in the total difference from 7% to 1.4%. The same procedure was
repeated for Ir-O and Na-Na interaction. The final set of potentials resulted in a good agreement with
the experimental structure with an average difference of 0.6%. The final solution set and the initial

(experimental) and final values (predicted) of the crystal structure are given in table 3.13.



Table 3.13 List of the final set of pair potentials for NalrO;

a) Final Short-Range Potential Parameters

Short Range Parameters Shell Model
Interaction A(eV) p (A) C (eV/ A% Y(e) k(eV/A?)  Ref.
Na*Na"™ 10209 0.2539 0.00 1.00 Rigid ion Fitted
Na*0* 387.0 0.328409  0.00 1.00 Rigid ion Fitted
Irt-0* 5649 0.2648 0.00 0.343 446.3 Fitted
0% 0* 9547.960 0.2192 32.0 -2.04 6.3 i

b) Final Crystal Structure

Lattice Constant Experimental (A)% Calculated (A) % Difference
3.0523 0.42

a 3.0397
10.3737 0.6

b 10.3576
7.1425

c 7.1766 -0.47

90° 0

afy 90°



These Ir-O and O-O potentials with a suitable Ca-O were then employed to reproduce the
crystal structure of Caslr;O12. All reported Ca-O potentials were tested with the Ir-O and O-O, the

potential set by Catlow et al,'"’

resulted in the least difference between the experimental and predicted
crystallographic data and hence was selected to describe the Ca-O interaction. Owing to the non-
stoichiometric oxidation state of iridium in this compound, a rigid ion model was employed instead of

a core and shell model. The final set of potentials summarised in table 3.14a resulted in an average

difference of 0.6 with the observed crystal structure (summarised in table 3.14b).

Table 3.14 a) Summary of the final potential set for CasIr;O1; b) summary of the quality of fit and predicted crystal structure

Short Range Parameters Shell Model
Interaction  A(eV) p (A) C(eV/A®  Y(e) k (eV/ A% Ref.
Ca**0* 2272.741 0.2986 0.00 1.281 34.05 17
Ir570%* 5649 0.2648 0.00 4.67 Rigid ion Fitted
0% 0* 9547.960 0.2192 32.0 -2.04 6.3 17
Crystal Structure
Lattice Constant Experimental (4)% Calculated (A) % Difference
9.4697 0.61
a 9.4123
3.1466
c 3.1926 -1.44
90°,90°, 120° 0

apfy 90°, 90°, 120°



Here it can be seen that the quality of fit is not as good as seen in the earlier sections, but it is

still within the overall permissible difference of 3% and hence it was used to perform defect

calculations discussed in detail in Chapter 4.

3.5 Summary

This chapter has discussed the fitting methodology employed to derive pairwise potentials for two

novel compounds, namely, FeSb,O4 and CasIrO1,. A grid search method was employed to derive these

values by systematically varying the potential parameters A, p and C till a good agreement with the

crystallographic data was achieved. The quality of the fit resulting from each solution set was

determined using the least square method with equal weight assigned to each lattice constant. The key

aspects and findings of this chapter were:

The use of an additional repulsive Cation-Cation potential to model crystal structures that
contain ions with lone of pair of electrons. Islam et al,'* employed this methodology, to
accurately model compounds with Bi** and Pb*" lone pair of electrons.

This methodology was then tested and successfully used to derive sufficiently good quality
potentials for SboO3. Owing to the lack of availability of mechanical properties and di-electric
properties, the robustness of the methodology and the derived potential set was checked by
their ability to work well with vacancies in the system.

The derived Sb-Sb, Sb-O and O-O potentials from Sb,O3 and a suitable Fe-O interaction were
employed to reproduce the crystal structure of FeSb>O4. The potentials were then refined to
improve the agreement with the crystallographic data. It was observed that when the short-
range potential parameter ¢ for O-O interaction was set to a value higher than 250, then
resulting potential sets were successfully able to result in a geometry-optimised structure even
with point defects like oxygen vacancies. This was used as a criterion for testing the robustness

of the pair potentials, as there were no other physical properties to fit the potentials to. The



difference between the observed and predicted unit cell parameters and bond lengths suggested
that the final set of potentials were able to reproduce the complex crystal structure with a 0.010
A of discrepancy with the observed structure.

e These potentials were also able to successfully to model a range of other phases belonging to
the Schafarzikite family with an average difference of -2.5%.

e The same procedure was employed to derive Ir-O potential to model CasIr;O12. The potential
was derived to fit a similar compound: NalrOs. There were two reasons for doing that, firstly
these potentials will be used to substitute Na onto the Ca site and secondly the oxidation of /r
ion from +4.67 to +5 when the substitution takes place.

e Due to the lack of any reported mechanical and di-electric properties, these potentials were

employed to perform defect calculations to check their robustness.

3.6 Future Work

The fitting methodology described in this chapter is very simple yet time-consuming. Efficient
searching and optimisation procedures like the Reverse Monte Carlo approach, genetic algorithm
and glow-worm algorithm could be employed to produce better quality potentials.

The potentials could be fit to other experimental data such as the elastic constants, bulk modulus
and dielectric constant when the data becomes available. Modifications could be made to fit the

potentials to multiple phases simultaneously.



Chapter 4: Defect Chemistry, Dopant Substitution and

Anion insertion in FeSb>q4



4.1 Introduction

The structure of Schafarzikite or FeSb,O4 (illustrated in figure 4. 1) consists of rutile-like chains
of edge-shared transition metal FeOs octahedra along [001]. These chains are linked together by a
second larger cation, Sb®* which is bonded to three oxygen ions in a trigonal pyramidal geometry with
a pair unbonded electron, SbOse. These stereochemically active lone pair of electrons are directed into
the one-dimensional channels present along the c-axis and run parallel to the chains of the FeOs
octahedra. This material has recently attracted a considerable amount of attention owing to these one-
dimensional structural characteristics and the display of a high degree of compositional flexibility due
to the presence of two cation sites. As outlined in Chapter 1, the majority of the work undertaken is

9,38,40-42,119

experimental and has concerned the magnetic and electrical properties and the chemical

39,42

reactivity associated with the compound’s unique structure.

Figure 4.1 Predicted structure of FeSb,0O, viewed along [110]; the dark blue spheres represent Sb ions, red represents O ions

and light blue spheres represent Fe ions



The one-dimensional channels with channel walls formed by cations is a unique feature of
Schafarzikite. Most oxide materials with empty channels have channel walls made up of oxygen ions.
These empty channels have been known to act as sites for cation insertion in oxide materials.*’
Anticipating a similar chemical activity with anion insertion in Schafarzikites, de Laune et al,*’
recently demonstrated the first-ever successful example of oxygen and fluorine insertion into these
channels in FeSb,O4. Both the oxygen and fluorine excess phases were reported to occur at low

temperatures, with different oxidation mechanism and bonding environments.

Materials with partially filled oxide ion sites have gained interest in research in energy
materials as they provide an alternate conduction mechanism driven by interstitial ion migration as
opposed to the vacancy driven mechanism. The rapid insertion reaction of oxygen observed at ~350°C
in the channels suggests high oxygen ion mobility and conduction through interstitial oxygen ion
migration.*’ This unique feature coupled with the range of isovalent and aliovalent cationic substitution

that can occur at the sites M and X has opened avenues for further research on these materials.

Despite the recent advancement of research on these materials, there is still limited information
regarding the defect behaviour and ion transport properties at the atomistic level. The structural
information available for the oxygen and fluorine excess phases, are average values calculated using
experimental techniques and lacks a detailed, in-depth understanding of the bonding environments,
bond-lengths and the coordination of the O* ions and F~ interstitials. Owing to the similarity between
the two ions, the possibility of an exchange between oxygen ions from the lattice with the fluorine ions
in the channels is another phenomenon which is cannot be determined experimentally; whether the
fluorine ions bond with Sb** ions in the channel or they substitute an oxygen ion in the FeOg octahedra
instead. Thus, there is a need to investigate these reactions in detail using advanced computer

simulation techniques.



To the best of our knowledge, this the first investigation of the complex FeSb,O4 system using
advanced atomistic modelling techniques. The aim of the current study is to address this lack of
understanding of the energetics, the bonding mechanism and the coordination environment of these
anions (O* and F") inserted in the one-dimensional channels of Schafarzikite. Defect chemistry and
energetics of dopant substitution on the two cation sites, M and X, were also be examined to predict
the most favourable dopant species and the changes in the structural properties of the system as a
function of the size and amount of the dopants. This study was performed in conjunction with the
experimental studies and it will act as a means to further the knowledge about these new class of

functional materials.

This chapter will first examine the intrinsic defect behaviour of the system using the
pair potentials derived in chapter 3. Then the effect of dopant substitution will be examined and finally,

the energetics and defect chemistry of the anion insertion will be investigated.



4.2 Intrinsic Defects

The previous chapter described the method for deriving pair potentials to model FeSh.0; in
pure and defected form. The final set of pair potentials employed in this chapter to perform all the

defect calculations are summarised in table 4.1.

Table 4.1 Summary of the pair-wise potentials fitted for FeSb,04

Final Short-Range Potential Parameters

Short Range Parameters Shell Model

Interaction A(eV) p (A) C (eV/ A% Y(e) k(eV/A?)  Ref.
Fe**Fe?t 1230 0.325 0.00 2.997 62.9 Fitted
Sb3+-Sb>* 18100 0.3330 0.00 -5.51 359.55 Fitted
Sb3+-0* 9100 0.2787 0.00 -5.51 359.55 Fitted
0*0* 27299 0.24387 300 -2.04 6.3 Fitted

Most of the work in the previous chapter was concerned with pure systems; however, all
systems have intrinsic above the absolute zero temperature. Hence, the defect calculations were
initially performed on the energies of isolated point defects (vacancies and interstitials). The ions
surrounding the defect in both cases were allowed to relax in the energy minimisation procedure. For

vacancies, the defect energy corresponds to the energy required to remove a lattice ion from the crystal



to infinity; similarly, the energy required to introduce an ion from infinity into the lattice is the

interstitial energy.

The procedure to model the point defects followed the two-region approach described in

chapter 2. The radius of region I was selected to be 11 A (corresponding to approximately 750 ions)

and that of region IT was 22 A. The results are listed in table 4.2 and the energy of each non-equivalent

vacancy site for O; Ol-apical site and O2-equatorial site, is given.

Table 4.2 Summary of the calculated energies of isolated point defects in FeSb,O4

Defect Position

Fe vacancy (Vg,) (0.0,0.5,0.25)

O1 vacancy (V1) (0.678,0.178,0.25)
02 vacancy (Vj3) (0.093,0.683,0.00)
Sb vacancy (Vg,) (0.159,0.150,0.00)
Sb interstitial (Sb;*") (0.725, 0.523, 0.903)
O interstitial (0;') (0.5,0.5,0.5)

O interstitial (0f') (channel)  (0.517, 0.457, 0.854)

Calculated Defect Energy (eV) (per defect)

22.10

17.80

19.00

41.31

-32.36

-16.42

-20.49



Initial calculations suggest that the formation of vacancies is unfavourable owing to high
positive defect energy values associated with each defect; the most favourable defect is the Sb**
interstitial as it has the lowest defect energy. The individual vacancy energies suggest that it is more
favourable to form oxygen vacancies in the apical region (O1) as compared to the equatorial region
(O2). The iron interstitial failed to converge at the energy minimisation stage. This could be resulting
from the interaction between the iron ions with the other lattice ions. Finding suitable interstitial sites
for antimony and oxygen also needed some amount of probing to determine the lowest energy sites.
The lowest energy interstitial sites for O?" and Sb** ions are listed in table 4.2. Most of the interstitial
sites were located across the length and breadth of the one-dimensional channels, it was observed that
the interstitial oxygen ions could occupy a number of sites within the channel, the defect formation
energy associated with all these sites was approximately -20 eV. This further suggests that the channels

have favourable sites for oxygen insertion. This phenomenon will be discussed in detail in section 4.4.
4.2.1 Schottky and Frenkel Defects

Point defects do not occur in isolation and often tend to combine to form defect clusters. The
lowest energy isolated point defects were therefore combined to give formation energies for the
Frenkel pairs and Schottky defects. The Frenkel defects can be represented by the following reactions

using the Kroger-Vink notation'?°.

Fef, = Vi, + Fe.* (4.1)
of =V + 0] (4.2)
SbE = Vi) + Sh;** (4.3)

Similarly, the Schottky defects can be represented by the equation 4.4, two other pseudo-

Schottky defects that are possible are FeO and Sb,Os, represented by equations 4.5 and 4.6. The lattice



energies for FeO and Sb,O3 (-39.13 eV and -132.85 eV, respectively) were calculated from the pair

potentials derived in this study using known structures of FeO and Sb,0s. 2!:122

Fef, + 2Sbd, + 405 = Viy + 2Vsy + 4V5" + FeSb,04surpy (4.4)
Felo + 05 = Vip + V5" + FeO(surpy (4.5)
28bd, + 305 = 2Vsy + 3V5" + Sby03¢5urp) (4.6)

The values of Frenkel and Schottky defects were calculated by combining the energies of
individual point defects and the lattice energies using equation 4.1 to 4.6. Table 4.3 summarises the

defect energy values calculated using this method.

Table 4.3 Summary of Unbound Defect Clusters

Defect Total Energy (eV) Energy (per defect eV)
Ol Frenkel (O1FP) 1.38 0.69
O2 Frenkel (O2FP) 2.58 1.29
Sb Frenkel (ShFP) 8.95 4.48
Schottky Trio (SchT) 4.68 0.67
8b,0;3 Schottky (Sb203-Sch) 9.48 1.35

FeO Schottky (FeO-Sch) 1.97 0.98



The initial Schottky and Frenkel defect calculations suggest that the formation of oxygen
Frenkel pairs and FeO Schottky are more favourable energetically and antimony Frenkel pairs are the
most unfavourable as it has the highest formation energy. Oxygen Frenkel and the Schottky trio have
a similar per defect. However, the formation energy of Schottky trio is almost 4 times that of oxygen

Frenkel pairs.

The defect energies are calculated by summing up individual point defect energy, assuming
infinite dilution and does not specify the defect positions with relation to each other. Thus, to further
investigate the defect behaviour, bound defects clusters were simulated, wherein more than one type
of defect was added to the system simultaneously. Then the binding energy was calculated by
calculating the difference between the defect energy values of bound defects and unbound defects at
infinite dilution. The defect formation energies of the bound defects and the corresponding binding

energies are summarised in fable 4.4.

Table 4.4 Summary of Bound Defect Clusters

Defect Type Vacancy Interstitial Defect Energy (eV) Binding energy (eV)
OIFP 0.679,0.179, 0.25 0.5 0.5 0.5 -2.95 -1.57

O2FP 0.093,0.683,0.00 0.5, 0.5, 0.5 1.85 0.73

Defect Type Vacancy (Fe) Vacancy (0) Defect Energy (eV) Binding energy (eV)

FeO Sch 0.0, 0.5, 0.25 0.595,0.816, 0.0 39.04 37.12



From table 4.4, it is evident that O1 Frenkel pairs are energetically the most favourable type of
defect and FeO Schottky like defects are least favourable. Though the defect energy values unbound
defects from table 4.3 suggest that Sh203 Schottky defects and Sb Frenkel are energetically favourable,
however, due to the high number of defects in the Schottky, the system becomes unstable and fails to
converge. The same phenomenon is also observed for the Schottky trio. For Sb Frenkel pairs, the

antimony ion migrates back to its vacancy site during the recombination process.

To conclude, when isolated defect energy values were combined to calculate the formation
energy for Frenkel and Schottky cluster in unbound condition, the oxygen Frenkel pairs and FeO
Schottky have lowest formation energy and hence could be expected to be preferred mode of the
intrinsic defects. To investigate this further, these defect clusters were simulated in bound conditions
by simulating a combination of vacancies and interstitials within the same configuration. On
examining the defect energies for bound defects, it became evident that for any given temperature,

oxygen Frenkel pairs will be the most common type of defects found in the system.

4.3 Dopant Substitution

Following on from the initial intrinsic defect calculations, the energetics of extrinsic defect
were calculated. As outlined in Chapter I, Schafarzikite displays a high degree of compositional
flexibility. Isovalent substitutions by a variety of transition metals at site M and aliovalent substitution
by Pb?" at site X have been reported so far. These substitutions resulted in changes in the magnetic and
electric properties of Schafarzikite. The link between the structural composition and magnetic interplay
has been studied extensively and is now well understood. However, the energetics of these
substitutions and the resulting structural changes need to be examined in depth to determine
energetically favourable dopant cations for this system. The dopants/substitution cations were

introduced as impurities in the system.



For site M, all substitutions are isovalent in nature and hence no charge compensation

mechanism was needed. The solution energy for these substitutions was calculated by using equation

4.7 and 4.8.
MO + Feg, » Mg, + FeO 4.7
Esol = _Elatt(MO) + EsubMFe + Elatt(FQO) (4-8)

Here MO is the oxide of the dopant ion M, where M is Mg, Mn, Co and Ni°*>-123_ The lattice
energies for MO were calculated by using published pair potentials for M-O interaction and the fitted
potential for O-O interaction. The lattice energy for FeO was same as that used in Schottky defect
calculation. The substitution and solution energy calculated by this approach is summarised in table

4.5 and figure 4.2 plots the solution energy as a function of the ionic radius.

Table 4.5 Summary of Isovalent Substitutions on Fe Site

Dopant  Charge Ionic Radius (A)*°  Substitution Energy (eV)  Solution Energy (eV)

Mg +2 0.72 -4.69 -0.42
Mn +2 0.83 -1.18 0.2
Co +2 0.75 -3.30 0.5

Ni +2 0.69 -3.78 0.9



Solution Energy vs lonic Radius
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Figure 4.2 An illustration of a graph of solution energy plotted as a function of ionic radius of M*ions

The solution energies of all the transition metal ion substitutions are relatively large as
compared to Mg. It can be observed that Mg is the most favourable dopant as it has the lowest solution
energy. For the transition metal ions, the solution energy decreases as the ionic radius increases. The

ions can be ranked according to their solution energies in ascending order.

Mg < Mn < Co < Ni



The above finding is in accordance with the experimental data as the most commonly used
dopant on the Fe site is Mg.!** Moreover, an Mg variant of Schafarzikite, MgSb,Os, with similar
structural properties exists as a solid solution. The other most commonly used dopants are Mn and
Co*!. These three dopants have been employed to investigate the oxygen and fluorine excess phases,

which are discussed in the next section.

A similar approach was employed to calculate the solution energy for aliovalent and isovalent
substitution on site X. The two reported dopants on the Sb site are Pb**and Bi** °2°. The Bi**
substitution at Sb>" failed to converge and resulted in very high substitution energy. This has also been
demonstrated experimentally as there have not been any reports of a phase with complete substitution
of Bi** at Sb*" site and that could be the reason for the structure’s failure to converge at the geometry

optimisation stage.

The substitution of divalent Pb** ions onto Sb** site results in an overall increase in the negative
charge of the crystal. Hence, to compensate for this charge imbalance two schemes were adopted. In
scheme 1, an oxygen vacancy was created to achieve the charge neutrality. The solution energy for
this substitution reaction was calculated through equations 4.9 and 4.10. The lowest defect energy
value for the creation of an oxygen vacancy calculated in the previous section was used in equation
4.9. The lattice energy for PbO and Sb>Os was calculated using the Pb-O, Sb-O, Sb-Sb and O-O

potentials derived in Chapter 3 for known structures!6:124,

e For M=Pb**; Scheme I: formation of Oxygen Vacancies

MO + SbY, —» Mg, + = V5" +=5b; 05 (4.9)

1. ee 1
Esol = _Elatt(MO) + EsubMSb + EVO + EElatt(5b203) (4.10)



In scheme 2, the increase in the negative charge was compensated by the oxidation of Fe** to Fe**
through the creation of a positively charged hole. The solution energy for this substitution mechanism

was calculated by using equations 4.11-4.13.

e For M=Pb’"; Scheme 2: formation of electron interstitial and oxidation of Fe’" to Fe’*

2MO + 25bg, + 0, = 2M}, + 2h° + Sb,0, @.11)

1 .
2Esol = _ZElatt(MO) - EElattOZ + 2Esub (MSb) + Elatt(SbZ 03) + 2h (4.12)

The mechanism used to simulate the creation of a positively charged hole was a combined
process. First, the energy for removing an Fe?* ion from its lattice to infinity was calculated and then
the energy for introducing the subsequent Fe** ion into the vacant position from infinity was calculated.
In GULP, this was achieved was using the impurity keyword. As the routines encoded in GULP do
not take into account the ionisation energies involved in the process of hole formation. Thus, the total
hole formation energy was calculated by summing up the total defect energy for introducing Fe**
impurity and the 3™ ionisation energy for Fe'?*. In this calculation, it was assumed that the ionisation

energy within the crystal lattice was equal to the gas phase reaction.

Vee + Fe;*" = —=37.704 eV (4.13)

3rd Ionisation Energy (I.E)of Fe = +30.652 eV (4.14)

Total Hole formation Energy = 3"1.E of Fe + Vi, + Fe;** = —7.054 (4.15)

20, > Epg(0) + E.A(07) + E.A(0*") ==(5.15 - 1.47 + 5.16) = 1243 (4.16)

Similarly, the dissociation energy of an oxygen molecule given in equation 4.11 and 4.12 was

calculated by adding the energy taken to break the O> molecule and the first and second Electron



affinity of oxygen. This calculation is summarised in equation 4.16. The solution energies calculated

using both scheme I and 2 are summarised in the table 4.6.

Table 4.6 Solution energies for Pb?* substitution on Sb** site

Dopant Charge Substitution Energy (eV) Solution Energy (eV)
Pb** Scheme 1 +2 23.13 -1.85
Pb** Scheme 2 +2 23.13 -20.9

The energy for substituting an Sb>" ion in the crystal lattice with Pb*" ion is high for both the
scheme. However, on combining the substitution energy with the energy of the respective charge
compensation mechanism adopted in each scheme, the solution energy calculated for both the schemes
was low. As summarised in the table 4.6, it is clear that scheme 2 is more favourable than scheme 1,
as it has the lowest solution energy. This has a been observed experimentally as well; the substitution
of Pb*" at Sb** was charge compensated by the oxidation of some Fe?" to Fe** **7. This is one of the
charge compensation mechanisms responsible for the incorporation of excess anions in the structure.
The next section will examine the anion excess phases and the relevant charge compensation

mechanisms responsible involved.

4.4 Oxygen insertion

As outlined in Chapter 1, and in the introduction of this chapter, the one-dimensional channels

with the channel walls formed by cations-Sb*”, is a unique feature of Schafarzikite, which facilitates

] 4447

the insertion of anions within these channels. The study by De Laune ef a presented the first

example of a successful attempt of insertion of oxygen ions within the structural channels by heating



selected phases of Schafarzikite oxygen-rich atmosphere in at 600 to 750 °C. Among these phases, the
system with the highest content of Fe*"ions (FeSbi.25Pbo.7504+y) had the highest amount of oxygen
intake (approximately 2%) at 350 °C. Initially, it was expected that the oxidation of 2Fe*" to 2Fe** was
the only charge mechanism responsible for the insertion of an extra O* ion entering the channels.
However, the TGA (Thermogravimetric analysis) data of the oxidised products reported twice,
FeSbi 25Pbo.7504.29, as much oxygen uptake as expected from the complete oxidation of Fe**. On further
investigation, Mossbauer spectra revealed an additional cation Sb** was being oxidised to Sb>* to
balance the charge associated with the extra oxygen content. Thus, it was concluded that both Fe?" and

Sb** simultaneously oxidise to Fe*" and Sb>* to facilitate the oxygen insertion in the channels.

To determine the structural distribution of ions around the O? interstitials, the local
environment of the oxygen interstitials- the O3 site was examined in more detail. Based on the average
atomic positions obtained by NPD data, the average Sb/Pb — O and Fe-O bond-lengths and the distance
between the two oxygen interstitials (03-03), the formation of a defect cluster was proposed. This
defect cluster was suggested to comprise of two O interstitials, two 4-coordinate Sb>* ions and one,
5-coordinate Sb* ion. The reported average Sb/Pb-O and Fe-O bond lengths are summarised in table

4.7



Table 4.7 Reported Bond distances for Oxygen Excess Phase- FeSb1.25Pbo.7504.20 7

Bonds Bond-Lengths(A)
Fe-01 2.023 [x2]
Fe-02 2,020/ 4]
Sb/Pb-01 2.108

Sb/Pb-02 2.095

Sb/Pb-03 2.30

Sh’*-03 1.91

03-03 1.54

It is worth noting that the bond-distances summarised in table 4.7, corresponds to an average
value of all the bonds and the proposed configuration of the defect cluster is also an average estimate
of the spatial arrangement of all the ions around the oxygen interstitials. Hence, computer simulation
tools were used to provide in-depth knowledge of the structure of the defect cluster formed by the

oxygen interstitials in the one-dimensional channels.

4.4.1 Initialising the defect cluster computationally

Owing to the high concentration of defects associated with the oxygen insertion reaction, the
supercell method was employed to model the oxygen excess phase with the proposed defect cluster.
To reduce the complexity of achieving a random distribution of Pb*" ions and Sb** ions at site X, all
the defect calculations were performed on a 2x2x2 supercell of FeSb,04. The proposed defect cluster
by de Laune et al*’ was used as a reference for constructing a system with the oxygen interstitials.
Two O were placed in the channels (O3 sites) in between three Sb>" ions. One of the three Sb>* was

changed to Sb>" ion and two of the nearest Fe** ions were changed to Fe** ions. The pair potentials



used for Sb>*- O* and Fe** - O interaction were chosen from the set of derived parameters.'!” 12%; the
values are summarised in fable 4.8. The rest of the pairwise potentials were the same that were derived

in this study (given in fable 4.1)

Table 4.9 Short Range potentials

Short Range Parameters Shell Model

Interaction  A(eV) p (A) C (eV/ A% Y(e) k(eV/A?)  Ref.
Sh>+-0* 18752.220  0.2219 0.00 2.895 101.2 1
Fe&t-0* 3219.335 0.2641 0.00 3.00 N/A 126

4.4.2 Results and analysis

The final energy of the oxygen excess FeSb,0y is predicted (-178.23 eV) to be less than the
energy of the pure system (-171.24 eV) Thus, signifying that insertion reaction is energetically
favourable and the predicted crystal configuration refers to a stable, low energy configuration. The
initial fractional positions of the oxygen interstitial, Sb>" ion, the two 4-coordinate Sb>* ions close to
the oxygen interstitial and Fe*" ions are summarised in table 4.12. Figure 4.3 gives the starting

unrelaxed structure of the defect cluster before geometry optimisation.

As seen in figure 4.3, the O% (03) interstitials were placed in between two Sb** (ions labelled
as 1, 2) and one Sb>" (ion labelled as 4). The average bond distance between O3 and Sb1, Sb2 was
kept as 2.063A and between O3 and Sb4 was kept as 2. 033A. The system was allowed to achieve a
geometry-optimised state without any symmetry constraints and the core and shells were allowed to
relax independently. The predicted values of lattice parameters, the atomic position of oxygen

interstitials and the position of the Sb** and Sb>* ions around the oxygen ions are summarised in table



4.11. The initial and final atomic positions of Sb ions and O interstitials are summarized in table 4.12.

The final values of the predicted Sb**/Sb>*-O3 bond lengths are summarised in table 4.13

Table 4.11 Summary of the initial and final lattice parameters of the oxygen excess phase.

Lattice parameters  Initial value (A) Final value (A)  Difference (A) % Difference

a 8.62 8.62 0.00 0.00
b 8.62 8.14 -0.48 -5.6
c 5.93 6.32 0.39 6.57
a 90° 90.64 0.64 0.71
p 90° 90.1> 0.1 0.13

V4 90° 90.36° 0.36° 0.40



Figure 4.3 (a) Illustration of the
2x2x2  supercell. The yellow
spheres represent the oxygen
interstitial; (b) A zoomed-in view of
the ions around the O3 ions; The
green sphere represents Sb>" ions,
black sphere Sb**" ions, orange
sphere- Fe’" ions, blue sphere-Fe**
ions and red sphere — O1 and O2.
The ions labelled 1 to 4 are the

cations around O3.



Table 4.12 Summary of the initial and final position the defect cluster ions

Species Initial Position(A) Final Position(4) Difference(A)
Oini1 (03) x 8.637 8.914 0.276
y 7.206 7.403 0.197
z 7.364 7.800 0.436
Oin2(03) x 8.689 8.914 0.225
y 7.361 7.436 0.074
z 10.435 10.127 -0.308
Sb>* (Sb4) x 9.999 10.087 0.087
y 7.189 6.703 -0.485
z 8.894 9.4582 0.588
Sb3* (Sb1) x 7.189 7.345 0.156
y 7.223 6.427 -0.796
z 11.859 12.453 0.594
Sb3* (Sb2) x 7.189 7.483 0.294
y 7.224 6.557 -0.666
z 5929 6.498 0.569
Sb3* (Sb3) x 7.223 7.483 0.259
y 10.051 8.803 -1.248

z 8.894 9.507 0.613
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Figure 4.4 (a) & (b) The representation of the proposed defect cluster with O3 interstitials viewed along [101] and [110]
respectively. (¢) & (d) representation of the predicted defect cluster with O3 interstitials viewed along [101] and [110]
respectively. The black spheres are the Sb ions, the yellow spheres are the O3 interstitials. The corresponding bond distance is

given in the structure



Table 4.13 Summary of the predicted individual Sb-O bond distances compared with the reported values

Bonds

Sb3*

Sb1-01

Sb1-02 [x2]

Sb1-03

S$b2-01

SH2-02 [x2]

$b2-03

$h3-01

$b3-02

Sbh3-03 [x2]

Sh>*

Sh4-01 [x2]

Sh4-02 [x2]

Sb4-03 [x2]

Bond Distances (A)

Calculated

1.979

2.349, 2.505

2.50

2.065

2.298, 2.465

2.36

2.490

2.346

2.380, 2.412

1.907, 1.908

1.891, 1.932

1.903, 1.905

Experimental

2.108

2.095

2.30

2.108

2.095

2.30

2.108

2.095

2.30

1.91

1.91

1.91

Difference (A)

-0.129
0.255, 0.41
0.20

-0.043
0.203, 0.37
0.06

0.382
0.251

0.08, 0.112

-0.04, -0.03

-0.019, 0.021

-0.08, -0.06



4.4.1 Discussion

The predicted lattice parameters summarised in fable 4.11 suggest that the structure has
transformed from a tetragonal to an orthorhombic system. This could be a result of geometry
optimising the system without any symmetry constraints. The lattice parameter b has contracted as a
result of the replacement of the large Fe?" ions by smaller Fe** ions and hence a decrease in the size of
the octahedral sites. The lattice parameter ¢ on the other has expanded due to the increased interchain
Fe-Fe repulsion (Fe-Fe distance increased to 3.154 A from 2.965 A) along [001]. The oxygen
interstitials (O3), their neighbouring Sb*" ions and Sb>" ions the have moved from their original initial
positions to form a defect cluster. From table 4.12, it can be observed that the difference between the
initial and final atomic positions of the ion species forming the defect cluster is significant. Among all
the ion species, the largest observed difference is for a 4-coordinate Sb>* (Sb3) ion, which has moved

approximately 1.4A (RMS value in -y direction) from its initial position.

This finding is illustrated in figure 4.4, where, in addition to the two 4-coordinate Sb*" ions and
one 5-coordinate Sb>* ion as proposed experimentally*’, the predicted defect cluster comprises of an
additional 4-coordinate Sb** (Sb3) ion bonded to both the oxygen interstitial ions. This additional Sb**
cation was approximately 3.42 A far from the O interstitials as seen in figure 4.3. This separation
falls within the short-range potential cut-off of 12 A. Thus during geometry optimisation, this
additional ion would have experienced a combination of attractive long and short-range forces
resulting in this large shift. In addition to the Sb3 ion, the average difference between the initial and
final positions of the two O interstitials is approximately 0.4 A (RMS value in +y direction). This
combined shift results in an average separation of 2.40 A between the additional Sb** ion and the two

O? interstitials ions.



From figure 4.4 and table 4.13, it can also be seen that this additional cation results in slight
elongation of Sb1-O3 and Sb2-O3 bonds (2.50 A and 2.36 A, respectively). The difference between
the calculated bond-distance between Sb3 and O3 (2.40 A) and the reported Sb-O3 bond distance (2.30
A) is equivalent to approximately 0.1 A. All the three Sb*" ions assume a trigonal-bipyramidal spatial

orientation with the lone pair of electrons oriented along with the equatorial position.

The final interesting development in the predicted structure is the change in coordination of the
Sb**ion, from 5 to 6 assuming an octahedral geometry, which is the preferred coordination for Sb™*.
The 6-coordinate Sh°* octahedra consist of, two Sb4-O3 bonds, two Sb4-O1 bonds and two Sb4-02
bonds. An additional O1 ion from the lattice has moved closer to the Sb>" ion forming the additional
Sb4-01 bond. The average Sb4-O3 bond-distance calculated is 1.908 A, which is 0.002 A smaller than
the reported value (1.91 A and 0.07 A smaller than the mean bond length (1.977 A ) '*’for 6-coordinate

Sb>".

As summarised in fable 4.13, though some of the Sb**-O distances are larger than the
experimental values, they are within the maximum Sb**-O bond length (mean value: 2.092 A and
maximum value: 2.596 A) “'reported for a 4-coordinate Sb** ion. The Sb-O1 bonds have contracted
slightly while the Sb-O2 bonds have elongated slightly. The highest amount of discrepancy is observed
with the Sb3-O1 and Sb3-0O2 bonds; this could be the result of the being close proximity to the O3
ions and spatially in between two other Sb>" ions (Sb1 and 2). It is worth noting, that the ions around
the oxygen interstitials are in the immediate surrounding of the crystal defects and tend to undergo
distortions and hence the bond-distances differ slightly from the experimental values and the reported

Sb-O bond-distances. %’

Thus, it can be concluded that the predicted defect cluster consists of three 4-coordinate Sb**

(Sb1, Sb2, Sb3), two O interstitials (O3) and one 6-coordinate Sb>* (Sb4).



4.5 Fluorine Insertion

Owing to the success with oxygen insertion in a few selected phases of FeSb2O4, De Laune ef
al., > extended the above-discussed study to examine the effects related to the fluorine insertion.
Phases Mgo s0Feo.50Sb204 and Coo s0Feo.50Sb204 were seen to undergo topotactic fluorine insertion into
the channels when heated at low temperature (~230°C) in 10% F» in nitrogen. This was followed by
the oxidation of Fe?" to Fe** as the main charge compensation mechanism to accommodate the extra
fluorine ions. The structure of these phases was determined using Neutron Powder Diffraction (NPD),
Mossbauer spectroscopy and Solid-State NMR techniques. The fluorine interstitials were located in
the channels at sites which were closely related to oxygen interstitial sites found in the oxygen excess
phases. Based on the average bond-distance values and the atomic positions determined by the above-
mentioned techniques, it was observed that the fluorine ions entered the channels, and each formed a
bridging bond with two Sb*" ions located in the channel walls. It was also overserved that these Sb-F
bonds had slightly different lengths. An increase in the Sb-O bond length was also observed, owing to
the increase in the coordination number of some Sb*" ions, which were bonded to the interstitial
fluorine. However, a detailed comparison of the Sb-O and Sb-F bond distances around the fluorine

ions was not possible and the values obtained were average values of all the Sb-O bonds in the system.

Hence, computer simulation techniques were employed to model the insertion of fluorine ions
in FeSb,04 and obtain individual Sb-O and Sb-F bond distances. Computer simulation tools were also
used to determine the possibility of the exchange of lattice oxygen by the interstitial fluorine ions as it

is difficult to differentiate between O and F ions by XRD or NPD techniques.

4.5.1 Initialising the fluorine excess phase FeSb204Fx computationally

Owing to the lack of availability of a means to ensure a random distribution of Mg/Fe ions,
pure FeSb204 was used as the starting material for the insertion of excess fluorine in the channels. To

obtain an in-depth knowledge of the localised environment around the excess fluorine ions, the



supercell method was used. A 2x2x2 supercell of FeSb,Os was constructed to model the excess
fluorine in the system. Two fluorine ions placed in the channels in the same position as the oxygen
interstitials. (Table 4.12) The average distance between the F~ ions and the adjacent Sb** ions were
kept at 2.024 A. Charge neutrality was maintained by oxidising/ replacing two Fe?" ions near the F-
ions by Fe*" ions. The system was then geometry optimised under no symmetry conditions to allow
the ions to relax independently and to obtain an accurate structure of the F~ excess phase, especially
around the fluorine interstitials. The pairwise potentials to used describe the F-F and Sb-F interaction
(outlined in Chapter 3) were derived to fit the structure of SbF3'!'>. These potentials were then
employed to model the fluorine excess phase FeSb,O4Fx. This method was used to validate the
potentials derived. The Fe*"-O potential used in modelling the oxygen excess phase was also used to
model the fluorine excess phase. The Sb-F and F-F potentials are summarised in fable 4.14. The
starting structure, the initial bond lengths of Mgo.sFeosSboO4 are summarised in figure 4.5 and table

4.15, respectively.

Table 4.14 Derived Short-range potentials for F interaction

Short Range Parameters Shell Model
Interaction A(eV) p (A) C (eV/ A% Y(e) k(eV/A?)  Ref
Sb3*F 1200 0.33 0.0 -1.378 24.36 Fitted

F-F 2100 0.27 20 -1.378 N/A Fitted



Figure 4.5 An illustration of the unrelaxed structure of the 2x2x2 supercell with F interstitials (orange sphere)

view along [110]



Table 4.15 Summary of the initial lattice parameters and Bond distances in the FeSb204 supercell converted to unit

cell parameters.

Lattice parameters

Fe-0O1

Fe-02

Sh-01

S$b-02

2x2x2 Supercell (A)

17.240

11.859

90°

2.165

2318

2.035

2.10

Unit Cell (A)

8.620

5.929

90°

2.165

2318

2.035

2.10



4.5.2 Results and Analysis

The F excess phase was successful in achieving a geometry-optimised structure. The lattice
energy associated with this system (-174.01 eV) was slightly higher than the O-excess phase (-178.23
eV). It was observed that as compared with the oxygen excess phase, the ions around the anion F~ have
undergone lesser distortion. This was attributed to the reduced negative charge on F~ as compared to
O%, which resulted in reduced repulsion between the anions in channels. The predicted lattice
parameters, initial and final position of the F~ ions and the Sb**ions around them are summarised in

table 4.16. and 4.17, respectively.

Table 4.16 Predicted lattice parameters compared with initial lattice parameters

Lattice parameters  Initial value (A) Final value (A) Difference (A) % Difference

a 8.620 8.730 0.11 1.27
b 8.620 8.283 -0.34 -3.94
c 5.929 6.100 0.17 2.89
a 90° 89.72 -0.27 -0.31
p 90° 85.07 -4.92 -5.57

4 90° 90.05 0.05 0.06



Table 4.17 Predicted ions positions around F interstitial compared with initial values.

Species Initial Position(4)  Final Position(A) Difference(A)
Fina x 8.637 8.608 -0.030
v 7.206 8.432 1.225
z 7.364 7.552 0.187
Finez x 8.689 8.835 0.146
y 7.361 8.465 1.103
z 10.435 10.450 0.044
Sb>* (Fine1) x 7.189 7.455 0.266
y 7.223 7.106 -0.117
z 5929 6.039 0.110
Sb3* (Fin1) x 7.223 7.316 0.092
y 10.034 9.575 -0.459
z 8.894 8.979 0.085
Sb3* (Finz) x 10.010 10.266 0.257
y 7.196 7.355 0.160
z 8.894 8.918 0.024
Sb3* (Finz) x 10.033 10.196 0.162
y 9.999 9.939 -0.060

z 11.858 11.992 0.134



The predicted system has transformed from tetragonal to orthorhombic. This could be
attributed to the optimising the system without symmetry constraints. The increase in lattice constant
c is a result of the increased interchain Fe-Fe repulsion due to the Fe** ions in the chain. However, the
reason behind the increased lattice constant « is still a bit unclear. Lattice constant b has contracted as
a result of the presence of smaller Fe*" cations in the FeOs octahedra. The differences in the atomic
positions of the Sb>* ions are also significantly large. This was further investigated by visualising the
system with the fluorine interstitials. The predicted structure with the fluorine interstitials is given in

figure 4.6

(b)

Figure 4.6 (a) and (b) An illustration of the spatial arrangement of ions around the F~ interstitial after geometry

optimisation and before optimisation, respectively. Viewed along [110]; (¢) proposed Sb-F arrangement 3!



From the figure4.6 (a) it became clear that the fluorine interstitials had moved towards the
centre of the channel, bonding with a different set of Sb®" ions along xy-plane. This was also
demonstrated experimentally, as seen in figure4. 6¢; the predicted F~ interstitials were found to be closer
to the oxygen interstitial sites, as was observed experimentally. However, the bonding preferences of
fluorine interstitials were different from those of oxygen. Ions around one of the fluorine interstitials
were isolated to study the localised structure around the fluorine ions and the bonding preference of

Sb-F. This structure was then compared with the experimentally proposed structure.
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Figure 4.7 (a) Representation of the proposed structure around F (orange sphere) interstitial’'; (b) representation
of the predicted structure of the spatial arrangement of Sb** (black spheres) and O* (yellow spheres- apical Oxygen,
red spheres- equatorial O) around the F~ interstitial. , Both the structures are viewed roughly along [111]. The
average Sb- bond distances are labelled in (a), individual bond distances are labelled (b). Electron lone pairs are

opposite the oxygen ions that are marked with a*.



4.5.3 Discussion

From figure 4.7 (b), it can be observed that the predicted localised structure with fluorine
interstitials is very similar to the proposed structure. As expected, the predicted bond-distances are
different from the experimentally observed ones. Both Sb*‘ions bonded to the fluorine interstitials are
4-coordinate. The ions are arranged in such a way the lone pair of electrons are directed into the
channel. In figure 4.7 (b), the electron lone pairs are situated opposite to the oxygen ions marked with
a*. The Sb-F bond distance was experimentally determined to be same for both the Sb** ions bonded
to the interstitial F~ ions. However, as illustrated in figure 4.7b, the calculated bond distances between
the fluorine ion and antimony ions are different for each Sb-F bond. The other difference between the
computationally predicted and experimentally proposed structure is that one of the Sb** ions is bonded
to two O2 (equatorial) instead of two O1 (apical). This could be due to the perturbations around the
fluorine interstitials. The detailed comparison between proposed and predicted bond-distances is

summarised in table 4.18

As summarised in table 4.18, some of the predicted Sb-O bond-distances are substantially
larger than the proposed values. This could a result of the distortion arising from the repulsion between
the lone pairs and the two fluorine interstitials. Moreover, the bond with the largest discrepancy Sb2-
02 ( 0.41 A) is within the limit of maximum recorded bond distance (2.596 A) for a 4 coordinate Sb*"
bonded to oxygen ions.'?” It is also worth noting that the proposed bond-distances are average values
calculated for all the ions in the system and the predicted values are individual values for each ion

around the fluorine interstitials.

Several attempts were also made to replace O1 and O2 (apical and equatorial oxygen) by
fluorine in the lattice, each attempt failed to converge and very high lattice energies. This indicates
that the inserted fluorine ions occupy various positions in the channel and no F/O exchange occurs.

Thus, it can be concluded that the fluorine interstitials inserted in Schafarzikite occupy sites



towards the centre the one-dimensional channels. They form bridge-like bonds between two antimony

ions, such that the lone pairs point into the channel.

Table 4.18 Summary of the predicted Sb-O and Sb-F bond distances

Bonds Bond Distances (A) Difference (A)
Calculated Experimental

Sb1-01 [x2] 2.024, 2.344 1.987 0.04, 0.36
Sb1-02 2.249 2.020 0.23

Sb1-F 2.395 2.35 0.05

S$b2-01 2.177 1.987 0.19

S$b2-02 [x2] 2.314, 2.432 2.020 0.24, 0.41
Sb2-F 2,172 2.15 0.02

F-F 2.954 N/A N/A



4.6 Summary

This chapter demonstrates that the defect behaviour, both intrinsic and extrinsic and the effect of

anion insertion in Schafarzikite/FeSb,O4 can be investigated by the application of advanced computer

simulation techniques. The key features of this chapter are summarised below.

The pairwise potentials derived in Chapter 3, were employed to study the defect behaviour within
FeSb204. The formation energies of simple point defects including vacancies, interstitial, Schottky
and Frenkel defects were calculated. It was observed that oxygen Frenkel pairs were the most
favourable type of defects, owing to low defect formation energy and binding energy.

The effect of aliovalent and isovalent doping on sites M and X (Fe and Sb, respectively) were also
investigated and it was concluded Mg?" cation is most energetically favourable dopant on Fe site.
The substitution of Pb>* on Sb**site was through the oxidation of Fe?" to Fe*"ions was found to be
energetically favourable over the formation of oxygen vacancies to charge compensate.

The effect and the mechanism for anion insertion in the one-dimensional channels of FeSb,O4 were
studied in detail. This study was used as a means to gain a deeper understanding of the coordination
environment and the spatial orientation of the ions around the oxygen and fluorine interstitials. For
oxygen excess phases, it was found that the extra oxygen intake was charge compensated by the
simultaneous oxidation of Fe?* to Fe’" ions and Sb** to Sb>* ions. It was also found that the stability
of the oxygen interstitials in the channels was enhanced by the formation of a defect cluster. This
defect cluster was predicted to comprise of three 4-coordinate Sb** ions, two O interstitials and
one 6-coordinated Sb>*.

The effect fluorine insertion was investigated in a similar manner and it was observed that extra
fluorine intake was charge compensated by the oxidation of Fe** to Fe**. The fluorine ions were

observed to move towards the centre of the channel forming bridge-like bonds with two 4-



coordinate Sb®" ions. It was also observed that the O/F exchange was not favourable and the
fluorine interstitials occupy sites within the channel.

e The detailed bond lengths and the predicted atomic positions of both the oxygen and fluorine
interstitials and neighbouring antimony ions were also presented.

e Energetically, it was observed that the oxygen insertion reaction (-178.23 eV) was more

favourable than the fluorine insertion reaction (-174.01 eV).

4.7 Future Work

Future work that could be undertaken within this chapter includes the study of the possibility
of ion migration within the channel and in-between the one-dimensional channels. The effect of dopant
substitution on the Sb site by a non-toxic cation such as Sn and the related charge compensation
mechanisms and its effect on the structure and conductivity could be investigated. The derived
potentials were used to perform preliminary equilibration calculation on pure FeSb>O4 at 298 K and
the resulting structure was able to converge over time. Thus, molecular dynamics could also be used
to carry out these calculations and the corresponding Radial Distribution functions (RDF) and Mean

square displacement (MSD) could be investigated.

Molecular Dynamics could also be used to calculate the diffusion coefficient of the excess
oxygen and fluorine in Schafarzikite/FeSb,Os4. The effect of temperature on the diffusion coefficient
could also be calculated. The system could be doped by Pb>" at Sb site, followed by the oxidation of

Fe? to Fe’'; and the effect of this substitution on the diffusion coefficient could be studied.



Chapter S: Defect Chemistry and Sodium

Substitution on Caslr;Oq2



5.1 Introduction

IrO; is best known for its use as one of the most active OER catalysts. It is a 5d transition metal
oxide, which has rutile like structure, consisting of corner shared IrOs octahedra, cross-linked together.
It is has been well researched and continues to draw attention due to its unrivalled application as an
OER catalyst, high stability and its unique magnetic and electric properties. '>73"4823% Dye to these

features, ternary oxides of Iridium have also been an ongoing area of research.

CaslIr;O12 1s once such ternary oxide; it adopts a hexagonal geometry and has one-dimensional
chains edge shared IrOg, similar to those found in IrO». It has a second cation site other than the Ir
cation site, occupied by Ca?" ions, which allows the oxidation state of iridium ions to be controlled
through substitutions on the calcium site. This unique structural property makes possible, the study of
the effect of iridium’s oxidation state on the electrocatalytic properties. Reports of dopant substitutions
in similar compounds have demonstrated a change in the oxidation state of Iridium ions; e.g, the
substitution of a lanthanide and sodium cation for an alkaline earth metal cation in LnjxNaj+xIrO4
(where, Ln = Gd - Er, Y; x = 0.04e0.25), results in an increase in the oxidation state iridium ions from
+4.08 to +4.50'%%. However, to the best of our knowledge, studies to investigate the effect of dopant

substitutions on the Ca site in CaslIr3O12, have not been reported.

A few attempts have been made to insert the Na ion on the Ca site in the system. The resulting
single phase materials have been observed to have different unit cell sizes as compared with the parent
phase.®? As Ca occupies two distinct seven coordinate and nine coordinate sites in the lattice, hence it
is difficult to determine the Ca site, to which the inserted Na goes. Figure 5.1 illustrates the
crystallographic representation of Caslr;O12, highlighting the two calcium sites by blue and green

coloured spheres.



Figure 5.1 An illustration of the predicted unit cell of CasIr;O12, viewed along [110]; IrOs is represented by pink
octahedral, Cal site is represented by green spheres, Ca2 site is represented by blue spheres and O ions are

represented by red spheres.

Hence, in this study, atomistic simulation techniques were used to study the energetics of the
substitution of Na ions onto Ca site and to determine the most favourable site for Na ions. The effect
of Na substitution on the lattice was also studied and the possibility of a sodium excess phase was also
investigated. The techniques were also employed to study the defect chemistry of this compound and
to determine the common type of intrinsic defects that would be found in the system. This study is a
preliminary to provide data for further investigation of the link between the oxidation state of iridium

ions and the system’s conduction and electrocatalytic properties.

This chapter will first discuss the defect chemistry of the system by studying the simple points

defect, as well as complex defect clusters. Then the energetics of Na substitution will be investigated



to determine the preferable site Ca site. Finally, the energetics and structural changes associated with

the amount of sodium inserted will be investigated.

5.2 Intrinsic Defects

The pairwise potentials derived to fit Caslr;O12 (listed in table 5.1), were used to perform a

series of defect calculation. Isolated point defects were the first kind of intrinsic defects to be simulated.

The results of the initial calculations of isolated vacancies and interstitials are summarised in table 5.2.

Equation 5.1 Summary of the short-range parameters derived for CasIr;O12

Interaction A(eV)

Ca+...02—

50

02—...02_

2272.74

10209

387.0

5649

9547.960

Short Range Parameters

p (A)

0.2986

0.2539

0.328409

0.2648

0.2192

C (eV/ A%

0.0

0.00

0.00

0.00

32.0

Y(e)

1.281

1.00

1.00

0.343

-2.04

Shell Model

k (eV/ AY)

34.05

Rigid ion

Rigid ion

446.3

6.3

Ref.

109

Fitted

Fitted

Fitted

129



Table 5.2 Summary of the Isolated Point defects and their energies

Defect Position Defect Energy (eV)
Cal vacancy Vi, 0.3333, 0.6667, 0.5 24.31

Ca2 vacancy Vi, 0.69701, 0.0, 0.5 24.52

Ir vacancy V7' 0.33898, 0.0, 0.0 128.33

O1 vacancy Vi, 0.2163, 0.0, 0.5 24.34

02 vacancy Vg, 0.4591, 0.0, 0.5 24.33

03 vacancy Vg3 0.4411, 0.22805, 0.0 24.17

Ca interstitial Ca;* 0.132,0.219, 0.711 -19.19

Ir interstitial Tr{*"* 0.0, 0.0, 0.0 -102.38

O interstitial Of 0.130, 0.132, -0.026 -11.86

Initial calculations suggest that Iridium vacancies are energetically unfavourable defect as it
has the highest defect formation energy. Energetically most favourable defects are iridium interstitials
as they have the lowest defect formation energy. However, isolated point defects do not occur

independently and tend to combine to form Frenkel or Schottky type clusters. The lowest energy point



defects were then combined to calculate the energies of formation of Frenkel and Schottky-type
defects. A Frenkel defect represents an ion, which has migrated from its initial lattice position to an
empty site in the crystal. Similarly, the Schottky defects arise when oppositely charged ions form
vacancies in stoichiometric units and maintain the charge-neutrality of the crystal. In the case of
Caslr;O;2, apart from the trio, the formation of another Schottky-like defect, CaO could also be
possible. The formation energies of both the Frenkel and Schottky defects can be represented by the
following (equations5.1-5.6), using the Krdger-Vink notation.'?°The defect energies calculated by this

method is summarised in table 5.3

CaX, = Vi, + Ca;* (5.1)
Ir = vxe” + e (5.2)
of= V5 +0/ (5.3)
5Ca¥, + 3Irf + 120 = 5V + 3ViES7 + 125" + CaslrsOs(eurp) (5.4)

Cal, + 0L = v, +V/, (5.5)



Table 5.3 Summary of Unbound Defect Clusters

Defect Cluster Formation energy (eV)  Energy per defect (eV)
CaFP 5.12 2.56

IrFP 25.95 12.98

OFP 12.31 6.16

Schottky-Trio 133.15 6.66

Cao- Schottky 10.71 5.36

The defect energy values from fable 5.3, suggest that calcium Frenkel pairs are the most
favourable type of defect clusters, followed by the Cao Schottky and oxygen Frenkel pairs. The
Iridium Frenkel pairs are the least favourable type of defect cluster as the formation energy associated
with them is very high. These defect energies are calculated assuming infinite dilution (unbound
defects) and do not take into account, the relative atomic positions and distances between the defects
in a cluster. Thus, bound defect clusters were simulated next. Different configurations of bound
Frenkel Pairs clusters were created by placing the Ca, Ir and O ions at various interstitial sites, keeping
the vacancy sites constant. For CaO Schottky-like defects, group of Ca and O vacancies were created
at different lattice positions. The binding energy associated with these clusters was also calculated by
taking the difference between the defect energy of unbound and bound defects. The results for these

bound defect clusters are summarised in Table 5.4. and 5.5.



Table 5.4 Energies of Bound Defect Clusters-Frenkel Pairs

Defect

CaFPI1

CaFP2

OFPI1

OFP2

Vacancy Position

0.3333, 0.6667, 0.5

0.3333, 0.6667, 0.5

0.4411, 0.22805, 0.0

0.4411, 0.22805, 0.0

Interstitial Position

0.0, 0.0, 0.0

0.1320.219 0.711

0.130, 0.132, -0.026

0.0, 0.0, 0.0

Formation Energy (eV Binding Energy (eV

per defect)

1.56

1.55

-0.57

5.26

per defect)

1.00

1.01

5.59

0.9

On examining the defect energies in fable 5.4, it can be observed that the oxygen Frenkel pairs
are the most favourable type of bound defects as they have the lowest defect formation energy.
Simulation of iridium Frenkel pairs resulted in the ion migrating back to their vacancy position and

recombining.

Table 5.5 Energies of Bound Defect Clusters- Schottky Defects

Defect Ca Vacancy O Vacancy Formation Energy Binding Energy (eV
Position Position (eV per defect) per defect)

CaO Schl 0.333, 0.667, 0.5 0.2223, 0.0, 0.5 4.56 0.79

CaO Sch 2 0.6986, 0.0, 0.5 0.4567, 0.0, 0.5  4.48 0.88



On examining, the defect energies in summarised in 7able 5.4 and 5.5 it can be concluded that
the oxygen Frenkel pairs are energetically the most favourable defects followed by the calcium Frenkel
pairs. Owing to the large concentration of defects and the very high defect formation energy associated
with the Schottky trio, this cluster was not simulated as a bound defect cluster. Thus it can be concluded
that at any given temperature, the equilibrium defect concentration will primarily consist of oxygen

Frenkel pairs.

5.3 Sodium Substitution

As outlined in section 5.1, few attempts were made to synthesize a single phase material with
some Na inserted on the Ca sites. The unit cell sizes obtained for this new material, CasNalr;O;,, were
different from that of the parent phase, signifying that sodium had successfully been incorporated in
the system. Since Ca’*" occupies two distinct sites in Ca5Ir3012, experimentally it was difficult to
determine which of the two sites was preferred by Na" ions. Thus, computer simulation techniques
were employed to determine the energetically favourable site for Na ions. The structural changes,
presence of a Na/Ca ordering and the energetics of inserting excess sodium in Cas.xNaxIr;O12 was also

investigated.

5.3.1 Simulating sodium insertion in CasIr3012 to form CasNalrz01:

To determine the preferred Ca site for Na dopant in CasNalr3O12, the energetics for substituting
sodium at both sites were calculated using the first the mean field approach and then the Mott-Littleton
approach for modelling crystal defects. By symmetry, there are two sites for Cal ion (sitel) and three
sites for Ca2 ion (site2). To determine if sodium ions have a preferred calcium site, or whether they
are distributed at both sites, the lattice energy of CalxNaj.xCa2yNaj.,Ir3012 (where 2x+3y=4) was
calculated by varying x between 0.5 and 1.0. Here, x=1.0 refers to both sitel being occupied by Cal
ions and x=0.5, refers to Na ion occupying one of the two Cal sites). Similarly, y was varied between

0.667 and 1.0; here y=1.0 refers to all three site2 being occupied by Ca2 and y=0.7, refers to Na ion



occupying one of the three Ca2 sites. Table 5.6 summarises the lattice energies of Na ion on each

calcium site.

Table 5.6 Summary of the Lattice energy and Sodium Content at Cal site and Ca2 site

Na at Sitel and Site Na/Ca amount Lattice Energy (eV)

Na at Cal Nal=0.5, Cal=0.5 -699.16

Na2=0.0, Ca2=1.0

Na at Ca2 Na2=1/3, Ca2=2/3 -698.91

Nal=0.0, Cal=1

From table 5.6, it could be observed that the energy difference between the two Ca sites is not
significant. Relying solely on the lattice energy of the two arrangement of Na and Ca ions, it can be
observed that the Cal site is energetically preferred by inserted Na ions. Figure 5.2, illustrates the

change in lattice energy of CasNalr3O1, as a function of the amount of Na ions at both Ca sites.
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Figure 5.2 Lattice energy of CasNalr3O1: plotted as a function of Na content at Cal and Ca2 site



From examining figure 5.2, it can be observed, that the mean energy of Na at Cal site is -0.1
eV less than that of Ca2 site. The mean field approach works by the creation of pseudo ions which
have a percentage character of both Na and Ca ions for this particular system. Hence, this method
alone cannot be used to determine the thermodynamically preferred site for Na ions. Additionally,
owing to the small energy difference between the two configurations, the Mott-Little approach for
calculating the substitutional and solution energy for the substitution of Na ions onto Ca sites was

employed to determine the preferred Ca site for Na.

The substitution of Na onto Ca sites results in the oxidation of iridium from +4.67 to +5. The
charge neutrality for this reaction is maintained by the creation of a hole. The mechanism and the

solution energy for this reaction can be calculated by using equation 5.7 and 3.8.

Na,0 + Ca,, — éwam +h+ Ca0 (5.7)

ESDI = _Ei',att (NQZO) + éEsub (NaCa) +h+ Elatt(cao) (5-8)

For Na at Cal= - (-27.091) + 1/2(15.464) -37.76+h = -2.937
For Na at Ca2= - (-27.091) + 1/2(6.790) -37.76 +h=-7.274

Since the mechanism for a Na ion onto a Ca site is same for both the calcium sites, hence, the
energy associated with the creation of a hole was kept constant in both cases. Moreover, owing to the

4.67

absence of crystallographic data on any Ir*” or Ir® oxides, it was not possible to calculate the energy

associated with a hole in this instance.

The lattice energy of Na,O was calculated by using the pairwise potentials derived in this
study to reproduce a known structure.'* The lattice energy for CaO, was the same as used for Schottky
defect calculation. The solution energy for sodium insertion at both the sites Cal and Ca2 is

summarised in table 5.7.



Table 5.7 Substitution of Na on Ca site, solution and substitution energies

Dopant Site Substitution Energy (eV) Solution Energy (eV)
Cal (0.3333, 0.6667, 0.5) 15.46 -2.94
Ca2 (0.69701, 0.0, 0.5) 6.79 -7.27

There is a significant energy difference between the substitutional and the solution energy for
substituting Na ions onto the two Ca sites. From Table 5.7, it can be observed that the Ca2 site is
energetically more favourable than Cal site, as it has lower substitution and solution energy. However,
this result is different from that obtained through the mean field approach (summarised in table 5.6),
which indicated that Ca2 site was more favourable than the Cal site. The solution and substitution
energies represent the energy required to substitute an actual Ca ion with a Na ion onto the two Ca
sites as opposed to the energy of introducing a pseudo ion which had a mixed character of both Na and
Ca ions. Therefore, it can be concluded that the Na ion goes to Ca2 site in Caslr;Oi2 to form

CasNalr3O12. The predicted crystal structure is summarised in fable 5.8.

The predicted values are slightly different from the experimental values. The lattice parameter
c is almost 2% smaller than the overserved value and lattice parameter @ and b are approximately
0.4% larger than the predicted. However, the absolute difference between the two structures is -0.08A
approximately and the RMS percentage error is 2.30 %. Both these values indicate an acceptable fit.
It is worth noting, that the experimental values of CasNalr;O12 summarised fable 5.8 are not yet

published. For further information regarding the structure, please contact Prof. Colin greaves. *



Table 5.8 Predicted lattice parameters and Ca/Na content at each site for CasNalr;O1»

Lattice Parameters

Species

Cal/Na (1.0/0.0)

Ca2/Na (2/3/1/3)

Ir

o1

02

o3

Experimental Value (A)

9.4620
3.1791

90" 90" 120°

Experimental

0.3333
0.6667
0.5

0.7124
0.0
0.5

0.3312
0.0
0.0

0.201
0.0
0.5

0.462
0.0
0.5

0.446
0.242
0.00

Predicted Value (A)
9.5019

3.1071

900 90" 120°

Calculated

0.3333
0.6667
0.5

0.6867
0.0
0.5

0.3344
0.0
0.0

0.216
0.0
0.5

0.457
0.0
0.5

0.444
0.226
0.00

% Difference
0.42

-2.26

0

%Difference

-0.44
-6.61



5.3.2 Simulating the Na excess phase: CazNa:Ir;012

Following from examining the energetically favourable calcium site for inserted Na ions,
attempts were made to simulate a sodium excess phase CazNazIr;O12, by replacing two calcium ions
by two sodium ions. A similar technique (as used in the previous section) was used to determine if

there was a favourable site for Na ions or whether they were distributed among the two calcium sites.

It was assumed there is no distribution of Na ions across both the Ca sites. Therefore, both the
Na ions could either be at Cal site and they could go to Ca2 site. Considering these two cases as the
upper limit of the amount of Na each Ca site can have, a series of lattice configurations based on this
expression: CalxNaj-xCa2yNa;-yIr;012 (where 2x+3y=3), were simulated by varying the amount of Na
ions at each site. If all Na goes to Ca2 site, then based on the above expression, the Na/Ca amount on
each site will be, Cal=1.0, Na=0.0; Ca2=0.333 and Na=0.667. Consecutively, if both the Na ions go
to Cal site, then using the above expression, the Na/Ca amount on each site will be,Cal=0.0, Na=1.0;
Ca2=1.0 and Na=0.0. These two cases represent the upper and lower limit of the amount of Na ions at
each calcium site. All the other configurations will lie in between these limits. The lattice energies of

each configuration plotted as a function of the amount of sodium on calcium site is illustrated in Figure

5.3.



Na content Vs Lattice Energy

0.7 11
1
0.6
0.9
_. 05 0.8
3' —_
o
o 0.7 3
g 04 06 =
(7]
©
o~ (@)
8 03 0.5 z
= ©
s 04 S
Z 02 03
0.2
0.1
0.1
0 0
o '» S ) A % % '» o o A
A> Y 4 P > o e 0% & o 4
SN LA A S e R - A
w o oS % % A : oS 5 oS o
A A A A5 e & A A A AR

Lattice Energy (eV)
e N3g2(1-y) e=———Nal(1l-x)

Figure 5.3 Lattice Energy of CazNa:Ir;O1: plotted as a function of Na content on Cal and Ca2 site

From figure 5.3, it can be observed that both Na ions replacing the calcium ions at Cal and
both the Na ions replacing two calcium ions at Ca2 site correspond to the lowest energy configurations.
However, the energy difference between both these cases is only -1.51 eV and hence it is difficult to
determine the energetically favourable configuration based on this solely on this data. To overcome
this difficulty, the matter was further investigated by employing the supercell approach, wherein a

series of different Na/Ca configurations for the CazNaxIr;O12 system were simulated.

A 1x1x1 supercell of Caslr;O12 was constructed and Na ions were placed at different Ca sites.
Firstly, all the Na ions were placed at Cal site and then all the Na ions were placed at Ca2 site. A series
of combinations of Na ions distrusted across both the Ca sites were also simulated. This approach
employed the simulation of actual Na and Ca ions as opposed to the construction of pseudo ions used
in the mean field approach. Therefore, this method can be considered a more realistic solution for

determining the site preference of Na ions. The results of each simulation are summarised in table 5.9.



Figure 5.9 Summary of the Na/Ca distribution and their corresponding energies and the combined percentage error

Na/Ca Arrangement

Nal (1.00), Cal(0.00)

Na2(0.00) Ca2(1.00)

Nal (0.00), Cal(1.00)

Na2(1.00), Ca2(0.00)

Nal (0.50), Cal(0.50)

Na2(0.50), Ca2(0.50)

Na Position

(3, 73, 72)

(%, %3, 72)

(0.695, 0.00, 0.5)

(0.00, 0.695, 0.5)

(%5, %3, 72)

(0.695, 0.00, 0.5)

Lattice Energy

-741.67

-742.20

-742.02

Combined Percentage

Error

2.49

2.62°

4.42*

From table 5.9 and figure 5.3 it can be overserved that the Ca2 site is more energetically

favourable for the substitution of Na ions. The combined percentage error associated with the observed

unit cell also indicates a good agreement with the experimental parameters. The changes in the unit

cell parameters as a function of the Na ion content on both the Ca sites were also plotted. This data

was then compared with the experimentally determined lattice parameter values. Figure 5.4, illustrates

the effect that the amount of Na ions at Cal site have on lattice parameters a and c¢. The plot the error

on lattice parameters a and c as a function of the Na ions as they move from Ca2 site to Cal site.

3 Three different arrangements of Na2/Ca2 were simulated. Two out of the three also resulted in an orthorohmbic unit cell
* The observed unit cell parameters are orthorhombic
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Figure 5.4 Difference between the calculated and observed lattice parameters plotted as a function of Na content on

Cal site

From the initial calculations using the mean field and supercell method along with the trend
observed in figure 5.4, it is clear Ca2 site is energetically more favourable for the substitution of the
both the Na ions and the discrepancy between the initial and observed structure also increases as the
Na ions move from Ca2 site to Cal site. Owing to the lack of availability of any other physical
properties to compare the calculated structures with, it can be concluded that Ca2 site is the
energetically favourable site for the Na ions. The calculated parameters compared with the

experimental data is summarised in table 5.10.



Table 5.9 Summary of the predicted lattice parameters and atomic positions in CasNazIr3;O1

Lattice Parameters Experimental Value (A) Predicted Value (A) % Difference
a 9.4700 9.5787 1.14
c 3.15963 3.0856 -2.34
a By 90 90" 120° 90" 90" 120° 0
Species Experimental Calculated %Difference
Cal, Na (1.00, 0.00)
x 03333 0.3333 0
y 0.6667 0.6667 0
0.5 0.5 0
Ca2, Na (1/3, 2/3)
x 0.7077 0.6957 -1.69
y 0.0 0.0 0
0.5 0.5 0
Ir
x 0.3303 0.3333 0.90
y 0.0 0.0 0
0.0 0.0 0
o1
x 0.1890 0.2205 1
y 0.0 0.0 0
0.5 0.5 0
02
x 04530 0.4597 1.48
y 0.0 0.0 0
0.5 0.5 0
03
x 0.4500 0.4600 2.17
y 0.2330 0.2201 -5.53

0.00 0.00 0.00



The predicted crystal structure has good agreement with the experimental values. Some of the

fractional coordinates have a large discrepancy but the overall difference between the predicted and

observed crystal structure is small (0.090A). The crystal structure of CasNaxIr;O12 was experimentally

determined by Prof. Colin Greaves and these values have not been published ye

t. 83

5.4 Summary

This chapter has illustrated the use of simulation techniques to determine the defect chemistry and

predict the energetics of the sodium insertion reaction in the Caslr;O12. The main features of this

chapter are summarised below.

Intrinsic defect calculations were first performed on the isolated vacancy and interstitial point
defects and then on Schottky and Frenkel clusters. For unbound defects, the calculations
predict that calcium Frenkel pair has the lowest formation energy of 2.56 eV and is thus,
energetically most favourable. For bound defects, the cluster calculations show that the
formation energy of the calcium Frenkel, one of the oxygen Frenkel and the CaO Schottky
defects had reduced by approximately 1 eV. However, the formation energy of one of the
oxygen Frenkel had dropped to -0.57 eV, predicting that at any given temperature, the
equilibrium concentration of defects will consist of a large amount of oxygen Frenkel pairs in
addition to calcium Frenkel pairs.

The energetics of Na substitution reaction in CasIr;O12 to form CazNazIr;O12 and CasNalr;O12,
predict that the Ca2 site is energetically more favourable. This conclusion was drawn based on
the low lattice energy values obtained from the mean field approach, the substitutional and
solution energy and the supercell approach.

The simulations using the mean field approach suggest that the lattice parameters a and b
increase from 9.469 A to 9.578 A as the amount of sodium in the system increases from 0 in

Caslr;O12 to 2 in CasNaxlr;O12, while the lattice parameter ¢ decreases from 3.147 A to 3.085



A. The increase in lattice parameters a and b is attributed to the increased inter-ionic repulsion
between the iridium ions as they get oxidised from +4.67 to +5.33 as the amount of sodium in
the system increases from 0 to 2. The lattice parameter ¢ decreases because of the size of the

IrO¢ octahedra along the c-axis decreases.

5.5 Future Work

Further work that could be undertaken within this chapter would include investigating the
dopant substitution chemistry in Caslr;O12. Isovalent substitution of Ca?* with Sr**, aliovalent
substitutions with Bi** and La*" and aliovalent substitution of Ir**’* with Ru*" and Ru®* could be
studied. These calculations could be used to predict the most favourable dopant for both Ca and Ir sites
and the effect of carriers like holes and electrons in case of Na*, Bi** and La** doping could be studied

in detail.

Molecular Dynamics could also be used to investigate the transformation of the crystal

structure with Na ions in Caslr;O1; at different temperatures.



Chapter 6: Conclusion



6.1 General Remarks

In broad terms, the research presented in this thesis has demonstrated how atomistic simulation
techniques can be used to study the structural and defect properties of FeSb,O4 and Caslr;O12. As
outlined initially in Chapter 1 and later in Chapter 4 and 5, these complex oxide materials have unique
structures consisting of chains of linked octahedra, similar to those found in rutile materials. Besides,
the presence two distinct cation sites, a feature which is absent in rutile materials, provides a route to
control the electronic state of the cations within the chains of linked octahedra. These structural
properties make them relevant to the search for new catalyst and electrocatalyst materials. To conclude,

the key features of the work undertaken, and the key findings of this study are summarised below.

6.2 Derivation of interatomic potentials

Within this work, the empirical fitting method was used to derive novel pair potentials for FeSbO4
and CasI;3012. The potential parameters were varied until a good agreement between the available
experimental data and predicted data was achieved. The available experimental data included the
lattice parameters, the atomic positions and the inter-ionic bond distances. Due to a lack of availability
of other physical properties such as the elastic and dielectric constants, the derived potentials were
validated by their ability to work with defected systems and their degree of transferability across

several related phases. This process was carried out writing a novel python code.

For FeSb,0y4, the effect of the lone pair of electrons present on Sb**ions was described by using
a core and shell model and by introducing an additional, repulsive Sb**-Sb®" pair potential. This
methodology was first tested on a binary oxide of antimony, Sb2Os. The method was successful in
deriving a set of pair potentials for both these compounds. A good agreement was achieved between
observed and predicted structural properties. These potentials were used in Chapter 4 to perform a
series of defect calculations and anion insertion calculations in FeSb,Os. The potentials for Casl;3012

were also derived similarly. Potential parameters to describe the Ir-O interaction were first derived to



fit the NalrOs structure. The final set of pair potentials were successful in achieving a good agreement
with the observed structures of both NalrO3 and Caslr;O12. These potentials were used in Chapter 5 to

investigate the defect chemistry and energetics of cation insertion in Cas[;3012.

The pair potential values derived for both the compounds and series of other compounds
relevant to this study: Pb3Oas, SbF3, SboO3 and NalrOs3 have proven to be substantial in modelling both
materials in a series of pure and defected form simulations and hence be used for further work with

confidence.

6.3 FeSb204

The potentials derived in Chapter 3 were employed to perform a series of intrinsic and extrinsic defect
calculations on FeSb>O4. The initial calculation was performed on isolated vacancies and interstitials.
The energies of these isolated point defects were combined to calculate the formation energy of defect
clusters link Frenkel and Schottky. These energies were then compared with the formation energies of
bound defect clusters. Intrinsic defect calculations predict, that oxygen Frenkel pairs are energetically

most favourable and would dominate the equilibrium defect concentration at any given temperature.

A series of dopant substitution calculations were also performed on both Fe (site M) and Sb
(site X) cation sites. For site M, the calculations predict the Mg?" is energetically the most favourable
dopant. For transition metal dopants, it was observed that the solution energy and the substitution
energy of the system increased with the increase in the atomic radius of the transition metal cations.
(Mn, Co, Ni) For site X, Pb?" was predicted to be the most favourable dopant. The energetically
preferred reaction mechanism for the substation of Sb** by Pb?" was predicted to be through oxidation

of Fe?* to Fe*" in the chains of octahedra. These results corroborate with the experimental findings.

In the end, the pair potentials were used to simulate the study the energetics and structural

effect of anion insertion in the one-dimensional channels, which are an inherent feature of FeSb2Os.



This was achieved by constructing a supercell and placing the anions in channels. For O insertion in
the channel, the simulations predict the formation of a defect cluster comprising of three 4-coordinate
Sb*" ions, two O* interstitial ions and one 6-coordinate Sb>"ion. The relevant charge compensation
mechanism as predicted by the experimental data was found to energetically favourable. The predicted
defect cluster gives a clear picture of the localised environment around the O* interstitials. A similar
approach was used to simulate the insertion of F~ ions in the channel. It was observed that the bonding
preferences of fluorine were different from that of oxygen ions. The calculations predict that the F-
interstitials move towards the centre of the channels and form bridge-like Sb-F bonds of unequal length
with the nearest Sb*" ions in the channel walls. Through these simulations, it was possible to obtain
individual Sb-O and Sb-F bond distances and lattice parameters for the oxygen excess and fluorine

excess phases.

6.4 Caslr;On2

In Chapter 5, the pair potentials derived in Chapter 3 were used to perform several intrinsic defect
calculations. Initial calculations were performed on isolated point defects. The lowest defect energy of
each ion’s vacancy and interstitial were combined to calculate the formation energies of defect clusters.
These energies were calculated for unbound defects and bound defect clusters. For unbound defects,
it is predicted that calcium Frenkel pairs would be energetically most favourable and hence the
preferred mode of intrinsic disorder. For bound defects, it was observed that the oxygen Frenkel pairs
had the lowest defect formation energy and hence it was concluded that equilibrium defect

concentration will consist of both oxygen and calcium Frenkel pairs.

For Na incorporation in Caslr;O12, the energetically favourable Ca site for inserted Na ions were
determined by calculating the substitution and solution energy of this reaction, as well as the mean
field. From the simulation methods, it is predicted that the energetically favourable site for Na ion is

Ca2 site, and the Na/Ca amount at each calcium site is: for site Ca site 2, Ca=1/3, Na=2/3; for Ca site



1, Ca=1, Na=0. The predicted crystal structure of the sodium-inserted phase, CasNalr;O13, is in a fairly
good agreement with the experimental structure. The energetics of the sodium excess phase
CasNaxIr3012 was also investigated in a similar manner. The results obtained from the simulations
predict that both inserted Na ions will migrate to Ca site2 as it is energetically favourable, and it also

has less discrepancy as compared with the experimental data.
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