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Abstract

Photofunctional materials convert light into other forms of energy and are key to a number of
emerging technologies such as solar cells, light sensors and photocatalysts. Crystalline metal

oxides are cheap, robust and tuneable options for such applications.

In this thesis, five oxide materials are thus identified and systematically studied as viable
photofunctional candidates: Cr modified perovskite BiFeOs; (BFCO); Ti** and M?* modified
BiFeOsperovskites (M = Fe, Ni, Mg, Zn and Cu, labelled as BFFTO, BEFNTO, BFMTO, BFZnTO
and BFCuTO respectively); Aurivillius Bim+1)Fem-3)Ti3O@m+3) where m = 4 — 6; (V,N) modified
anatase TiO2 (VTON) and V modified rutile TiO2 (VTO).

BFCO was synthesized in bulk for the first time with a quartz crucible at near ambient pressure.
Systematic X-ray, neutron and electron diffraction studies reveal that it has a chemically
disordered R3c structure. This leads to exhibition of antiferromagnetism (AFM) above room
temperature, measured with magnetometry and muon spin resonance spectroscopy. The
material is also ferroelectric as observed with piezoresponse force microscopy, making it
multiferroic, in addition to also having a narrow band gap (~ 1.5 eV) and ability to generate

photocurrent.

BFNTO and BFMTO were synthesized at ambient pressure with solid-state reaction and metal
organic decomposition (MOD) methods respectively. Their light absorption, photo-excited
electronic and ferroelectric properties were investigated for the first time. The magnetic
properties of each are complex, with BFMTO paramagnetic to 3 K contrary to previous reports,
and BFNTO possibly ordered below ~ 200 K (and thus potentially multiferroic). The dilution of
paramagnetic centres and likely random chemical ordering (from Mdssbauer spectroscopy)

explain this result.

Aurivillius phases were also synthesized using an MOD method at ambient pressure, avoiding
magnetic impurities that have plagued other studies. Their structures were refined from X-ray
diffraction and Mossbauer data, appearing to be chemically disordered. Like the perovskite
systems, random ordering and dilution lead to paramagnetism at room temperature, but an
ordered state with AFM-like interactions may exist below 100 Kin m = 5, 6. Striped ferroelectric
domains in the bulk samples were imaged for the first time in m = 4, 6. Combined with visible
light absorption, this leads to a clear photocurrent generation, with m = 6 being very promising

for photofunctional application.

VTON anatase nanoparticles were produced using a solvothermal method new to the
literature. Up to 3.5 at. % V could be introduced to make a phase pure product. However, the

V exists as V**and V3* and the V** increases with increasing N incorporation. In conjunction



with electron spin resonance studies, it appears V** is incorporated substitutionally and a V**-N
association exists in a likely non-substitutional environment. The reduced V appears to form a
gap state within the band structure and is likely the origin of low catalytic performance in
degrading Rhodamine B under visible light.

VTO rutile was synthesized in the solid-state under an N, atmosphere to increase V levels to
~ 50 at. % (VTO50). This method incorporates V in multiple valance states (V** and V** from
X-ray photoelectron spectroscopy). The optical band gap is narrowed from the 3 eV of TiO; to
below visible in VTO50. Semiconductor behaviour with an unusual two-mechanism charge
transport was observed with impedance spectroscopy for the first time. This dual valence state

also seems to preclude the metal-insulator behaviour noted in other works.

Across each study, there are links between the synthesis methods, structure type, element
choice, chemical ordering, valence states, and the physical properties of these photofunctional
materials. This holistic understanding of linked factors contributes to gauging crystalline oxide

materials for future energy transformation technologies.
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Chapter 1

Chapter 1 Introduction

We live in an environment where there is a need for adoption of renewable energy
technologies. Sunlight is an excellent source of renewable power and the solar irradiance of
Earth far exceeds our power needs’. With the right technologies, and most importantly the right
materials, we can transform sunlight (or any available light source) into another useful form of
energy (i.e. by using a ‘photofunction’). Solar cells, light sensors, and photocatalysts all hinge

on the usage of photofunctional materials.

When looking for materials to be used in such applications, we want to choose something cost
effective, highly photofunctional, tuneable and optionally capable of other electronic functions.
Oxide materials can be all of these things?®, but widespread implementation depends on
research into appropriate combinations of crystal structures and composition that can foster

the necessary physical properties.

The aim of this work is to understand the characteristics of specific candidate photofunctional
oxide materials and thereby contribute to the development of future energy transformation
technologies. This is necessarily achieved through the sub-aims of: identifying candidate cost-
effective photofunctional oxide materials, developing low-complexity syntheses for them,
studying their underlying structural and chemical features, and measuring their physical
properties. This thesis shows that synthesized Cr- and Ti**/M?*- modified perovskite bismuth
ferrites, Aurivillius bismuth ferrite titanates, (V,N)- modified anatase titanium dioxide and V-
modified rutile titanium dioxide possess photofunctional traits, and that their structural and

chemical features are linked to their physical properties.

The purpose of Chapter 1 is to provide descriptive information about chemical and physical
concepts key to this thesis and justify the selection of specific oxide materials through a review

of the available literature.

1.1 General Concepts
111 Photofunctionality

In this thesis ‘photofunctionality’ is described as an ability to convert light into another form of
energy to be used in a practical function. The principal requirement of a photofunctional
material is an ability to absorb light of the desired wavelength, which excites an electron across
the materials band gap (Eg), and results in an electron-hole pair (e’, h*). For visible light

photofunctions, semiconducting materials with band gaps 1.5 — 3 eV wide are desirable.
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In crystalline solids, the band gap of a material refers to the forbidden energy gap between the
highest occupied electronic bands (the valence band, ‘VB’) and lowest unoccupied ones (the
conduction band, ‘CB’). An electronic band structure for a crystalline material is typically
expressed in terms of the energy of specific electron bands with respect to their wave vectors,
k. The energy dispersion of these bands through k reflects how individual orbitals overlap
through space. A band gap might be direct (where the CB minimum and VB maximum exist at
the same k (Figure 1.1 (a)), or indirect (CB minimum and VB maximum occur at different k
and a phonon is needed to mediate the transition (Figure 1.1 (b)). The crystal structure and
the symmetry and energy of the orbitals for each individual element dictate the achievable

band gap®.

Through the process of chemical substitution/doping it is possible to change the fundamental
band gap of an oxide. A change in the bonding might extend the valence or conduction bands
resulting in an effective narrowing of the band gap, or new states may occur which sit within
the gap of the host. This is illustrated in Figure 1.1 (c), where density of states reflects the
number of possible states that exist at a certain energy, averaged over all directions. Gap

states can be detrimental to photofunctionality if excited charges become trapped there.

(a) Direct gap (b) Indirect gap (c) Doping effects on gap

A

Qriginal CB

Gap narrowing

Gap state

Original VB
—— 1> Density of states

Figure 1.1. Pictorial representation of band structures with a direct band gap (a) and an indirect
band gap (b). In (c) a pictorial representation is shown of the density of states in a
semiconductor when the band gap is narrowed (green) or a gap state is formed (red) through

chemical modification.

Of interest in this thesis is to have materials with a narrow bandgap across which charges can
be excited with light, and have them long-lived rather than recombine and led to re-emission
of light or heat. Long-lived photoexcited charges can then be made available for transport
elsewhere for electrical or chemical utilization. In semiconducting materials, bending of the
electronic band structures at the interfaces between materials, electrodes and/or solvents can

be used to separate and direct photoexcited charges.

The ‘p-n’ junction of two semiconducting materials with different band structures (one with extra

acceptor bands, ‘p-type’ and one with donor bands, ‘n-type’), is a key part of conventional solar
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cells. This results in a depletion region between the materials, and an electric field is
established (Figure 1.2 (a))'°. When light is shined on the system, it exhibits a voltage (this is
the ‘photovoltaic’ or ‘PV’ effect). Similarly, the different energies between the surface of a
material and that of a solution will also result in band bending, through establishment of a
depletion region. Doping in such materials might be employed to help tailor the thickness and
polarity of this layer'" (Figure 1.2 (b)). Band bending in photocatalysis affects delivery of

charge to the catalyst surface and the redox potential of the charges on arrival.

Other factors can also be manipulated to achieve better photofunctionality. For example,
indirect band gap materials typically have less recombination than direct band gap materials'2.
Reducing the distance charges must travel to the surface or contacts by using small particles
or thin films too can be advantageous. Ferroelectric materials with an internal field can also

be used to separate charge (see next section).

(a) p-n junction PV (b) Photocatalyst
n-type p-type (red.) O, + e
material material
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Figure 1.2. Basic schematic of (a) the classic PV effect mediated through a p-n junction, and

«—°
“

(b) the operation of a photocatalyst, suggesting how a space charge layer (yellow) might lead
to band bending depending on the surface charges (grey) and affect typical redox reactions
in solution. Ecs, Evs, EF and Eg4 refer to the energies of the conduction band, valence band,

fermi level and band gap respectively.

It is clear that establishing photofunctionality hinges particularly upon the crystal structure and
elemental composition, and this has guided the selection of metal oxides for exploration in this
thesis. Consideration of the other physical properties in such materials is also key to

understanding their utility in energy transformation technology.
1.1.2 Ferroelectricity

Materials with ferroelectric properties can possess a permanent internal electric field, which is
very promising for charge separation in photofunctional applications. Ferroelectric materials
are spontaneously polarisable, switchable with an applied electric field, and when the field is

withdrawn, non-zero polarisation can exist's.
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Polarisation is the density of permanent or induced electrical dipoles (p) per unit volume.

Electrical dipoles in a material are established through displacement (d) of charge (q):

p=q.d (1.1)
The magnitude of the dipole response will be affected by the charge of the ion and its
neighbours and the flexibility of the structure to large displacements. When a structure permits
long range coupling of dipoles parallel to one another, and are not ‘cancelled’ through

symmetry, net polarisation of the sample occurs.

When a strong electric field (E) is applied, the polarisation response is inherently non-linear
with diminishing returns at higher electric field strengths (Figure 1.3 (a) below). Ferroelectric
materials by definition are also piezoelectric, meaning the strain of the material also changes
non-linearly with applied field (Figure 1.3 (b)). The non-linear responses arise from the

alignment of domains within the sample to applied field.

(a) (b)

Polaristion Strain

T A

Figure 1.3. Typical (a) polarisation and (b) strain switching spectra under applied field for a

ferroelectric material.

Ferroelectric domains are large blocks (many unit cells) within a crystal which have net
polarization oriented in the same direction. Depending on the symmetry of the crystal system,
polarisation might be allowed to develop along many crystallographically related directions.
This can result in many domains within the natural state of the crystal that are all oriented
differently. A domain wall occurs when neighbouring regions of the crystal are polarised in

different crystallographic orientations, as shown in Figure 1.4.
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(a) 180° ferroelectric domains (b) non-180° ferroelectric domains
P [100]

180° domain wall / P [-100] 70.5° domain wall

Figure 1.4. Graphical representation of ferroelectric domains. Green arrows represent the net
dipole direction per unit cell. In (a) the case where the alignment of domains changes by 180°
across a domain wall is shown and (b) shows an example case where the alignment change

is 70.5° due to different symmetry restrictions.

Ferroelectric materials can have widespread applications as a consequence of such
properties. The piezoelectric effect exhibited by ferroelectric materials such a PbZr,Ti1«O3
(PZT)' make them exceedingly useful as sensors and actuators. The ability to reverse the
domain direction through application of an electric field (‘domain writing’) in ferroelectric
materials such as PZT also makes them attractive for the ongoing development of non-volatile

Random Access Memory (RAM) devices™.

Recently, impressive light absorbing organometallic molecular framework materials such as
CHsNH3Pbls have become attractive for use in solar cells, and the ferroelectric capability of
these crystals appears to be a key component to their high photovoltaic efficiencies'®. Using
domain writing to configure polar junctions could be applied to other highly absorbing
ferroelectric materials to guide photoexcited charges (Figure 1.5). Such systems would exhibit
a ‘ferroelectric’, ‘bulk’ or ‘anomalous’ photovoltaic response'’, and could in theory produce
above band gap voltages. This thesis considers inorganic ferroelectric materials in its quest to
identify photofunctional oxides. When modified with transition metals to simultaneously

possess a narrowed band gap, other types of dipoles can also arise.
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Ferroelectric material

ECB

Voltage
Figure 1.5. The ferroelectric PV effect where the internal permanent polarisation (+/-) directs
the transport of photo-generated e and h* after excitation across the bandgap (E,) to generate

a voltage.
11.3 Magnetism

Magnetic properties in materials arise from magnetic dipole moments. Each magnetic ion in a
crystal structure has a total magnetic moment (u,) that arises from the unpaired electrons

moving around the nucleus with orbital (L) and spin (S) angular momentum:

Heotar = My + s = —Upg] (1.2)
where J is the total angular momentum, dictated by coupling of S and L according to Hund’s

rules, g is the Landé g-factor and us is the Bohr magneton’.

Neighbouring magnetic moments, of the same or different sizes, in a crystal can interact with
one another. They might for example align parallel (ferromagnetic, ‘FM’), antiparallel
(antiferromagnetic, ‘AFM’, or ferrimagnetic) or not at all (paramagnetic) with respect to one

another (Figure 1.6). How they align is governed by their ‘exchange interaction’.

(a) Ferro- (b) Ferri- (c) Antiferro- (d) Para-

W1

Figure 1.6. Examples of magnetic moment alignment in crystals where (a) and (b) can lead to
a net moment if extended long range throughout a crystal, and where (c) and (d) result in

cancellation. Note: in ferrimagnets, moments with different magnitudes are aligned antiparallel.
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The crystal structure, elements, temperature, pressure and applied magnetic field all influence
the exchange interaction. In transition metal oxides, such as those under consideration in this
thesis, the exchange interaction is mediated through oxygen atoms between paramagnetic
transition metals. This is called ‘superexchange’ and the paramagnetic d-electrons ‘hop’
virtually through the oxygen 2p orbital. Goodenough'®, Kanamori®® and Anderson?'
independently postulated simple rules (‘GKA rules’) to predict the relative spin orientation from
the orbital occupation of the involved elements and their overlap: (a) exchange between half-
filled or empty orbitals through a 180° bond is strong and antiferromagnetic, (b) the 180°
exchange between a half-filled and an empty orbital is weak and ferromagnetic and (c) the 90°
exchange between half-filled or empty orbitals is weak and ferromagnetic. This is illustrated in
Figure 1.7 below.

(a) All empty or half-filled, 180° AFM
A >
- _ﬂ_ Eg\’ o « —H— — E
+ 4+ 4, + +

Metal ion 1 Metal ion 2

(b) One empty, one half-filled, 180° FM
1 %\» °% 4
_ﬂ_ —H_ —1}_ Metal ion 2
(c) All empty or half-filled, 90° FM

Metal ion 1

Metal ion 1

_{r_ —ﬂ_ —H_ Metal ion 2

Figure 1.7. In (a) 180° antiferromagnetic exchange, (b) 180° ferromagnetic exchange and (c)
90° ferromagnetic exchange between the d-electrons of two, oxygen-bridged, octahedrally

coordinated transition metals are illustrated. Information from refs. [?2] and [?3].

Over three dimensions in a regularly repeating crystalline structure, these interactions can lead
to long range magnetic structures. Moments could be aligned collinearly, or non-collinearly
though space, leading to a variety of complex magnetic structures, all depending on the
symmetry and competing exchange interactions with the crystal. These configurations will

determine how the dipole moments will align with an external magnetic field.

Magnetization (M) is the density of the permanent or induced magnetic dipoles per unit volume.
The relationship between magnetisation and applied magnetic field and temperature can give
insight into the type of exchange interactions present. For example, ferromagnetic and
ferrimagnetic structures can exhibit spontaneous magnetization, switchable with a field, and

non-zero magnetization when the field is withdrawn?*.
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Similar to ferroelectric materials, magnetic materials (such as CrO;) can be ‘written’ to hold a
magnetic logic state?, and so find broad applications in magnetic memory and information
processing. Miniaturization of magnetic materials also continues to draw attention for their
potential use in medicine. Superparamagnetic iron oxide nanoparticles for example, find
applications in medical imaging and targeted drug delivery as they can be non-invasively

manipulated in-situ using magnetic fields°.

In this thesis, many oxide materials with octahedral coordination and near 180° metal-oxygen-
metal bonds are studied. By modifying them with paramagnetic elements, there is potential for
creating long range magnetic ordering and spontaneous magnetization in addition to altering
the photofunctional properties. This expands the possible applications of such materials

considerably and should also be characterised.
114 Multiferroicity

In both ferroelectric and ferro/ferrimagnetic materials, dipoles can be aligned with an external
field, and when that field is withdrawn, alignment remains. Potentially even more exciting is the
case in which a material can be both ferroelectric and ferro/ferrimagnetic at the same time.
Such materials are called multiferroics (and also includes ferroelasticity, which is not discussed
in detail in this thesis). This behaviour can be coupled, with a change in either one of the
electric or magnetic properties resulting in a change in the other. They can also coexist

independently of one another (Type | multiferroics)?.

This functionality gives multiferroic materials extensive applications. The ability to control a
magnetic state with an applied electric field would possibly permit lower power consumption in
a logic writing process. This effect could also be used to enable voltage tuning of
radio/microwave frequency devices, as seen in some iron alloy/lead perovskite composites?’,
and advance telecommunications technologies. Excitingly, multiferroics could also in theory
possess memory storage capability with more than 2 bits, as demonstrated in part with Lao 1Bi-
0oMNnO3%. If a 1 and 0 logic state could be encoded using polarisation, and a 1 and 0 with
magnetism, the number of effective combinations increases to 4. Only very specific structures
could support this functionality, and in oxide systems, cations that are d° are generally needed

to foster the ferroelectricity while paramagnetic ions are necessary to foster magnetism?°.

Based on the discussion above in the General Concepts Section, key oxide materials are
identified as potential photofunctional materials to be explored in this thesis (below). These are
strongly correlated materials with octahedrally coordinated metal oxide motifs that
simultaneously exhibit a range of physical properties. Studying the influence of properties on

one another and how these are connected to the structure and element choice will permit a
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holistic understanding of their functionality and so contribute to their implementation in energy
transformation technology. The following sections present an analysis of the literature, to
highlight why these materials are considered good candidates and the specific gaps in

understanding that this thesis will address.

1.2 Narrow Band Gap, Multiferroic Perovskite Bismuth Ferrite Based
Materials
1.21 Why Perovskite Bismuth Ferrite?

The first structural and elemental framework explored in this thesis is that of BiFeOs (BFO).
BFO is a flagship multifunctional material among oxides. The elements Bi and Fe in conjunction
with its structure led it to possess a number of highly useful functions at the same time,

including photofunctionality, though there is room for improvement.

BFO possesses a distorted perovskite structure with the general formula ABOs. The perovskite
structure can happily accommodate almost 90% of the periodic table of elements®’, making it
a good host material to target for further property modification. In the perovskite structure,
larger cations can fit into the ‘A’ site, which are typically 12-coordinate with oxygen. Smaller
cations can be placed in the ‘B’ site, which are 6-coordinate octahedra linked to one another
via the corner sharing of oxygen atoms. In BFO, bismuth (Bi** cation) is located in the A-site
and iron (Fe®") in the B-site. At room temperature, the structure adopts a rhombohedral space
group R3c*' with all octahedra tilted with respect to accommodate the size differences of the
ions® in an a'a'a” fashion according to Glazer notation®. This tilting can be clearly seen when

compared with the cubic perovskite SrTiOs* (Figure 1.8 (a), (b)).

(a) SFTiO, (b) BiFeO,

Figure 1.8. Examples of materials with the perovskite structure. In (a), an undistorted, cubic
perovskite cell for SrTiOs is shown and (b) shows the BFO structure with clear tilting of the

octahedra and off-centre location of Bi. The A and B-sites of each are indicated.
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A practical consequence of this arrangement is that the structure is non-centrosymmetric at
room temperature. The inclusion of Bi** ions (d°) allows large dipoles to develop, sustaining
ferroelectricity up to T, ~ 830 °C3* 3° (‘Curie’ temperature), after which the structure becomes
centrosymmetric and paraelectric®. The bismuth stereoactive lone pair drives dipole alignment
along the crystallographic <111>r/<001>4 directions (Figure 1.9, equivalent hexagonal unit
cell [subscript H] is shown). The magnitude of remnant polarisation at room temperature can
be as high as ~ 100 uC/cm?from prediction but only seemingly attainable in single crystals®®
due to issues with high leakage currents®-38, This is an issue for practical implementation in
electronics, but the fact this material is lead-free makes it an attractive starting point for non-

toxic ferroelectrics.

Having iron in the structure (Fe3* (d%) has 5 unpaired electrons per ion) also gives it significant
potential to develop magnetic properties. Experimentally, magnetic properties of BFO are quite
complex. At room temperature, BFO is said to exhibit a close-to ‘G-type’ antiferromagnetic
structure®*® (moments are aligned antiparallel between neighbouring Fe, Figure 1.9) with
a~Tn=370°C (‘Néel' temperature) arising from magnetic superexchange. However, this
arrangement is not perfectly antiparallel, with the moments thought to be slightly canted in a
cycloidal fashion along <110>y % % with a repeat length of approximately ~70 nm* (Figure

1.9), leading to a slight net magnetization.

The magnetically ordered state and ferroelectric state can be linked in BFO*', and has been
shown to exhibit a strong magnetoelectric effect by using strain or high fields*? to disrupt the
spin cycloid. Fundamentally, this combination of elements is ideal as a starting point in
generating type | multiferroism*3. However to apply bulk BFO to memory storage for example,

modifications to increase the net magnetization would be necessary'.

A ‘ Bi
@ re
§ @o
ks
g Magnetic propagation vector q
©
.
3 a1 [110],
] a0 »/
w

[001],

Figure 1.9. Magnetic and polar ordering in a hexagonal unit cell of BFO. AFM alignment of
magnetic spins that alternate along ¢, [001], are indicated, with G-type magnetic cell indicated
in black. The canting of moments into a cycloid along vector q = <110>y over the repeat
~ 70 nm js also illustrated. The direction of ferroelectric polarisation along one <001>4 type

direction driven by off-centre motion of Bi along this axis is shown.
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The d-electrons responsible for magnetism also play a large role in dictating the ability of this
material to absorb visible light. Simulations of the electronic band structure describe it as a
direct band gap material, with the valence band being composed of states associated with
oxygen 2p orbitals, and some contribution from Bi 6p, while the conduction band is mainly
influenced by the empty 3d orbitals of the iron*+“¢. The band gap of BFO has been reported to

be 2 — 3 eV depending on the synthesis process® %.

The narrow band gap in conjunction with the internal field from the ferroelectricity could
potentially permit a photovoltage*’. Experimentally, photovoltaic-like properties have been
observed in BFO #8:4° though there is conjecture concerning whether this is truly from the bulk
photovoltaic effect arising from separation of charges within a domain, or if this is conduction
between grains or domain walls*. Nonetheless, it is an important result. In addition, the material
is seen to be active as a catalyst, showing the ability to degrade some organic pollutants on
visible light exposure® %°-°2, One part of the difficulty in obtaining stronger responses may lie

with its fabrication.

The synthesis of BFO is notoriously difficult. The energy landscape of phase formation leads
to competition between three stable phases® the amounts of which are sensitive to the
diffusion process® and impurities®®. Many methods have been investigated®® but it appears
that it is extremely challenging to minimize the formation of these phases in bulk form without
short syntheses and fast cooling, leading to low macroscopic sample quality. The sample
processing unsurprisingly has an impact on the properties, particularly the ferroelectric

response®’.

Therefore, issues with the synthesis of BFO and its often low ferroelectric, magnetic and
photofunctional responses hinder its application. This thesis addresses these issues by
selecting elements to substitute into the B-site, such as Cr and Ti**/M?*, which are expected to
improve characteristics of BFO and result in photofunctional oxides. These ideas are detailed

in the next two sections.
1.2.2 Cr-modified Bismuth Ferrite

As outlined above, BFO has shortcomings when it comes to the strength of its magnetic
properties, and while it shows some photovoltaic character, it is not particularly efficient. One
specific modification of BFO that targets both of these properties is the addition of chromium
(Cr).

A substitution of 50% of the iron in BFO with chromium, is predicted to produce a more useful
material*® %8, It is possible that by introducing two types of ions into the perovskite B-site,

spontaneous chemical order may result. An alternation of these two ions throughout the

11
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structure could lead to a ‘double perovskite’ with rhombohedral R3 symmetry (‘O-phase’
BFCO) and tilted octahedra (as in unmodified BFO) thus leading to a potential internal field for

effective charge separation in addition to a modified band structure.

It is apparent in the literature that Cr3* incorporation has an effect on the band structure, and
retaining the non-centrosymmetric structure type permits photovoltaic character in studies on
thin films®® ¢, These films have been shown to exhibit experimental band gaps of ~ 1.5 eV
which is ideal for solar applications. Indeed, in a landmark study, a very impressive 8.1% power
conversion efficiency was observed in a multilayer device®. Evidence for ferroelectric control
of photovoltaic character in thin films has also recently been reported®'. However, a more

general study of connected phenomena has not been conducted on samples in the bulk form.

Adding Cr** with its differing number of d-electrons (3 unpaired electrons vs. the 5 unpaired
electrons of Fe®*") not only influences the photofunctional response, but also its magnetic
properties and may have greater potential than the host BFO. Iron and chromium are capable
of magnetic interaction through the oxygen ions, but because their electron configurations are
different, even when they are antiferromagnetically coupled a net magnetic moment can arise.
The predicted impact is a net magnetization of 160 emu/cm? (~ 18 Am?/kg) and a spontaneous

polarization of 79.6 uC/cm?243 %8,

Experimentally however, the range of multiferroic properties attainable for BFCO
vary widely, with magnetizations of ~ 5 — 150 emu/cm® and remnant polarisations from
~ 0.445 — 53 uC/cm? observed®-%°, This range of values appears to reflect not only the form of
the material (film, powder or bulk), but problems attaining chemical ordering of Fe and Cr,
which is intrinsically linked to the maximum magnetization of the material and perhaps also to

its photofunctionality.

There is considerable disagreement in the literature about whether BFCO can form in the
double perovskite arrangement with Fe and Cr ions regularly ordered (Figure 1.10 (a)). Mostly
ordered structures® for BFCO are often reported in thin films. In bulk and powder studies it
appears more likely that the elements are not ordered at all®®, instead resulting in the R3¢
space group (‘D-phase’ BFCO) (Figure 1.10 (b)). Full ordering might be attainable by artificial
layering® but other superstructure options are also possible®®. Overall, it is hard to say what
the true structure of BFCO might be without a more comprehensive diffraction study. Using X-
ray diffraction alone, which is the typically reported method, to determine the degree of ordering

in BFCO is not necessarily conclusive.

12



Chapter 1

(a) R3 BFCO (b) R3¢ BFCO
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Figure 1.10. In (a), the double perovskite BFCO is shown, having full chemical ordering of Fe
and Cr and (b) depicts fully disordered BFCO. Antiparallel moment aligned is also illustrated.

Poor scattering contrast in common diffraction methods can be problematic for determining
placements of Fe and Cr ions (e.g. X-ray form factors ‘f;”at ~ 8 keV for Bi = 79.9, Cr = 24.7,
Fe = 23.8 e/atom®, therefore Bi dominates and Fe and Cr are hard to distinguish). Analytic
techniques such as neutron diffraction pose a solution to this problem (scattering lengths ‘b’
for Bi=8.53, Cr = 3.64, Fe = 9.45 fm®8 |eading to better scattering contrast), but large samples

are required for adequate diffracted intensity.

One of the main hindrances to the study of the structure before now has been the ability to
synthesize it in suitable amounts for such studies. While thin films have been produced many
times®2 646971 'production of powders or bulk samples are uncommon. Typically, high pressure
has been reported as necessary to produce this material in powder form in the rhombohedral
perovskite structure®® 6% which is problematic due to the low amounts of product that can be
made at any one time. To date, ambient pressure syntheses of bulk samples have led only to

multiphase products 73

This work overcomes the problematic bulk synthesis of BFCO, to permit determination of
chemical ordering, as presented in Chapter 3. It confirms photofunctionality in this candidate
oxide through measurement, and also links multiferroic properties to the chemical ordering.
This provides a foundation for understanding the underlying physics in perovskite structured

multifunctional materials.
1.2.3 Ti4* and M?* Modified Perovskite Bismuth Ferrite

The synthesis of BFO is notoriously difficult and Cr introduction, while potentially helpful for
magnetic properties, does not necessarily overcome this issue. A combination of elements that

can be introduced into BFO to make it more cleanly synthesizable and enhance the physical
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properties is highly sought after. The goal would be to preserve the non-centrosymmetric
rhombohedral structure of BFO to retain an internal field, while substantially modifying the
elemental content of the B-site in order to narrow the band gap and permit ambient pressure
synthesis. This section focuses on substituting Fe*" in the B-site as depicted in Figure 1.11
with Ti**, Fe?*, Mg?*, Ni?*, Cu?* and Zn?* to make the target compounds in Table 1.1. The target
compositions are chosen with reference to known literature phases’™, and for their closeness
in Goldschmidt tolerance factor to that of BFO. These are evaluated with Equation 1.3 and
results are also given in Table 1.1, suggesting a distorted perovskite structure like in BFO
could be formed (t = 0.71-0.9) with these choices.

‘= T, + 1y
V2(rg +1p)

Table 1.1. Target compounds for Chapter 4 and their calculated Goldschmidt tolerances.

(1.3)

Figure 1.11. Basic perovskite arrangement showing A, B and O locations and relevant radii to

the Goldschmidt equation.

Nominal target compounds Tolerance (t)* ay

BiFeOs (BFO) 0.889 T
BiFeo,25F62+o_375Ti0,37503 (BFFTO) 0.873 =
BiFeo,stgo_375Tio_37503 (BFMTO) 0.883 |

BiF e 25Nio 375 Tio.37503 (BFNTO) 0.888

BiFeo.25Cuo.375Ti0.37503 (BFCuTO) 0.881 . »
BiFeo.25ZNn0.375 Ti0.37503 (BFZnTO) 0.880 . 5; VN Gu. 20

*data from ref. [°]

Titanium is the core addition in each of these combinations. With a fairly stable octahedral
coordination and valence state, it may assist in stabilizing the synthesis of BFO based
materials. In addition, Ti** would act as a ‘donor’ transition metal within BFO, both manipulating
the energy level of the conduction band and helping improve the ferroelectric properties.
During synthesis, BFO develops a natural population of oxygen vacancies and Fe?" (d°) %,
leading to a high leakage current which affects ferroelectric performance. By adding up to
10 at. % Ti**, such vacancies can be reduced’®®'. This combination of Ti** and Fe?* in small
amounts is also noted to alter the absorption characteristics®®". It is foreseeable that Ti** could
be introduced into BFO with other acceptor M?* species as well, manipulating the band gap

and properties in different ways.

Other paramagnetic ions such as Ni?* (d®) and Cu?* (d°) could also be paired with Ti**. On its
own, Ni?* doping of BFO up to 10% leads to products with visible light absorption and
photoluminescence capability, and a larger leakage current’® 8% The incorporation of Cu?*
appears to increase conductivity when incorporated into BFO alone in small amounts

(~ 3% —5%), and may give it more general semiconductor properties than photoexcited

14



Chapter 1

ones®. Diamagnetic elements Mg?* (d°) and Zn?* (d'°) may also make a stable pairing with
Ti**. In small amounts, Mg?* doping results in a p-type visible-light semiconducting material®>
8 Zinc may also reduce the band gap in small amounts (though at the expense of impurity

formation at 5 — 10%)%".

Importantly, one of the targets, BiFeo25Mgo.375 Ti0.37503 (BFMTO), is a known phase and shows
photoresponsive behaviours®: 8 with a <2 eV band gap and the ability to photocatalytically
degrade methyl blue. If such a significant modification from BFO retains photofunctional
activity, the suggested combinations of elements at the same concentrations may also show
interesting results. In addition to the band structure effect, these combinations of elements will

also have an effect on the polarisation, conductivity and long range magnetism.

Doping of up to 10 at. % Ti in BFO with some Fe?* have been reported to permit magnetism
and ferrelectricity’®8'. There is a theoretical report that suggests ferromagnetism could also
coexist at Ti** levels as high as 50 at. %%, though it is not experimentally verified, and all iron
is Fe?*. The BFFTO target composition has not been synthesized before. The effect of low
levels of paramagnetic Ni?* doping in BFO by contrast leads to increased magnetization, but
at the expense of a larger leakage current and ferroelectric aging® 82 891 While the BFNTO
phase is known to be synthesizable, ferroelectricity and magnetism are yet to be confirmed,
with semiconductor character being the only known property™. It may be a leaky ferroelectric
and antiferromagnetic, as in the BiNiosTio 503 (BNTO) metastable distorted perovskite phase®
% The introduction of Cu?* (~ 3 — 5 at. %) in BFO seems to result in a moderate increase in
conductivity, a moderate increase in magnetization (though is virtually linear with respect to
field), and a decrease in spontaneous polarisation®® ®°. The BFCuTO phase is unreported, but
when pairing copper with titanium, as in the dielectric perovskite related phase BizsCusTisO12%,

polar properties may be improved.

Diamagnetic pairings are expected to produce different responses through dilution of magnetic
Fe3*. Magnetism can be mediated through oxygen vacancies induced by Mg?* 8 86. 97 The
target phase BFMTO has also been shown to be synthesizable and exhibit ferroelectricity
though only one report exists on the magnetic behaviour®, and it is not clear if it is
‘ferromagnetic’ or something else. The Zn?* and Ti** combination can also result in reduced
leakage current in BFO when added at small levels®, fostering ferroelectric character. Higher
levels of incorporation into BFO may be possible by solid state means® and in films'® but the
effect on the polarisation and magnetism at very high levels remains unclear as the target

phase BFZnTO is unreported.

Thus, many of these elemental combinations are candidates for multiferroic behaviour, but in

order to confirm this, they must be synthesizable. No experimental data exists regarding the
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targeted materials BFFTO, BFZnTO or BFCuTO in terms of synthesis or properties. It is
suspected that part of the reason for this is the complex energy landscapes for synthesis of a
pseudo-quaternary system leading to stable side phases, and metastable perovskite phases.
Therefore, exploratory synthetic study is needed before any further work on properties can be

undertaken.

The targeted materials BFMTO and BFNTO are known to be synthesizable. For these
compounds, there is a likelihood of being able to obtain further information on their properties
to supplement the literature. Reports of BFMTO draw attention to the somewhat complicated
local symmetry environment''-19 of the bismuth leading to some cancellation of emergent
ferroelectric properties (but possessing an average R3c structure’). There is also much more
to elucidate about BFNTO itself, as despite being reported to be a stable perovskite with an
average rhombohedral structure (R3c), there appears to be only one report on properties and

synthesis™.

Despite the combination of elements in these systems potentially affording multiferroic and
photofunctional character, these candidates are not well investigated. This thesis addresses
what is synthesizable, and characterises missing properties in Chapter 4, thus expanding the
known library of photofunctional oxides. It also gives further insight into how structure and local

chemistry dictate property evolution in perovskite based photofunctional materials.
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1.3 Narrow Band Gap, Multiferroic, Aurivillius Bismuth Titanate Based
Materials
1.31 Why Aurivillius Bismuth Titanate?

The basic perovskite framework with corner-linked octahedra is a highly useful structural motif
for engineering functional oxide materials and also appears in other structure types such as
the Aurivillius phases. The Aurivilius phases'™'% have a general formula
(Bi202)(Am-1BmOam+1), which describes blocks of perovskite layers (number of layers = m)
sandwiched between a layer of bismuth oxide. Large atoms occupy the 12-coordinate A-sites

in the perovskite blocks, while smaller atoms fill the octahedral B-sites.

The number of layers (m) can be as low as 1 and at the upper limit can be m = « with the full
perovskite structure as the end member of the series (Figure 1.12). This structure type is
tolerant to a large range of A elements including lanthanides (e.g. La®*), alkali metals (e.g. Na*)
and alkali earth metals (e.g. Sr**) and the B elements are typically transition metals with a large
range of valence states (e.g. Fe**, Ti**, Nb®", Mo®*). So long as charge balance is retained,
there are many possible combinations of elements in both sites and the number of layers, as
depicted in Figure 1.12 with Bi;WO¢'", Bi>SrTa,0'%® and BisTizO1,'%.

These structures are considered to be tetragonal above their Curie temperatures (7;), and
possess non-centrosymmetric orthorhombic (or monoclinic) crystal structures at lower
temperatures, where they exhibit ferroelectricity’’®. A range of properties including
spontaneous polarisation'', magnetism''?, oxide-ion conduction'”® and photofunctionality® 3

can be established with the right combinations of elements and layering.

(a) Bi,WO, (b) Bi,SrTa,0, (c) Bi,Fe;0,, (d) BiFeO,
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Figure 1.12. Aurivillius structures depicting different elemental combinations and layering
trends. In (a) Bi;WOs is depicted with a single perovskite layer m = 1, (b) shows two-layered
Bi>SrTa>0y (c) shows three-layered BisTisOs, and (d) depicts an end member perovskite

(BiFeOs3) which can be considered as having infinite layers.
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The compound BisTisO12 (BTO) is a ferroelectric Aurivillius material with spontaneous
polarisation along two axes (50 uC/cm?along a and 4 uC/cm? along ¢)"". It has been of interest
to the materials science community for many years due to potential applications in non-volatile
memory storage as a consequence of its highly variable domain formation''*. The structure of
BTO is quite unusual, showing significant octahedral tilting, dropping its symmetry to

monoclinic'®,

The synthesis of BTO is relatively straightforward in comparison to BFO''® and it is tolerant to
elemental substitution at the ‘A’ type Bi sites and the ‘B’ type Ti sites. Many combinations of
‘A’ site doping have been tested, with the goal of making it an upconverter''®, and to make

fatigue-free ferroelectric films (with La%*)""".

The material BTO is a semiconductor with an apparent indirect band gap, but at ~ 2.9 eV'8, it
is only accessible to UV light. Despite this, its charge transport properties are good, and it finds
use as a UV detector''® and shows photovoltaic character'?. If this strong ferroelectric and
charge transport character could be retained while the band gap is narrowed, it would be a
highly promising visible light photofunctional material. The valence band of BTO is mostly
comprised of O 2p and Bi 6s states, with the conduction band being mostly Ti 3d and Bi 6p'2".
Thus, narrowing the band gap of BTO may be possible by replacing titanium with iron to alter
the conduction band. This is effectively the reverse case of Ti-modified BFO in the previous
section. In this scenario, the Aurivillius layered structure is retained, but the band gap is
narrowed for visible light utility, and allows for the possibility of multiferroism via magnetic

interactions.

This thesis explores the Aurivillius structure type to contrast with discussion on the perovskite
structure in previous sections and so gain a new perspective on factors affecting functionality.
The below section highlights how modifying Aurivillius BTO systematically with iron is
suspected to lead to photofunctionality, and what is presently missing from the literature

understanding of this system.
1.3.2 Aurivillius Bismuth Ferrite Titanates

Many bismuth ferrite titanate Aurivillius compounds with the general formula
Bim+1Fem-3TisOsm+3 have been identified throughout the literature with ‘m’ ranging from 4 to as
many as 9'%2"24_including non-integer ‘m’ values'®. The number of reports of the 4-layered
compound (BisFeTizO+5) compared with other members, shows that there is great interest in
this material, and strongly suggests that this is the most energetically favoured of the layered

compounds during synthesis.
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The bismuth ferrite titanate Aurivillius phases have orthorhombic, non-centrosymmetric crystal
structures. The perovskite blocks contain iron and titanium in the octahedral sites and between
these blocks is a layer of Bi.O2%*. In this thesis focus is placed on the 4, 5 and 6 layered variants
in which the ratio of Fe:Tiis 1:3 (BisFeTizO1s, ‘BFTO-513’), 2:3 (BisFe2TizO+s, ‘BFTO-623’) and
3:3 (BirFesTiz0O21, ‘BFTO-733’) respectively. The 4-layered compound BFTO-513 has a
comparable level of Ti in octahedral sites to BFMTO and BFNTO and the 6-layered compound

BFTO-733 has a comparable level of Fe to BFCO, all mentioned in the preceding sections.

By adding paramagnetic iron systematically in this way, it is expected that changes to the
conduction band will result in an effective narrowing from the UV accessible gap of BTO. This
is predicted computationally for BisFeTi;O15'?®. Experimentally, on an individual basis
BisFeTizO1s is reported to have band gaps from ~ 2 — 3.5 eV'?"13% depending on the synthesis,
as well as demonstrated photocatalytic'?” 128 133 and photovoltaic activity'*?. Photofunctionality
is not assessed for BisFe,TisO1s but it has an estimated band gap of 3.75 eV'34. BizFesTiz024
is suggested to have a band gap of 2.22 eV (narrower than BisFeTizO15'*®) and photofunctional
properties™®. A direct comparison between the three different materials has not been done

before, and may give an understanding of the systematic effect of increasing iron.

By adding in paramagnetic iron to these non-centrosymmetric crystal structures, there is
potential for magnetic ordering in addition to photofunctionality. Past systematic studies
suggest that as more layers are added, a magnetic transition appears below room temperature
(RT)™37-13 put its origin is debated. Considering each individually, in BisFeTisO1s, some reports
suggest there may be no long-range magnetic ordering'?® '4° while others suggest
superparamagnetism arising from short range AFM interactions™! ' or
‘weak ferromagnetism’ due to isolated Fe among non-magnetic Ti/Bi layers'?%: 130. 142144 or from
canted AFM'_ In BigFe;TisO1s, the magnetic properties appear to be more transient between
paramagnetism and antiferromagnetism3* ¢ with a number of suggestions of magnetic
transitions reminiscent of long range order'™’ and short range ferromagnetic effects’®. This is
not clear, nor definitively linked to the structural compositional ordering. In BizFesTizOz21, the
magnetism is less clear cut, with a number of references suggesting a true antiferromagnetic
to paramagnetic transition exists below room temperature'?> 149 150 another suggesting an
intermediate ordered state'® %' 152 and yet another, strongly ferromagnetic behaviour®3.
Complications from impurities may be in part responsible for the contrasting reports for
BirFesTizO21. However, overall these inconsistent trends might be better understood through

systematic study and structural interpretation.

In addition to potential magnetic ordering, comparative studies on films show BisFeTizO1s,

BisFe,TizO1s and Bi;FesTisO21 can exhibit ferroelectricity® 154 155 though the magnitude and
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the Tc decreases as more iron is added™® %6, The systematic response in bulk samples
however is not known. In bulk BisFeTizO1s specifically, the magnitude of the remanent
polarisation ranges from ~ 3 — 7 uC/cm? ™1 143,144,157 gnd the Tc is quoted to be near
~ 750 °C"43 187161 " Polarisation properties do not appear to have been reported for bulk
BisFe2TizO1s, and are weak for bulk BizFesTizO21'®'. Studying polarisation in bulk samples

would give new insight on the effect of changing composition and structure on this property.

Despite the inconsistent trends, strong evidence for magnetic and ferroelectric ordering exists
for these materials. In fact, BisFeTisO1s has been noted on several occasions to show
appreciable magneto-electric coupling™0: 141. 145,162,163 Thygs, these phases comprise another
system with the potential to be multiferroic in addition to photofunctional. However, it is difficult
to understand how these properties arise and change without understanding the structure

more deeply, which in turn requires better synthetic methods.

There is a general lack of reported crystal structures for these phases which include
consideration of octahedral tilting which impacts ferroelectricity, and iron/titanium ordering
which will affect the extent of possible magnetic interactions. In BisFeTisO1s, the structure is
considered to be orthorhombic with space group A2,am’® 184,165 though often refined in F2mm
which does not consider tilting modes'®°. Most reports suggest that Fe and Ti are distributed
in a disordered fashion'?’: 1% 164 byt theory and some Mdssbauer results imply a preference
for inner octahedral sites'®* 25, In BisFe,TisO1s, which has an odd number of perovskite layers,
authors mainly suggest a B2cb space group evolves from tilting* 146. 186 pyt there is no
structural data available from refinement. Instead refinement is done with the parent space
group F2mm which again does not account for tilting'®’. In terms of elemental distribution, there
are reports that suggest a preference for Fe in the inner perovskite sites again'®” 1% put studies
are few in general. In B7FesTizO2¢, an A21am tilted structure is suspected, much like its fellow
even numbered compound BisFeTizO1s. The only structural data is again in the space group
F2mm’®. Chemical ordering is not noted in this compound, and is suggested in general to
decrease as more layers are added, with two unique sites of equal occupancy often seen with
Mossbauer'?*. Investigating the structure and chemical ordering may be key to understanding
the unusual properties trends, but the lack of published structures may indicate issues with

synthesis.

It appears these individual compounds can be quite close in energy, and synthesizing a
compound without a proportion of a lower layered structure and/or stacking faults appears
difficult'® 17, Purity is also much more difficult to obtain as layers (and iron) are added's®: %
171-173 The iron-rich end member of the Aurivillius series is BFO, which as has been mentioned

so far, suffers from its own phase control issues. It is therefore not surprising that the synthesis
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of BFTO becomes more difficult as layers are added. The most stable of the compounds seems
to be the 4 layered BisFeTizO15 which has a number of reportable synthetic methods including
solid state, molten salt, hydrothermal, sol gel and variations thereof, leading to grains with
‘plate like’ morphology'?” 174175 in a single sintering step. The compound BisFe,TizO1s on the
other hand, is less frequently reported, and some bulk syntheses appear to be multiphase'’®,
suggested to arise from the compounds lower stability in comparison with BisFeTizO1s. Reports
of BirFesTisO21 are even less frequent, and issues synthesizing the compound in the solid
state are apparent, with as many as four phases detected in products'™" 7. Some better
success is noted with films'®® 152153 byt determining the phase from XRD in this case is
difficult. Addressing the synthesis issues is key to establishing better understanding about both

the structure and the functionality in these materials, uncomplicated by impurity phases.

In Chapter 5 of this thesis, synthesis methods are developed to permit study of the three BFTO
materials in bulk in previously unattained levels of purity. The magnetic, electrical and
photofunctional properties are systematically observed and the local and average structure is

analysed to add clarity to the literature trends.

1.4 Narrow Band Gap, Photocatalytic Titanium Dioxide Based Materials
141 Why Titanium Dioxide Polymorphs?

Titanium oxides are another group of materials that could be utilized in cost effective energy
conversion technologies due to their physical properties, the good natural abundance of
titanium, and the range of synthesizable crystal structures. Titanium dioxide (TiO2, where
titanium is in the valence state Ti**) can be grown in several ‘polymorphs’, differentiated by
different corner and edge sharing of octahedra and relative amounts of free space. Common
polymorphs include rutile (tetragonal, P4,/mnm'™® crystal structure) where each octahedron
shares edges with two others and anatase (tetragonal, 141/amd'”®) where octahedra share four
edges (Figure 1.13). All are centrosymmetric structures, meaning they cannot be ferroelectric

as the perovskites and Aurivillius phases sometimes can.
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(a) Rutile (b) Anatase
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Figure 1.13. The TiO2 polmorphs (a) rutile and (b) anatase are shown. Polyhedra can share

two edges in rutile and four in anatase.

The polymorph that forms during synthesis is highly dependent on the temperature, applied
pressure, pH and particle size due to their influence on bond formation and growth'®. Notably,
anatase is somewhat more stable at small particles sizes below 11 nm, and beyond 35 nm,
rutile is the most favoured. In the intermediate range, a third polymorph ‘brookite’ can also
form™'. This means that when synthesizing nanocatalysts, controlling the particle size is
important to dictating which polymorph is made. Each polymorph leads to different band

structures.

Rutile has a narrower, direct band gap of 3.0 eV and anatase has a wider indirect band gap of
3.2 eV'82184 Both gaps are too wide for efficient visible light usage, but with some UV,
properties such as photocatalysis (of organic species’, water '8, and microbes'8), photo-
induced superhydrophilicity’, and semiconductivity in dye sensitized solar cells® 7 have been
reported. The latter is also related to a natural population of defects that give them n-type

semiconductor behaviour®7-189,

Of the polymorphs, anatase has been noted to perform best in photocatalysis and in dye
sensitized solar cells, and this is attributed to its indirect bandgap leading to a reduced
recombination rate'?, its ability to be synthesized in a small size, and its different chemical
potential'®. Rutile is often used when thermal stability is key, such as in memristive switching
devices'’ but is perhaps better known for its excellent dielectric properties, fine-tuned through

doping192, 193_

Improving both photocatalytic and semiconductive ability may be achievable with doping to
narrow the band gap. Vanadium is one promising element with which to modify both TiO-
polymorphs due to its comparable ion size and flexible valence states. Vanadium forms a
number of stable oxides including: V203 a metallic paramagnet at RT with complex low

temperature behaviour'®*; VO, a narrow bandgap semiconductor with a metallic transition
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above RT'" and structural similarity to rutile TiO,'; and V.0s a photocatalytic'®’
semiconductor'® at room temperature. The electronic character of different valences of
vanadium is expected to alter the photofunctional and electrical properties in both polymorphs
of TiOx.

This thesis explores how the anatase and rutile polymorphs of TiO, can be modified principally
with vanadium to alter their photofunctionality. Consideration of these new structure types
expands the known library of photofunctional materials and introduces a new perspective
about how the chemistry of elements affects properties. The following sections highlight why

these modifications are promising, and what is currently unknown about the resulting materials.
1.4.2 Vanadium and Nitrogen Modified Anatase

The anatase polymorph of TiO, has the most potential for engineering into a functional
photocatalyst. Anatase is relatively easy to synthesize nanoform'®, and is robust to a wide
range of environmental conditions, making it a favoured candidate for waste water clean-up'®®
and other environmental applications'®. The anatase polymorph also has an indirect band gap
which can help for photoexcited charge longevity, but is wide at ~ 3.2 V2%, allowing absorption
of only the ultraviolet portion of the solar spectrum, and is therefore limited as a photocatalyst.
In order to generate better photofunctionality, the band gap needs to be narrowed, but this
must be done with caution, as detrimental defects acting as recombination centres will quickly
impede its ability to do useful work. As anatase is centrosymmetric, charge transport is mostly

controlled through the size of the particles and band bending at the material surface.

It is possible to narrow the anatase bandgap by chemical modification?®'. The anatase
structure is tolerant to cation substitution, which can improve visible light absorption, but the
overall effect on catalytic performance can be mixed due to suboptimal distribution of dopants
causing recombination?®?. It is also possible to modify the anions in the structure, leading to
improvements in the catalytic properties?®®, but they can be comparatively difficult to control

and incorporate (<2 at. % doping typically reported for nitrogen)?%4.

In order to engineer photofunctional properties, it can be of interest to target specific defects
using dopants. By introducing a pair of them at once to charge and/or size compensate one
another, properties may be improved. Pairings of nitrogen anions (N*) with an M®* transition
metals have been broadly investigated?®® and recently Nb%*-N* co-doped TiO. anatase has
been shown to exhibit exceptional photocatalytic activity?°®. The origin of this effect is ascribed
to directly bonded Nb%*-N* defect pairs which facilitate a shallow acceptor level above the VB,

effectively improving visible light absorbance.
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There are a series of computational studies available which indicate that the V°*-N* co-doping
combination could also show significant visible light utility by adding a vanadium donor level
close to the bottom of the conduction band in addition to the nitrogen induced valance band
extension, when the dopants are directly bonded?*’-23, From these studies, one might predict
the photocatalytic activity to be impressive like the aforementioned Nb®*/N* scenario, however

this is not definitively the case in practice.

There are some reports of experimentally realised (V,N) co-doped TiO2 nanostructures?'4-22°
but the relationship between reactants and products, the behaviour of the dopants inside the
product and their connection with the observed properties is unclear. Catalytic degradation of
target molecules can range from full degradation of the target in 60 minutes?'* to only 20%
degraded in 5 hours?'®. All of these studies report the presence of reduced vanadium in either
the V4 or V3" states, despite using a range of raw materials and techniques. The vanadium
location in these co-doping experiments is also often not discussed, despite many V single-
doped studies showing the possibility for isolated, aggregated, substitutional, interstitial and
surface vanadium coordination environments??'??’. This system has theoretical potential for

photofunctionality, but is clearly complex with much experimental variability.

By using a solvothermal synthetic method that has been previously shown to produce M%*-N*
defect clusters in the analogous (Nb,N)-TiO. system?% it may be possible to produce the
predicted V*-N* cluster. The influence of purposefully introducing other valence states could
also be examined to help understand the experimental results in the literature. In this thesis, a
synthesis for V and N doped nano-anatase is presented in Chapter 6. Materials are
synthesized and the valence state and destination of dopants within the synthesized
nanomaterials is explored. Another photofunctional material class is thus identified, and the
impact of common themes like synthesis method, structure and chemistry on this functionality

is noted.
1.4.3 Vanadium Modified Rutile

The rutile phase of TiO: is considered to have a direct band gap of 3.0 eV. The band gap and
conductivity of rutile can be altered through chemical modification, though this does not tend
to result in good photocatalysis like anatase, but rather in useful semiconductive properties.
For example, Ta®" introduction (<1 at. %) can change the current-voltage character of rutile
TiO»?2 and increase the conductivity but the photofunctionality decreases on increasing
substitution?®® 29, The Nb®*ion is similarly noted to produce a decrease in photocatalytic
activity with increasing concentration of dopant®' while conductive defects increase®?2. The
changes occur due to the generation of defects compensating for their stable M>* valence

states. This also affects solubility and limits their ability to form homogeneous samples?33: 234,
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An interesting, contrasting example is the introduction of V**, which is known to be multivalent

and has broader possibilities for defect formation and solubility.

Early studies showed V.05 supported on/impregnated in TiO22%24¢in low quantities did have
some useful catalytic functionality toward breakdown of organic compounds like o-xylene?*’.
However, it was routinely found that vanadium could penetrate the TiO; support under elevated
temperature conditions and make a substituted rutile ‘V«Ti1.xO2' phase and at least one of the
resulting valence states was V#*. This contrasts to the Ta and Nb examples, and implies that
irrespective of the valance of vanadium in the starting material, vanadium can be reduced even

under standard synthesis conditions.

Throughout the literature, the limits to which vanadium is incorporated and which valence
states it ends up in vary widely. Studies that synthesize V,Ti1.«O2 from V205 in air appear to
note solubility to only x = 0.1 (10 at. %) before a separate V.05 phase re-forms?48-253, Starting
with raw materials in other valence states or using reducing gases have also been shown to
be successful at low levels?®? 254256 put introduction from 10% to a limit of ~ 80 at. % vanadium
can only apparently be introduced prior to a structure change by starting with VO, and

operating in a vacuum environment?49. 257-261,

The reason for a valence decrease during rutile incorporation in the absence of a reducing
atmosphere is unclear and may be due to the temperatures used or a fundamental need for
vanadium to adopt V** (or a lower valence state) to fit into the rutile structure and generate
other defects. There is suggestion that the rutile structure limits V°* to the surface with only
reduced states in the deeper substitutional sites?*” 262, Additionally, the proportion of bulk V4*
that results in rutile V,Ti1«O2 made from a V,Os source is also noted to increase®® perhaps as
the surface sites become saturated. However an argument can also be made that the V** level
remains constant until a second phase appears, perhaps reflecting the reducing power of the

atmosphere?,

Most theoretical studies show that introduction of vanadium frequently results in a V** state,
shown through calculation of magnetic moments?5-2’, This forms a defect level below the
conduction band of TiO2. In some studies this is seen as a band gap narrowing to form a
semiconductor?6® 267. 268,272,273 yhijle others suggest semi-metallic?® 266 or metallic?®® behaviour
as a result of a fermi level shift to sit mid-band, due to vacancies or due to the calculation
method. It remains unclear if this change is also a function of vanadium doping level. Other
valence states have been tested but are not conclusively eliminated as possible states in V-
modified TiO, rutile?%® 271. 274-276 ggpecially if they coexist with oxygen vacancies?®®. The depth
of defect states within the TiO2 bandgap arising from these other valence combinations is

similarly unclear, with some suggestion of V°* levels very close to the conduction band and
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others very deep in the gap®® 2" 275 |t has been suggested semi-empirically however that
surface vanadium species are more likely to exhibit VV°* states while the deeper sites are V**

277 an observation that is somewhat mirrored by experiment.

Vanadium is shown to increase the visible light absorption of rutile TiO,, extend photocurrent
generation to longer wavelengths and produce gap states in optical experiments?°3: 263 278-284
It is suggested that the band gap of rutile can be dropped from ~ 3 eV to 1.7 eV at 10 at. %
doping?8, though it is not clear at what concentration the band gap is reduced to an infrared
range. Several valence states are attributed to band gap alteration including 3+ 279 284 \/5+ 263,
278-280 gnd Tid* 253283, 285 ngtead of or in addition to V#*. It is desirable to track how visible light
absorption changes with respect to valence state over a large doping range to understand its
influence on the electronic structure and associated properties like conductivity and

magnetism.

Changes in conductivity and magnetism with respect to vanadium often show anomalies?°8 26"
286,287 A particularly interesting case exists when the incorporation of ~ 40 — 70 % of V** into
TiO2 results in spinodal phase decomposition?®!. Discontinuities in magnetic and conductivity
measurements are observed related to metal-insulator transitions of some VO.-like lamellae
in the samples. It is not known whether introducing vanadium in different valance states would

also show such unusual behaviour.

Questions then exist about what methods could be used to maximize vanadium solubility so
valence state evolution can be tracked. Further, understanding what is then happening in terms
of defects and how this affects semiconductive and magnetic properties is valuable to
understanding how modified rutiles function. These materials could exhibit unusual and useful
physical properties if more than one valence state of vanadium was found to coexist. Methods
to synthesize heavily vanadium modified rutile TiO» are presented in Chapter 7. Spectroscopic
characterisations help make sense of inconsistent literature trends. This follows on from the
anatase study to show how similar chemical modifications on different structure types affect

functionality.

1.5 Thesis Scope and Overview

In this thesis, focus is placed on Cr and Ti**/M?* modified perovskite BiFeQOs, Aurivillius
Bim+1Fem-3TizOsm+s and V/N modified TiO, polymorphs. In addition to showing potential
photofunctionality, these oxide materials are also novel, elusive to synthesize or exhibit

inconsistent properties.
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The synthetic methods utilized to make these candidate materials have been purposefully
chosen to require low processing for high purity, in line with a desire to develop cost-effective
candidate materials. For this reason, low-complexity methods such as traditional solid state
processing were used. The potential of materials made by low complexity methods can thus
be demonstrated, and the adaption of the oxides into functional devices becomes an

opportunity for future study.

A structural and compositional evaluation of these candidates is a key component of this thesis,
as they directly impact the exhibited physical properties. Where possible and not limited by
specific sample characteristics, structure and composition across multiple length scales is
explored including local structure (defects, clustering of elements, short range magnetic
interactions, ferroelectric domains), average structure (chemical and magnetic periodicity and
symmetry effects) and morphology (grain growth, phase purity) through diffraction,

spectroscopy and microscopy.

In addition to the structure, the physical properties of these materials have been measured to
understand any possible interplay between the structure and useful functions. These include
photo-induced changes in DC current and voltage, surface potential, optical absorption, and
photocatalysis (for a photofunctional assessment) and AC impedance, piezoresponse, and

magnetization (for electrical and electronic properties assessment).

Within these limits, literature questions can be answered about the characteristics of the
candidate photofunctional materials. This thesis shows how factors including the synthesis
method, structure, chemical composition, and photofunctional, electrical and electronic
properties in five classes of materials are linked. This holistic understanding contributes to the

future of energy transformation technology.

In Chapter 2 the methods used in this thesis are presented, providing general principals and
specific measurement details. In Chapter 3, an investigation of the candidate material
perovskite BiFeosCro503 (BFCO) is presented including development of a novel near-ambient
pressure synthesis method and determination of chemical ordering through diffraction. This
gives valuable insight into the impact of chemical ordering on properties, particularly
magnetism, in perovskites. This is extended in Chapter 4, where several new titanium-
containing BiFeOs-related perovskites are investigated for the first time. Viable materials are
synthesized and characterised, highlighting the sensitivity of the perovskite structure type to
other elemental combinations and providing novel insights on achievable magnetic, electrical
and photofunctional properties. Chapter 5 includes a systematic study of Bim+1Fem-3TizOzm+3
(m =4, 5 or 6) Aurivillius phases, introducing the impact of a new structure type on achievable

photofunctionality. This chapter presents innovative metal organic decomposition synthesis
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methods that allowed high purity synthesis and subsequent clarification of trends in structure,
chemical ordering and properties as ‘m’ is increased. Promising photofunctional compositions
are also identified. Chapter 6 builds on local structure ideas to understand photofunctionality
in nanosized vanadium and nitrogen modified anatase titanium dioxide. This chapter uses
solvothermal synthesis methods to create theoretically predicted samples and analyse the
actual dopant location and valence distributions with spectroscopy, giving insight to rational
design of photocatalysts. This is extended in Chapter 7, to vanadium modified rutile titanium
dioxide. Syntheses methods are developed to systematically alter vanadium concentration in
rutile and study the emergent valence states and their connection to electronic functional
properties. This work further adds to the understanding of interlinked electronic,
photofunctional and structural phenomena. Chapter 8 is the final chapter and presents the
overall conclusions of this thesis, highlighting discoveries made about each materials system,
how they contribute to a holistic understanding of the characteristics of photofunctional oxides

and what is yet to come.

28



Chapter 2

Chapter 2 Methods

In the previous chapter, five groups of materials were identified as candidate photofunctional
materials. There were however several questions raised from the available literature on each.
The first is that they all appear to be difficult to synthesize in high purity in the bulk state without
using complex methods and forcing conditions. Secondly, the true nature of the crystal
structure, including chemical ordering and the presence of defects, is unclear in several of the
candidates. Thirdly, the photofunctionality of some of these materials is unconfirmed. Lastly,
the ancillary properties of these candidates, including magnetism, ferroelectricity and

semiconductivity, show unclear trends with respect to chemical composition.

The hypothesis for this study is that the candidate materials are indeed photofunctional and
their syntheses, structures and physical properties are intrinsically linked and critical to their
overall functionality. This chapter outlines the methods that will be applied to the materials of

interest in order to answer the questions raised and test the hypothesis.

21 Synthetic Methods

A major undertaking in this study was developing synthetic methods that could produce large
amounts of a material in a high purity that were appropriate for further study. Descriptions of
the optimization of each method are given in further detail in the chapters corresponding to

each specific material.
211 Solid State Synthesis

The basic solid state synthesis method was applied to iterations of materials presented in
Chapters 3, 4, 5 and 7. This method was used for its relative simplicity, enabling bulk synthesis
of functional ceramics. This method refers to reacting (sintering) solid raw materials at elevated
temperature after milling and pressing them together, in order to form a homogenous product

with a single crystal structure.
2111 Raw Materials

The raw materials were commercially sourced (Table 2.1). Prior to use the raw materials were
placed and stored in an oven at 150 °C to remove moisture. Materials were weighed in

stoichiometric amounts to make batches with masses in the range of 15 — 20 g in total.
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Table 2.1. Reagent details for solid state syntheses.

Chapter 2

Reagents/Solvents Brand Purity (%)  Chapters
Bi2O3 Alfa Aesar 99 3,4,5
Feo O3 Sigma-Aldrich 299 3,4,5
Cr203 Koch-Light 99.999 3
TiO, Sigma-Aldrich =99 4,57
MgO Hudson 99.999 4
Mg(CH3COO0),.4H.0 Analar 298 4
3MgCO3.Mg(OH)2.3H.0 M&B 297 4

NiO Alfa Aesar 99 4
Ni(CH3C0OOQ0)2.4H.0 Unilab 98 4
CuO Univar >99.9 4
Zn0O Univar 99.5 4
V205 Research Organic Chemicals 99.8 7
C2Hs0OH (ethanol) Merck 2999 3,4,5
CsHsO (acetone) Merck >99.8 7

Fe* Puratronic Grade |l 5

*powder for production of FeO, after mixing with Sigma-Aldrich Fe203
and sealing inside a quartz tube for heat treatment.
21.1.2 Milling and Pressing

Milling and mixing of the reagents was conducted via either hand or ball milling (specified within
relevant chapters). Hand milling involved adding the raw materials to an agate mortar and
pestle, covering with ~ 50 mL of suitable solvent for containment (ethanol for all but Chapter 7
in which acetone was used) and grinding. The grinding process was continued until the solvent
evaporated three times, then the mixture was allowed to fully dry in air before further

processing.

Ball milling was conducted by adding the materials to Teflon canisters filled with yttrium-
stabilized zirconia balls of sizes 1 to 12 mm and around 100 mL of suitable solvent. The sealed
canisters were rotated in a planetary ball mill at 20 Hz for at least 16 hours. The milled mixture
was then sieved through a mesh sieve into a shallow glass dish to remove the balls, and then
allowed to evaporate in air until totally dry (~ 12 hours for ethanol). The dried mixtures were

then briefly milled by hand using a mortar and pestle to prepare for pressing.

In some samples the dried, milled powder was further processed, including sieving for the
VTOS50 (60 — 120 ym grade) and BFNTO samples (~ 300 ym), where the smallest grains were
retained for this pressing, and PVA solution was added to other samples (noted in text). When
suitably prepared, milled powders were loaded into the cavity of a 12 mm stainless steel die,
and a weight of ~ 5 tonnes (unless otherwise noted in text) was applied to the ram using a

hydraulic press to result in a pressure of ~ 60 MPa, and pellets ~ 3 mm thick.
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2113 Sintering

The resulting pellets were placed directly onto/into alumina crucibles with lids in Chapters 3 to
5. In Chapter 3 samples were also placed into quartz crucibles constructed using glass blowing
techniques. Samples were placed into alumina foil crucibles/boats in Chapter 7. The samples

were reacted (sintered) in furnaces, while inside/on their specified vessels (Figure 2.1).

A KSL 1200X muffle furnace was used for Chapter 3 and parts of Chapter 4, 5, 6, and 7. This
furnace had a gas supply option to ‘blanket’ the chamber in N2 gas. A Daihan Scientific Ceber
muffle furnace (max. 1200 °C) was also used in Chapter 5, which had a temperature offset of
40 °C in comparison to the KSL furnace, and the quoted operation temperatures in text are
adjusted as such. High temperature iterations in Chapter 7 were conducted using a KSL1700X
muffle furnace, with blanketing gas supply option. Also in Chapter 7, a Labec horizontal tube
furnace was used to achieve a low oxygen atmosphere. These samples were placed on
platinum inside a quartz tube, where nitrogen was passed through and vented into a fume
hood (Figure 2.1 (b) below).

Heating rates were typically set to 5 °C/minute unless otherwise specified in the body of the
text. Natural cooling of samples referred to leaving the sample in the closed furnace chamber
until it was at room temperature. Quenching of samples from high temperature was done by
extracting the vessel with tongs at high temperature and placing on a heat proof mat in open
air to cool. Specific detail on temperatures and dwell times used in the sintering steps are given

in the body of each chapter.
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Figure 2.1. Schematic illustration of (a) the muffle furnace and (b) the tube furnace setups for
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sample sintering.
21.2 Metal Organic Decomposition
The metal organic decomposition (MOD) method was used in Chapters 3, 4 and 5. This

involves starting with metal organic and nitrate precursors which are decomposed to oxides in
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a ‘calcining’ step. This ‘precursor’ is then pressed and sintered in place of the milled oxide solid
state synthesis method addressed above. The MOD method was used to promote
homogenous mixing of metal ions and preclude some types of impurity formation that the solid

state method suffered from.
2.1.21 Raw Materials

The raw materials (Table 2.2) were weighed in stoichiometric quantities for a targeted 4 g of
oxide product. These were added to a beaker. Approximately 40 mL of solvent (ethylene glycol,
‘MOD-EG’ or reverse osmosis water, ‘MOD-H,0O') was added and magnetically stirred. Liquid

reagents were delivered by syringe where necessary.

Table 2.2. Reagent details for metal organic decomposition syntheses.

Reagents/Solvents Brand Purity (%) Chapters
Bi(NO3)3.5H.0 Sigma-Aldrich =98 3,4,5
Fe(NO3)3.9H.0 Sigma-Aldrich =98 3,4,5
Ti(OC4Ho)4 Aldrich 97 3,4,5
Cr(NQOgz)s. 9H20 HW ~98 3
Mg(NOs3)2.6H.0 Merck 299 4
Ni(NO3)2.6H20 Alfa Aesar 98 4
C2H4(OH), (ethylene glycol) | Fluka AG 299.5 3,45

2.1.2.2 Volume Reduction and Calcination

Chromium containing MOD-EG solutions in Chapter 3 began as a dark green/black colour,
while magnesium and nickel solutions were orange and green respectively in Chapter 4.
Bismuth iron and titanium only solutions in Chapter 5 were yellow to red depending on the iron
content, and when using the MOD-H,0 approach, contained white particulate with yellow

supernatant.

These mixtures were then transferred into shallow glass dishes and the ethylene glycol (or
water) was evaporated slowly into a fume hood at 100 — 200 °C using a hotplate. This was
conducted with continual stirring for approximately 3 hours until the volume was reduced to ~
10 mL. During this volume reduction, typically MOD-EG solutions would darken in colour, then
lighten back to a pale yellow or pale green (Figure 2.2 (a) — (c) illustrates this process for
preparation of BFTO-623 in Chapter 5). If the solution is over reduced, a precipitation may

occur resulting in an opaque paste.

The resulting cooled viscous solutions were removed from heat and transferred to an alumina
crucible (Figure 2.2 (d)) and cooled to room temperature. These were then placed in a
secondary containment crucible and into a Kilnwest furnace that vents into a fume cupboard

for calcination (note: only 10 mL could be calcined at one time using this method). The
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solutions were heated to 600 °C at 5 °/min then held for two hours as the solvent and metal
organic/nitrate species decomposed. These were then cooled naturally to room temperature.
The final dried products resembled a porous mass, often orange in colour (Figure 2.2 (e)),
which was ground with a mortar and pestle for pressing as outlined in the previous section.

Figure 2.2. Example MOD-EG process for BFTO-623 in Chapter 5. A dissolved bismuth
nitrate, iron nitrate, titanium butoxide and ethylene glycol solution at room temperature is
shown in (a), (b) shows the solution after transfer to a shallow dish and commencement of
heating, (c) depicts the solution lightening after 3 hours when near minimum volume, (d) shows
the solution cooling in a crucible and (e) shows the decomposed product after calcining at
600 °C.

21.3 Solvothermal Synthesis

The solvothermal method was used in to produce samples presented in Chapter 6. This
method involved performing reactions under pressure to crystallize the desired phase from

solution. This method was used for its ability to produce nanostructured materials.
21.31 Raw Materials

To generate solutions for the solvothermal reaction, first titanium tetrachloride was delivered
to 240 mL of ethanol via a syringe. The vanadium source was then added (in a fixed V:Ti ratio
~ 0.05:1 between trials) and the solution magnetically stirred for an hour until the solution
became transparent green (vandyl acetylacetonate), or yellow (vanadium oxychloride). The
nitric acid was then added (in a different amount per individual trial ranging from 4 — 16 mL)
with due care and stirred for a further 30 minutes, during which the solutions turned ‘neon’
green or yellow. These solutions were then split equally among four autoclaves, filling to 60%

capacity. Details of reactants are outlined in Table 2.3.
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Table 2.3. Reagent details for solvothermal syntheses.

Reagents/ Solvent Brand Purity (%) Chapter

TiCls Sigma-Aldrich 99.9 6

VOCiI3 Sigma-Aldrich 99 6

VO(C5H702)2 Fluka AG =96 6

C2Hs0s5 (ethanol) | Merck 299.8 6

HNOs (nitric acid) | Univar 70 6
2.1.3.2 Reaction and Processing

The Teflon lined autoclaves were tightly sealed, then transferred to a low temperature oven in
a specially designed lab for high pressure experiments. The vessels were heated for 17 hours
at 200 °C. After reaction the vessels were removed from the oven and cooled to room
temperature before being carefully opened. The reaction mixture was decanted into plastic
containers with screw seal lids for use in a Sigma 3-30KS centrifuge. The products were
centrifuged for 20 minutes, decanted, and then washed with H.O. They were then centrifuged
and washed a further two times before decanting and placing the whole tube in an oven to dry
at 100 °C. After 24 hours of drying, the powders were collected into containers for use in the

experiments outlined in Chapter 6.

Throughout each of the synthetic approaches addressed in this section, the phase purity and
crystal structure of the synthesized samples had to be monitored. The next section outlines
the diffraction and microscopy methods used and how in-depth characterisations of their

crystalline natures were performed.

2.2 Structure Characterisation
2.21 Diffraction and Refinement

In this thesis, powder diffraction was predominately used to identify phases present in
polycrystalline samples, and also determine the crystal structures of individual phases. The
unique symmetry and elemental characteristics of each phase leads to a fingerprint pattern of
reflections that can be identified in a mixture. The weight ratio of phases within the mixture
also scales with the intensity of the Bragg peaks observed, and so some information on purity

can also be obtained.

For phases in which the underlying crystal structure producing the diffraction pattern is not well
known, the Rietveld method?® can be used to extract crystallographic information. This method

addresses powder specific structure solution problems such as overlapping peaks, and
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crystallite shape effects. It uses least squares refinement to fit the measured pattern Yjo at each

point ‘i’ due to the ‘h™’ reflection, with a simulated pattern Yi:

Vie = o ) (knFZmaLaP(&) + 1) 2.1)

where Iy is the incident intensity, k»is the phase scale factor, F+? is the structure factor for the
reflection h, my is the multiplicity of that reflection, L, encompasses correction factors such as
preferred orientation, P(4s) is the function for peak shape and I, is the background intensity.

Simplified equation adapted from [289].

The fit of the models is evaluated in this thesis using the metric ‘weighted profile residual’ (Rwp)

which includes a statistical weight w;,[?*°] and is defined below:

_ v - v
RW‘J S wiTio? (22)

Several different radiation sources are used in this thesis to achieve different resolution and
contrast in the diffraction data. These radiation sources and their experimental parameters are

detailed below.
222 X-ray Powder Diffraction

The X-ray Powder Diffraction (XRPD) method involves using X-rays as a radiation source to
determine structural information on powdered polycrystalline samples. X-rays are relatively
easy to generate, and this is an accessible lab-based technique to monitor the purity of

materials as they are synthesized and conduct structure refinement.

In this thesis, XRPD data were collected using a PANalytical Empyrean X-ray Powder
Diffractometer with a Cu Ka1/a2 radiation source (A = 1.5406 and 1.5444 A). Powdered
samples were loaded on silicon zero-background plates with a small amount of ethanol and
dried. Data were collected over an appropriate angular range and scan rate for resolution in
the pattern (typically 5 — 90° 20 for an hour). Basic phase matching was conducted with
HighScore Plus?®'. Refinement was conducted with Jana20062%? using pseudo-Voigt peak
shapes, and model data were sourced from the International Crystal Structure Database?®.

Further specific detail about refined parameters is given within the relevant chapters.
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In Chapter 6, crystallite size (D, nm) is estimated from the diffraction data through the

Scherrer?®* equation:

D= KA
"~ Bcosh

(2.3)

where K is the shape factor (taken = 0.9 in this investigation), A is the radiation wavelength, 8
is the line broadening at full width half maximum (FWHM) fitted via Jana2006, and 6 is the

Bragg angle for the relevant peak.

While XRPD is used extensively in this thesis, it is important to note that as X-rays scatter from
the electrons of atoms, scattering strength scales linearly with atomic number. This can lead
to issues refining crystal structure that contain light elements, or neighbouring elements on the
periodic table. Some elements will also fluoresce X-rays if they are of similar atomic weight to
the element used as the X-ray source, resulting in a high background (and low signal to noise
ratio). For this reason (where possible) X-ray diffraction was complemented with other

diffraction techniques.
2.2.3 Neutron Powder Diffraction

Unlike X-rays, neutrons scatter from the nuclei of atoms through the strong nuclear force. This
interaction varies non-monotonically with increasing atomic number and is sensitive to an
element’s isotope. Electron magnetic moments can also scatter neutrons, as neutrons possess
a spin. In this thesis, the neutron powder diffraction technique is used to obtain contrast

between elements of a similar atomic mass and information on magnetic structure.

In Chapter 3 specifically, data from neutron diffraction experiments are presented. The high
resolution powder diffractometer ‘Echidna’?®® at the Australian Centre for Neutron Scattering
was used to collect room temperature powder diffraction patterns. A monochromatic neutron
beam of wavelength of 1.622 A was used and the data were fitted using Jana2006. These
samples were then measured on a different high intensity, medium resolution diffractometer
called ‘Polaris’®® at the ISIS Muon and Neutron Source (Rutherford-Appleton labs, United
Kingdom). With this instrument, room temperature and 500 K data were obtained in situ using
a double-skinned resistive element furnace from a sample sealed in a 1.5 mm glass capillary.
A polychromatic neutron beam produced from a spallation source was used, and the data were

processed and refined using Mantid?®” and GSAS?%. 2% respectively.
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224 Electron Diffraction

An electron beam can also be used as a radiation source for diffraction studies. A convenient
way to obtain information is by using Transmission Electron Microscopy (TEM). With this
method an electron beam can be passed through very small (ideally) individual crystallites and

an intensity pattern can be collected on the other side.

In electron diffraction, the electrons scatter off the electrostatic Coulomb potential. This
interaction is very strong and as a consequence, multiple diffraction events can occur before
the electrons leave the sample. For this reason, unlike with neutrons and X-rays, refinement
of the intensity is not meaningful. However, due to the strong interaction weak reflections and
non-Bragg intensity features can be seen in Electron Diffraction Patterns (EDPs). In this thesis,
electron diffraction is used to supplement diffraction information from the aforementioned

methods.

EDPs presented in Chapters 3, and 4 and were collected using a 200 kV JEOL2100F
FEGTEM Transmission Electron Microscope at the Centre for Advanced Microscopy, ANU.
Patterns were collected from samples ground in n-butanol and dropped onto a holey carbon
film on a copper grid. This gave a well dispersed array of crystallites that could be individually

isolated for analysis.
225 Structure Validation from Simulation
2.2.51 Bond Valence Sum

In order to validate crystal structures determined through Rietveld refinement, one can
calculate the bond valence sum of ions in the structure. The sum (V) of bond valences (v;) from
each bond around an atom should add to its formal valence state per Pauling’s principles for

electrostatic valence®®. The bond valence of each bond to atom i is calculated as:

Ro - Ri) (2.4)

vi=exp( 5

where Ry is the ideal bond length (calculated such that the atom i will have an exact valence),
Ri is the experimentally determined bond length and b is an empirical constant (typically 0.37
A30"). This comparison to empirical data allows one to judge if a refinement is reasonable based

on data from other structures with the same elements and valence states.
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Large deviations are expected to make the structure ‘unstable’, and an overall parameter

called the ‘global instability index’ (Gll) can be calculated:

N 2

N d?
_ Rz (2.5)
GII N

where d; is the deviation between the bond valence sum and the formal valence state of atom
i, and N is all atoms in the structure. The GII of the structure has been correlated before with

the total energy calculated by density functional theory3°2,

After refinement of a crystal structure, a ‘.cif’ file was generated and input into the web program
‘SoftBV"301 393 for evaluation of each ion's bond valence sums and the overall Gll. Deviations
lower (‘underbonding’) and higher (‘overbonding’) than the ideal valence were considered

points within the structure for further refinement and/or local structure investigation.
2.2.5.2 Density Functional Theory

Evaluation of the total energy of condensed matter systems can be performed using
computational quantum mechanical means. In this thesis density functional theory (DFT) is
used to calculate low energy crystal structures and magnetic configurations. This method uses
the idea that the system's total energy can be determined in terms of functionals of the electron
density in the system®. The DFT method is limited by the use of an exchange-correlation
approximation when calculating total energy. Given metal oxide systems such as the ones
under investigation are strongly correlated, the choice of approximation will influence the
results, but these calculations are a convenient method for predicting the properties of large

periodic systems nonetheless.

In this thesis the code package WIEN2k3® was used to perform the DFT calculations
associated with Chapter 3. The GGA+U3% approach was used, with the PBE-GGA exchange
correlation functional and the on-sight repulsion U and on-sight exchange J from the
literature®®. Radial muffin tin sizes of Bi (2.3 a.u.), Fe (1.94 a.u.), Cr (1.94 a.u.), and O (1.67
a.u.) were used to simulate the atomic potentials. A grid of 64 k points was applied, and the
product of the muffin tin size and maximum k vector was set to 8 to optimize computational
time. The starting geometry was a single unit cell of BFCO (though converted to P1 space
group for magnetic spin analysis) which had 6 iron/chromium sites, and forces were converged
at <1 mRy/Bohr to attain a relaxed geometry. Both a double perovskite unit cell and a unit cell
with a single antisite defect were calculated and compared for total energy and magnetic
moment distribution. Initial alignments of the magnetic moments were set to be antiparallel (to

form an antiferromagnetic structure).
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While diffraction and simulation give information about the crystalline nature of the phases
within produced samples, more information on the chemical nature and morphology can be
obtained by other means. The following section details spectroscopy and microscopy

techniques to further characterise the synthesized materials.

23 Composition and Morphology Characterisation
2.31 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) uses an electron beam to obtain morphological and
chemical information from sample surfaces. Electrons from the beam can be bounced off the
surfaces (backscattered electrons, ‘BSE’), or cause more electrons (secondary electrons, ‘SE’)
and other types of radiation (e.g. X-rays) to be emitted by the surfaces. These can be detected

and analysed to reconstruct useful micrographs and spectra.

Ability to backscatter electrons increases with increasing atomic number. Contrast between
phases that have different elemental compositions can be seen in BSE micrographs. This is
used in this thesis to supplement X-ray diffraction phase analysis. Micrographs constructed
from SE information on the other hand give good morphological resolution, and are used in
this thesis to study the shape of particles and grains within materials. X-rays that are emitted
from the sample after exposure to the electron beam can be collected and quantified to pinpoint
the identity and quantity of specific elements. In Energy Dispersive X-ray Spectroscopy
(EDXS), a spectrum of X-rays is collected and analysed for detection of broad number of
elements. The Wavelength Dispersive X-ray Spectroscopy (WDXS) method focuses on
quantifying specific X-ray wavelengths to more accurately determine quantities of specific
elements. This is slow, but especially useful if the elements of interest have overlapping

spectral peaks®”’.

From morphological analysis of nanoparticles in Chapter 6, the particles were spread in a thin
layer directly onto carbon tape on a sample stub. For BSE and EDXS analysis, the samples
were polished through sequentially finer sandpapers (from 240 grit commercial grade
sandpaper, to 1 um diamond lapping & polishing film) by hand until the surface was smooth,
with washing and sonicating between. The samples were then directly mounted onto a sample
stub using carbon tape. Manual polishing was used instead of thermal or chemical etching in
order to circumvent issues with preferential leeching of bismuth and vanadium (higher volatility
and solubility than other component elements). For WDXS, samples were set in hard resin
then polished sequentially though 1200, 2400 and 4000 grit sandpapers, before finally
polishing with 6, 3, then 1 ym diamond paste, all using an Allied MetPrep3 grinding/polishing

system. All samples were coated in carbon prior to analysis.
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Data presented in Chapters 3 - 7 were collected at the Centre for Advanced Microscopy, ANU.
An Hitachi 4300 SE FESEM in conjunction with an Oxford Instruments INCA X-MAX EDXS
Analysis system and backscattered electron detector were used for Chapters 3 — 6 for
elemental analysis and general imaging. The EDXS data were obtained at a voltage of 15 kV.
A Zeiss Ultrapluss was used in Chapter 6 in which a higher resolution was required for particle
imaging. The secondary electron imaging mode was utilized at a lower voltage (1.5 kV). In
Chapter 7, a JEOL JXA-8530F Plus Electron Probe Microanalyzer was used to obtain WDXS
data and thus better resolution of overlapping Ti and V characteristic X-ray peaks. A voltage

of 15 kV was used on this instrument.
2.3.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy is in some ways the reverse of EDXS mentioned above.
This method hinges on shining an X-ray source (Exn/) on a sample surface and detecting the
energies of electrons which are ejected (Exe), then calculating their ‘binding energy’ (Ege) from

the known spectrometer work function (@spectrometer) pPer:

Egp = Epy — Exp — ¢spectrometer (2.6)
The peaks in binding energy in the XPS spectra are specific to element types, orbitals, and
valence states. The structure of the valence band can also be analysed with this method and
some information about the relationship of the valence band (and any gap states) to the fermi
level can be determined. This technique is limited to information from the surface to a depth of

1-10 nm in the sample3,

Samples for XPS analysis were in pellet or powder form, with pellets being polished in hexane
before measurement. The data were collected using a Thermo Scientific ESCALAB250Xi
spectrometer with an Al Ka X-ray source at UNSW Sydney. The spectra were then fit using
the Thermo Scientific ‘Avantage’ program to the reference C 1s = 284.8 eV in order to establish

relative proportions of valence states and atomic percentages of each detected element.

This method is used in this thesis to get an idea about how elemental incorporation influences
defect formation and the band structure. While extremely useful, it should be noted that
information gathered comes only from the sample surface. Other techniques are used to

supplement this information.
2.3.3 Mossbauer Spectroscopy

Another spectroscopic technique which provides useful chemical information is *Fe
Moéssbauer spectroscopy. This technique is used in this thesis to confirm the iron valence, see
if the samples are magnetic and examine if iron occupies different sites within the crystal. This

method works by exposing the sample to gamma radiation produced by a 5’CoRh source. The
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wavelength of the radiation is altered by linear accelerator, which moves the source through a
range of velocities. This creates a Doppler Effect, the outcome of which is that the sample is
scanned through a range of closely related wavelengths. Iron nuclei in the sample which are
of the same isotope (°’Fe) will absorb gamma rays when a resonance condition is reached®®.

This can occur at different velocities depending on the environment of the iron in the sample.

The 5Fe nucleus has a ground spin state of | = 1/2 and an excited state of | = 3/2. These
energy levels experience Quadrupole Splitting (QS), leading to a doublet being observed in
paramagnetic systems. The magnitude of the energy difference between the split excited
states of the nuclei is influenced by the electric field gradient, in turn dictated by parameters
such as the coordination number, type of ligands and crystallographic site. Magnetic Hyperfine
Splitting can occur when the iron nucleus is surrounded by a magnetic field, such that a sextet
of possible transitions at different energies can be seen for magnetic samples. The shift of all
peaks with respect to the normal velocity of the source, is referred to as the Isomer Shift (IS).
These shifts arise from effective s-electron density around the nucleus. The Fe?* has a larger

shift than Fe®* due to screening by d-electrons®”’.

5"Fe Mossbauer spectra were collected at room temperature using a standard constant-
acceleration spectrometer in a transmission geometry using a %"CoRh source (UNSW
Canberra). Samples were powdered and mixed with boron nitride (BN) for a final concentration
13 — 16 mg/cm? of the compound under test on the sample holder. An a-Fe foil standard was
also measured for calibration. Spectra were fitting using IMSG2011 3'° to extract the isomer
shift, quadrupole shift, Half Width Half Maximum (HWHM) and in the case of more than one

species being present, their relative proportions, for each material.

Together with the diffraction methods, these microscopic and spectroscopic studies provide a
picture of the nature of the structure and bonding in each of the materials. Techniques used to

measure the properties of whole samples are detailed below.

24 Magnetic Property Characterisation

The valence states of the elements inside materials can reflect electronic properties of the
whole. Of particular interest throughout this thesis are the magnetic properties of materials, as

Fe3*, Cr¥*, Ni?* and V** in materials from Chapters 3 - 7 possess unpaired electrons.
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241 Magnetization Measurements

In an external magnetic field, a magnetic material may respond and become magnetized. The
material's mass magnetization can be seen as the density of induced magnetic moments per
unit mass. The proportionality factor between the external magnetic field H and the response

magnetization M is called the magnetic susceptibility X.

M = yH (2.7)
Different magnetic systems result in different behaviours for x due to the interactions between
other magnetic ions within the material. Magnetically ordered systems typically have non-linear
M-H responses, and ¥ is a tensor. Temperature also affects x, and critical temperatures where
thermal energy can overcome exchange interactions and the material reverts to
paramagnetism (T¢ for ferromagnets and Ty for antiferromagnets) can be seen. Some simple

examples are depicted in Figure 2.3 below.

(a) (b)
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Figure 2.3. Part (a) shows typical M-H responses for materials with different magnetic
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Antiferro-
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Dia-

interactions (‘dia-’ = ‘diamagnetic’ etc.) and (b) illustrates the temperature dependence of x for

different magnetic interactions. This illustration is based on information from [3'1],[ 312] and
[24]_

In this thesis, the M-T and M-H data are collected to get information about the type of ordering
present and any transition points within the sample. Then 1/x is fitted with the Curie-Weiss
model within the paramagnetic temperature ranges to obtain some information about the size
of moments and the nature of the exchange interaction, and the M-H data are fitted with the

Langevin function to see if any clustered behaviour is occurring.
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2411 M-T Modelling: Curie-Weiss

The susceptibility x is temperature dependent, as shown in Figure 2.3 above. At weak fields,
paramagnetism can be modelled using the Curie-Weiss law®'®. According to this law, the

magnetic susceptibility determined from the mass magnetization plot can be expressed as:

_ xNapokerr  C
"~ 3kgM,,T T -6,

(2.8)

where x is the molar fraction of the magnetic species in the material, Na is Avogadro’s number,
Uo is the permeability of free space, kg is the Boltzmann constant, M, is the molar mass of the
material, C is the Curie constant and 6, is the Weiss constant. This means, by plotting 1/x vs.
temperature and applying a linear fit to the paramagnetic part of the curve, the slope is the
Curie constant C and the intercept is the Weiss constant 6,. Weiss constants of — 6,, K and +
6w K are typical for materials with some antiferromagnetic and ferromagnetic interactions

respectively.

Rearranging and applying the fitted slope C, an estimate of the effective magnetic moment

(uefr), in bohr magnetons (us), can be obtained via:

3k XxC XM
Hefr = — (2.9)
x X Ny X pig X U

This determination of effective moments from fitting allows comparison to expected values for

different magnetic ions, as e is also equal to:

terr = tpgvJU + 1) (2.10)

where g is the Landé g-factor and J is the total angular momentum.

A special case arises for the ions with partially filled d-levels such as in Fe®*. They are prone

to a quenching of orbital angular momentum L*'* and the per instead becomes:

lerr = HpgyS(S + 1) (2.11)

where S is the spin angular momentum. This is often referred to as the ‘spin-only’ moment.
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241.2. M-H fitting: Langevin

At low temperature and high field, paramagnetic behaviour can be modelled using the classical

depiction of magnetization®':

M =M, L(B) (2.12)
Where My = Ngugsd, N is the number of atoms, and L(B) is the Langevin function:

1
L(B) = tanh™1 — E (2.13)
Fitting for B will gives the cluster moment ‘m’ (not equal to effective moment above).
Mo -m-H
B = Ky T (2.14)

Therefore the Langevin function does not describe the behaviour of individual independent
atoms/ions but the behaviour of some kind of macroscopic spin in a magnetic field®'>. Such
macroscopic spins occur in systems with ferromagnetic or ferrimagnetic clusters in a
nonmagnetic matrix or in magnetic nanoparticles which can be aligned in an external magnetic
field.

2413 Experimental Methods

The SQUID M-H and M-T magnetization measurements in Chapter 3 were conducted with a
Quantum Design Magnetic Property Measurement System (MPMS) at the ISIS Neutron and
Muon Source, UK. Low temperature field-cooled (FC) and zero field-cooled (ZFC) M-T data
were collected from 2 — 324 K. The M-H data were collected at 10, 80, 150, 200 and 300 K in
a field with intensity up to 70 kOe. The high temperature M-T from this Chapter was conducted
with a Quantum Design MPMS with oven option (Durham University, UK), and FC data was
collected from 300 — 535 K in a field of 175 Oe.

In Chapter 4, the BFNTO DC M-H data were measured using a Quantum Design Physical
Properties Measurement System (PPMS) at UNSW Canberra, Australia to a field of 90 kOe
and temperatures 2, 10, 100, 200 and 300 K.

The remaining M-H measurements in Chapter 4, 5 and 7 were conducted using the Vibrating
Sample Magnetometer (VSM) mode of a Quantum Design PPMS at the Australian Centre for
Neutron Scattering (Lucas Heights Australia) at 3 K. The FC and ZFC M-T data were collected
at various fields over a temperature range of 3 — 300 K, and 5 — 373 K for VTO50 in Chapter
7 specifically.
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While these are the most basic methods of measuring magnetic responses in a material,
information can often be difficult to extract if there are any magnetic impurities present. For this

reason, other complementary techniques can be employed.
242 Heat Capacity

Heat capacity reflects the energy required to change the temperature of a material. When a
material is magnetically ordered, the spontaneous magnetization of the material increases the
heat capacity according to the equation below?®:

1 dM?

Cn = — EHONWW (2.15)

where Cy, is the specific heat increase from magnetization, o is the permeability of free space,
Nw is the molecular field constant (which is related to x above), M is magnetization and T is
temperature. Magnetization varies significantly near a magnetic phase transition, and results

in a discontinuity in the heat capacity.

Heat capacity data are presented in Chapter 4 for sample BFNTO. A Quantum Design PPMS
(UNSW Canberra) was used to record data over the temperature range 2 — 200 Kon a 9.3 mg
solid pellet sample. The specific heat is determined from the difference between a reference
addenda with a small amount of Apiezon N grease and the total heat capacity of the sample
also attached with grease. In this thesis, this method is used to help pinpoint critical transition

temperatures.
243 Electron Spin Resonance Spectroscopy

In this thesis, Electron Spin Resonance Spectroscopy (ESR) is used to obtain information
about the interactions between magnetic moments in these materials and their surroundings.
A magnetic dipole can interact with a magnetic field (B). In the simplest case, a single isolated
unpaired electron (possessing a magnetic moment) can occupy two energy levels split by the

applied external field (electron Zeeman splitting) with an energy difference of:

AE = hv = gugB (2.16)
A transition between such split energy levels can be promoted by application of a light source
(hv) satisfying the energy requirement (e.g. microwaves for B fields ~ 1 T). When the light
source is fixed, and the resonance field is known, the value of g can be calculated. The value
of g is dependent on the exact local environment the electron finds itself in and as such, is
dependent on how the chemical system is aligned relative to the applied magnetic field. This
can be accounted for by replacing the scaler g-value with a g-tensor, where the different
components of the g-tensor describe the different chemical environments the electron finds

itself in. An electron’s local environment is impacted by field effects induced by the external B
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field and internal factors mostly independent of B3'". For example, in materials with symmetry
restrictions, moments within the structure will align anisotropically with the applied field. This
occurs in materials such as those with axially distorted octahedra, where there are two unique
components to the g tensor (g« = g,, the ‘perpendicular components and g, the ‘parallel’

component).

The local effects include the electron and nuclear Zeeman interactions (already mentioned),
nuclear quadrupole interactions, the electron-nuclear hyperfine interactions and the fine
structure or zero-field interactions. The nuclear based interactions are typically too weak for
ESR to resolve, but other interactions are large and can lead to more than two states for the
moment to occupy and transition between. The total electron spin ‘S’ and nuclear spin ‘I’ of the
ions under study will dictate the possible interactions and resulting energy levels. In this thesis
Fe** (S =5/2,1=0)and V* (S = 1/2, | = 7/2) are examined predominately. In the V**, this
combination of electron and nuclear spins can result in the hyperfine coupling interaction. This
interaction, just like the Zeeman interaction, is dependent on how the system is aligned in the
magnetic field as such is described by a tensor (A). Eight ESR transitions can arise from the
| =7/2 and S = 1/2 interaction.

The zero field splitting interaction comes about only in systems that have multiple unpaired
electrons. For example Fe3*, a 5 electron (S = 5/2) spin system with 6 magnetic sublevels, has
its levels perturbed due to dipole-dipole interactions between the unpaired d-electrons of the
metal ion. Half integer spin systems like Fe** always give rise to an ESR signal as these will
always have a degeneracy at zero-field, whereas integer spin systems (even number of
electrons) often do not give rise to an ESR signal. Electron-electron coupling is another
important zero-field interaction which involves coupling between electron moments on
separate atoms. These interactions can also be very large, much larger than the electron
Zeeman interaction, such that the system can be described in terms of an effective or total
spin. For example, a ferromagnetic material with interacting S = 1/2 ions (single unpaired
electrons on each ion) may be described as an S = 1 system when the electron-electron
coupling is large. Similarly, an antiferromagnetic system with the same ions can be described
as an S = 0 antiferromagnet (with no readily observed signal). Any observed peaks are often

broad due to these electron-electron interactions3’.

Thus, there can be many observable transitions in ESR spectra with different values of g that
give information about the symmetry of the paramagnetic ions and their neighbouring
interactions. In Chapters 4 and 7, powdered samples were measured using a Bruker E500
ESR spectrometer. X-band ESR spectra were obtained at room temperature, 20 K and 50 K

using an Oxford ESR helium cryostat. Solid ESR samples used in Chapter 4 were magnetically
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diluted with ESR silent KCI and placed into quartz ESR tubes such that the material under test
comprised 3 — 4 wt. % of the total volume in the test cavity. Samples used in Chapter 6 were
undiluted. The resulting data were simulated and fitted (where possible) using the

‘Easy Spin’ 3'® Matlab toolbox.
244 Muon Spin Resonance Spectroscopy

Where ESR is good at probing environments of isolated paramagnetic centres, it is sometimes
less fruitful in probing information about systems in which there is significant electron-electron
interaction. Information about the internal magnetic field of a sample and its dynamic behaviour

can be probed with muon spin resonance spectroscopy (USR).

The uSR method utilizes positive muons (u*) which decay into positrons (e*) over time. A
magnetic sample can be placed in a spin polarised muon beam where muons implant by
pairing up with an electron (in semiconductors). The direction of the muon spin will precess at
the Lamor frequency if not influenced by a magnetic field. When the muon decays into a
positron, this particle will be ejected from the sample preferentially along the direction the muon
spin was pointing. By monitoring positrons hitting detector banks placed around the sample
and the asymmetry between them over time, the precession can be monitored. If the muon is
affected by an internal magnetic field, this asymmetry will change according to the strength
and disorder of this field®'°. The muon probes are statistically more likely to experience the
field of the main phase, thus the technique is less influenced by magnetic impurities. By fitting
the data and extracting time dependent parameters, information about the main magnetic

phase can be gathered that is complementary to magnetization studies.

The Argus Muon spectrometer at the RIKENRAL Muon Facility (ISIS Muon and Neutron
Source, UK) was used for the ySR measurements presented in Chapter 3 of this thesis. The
sample was contained in a 1 cm? silver foil packet for measurement in fly-past mode. The
sample was cooled with a cold-finger helium flow cryostat over the temperature range
100 — 400 K. Double pulses separated by 324 ns such that the FWHM is 70 ns were used for
data collection. Full asymmetry of a blank scan was 22%. The data fitting equations providing

further details are in the body of Chapter 3.

Together, this suite of techniques can provide useful and complementary assessments of
magnetic properties of the materials under test. A range of other methods are required in order

to assess other functional properties of the materials.
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2.5 Electrical and Optical Property Characterisation
251 Atomic Force Microscopy Techniques
2511 Piezoresponse Force Microscopy

The Piezoresponse Force Microscopy (PFM) technique can give information about polarisation
within samples at a local scale. In this method a small modulated voltage (Vi) is applied to

cantilever as it scans the surface:

Viip = Vpc + Vaccos(wt) (2.17)
which contains DC and AC components, and t is time and w is angular frequency.

If the material is piezoelectric, the surface deforms slightly as a response to the DC and AC

parts of the applied voltage and the cantilever displaces (drrum) according to:

dpry = dpc + Dcos(wt + @) (2.18)
where D is the amplitude and ¢ is the phase difference, containing information about the
magnitude of the piezoelectric constant and the direction of polarization in the sample®?°. A
laser tracks this deflection and the position, comparing the drive signal and the actual deflected
signal to determine the material’s piezoresponse. This has arbitrary units, and is calculated
from:

piezoresponse = Dcos (%) (2.19)
In this thesis, ferroelectric materials are studied, which by definition are also piezoelectric,
making this a powerful technique. Oppositely aligned ferroelectric domains within a sample will
possess the same piezoelectric constant. In such cases, an applied voltage will induce the
same amplitude of distortion to each domain, but exhibit a different phase response (Figure
2.4 below). Non-180 degree domains, and domains with an in-plane component can also be
imaged with PFM.
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Figure 2.4. Pictorial illustration of the PFM technique. For domains polarised parallel (red) or
antiparallel (green) to the applied field (E), a 180° phase difference (purple), and equal

amplitudes (blue) are measured.

Using PFM, the amplitude, phase and piezoresponse switching behaviours in response to an
applied electric field can also be observed from point to point*?'. The measured responses for
ferroelectrics typically mimic the bulk polarisation and strain responses mentioned in the
introduction and can be a good indicator of the type of polar ordering in the sample, without
needing a dense sample. Large voltages can also be applied over a small area to manually

switch whole domains in a desired pattern.

In this thesis, PFM is used to gain insights about the nature of ferroelectric domains and
switching behaviours of the materials under study. Bulk measurements are not presented in
this thesis as samples were typically not dense enough to endure exposure to large electric
fields over the whole sample (further noted within each relevant chapter). PFM measurements
from Chapters 3 — 6 were made using an Asylum ‘Cypher’ Atomic Force Microscopy (AFM)
system. Conductive AC240TM silicon probes were used on well-polished samples with a
contact force of ~ 100 nN. Dual AC Resonance Tracking mode was used to image pristine and
written domains. Switching spectra were also collected. Specific area sizes and applied

voltages are explained in the relevant chapters.
2.51.2 Kelvin Probe Force Microscopy

Kelvin Probe Force Microscopy (KPFM) can be used to measure surface potential of a sample.
With this technique, the probe forms an electric field with the surface. When the probe is driven
at a fixed height across the sample, a change in potential difference between the probe and
the surface will cause the probe to vibrate. A small voltage can then be applied to nullify this
detected force. This is known as the contact potential, which can be mapped over the sample

surface3®?.
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If one scans the surface of the sample slowly, and changes the ambient conditions through
application of a light source, resulting changes in the surface potential from photoexcitation
are detectable in situ. A pictorial representation is given in Figure 2.5. Such a change might
reflect, for example, promotion of electrons from the valence to conduction band, thus
changing the potential difference between the sample and probe. This gives some information

about how strong a photoexcitation might be in these samples, but is limited to the laser light

W

Light off Light on Light off

source compatible with the equipment.

|l |' Sample |' '

Potential (V)

»
L

Figure 2.5. Pictorial representation of a typical in situ measurement of the light dependent
surface potential response. As the cantilever traces the surface, the light is switched on

partway, leading to a change in the potential measured.

Surface potential was monitored in Chapters 3 - 6 through KPFM, also using an Asylum
‘Cypher’ Atomic Force Microscopy system. While in dual-pass mode, and a tip elevation of
~ 50 nm, a 458 nm laser was switched on and off to illuminate the sample via optical fibre.

This allowed surface potential changes due to light exposure to be measured in situ.
2.5.2 Photoelectronic Measurements

In order to determine if the materials explored in this thesis could produce a bulk photocurrent
and photovoltaic response, the change in the DC current as an electric field was applied in
dark and light conditions was monitored. A photovoltaic material will show a non-zero current
at zero applied voltage when the light is on™. A sample without a significant field will show a
more linear response (ohmic type behaviour), while curvature and asymmetry would imply the
existence of some type of internal field or dynamic resistive character. A change in slope

between light and dark would indicate a photo-induced change in resistance.

Prior to measurement, the samples were polished and cleaned. Circular gold electrodes were

applied by sputtering at 30 mA for 3 minutes through a mask. Gold electrodes worked best for
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the high resistivity samples and the low resistivity BFCO samples were instead coated in
transparent ITO. This was done using pulsed laser deposition (excimer laser, power 1.5 J/cm?,
5 Hz pulse) to ablate the target and coat circular electrodes over 30 minutes on the sample

substrate at 500 °C also though a mask.

Measurements were made across the surface electrodes using the FE probe head unit of an
aixACCT TF2000 Analyzer. The data were collected using the aixACCT hysteresis software,
which involves application of voltage in a stepped triangular waveform and extracts DC current
information from the voltage dependent resistive parts of ferroelectric samples. The maximum
applied voltage in any test was 10 V and the step interval depended on the sample (0.05 — 0.5
V). The ‘white’ light conditions were imposed using a Nikon HB-10104AF 100 W mercury
lamp. The median currents from the looped measurement in dark and light conditions were
then compared. Any offset from zero in the dark conditions was taken as error and applied to

the measurements made in light conditions.
253 Impedance Spectroscopy

In order to further study the electrical behaviour of samples in this thesis, impedance
spectroscopy was used. By applying an AC field at different frequencies across the samples,
dynamic electrical features of the materials can be investigated. The way a material ‘impedes’

current flow when an AC voltage is applied is given by the complex expression:

Z=R+jX (2.20)
Where Z is impedance, R is resistance, X is reactance, and j is the imaginary unit. Samples
can be considered as electrical circuits with components connected in series or parallel that
have individual Z values (e.g. a crystal grain and a grain boundary). Each component may
contain different proportions of resistance and reactance. For example, perfect inductors and

capacitors might have the following reactance expressions as their only contribution to Z:

X, = 2nfL (2.21)
1 (2.22)
Xe = 21fC

where L is inductance, C is capacitance and fis frequency.
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A Nyquist plot is a common way to present impedance data®?® and typical results from samples

with different components are shown below in Figure 2.6:

(a) (b) (c)

C
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Figure 2.6. Typical Nyquist plot for various kinds of equivalent circuits that might occur in a
material. In (a) the response of an ideal capacitor is shown, (b) shows a capacitor and resistor
in parallel and (c) shows an inductor and resistor in series with a capacitor and second resistor

in parallel. The direction of increasing frequency is noted by ‘f’ and an arrow.

These plots are qualitatively analysed in this thesis to obtain information on capacitive,
inductive and conductive/resistive mechanisms within the sample as a consequence of
composition, valence, and temperature changes. The real resistivities (o) obtained at certain
frequencies are also quantitatively compared to determine semiconductor trends. This is done
by taking the measured ‘R’ and applying the sample dimensions electrode area (A) and

thickness (/) as follows:

p= # (2.23)
Samples for measurement were coated in gold for 3 minutes at 30 — 40 mA using sputtering.
Room temperature impedance spectra were obtained using an Agilent E4980A Inductance-
Capacitance-Resistance (LCR) meter with an Agilent 16034E test fixture. Spectra were
collected from 20 Hz to 2 MHz under ambient temperature and light conditions. For
temperature controlled measurements, samples were fixed into the sample holder with GE
Varnish then placed in a CTI Cryogenics Cryodyne refrigerator unit and the sample chamber
was evacuated to 1 x 10-° mbar for cooling. Temperature was controlled with a Lakeshore 335
temperature controller between 10 K and 450 K. Impedance measurements were at a range
of frequencies between 20 Hz and 2 MHz every 15 seconds via an Agilent E4980A LCR meter
and Tonghui TH26011B test fixture wired to the sample stage during the cooling and heating

cycles.
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254 UV-Vis Diffuse Reflectance Spectrophotometry

In this thesis, diffuse reflectance spectrophotometry was used to determine how the
synthesized materials absorbed light. Polycrystalline samples typically reflect in a diffuse
manner, rather than a specular one, and this can be measured with the appropriate equipment.
The proportion of light that is reflected by the material can be related to how it absorbs via the
Kubelka-Munk function (F(R))3%*.
F(R) = A-Ra)® _k (2.24)
2R, S
where k is absorption coefficient, s is scattering coefficient, R- is diffuse reflectance. This can

then be processed into a Tauc plot®?® with the axes:

(F(R) - hv)Y/™ s, hv (2.25)
where n = 2 for indirect transitions, n = 1/2 for direct transitions and hv is the photon energy.
This gives valuable information about potential band gaps in the samples. A drastic drop off in
the Tauc relation at an energy value that corresponds to the band gap should be expected.
This method can be used to help identify photofunctional materials and which wavelengths of
light they may be able to absorb best. There are drawbacks however, in that the particle size
and packing can affect measurements from sample to sample, and so this method is used only

to get a general estimate of the band gap.

Measurements were made using a Cary 5G UV-Vis spectrophotometer with Diffuse
Reflectance Accessory (DRA) in Chapters 3, 6 and 7. Powdered samples were pressed on
white filter paper for placement against the measurement window. The paper spectrum was
removed from the background. Measurements were made in F(R) mode where possible, and
otherwise in absorption mode, over the visible light range. A Cary 7000 with a newer DRA was
used in Chapters 4 and 5 (Chinese Academy of Sciences Technical Institute of Chemistry and

Physics).
255 Photocatalysis

One of the key photofunctions of interest to this thesis is photocatalysis. The photocatalytic
behaviour of the nanoparticles was tested in a 20 mg/L Rhodamine B (RhB) solution. The
photocatalysts were added to water to make a 1 g/L mixture. The dye concentration after
catalyst addition was first measured with the light off. Then the sample was irradiated with a
visible 500 W Xe lamp (cut off at 380 nm). The RhB dye is pink and loses its colour on
breakdown, allowing monitoring of the catalyst’s effectiveness through the light absorption of
the solution over time. The concentration of RhB was determined at regular 20 minute intervals

by taking aliquots of the solution and subjecting them to UV-Vis spectrophotometry. The
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intensity of the 552 nm absorption band was used in a calculation of concentration decrease
over a period of 2 hours. Experiments were conducted at the Chinese Academy of Sciences

Technical Institute of Chemistry and Physics.

2.6 Summary

This chapter gives background information, justification and specific experimental detail about
methods used in this thesis to synthesise, determine structure, and measure properties of a
suite of materials. These techniques were selected to provide information on each aspect of
the material and bring them together for a unified understanding of their functionality. The

following five chapters detail the findings from these experiments.
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Chapter 3 Cr-modified Perovskite-type Bismuth Ferrite

Materials

In this first content chapter, the material bismuth iron chromium oxide (BFCO) is explored.
BFCO is a modification of the host oxide BFO. By adding chromium, the magnetic and
photofunctional characteristics are predicted in the literature to improve considerably. As
outlined in the introduction, this material has shown considerable promise as a photovoltaic
material in thin film investigations, hence its selection as a worthy candidate for further

investigation in this thesis.

However, a number of questions remain unanswered in the literature on BFCO including the
nature of the underlying chemical ordering of iron and chromium within the perovskite structure
and the implications this has for the physical properties, most notably the magnetism. In
addition, the synthesis of this material has not previously been achieved in the bulk, precluding

this kind of thorough investigation until now.

By developing a new synthesis, investigating the structure thoroughly, and measuring its
physical properties, these questions can be answered. The following sections detail a newly
developed synthetic procedure to generate large quantities of bulk BFCO with appreciable
purity at near-ambient pressure. It then focuses in on a systematic study of the underlying
structure of the material, in particular the determination of this Fe/Cr chemical ordering using
X-ray, electron and neutron probes, which is supported by theoretical simulation and helps
answer long standing questions about the origin of the properties. A verification of the physical
properties of the bulk BFCO materials is then performed, including experimental magnetization

studies, local electrical properties measurement and observation of responses to UV-Vis

irradiation.
3.1 Synthesis
3.1.1 Near-Ambient Pressure Method Development

One of the main hindrances to ongoing study of BFCO is being able to synthesize it in bulk.
The conventional solid state method is typically used to produce large volumes of bulk
ceramics. However, this method can often be fraught with difficulty when trying to prepare

BiFeO3; based materials.

As is noted by many authors, parasitic phase formation in the Bi.Os-Fe>O3 phase system in

nearly unavoidable®*, especially in the presence of impurities (including Si and Al, common in
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reaction vessels)®® and when introducing a third oxide such as Cr.03°%. Ways to reduce the
prevalence of the extra phases include high purity reactants (not useful if scaling up is your
goal), very fast heating and cooling to circumvent the kinetic challenges of phase formation®®,
using closed vessels to reduce Bi.O3 evaporation and the application of pressure®. It would
appear from the reports to date that pressure is very important in establishing any quantity of
perovskite structured material in the product®® ¢ and no phase formation appears possible at
ambient pressure’? 3. An important first step of this investigation was to determine if such high
pressures were strictly necessary and if a near ambient pressure approach (enabled with some

inexpensive lab equipment) could be utilized instead.

Quartz quick-fit glassware with 24/29 or 34/35 size ground joints, the kind typically found in
chemistry laboratories, can be fashioned into a crucible using glassblowing techniques
(Figure 3.1 (a)). The seal on the vessel is loose and easy to handle, but at higher temperatures
becomes well sealed and an above-ambient pressure is generated. A similar effect can be
produced by vacuum sealing samples inside quartz ampules using glassblowing if necessary,
though this is not a reusable method. By placing prepared oxide pellets directly into such a
quartz vessel and sintering for short reaction times (30 — 60 minutes), followed by a quench, a
phase which can be indexed to a rhombohedral perovskite structure can be identified using
XRPD (Figure 3.1 (a)).

It is notable that if an alumina crucible is used instead, which does not tightly seal, no
perovskite phase can be formed instead producing separate bismuth oxide and transition metal
oxide phases (Figure 3.1 (b)). Packing the sample with extra powder to help control bismuth
evaporation also had no effect, which indicates that the lack of perovskite phase formation in

the Bi»03-Fe,03-Cr,03 system is related to the vessel pressure.
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Figure 3.1. In (a), a quick-fit quartz glass crucible and an XRPD pattern of a sample produced
inside at 860 °C for 1 hour (then quenching to air) is shown and (b) shows a standard alumina
crucible and pattern associated with sintering a sample inside with excess un-pressed power

at 860 °C for 30 mins (2 hour sinter also showed no improvement. Not shown).

The use of quartz glass, which while very useful in affording the necessary pressure for
synthesis, did also come with drawbacks that had to be overcome with optimization. XRPD
patterns presented in Figure 3.2 (a) show the formation of highly reduced Bi metal (an impurity
phase) in vessels which have been used many times. This was also obvious in BSE
micrographs obtained with SEM (Figure 3.2 (b)). A composition summary of specific points in
this micrograph determined by EDXS is given in Table 3.1. It would appear that the lack of
airflow in the vessels may facilitate a reaction between the reactants and the quartz vessel
over time, leading to reduction of bismuth and introduction of some silicon (and aluminium)
content in the product. For these reasons, in order to produce the best quality samples, freshly

made quartz vessels were used to produce samples for testing.
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Figure 3.2. In (a), an XRPD pattern of a BFCO sample made in aged quartz crucibles at

elevated temperature (880 °C) is shown and in (b), a backscattered electron micrograph of the

same sample is presented. Large Bi metal regions can be observed (*) in addition to pale

whites/grey (#), the main grey phase (--) and a dark phase (~).

Table 3.1. EDXS spectra obtained from points in Figure 3.2 (b) and a phase assignment.

Point Al Si Cr Fe Bi 0] Total  Assignment
(wt. %)
1 0.11 0 0.27 049 10521 1251 118.58 Bi metal
2 0 0.18 13.49 17.78 485 19.64 99.6 Oxide of Cr and Fe
3 0 0.07 6.14 1119 66.14 1532 98.86 Fe-rich BFCO
4 0 0 6.61 10.2 66.23 15.04 98.08 Fe-rich BFCO
5 1.17 0 022 042 949 12.22 108.94 Bi metal
6 0.64 0.5 3.5 595 64.24 12.69 87.52 Bi-rich oxide phase

3.1.2 Optimization

While successful production of a perovskite BFCO phase obviously hinges on use of a fresh
quartz crucible, improvement can also be made to the phase purity by optimizing synthesis
conditions such as sintering temperature and time. XRPD was used to monitor the success of
the synthesis optimization, with the angular range 20-50° 26 being the most diagnostic range
for confirming the presence of additional phases. Henceforth in this chapter only this angular
range will be shown in XRPD plots, and a larger angular range example of a successful BFCO

synthesis can be found in Figure 3.1 (a).

Figure 3.3 is a comparative plot of XRPD patterns demonstrating the effect of sintering
temperature on the synthesis. Below 860 °C it can be seen that there is a prevalence of
unreacted materials (e.g. Bi2O3 at ~ 27.2° 26 and oxides of Fe and Cr at ~ 33.5° 20 (Figure
3.3 (a)), as phase-matched with software®!). This likely reflects the higher melting point of

Cr,0s in comparison to Fe»Os. Above the optimal 860 °C, the growth of parasitic
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phases/decomposition of the perovskite product into bismuth rich phases begins to appear (Bi
metal, cubic Bi>Os3 type (‘Bi-rich oxide’) at ~ 27.0 — 27.8° 26, Figure 3.3 (b)).

The peaks labelled ‘Bi-rich’ oxide detected at lower temperatures match well to the tetragonal
phase BisCrO24%?¢ indicating a valence change of a small population of the chromium.
However, the weak peak seen in the 860 °C sample is not necessarily attributable to the same
phase, as this location is coincident with peaks from other bismuth rich oxides, such as the
BisFeOss phase commonly seen in BFO syntheses®®, and Bi.O; based sillenites with other

transition metal dopants3?’.

(@) # Bi-rich oxide | (P) # Bi-rich oxide

+Bi,0; ! A Bi metal
'840°C} ~ Fe/Cr oxide

Intensity (a.u.)

B e T

Figure 3.3. In (a), a low sintering temperature comparison is presented showing unreacted
oxides and in (b) a higher sintering temperature comparison is presented, showing 860 °C to
be optimal with no improvement at high temperatures. The expected peak locations for a

rhombohedral BFCO phase are indicated with dashed lines.

In an attempt to further improve not only the phase purity of the samples, but the sample
quality, the preparation of the reaction powders was explored. Hand milling, ball milling and a
preparation of a precursor powder by the metal organic decomposition (MOD) method were
compared among other variables outlined in Table 3.2. Of the oxide methods, it was found
that ball-milling produced the best samples (Figure 3.4 (a)), likely owing to the better
distribution of reactant oxides. In that vein, it was though that the preparation of a precursor
powder from Bi, Fe and Cr nitrates in ethylene glycol might be more fruitful. However, after the
calcination of the mixture it was already evident that the low pressure parasitic phases had
developed. Irrespective of the vessel used after this point, no perovskite phase could be formed
(Figure 3.4 (b)) mimicking the results of the quartz crucible vs. alumina crucible tests in Figure
3.1. It is therefore very important for some pressure to be present during all application of heat

to this system.
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(a) Oxide Method (b) Metal Organic Method
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Figure 3.4. In (a), a typical XRPD pattern of a sample produced from a ball milled oxide mixture
at 860 °C for 1 hour in a quartz crucible followed by a quenching to air is shown and (b) shows
an XRPD pattern of a sample sintered by the sample procedure, but made from an MOD
precursor first calcined at 600 °C at ambient pressure. The ambient pressure calcining appears

to have caused impurity formation that cannot be eradicated during the quartz sintering step.

Table 3.2. Variables tested during synthetic optimization of BFCO and the optimum

conditions.

Conditions Variations tested

Reactant mixture | Hand milled oxides, ball milled oxides (optimum), Bi-deficient hand
milled oxide, and MOD prepared precursor.

Pre-sintering Pellets pressed to 5 tonnes (optimum), pellets pressed to >5 tonnes,
Steps pellets placed in alumina crucible, pellets placed in quartz crucible
(optimum), and pellets placed in with additional powder in the vessel.
Main Sintering 825, 835, 840, 845, 850, 855, 860 (optimum), and 880 °C.

Temperature

Main Sintering 30 mins (optimum), 1 hour (optimum), and 3 hours.
Time

Post-Sintering Quench to cool (optimum) and natural cool.

Steps

Therefore, the optimal synthesis conditions for the production of bulk samples of BFCO with a
dominant rhombohedral phase appears to be from ball milling of oxide reactants, and sintering
the pressed pellets in quartz crucibles at 860 °C for approximately 60 minutes, then quenching
the vessels to air. In addition to these conditions, best results are obtained from the use of

fresh crucibles.

This is the first time in the literature that a major rhombohedral BFCO phase has been
synthesized at near ambient pressure. These samples have a deep purple/black colouration
and a grain size of ~ 2 uym. Purity levels of ~ 86% (~ 9 wt. % Bi metal and ~ 5 wt. % Cr,0s) as

refined from neutron diffraction patterns (more in the next section) are easily attainable and
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sufficient for further structural analysis and a bulk properties assessment. So far in this section,
XRPD has been used for purity monitoring but the next section deals with in-depth structural

analysis.

3.2 Structural Analysis and Simulation

Having achieved the production of a predominant rhombohedral phase using a near ambient
method, attention could be turned to elucidating the nature of this rhombohedral phase and,
importantly, if there could be any exhibition of chemical ordering in the product. A double
perovskite structure with the typical formula A.B’B'Os¢ was predicted for BFCO by
computational means by Spaldin et al*® 8, This structure would have the space group R3 and
be characterised by alternating planes of Fe and Cr B-site octahedra along the [111], pseudo-
cubic direction (along ¢ in the hexagonal setting of R3c) as shown in Figure 3.5 (a). For the
remainder of this thesis, this structure will be referred to this as the chemically ordered ‘O-
phase’ of BFCO. However, there is also the possibility that the Fe and Cr ions do not order
when they form the perovskite arrangement. In this case, the B-site is randomly occupied and
they become equivalent in the average structure. This means now that (111) planes of ions
are symmetrically related by a ¢-glide operation due the site equivalency. The space group for
the disordered variant necessarily becomes R3c. This structure is also comparatively shown
in Figure 3.5 (b) and throughout this thesis will be referred to as ‘D-phase’ BFCO. The
determination of which kind of ordering these synthesized samples exhibit is key to understand

their properties.

(a) O-Phase (b) D-Phase

Figure 3.5. In (a), an O-phase BFCO hexagonal unit cell is shown, illustrating the c-glide
breaking chemical ordering in the ‘B-site along the [111]p pseudo-cubic direction and (b)
shows the D-phase BFCO structure with random chemical occupation that results in the

exhibition of the c-glide symmetry operation. Figure adapted from ref. [328] with permission.
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The principal way to distinguish between these two phases would be to observe the presence
of diffraction peaks related to the c-glide operation. In the rhombohedral setting these are
reflections of the type <hhl>r* (equivalent to <'2'%2'2>p* commonly quoted in thin film
investigations) which are present in O-phase BFCO, but absent in D-phase BFCO. While an
apparently straightforward distinguishing feature, there are many hindrances to their

observation in most diffraction-based techniques.
3.21 X-ray Diffraction Analysis

In X-ray diffraction, the scattering factors for Fe and Cr are very similar and much lower than
the Bi scattering factor. Since the reflections of interest are primarily contributed to by intensity
from the B-site ions, they are going to be very weak. In addition, the Cu X-ray source used in
most lab-based X-ray powder diffractometers will promote fluorescence of the Fe and the
increased background scattering levels may obscure the weak peak of interest. Figure 3.6
shows an XRPD pattern of a typical BFCO sample. The peaks of interest in powder diffraction
will overlap at a location of ~ 19.4° 26 for typical Cu Ka radiation. The inset of Figure 3.6 shows
this region of interest plotted on a log scale to accentuate any peak that would exist. There is
no obvious indication of a peak here. This gives the impression of having synthesized D-phase
BFCO, however, as previously stated there are practical problems with the X-ray technique

which do not allow a definitive assessment.
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Figure 3.6. An XRPD pattern of a typical BFCO sample exhibiting a rhombohedral structure.
Inset: absence of anticipated chemical ordering peak noted at ~19.4°. Figure adapted from

ref. [328] with permission.
3.2.2 Electron Diffraction Analysis

Foreseeably, another method that could be used to observe the presence or absence of

ordering would be a single crystal diffraction technique. Given the small grain size from the
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synthetic method that was introduced in the previous subsection, the single crystal technique
that can best deal with this is electron diffraction. Collecting electron diffraction patterns (EDPs)
could be done using an electron microscope. However, yet again there are experimental
challenges associated with data collection. Firstly, finding a grain in the sample with the
appropriate orientation to collect a pattern from a zone axes that shows the relevant peaks of
interest is statistically difficult. Secondly, due to the structural closeness of this sample to the
cubic perovskite structure, the lattice parameters are incredibly similar. In this system, there
are six symmetry related <1-10>g zone axes and only the three <1-10>g = <-110>p set of axes
will show the reflection of interest, whereas the three <001>g = <110>p axes will not. Subscript
‘R’ indications the rhombohedral crystallographic setting, and ‘P’ is the primitive setting. Figure
3.7 shows a typical EDP collected from the BFCO sample which can be indexed to either the
[1-10]r (green) or [001]r (red) axes. The presence of reflections along the dotted lines would
mean that if the green axis is the correct choice, the sample is potentially O-phase, and if red
is the right choice, it could be a either O or D-phase. Additionally, if there is twinning in the
sample, due to the strong interaction of electrons with the sample, it may also be possible to
see reflections in these places. For these reasons, it cannot be concluded if there is or is not

ordering in the sample based on the electron diffraction method either.
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Figure 3.7. An EDP obtained from a crystallite of BFCO. The zone axis can be assigned within
error to both [1-10]r (leading to red indexation) or [001]r (light green). If the red indexation is
true, then the presence of reflections on the dashed lines (<hhl>r* type) would suggest an R3
structure. If the light green indexation is true, some reflections along these lines are permitted
for R3c. It is uncertain which the correct choice is, or if twinning in the sample is present. Figure

adapted from ref. [*?®] with permission.
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3.2.3 Neutron Diffraction Analysis
3.2.31 Room Temperature Studies

A third diffraction technique that has a good chance of being able to observe the presence or
absence of the reflections associated with chemical ordering, is neutron powder diffraction.
The scattering lengths for Bi, Fe, Cr and O are now dissimilar enough that weak features
associated with the ordering of the B-site can be distinguished without domination from the Bi
signal or the background. Neutrons can interact with magnetic spins giving rise to magnetic
scattering from electrons in addition to nuclear scattering. This method requires a large amount
of sample which has not yet been achieved in other literature reports, but due to the new
synthesis method detailed above, the nature of the chemical ordering and magnetic ordering

(if any) in bulk BFCO samples can be determined.

Figure 3.8 shows a preliminary dataset collected at room temperature using the Echidna
diffractometer at the Australian Centre for Neutron Scattering, showing several important
features. Firstly, with the change in scattering factors an enhanced signal can now be seen
from the impurity phases which were not immediately obvious in the XRPD data, and they are
now positively identified as Cr.O3 and Bi metal. This does mean that the main phase of BFCO
in this sample more than likely deviated from the nominal stoichiometry and is in fact iron rich.
Secondly, and most importantly, a peak can be seen at d = ~ 4.6 A which is where a peak
corresponding to chemical ordering would be expected (and cannot be matched to other
additional phases). However, this is also the same location one would expect to see a peak
from G-type antiferromagnetic ordering which is reported for in the majority of BFO related

compounds and is also predicted in the initial computational studies*® %8
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Figure 3.8. A neutron powder diffraction pattern of BFCO collected with the ‘Echidna’
diffractometer. A basic profile fitting (no magnetism, via Jana2006) is shown in red, for phases
BFCO (R3c, D-phase), Bi (R-3m) and Cr.03 (R-3c). An extra peak is noted at d = ~ 4.6 A.
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G-type magnetic ordering is described by (111)r planes of B-site ions which are
ferromagnetically coupled within the plane (have spins pointing in the same directions) but
antiferromagnetically coupled between planes (neighbouring planes along [111], will have
antiparallel spin alignment). A basic pictorial representation of this type of magnetic ordering
for both the O-phase and D-phase variants is shown back in Figure 3.5. This means, scattering
from the magnetic structure will also produce a diffraction peak of the type <%z ¥4 ¥2>p* which
describes the magnetic propagation vector. It is important to note that both the chemically
ordered (O-phase) and chemically disordered (D-phase) unit cells can potentially exhibit

antiferromagnetic coupling like this, but the net magnetization will have different values.

The existence of this extra peak in the neutron pattern gives three possible options here: (1)
the structure is D-phase with antiferromagnetic ordering only, (2) the structure is O-phase with
no magnetic ordering or (3) the structure is O-phase and also possesses antiferromagnetic
ordering. This experiment was repeated by collecting further neutron diffraction data on the
Polaris neutron spectrometer at the ISIS neutron and muon source in the UK. When the data
were refined considering Model (1) the additional peak could be described as being contributed
to be B-site ions with a moment of ~ 0.21 uB and an overall Rw, factor of 1.67%. This moment
is below what that expect from the Hund’s rule predictions, but is not outside the realm of
possibility for a highly frustrated system. The refinement result using this model is shown in
Figure 3.9 (a). When applying Model (2) to the data, a fit with a comparable R factor, also
1.67% can be obtained (shown in Figure 3.9 (b)), which does not allow separation of these
two options based on statistics. Refining both the chemical and magnetic ordering as is needed
for Model (3) was not meaningful due to the resolution of the detector bank in this region, and
attempts to try this resulted in an overestimation of the peak which does suggest that this
model is unlikely. Given the comparable statistics for Model (1) and (2), a further experiment

was required.
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Figure 3.9. In (a) a neutron powder diffraction pattern obtained from the Polaris instrument is
shown (room temperature) refined in GSAS using Model 1 (chemically disordered,
magnetically ordered) and (b) shows the same data refined with Model 2 (chemically ordered,

no magnetism). The fit is in black, the raw data is red and the difference plot is blue. Figure

adapted from ref. [328] with permission.
3.2.3.2 High Temperature Study

Foreseeably if this low angle neutron diffraction peak is contributed to in any way by magnetic
ordering, then heating the sample above its Tn, should remove that contribution. From
magnetization experiments (to be presented later in 3.3.1.1) it was suspected that the Tn
temperature was around 400 K. Neutron diffraction data collected at 500 K presented in Figure
3.10 show that the peak at d = ~ 4.6 A has vanished, leaving no signal behind that could
correspond to chemical ordering eliminating model (2) and (3) as options. This quite strongly
suggests that the material has the D-phase structure and possesses antiferromagnetic order

at room temperature.
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Figure 3.10. Neutron powder diffraction data obtained from the Polaris instrument at 500 K,
refined with chemical disorder and no magnetic ordering (having passed through Ty),
Rwp = 1.74 %. An absence of underlying chemical ordering is indicated. Note: Bi peaks have
disappeared, and having not recrystallized after the heating cycle. Figure adapted from ref.
[328] with permission.
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3.24 Structural Simulations
3.2.41 Bond Valence Sum

To further validate the assignment of the D-phase structure to BFCO, semi-empirical and
theoretical studies were undertaken. Beginning with validation of the crystal structure
refinements, the resulting refined structures associated with Figure 3.9 (a) and (b) (presented
earlier) were subjected to bond valence calculations and analysis using the Soft BV method®"
303 The results of the analysis are presented in Table 3.3, which demonstrate a lower overall
Gl for the disordered structure, and the bond valences of individual ions are consistent with
their expected valences (Bi**, Fe®*, Cr3*, 0%). As Gll has been shown to scale with total energy
calculated from DFT?%2 it would appear the disordered structure is more plausible for this

system than the ordered variant.

Table 3.3. Results of bond valence sum calculations for the validation of BFCO refinements.

Bi(v.u.) Fe(v.u.) Cr(vu.) O(v.u.) Gll(v.u.)
D-phase | 2.9087 2.9726 2.7180 1.9181 0.1346
O-phase | 3.0197 2.9317 2.6818 1.8841 0.1445
2.7834 3.0321  2.7709 1.9667

3.24.2 Density Functional Theory

From a theoretical standpoint, difference in energy between a fully ordered and a partially
disordered structure can also be calculated using DFT. In order to do this, two structural
arrangements were evaluated for the relative energy difference and net magnetic moment (and
alignment) per unit cell, using the GGA+PBE method*?°, which was outlined in Chapter 2. The
resulting calculated lattice parameters in comparison with the experimental study are shown
in Table 3.4. Larger lattice parameters than the previous computational simulations are
observed*® %8 but are closer to the experimental values. It is acknowledged that the
computational methods used in this work are different from this previous report, and deviation

is not unexpected, though the energetic trend remains reliable.

The O-phase structure, relaxed from the experimental lattice constants in the hexagonal
setting (therefore capturing 6 B-sites, shown in Figure 3.11 (a)), was found to have a stable
G-type magnetic ordering with a net moment of 6 uB per unit cell. However, the DFT energy
was 0.09 eV higher than a partially disordered structure, in which one ‘anti-site’ defect was
introduced (shown in Figure 3.11 (b)). This partially chemically disordered structure, also
exhibited G-type ordering but resulted in a reduction of the net moment to 2 uB per unit cell.
This reduction in the net moment is the result of magnetic frustration. When iron and chromium

are switched between their ordered planes, but conserve G-type ordering, one Fe-Cr pair is
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seen to contribute 2.0 uB to the total moment per unit cell, but the next neighbouring Cr-Fe
pair contributes -2.0 pB, thus cancelling and reducing the net moment. Just a single B-site
defect is enough to reduce the moment by 1/3. This is an important observation to be verified
in the following section. In addition, the individual moments of Fe and Cr are calculated at
around 4 and 2 uB, below what might be expected for S = 5/2 and S = 3/2 ions based on a
spin-only calculation. While this model is only exploring partial disorder owing to difficulties
modelling such a result, it is believed to be a good indicator of a trend. Other researchers have
performed Monte Carlo simulation on the analogous BiFeosMnos03 system and found that
tendency towards chemical disorder results in inhibition of ferrimagnetism and low net

magnetization33°,

(a) O-phase (b) Anti-site defect
A=0eV

A=-0.09 meV

Figure 3.11. In (a), a hexagonal BFCO unit cell with full chemical ordering is shown and (b)
shows a patrtially disordered BFCO cell with an anti-site defect. Figure adapted from ref. [3%8]

with permission.

The energetic results also reflect what was seen in the sample preparation, namely that the
high entropy, disordered structure is more likely to be favoured under fast synthesis conditions.
The only literature reports which claim to observe a high degree of chemical ordering do so by
growing thin films33'-333 under very different conditions to the solid state method. These non-
standard conditions may allow them to traverse a different energy landscape and achieve
some ordering imposed by the sample geometry and controlled reactant delivery. It appears

obtaining ordered solid state samples remains elusive.
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Table 3.4. Experimental and theoretical structural and magnetic parameters obtained for

different B-site ordering configurations in BFCO. Table adapted from ref. [F28] with permission.

Experiment DFT- Ordered DFT - p-Disordered
Relative Energy (eV) -- 0.0 -0.09 eV
Cell Volume (A3) 367.62(3) 377.07 376.52
Lattice a (A) 5.5574(2) 5.604 5.601
Lattice ¢ (A) 13.7444(5) 13.863 13.856
Emergent Symmetry R3c R3 P3
Net magnetic moment (ug) per unit cell | ~0 6.00 2.00

Having experimental and theoretical evidence to support the presence of chemical disorder in
this system, antiferromagnetic ordering is predicted below room temperature resulting in a near
zero net sample magnetization. Magnetic experimental measurements were conducted to

further verify this assertion and make an estimate about possible transition temperatures.

3.3 Physical Properties
3.31 Magnetic Properties

From the neutron experiments, the magnetic moment refined from individual B-site ions in the
magnetic structure was 0.21 uB per B-site ion. Given this system contains the transition metals
Fe3* (S =5/2, high spin) and Cr3* (S = 3/2) with calculated moments of 4 and 2.5 psrespectively
from the simulations, the refined moment is low. This may indicate appreciable magnetic
frustration in this system. According to the Goodenough-Kanemori-Anderson rules for
magnetic superexchange (see Chapter 1), the exchange interaction between pairs of Fe-O-Fe
and Cr-O-Cr ions would be antiferromagnetic in nature, but Fe-O-Cr would be ferromagnetic.
Given the B-site occupation has been determined to be random, all three types of interactions

are possible and will be competing to result in frustration.

Despite the frustration, the average, long range magnetic structure appears to be
antiferromagnetic. The bond angles measured from refinement are close to 155°, which likely
allows Fe-O-Cr linkage to approximate more antiferromagnetic type interactions, explaining
the observation of AFM magnetic peaks in the neutron data below 500 K. To further confirm
this apparent antiferromagnetic behaviour, magnetization measurements can be made. Low
magnetization from antiferromagnetic cancellation of spins, and complex temperature
dependence due to competing exchange interactions might be expected in such

measurements.
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3.311 Magnetization

The results of field intensity dependent mass magnetization (M) measurements are presented
in Figure 3.12, made on a powdered BFCO sample. At all temperatures a degree of hysteresis
can be seen at low field. This is consistent with commonly reported spontaneous spin canting,
which persists in many orthoferrites®* and disordered doped BFO3® %3¢ There is also a non-
linear response at all fields which does not saturate, typical of an antiferromagnetic system.
Calculating the net moment from the magnetization at the highest field and 300 K, the result is
0.053 uB per formula unit. This is far lower than could be reasonably expected from O-phase

BFCO, indicating again that this is a D-phase canted antiferromagnetic system.
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Figure 3.12. Field dependent magnetization of BFCO at five different temperatures. A near
linear, non-saturating response is observed with a small inner hysteresis (inset), suggesting
antiferromagnetic ordering with a possible weak spin canting. Figure adapted from ref. [328]

with permission.

Figure 3.13 shows the temperature dependence of x (M/H) for a powdered sample of BFCO
under a field of 10 kOe. There is a notable difference in the FC and ZFC curves at low
temperature which indicates there is a component of ‘ferromagnetism’ in this sample,
contributing to a hysteretic effect, again likely attributable in part to spin canting. Though due
to the fact that the BFCO is more than likely iron rich, this may also be related to an imbalance
of ions not causing full cancellation of moments. The curves show quite a complex response
at very low temperature and there is another notable broad feature at ~ 100 K. A number of
related materials exhibit similar features which are attributed to spin reorientation transitions3*"

338 and in some cases spin state transitions3%.
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Figure 3.13. Temperature dependence of x for BFCO at 10 kOe, showing some ZFC/FC
hysteresis at low temperatures, and convergence above room temperature indicating an
approach to a critical transition. Low temperature features are complex. Figure adapted from

ref. [328] with permission.

At high temperatures the curves begin to converge indicating an approach to a transition
temperature. Figure 3.14 shows high temperature measurements made on the sample using
an oven option. Due to the nature of the instrument, there is a limitation to the field applied but
there does appears to be an inflection point near 400 K to indicate a transition of some kind. It
should be acknowledged that the technique used to obtain this data is very sensitive to
impurities and so is likely to be affected by the presence of the antiferromagnetic Cr,Os impurity
identified in the neutron experiment. This phase has a Ty of ~ 308 K meaning that inflexions
above this temperature are likely attributable to the bulk BFCO material, but the magnitude
may be affected by background from this phase. In order to make sure this study grasps the
bulk behaviour of BFCO and not the impurities, the material was subjected to Muon Spin

Resonance spectroscopy (USR).
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Figure 3.14. Temperature dependent field-cooled magnetisation, measured in the high
temperature range under a field of 176 Oe, showing an inflection near 400 K indicating

transition behaviour. Figure adapted from ref. [328] with permission.
3.31.2 Muon Spin Resonance Spectroscopy

The uSR technique can much better probe the behaviour of the majority component of the
sample due to its low flux and local binding nature. Muons are spin polarised on implantation,
become coupled to internal magnetic moments in the samples, de-phase and then decay over
a period of nanoseconds. The speed and directionality of the decay is associated with the
internal magnetic field in the sample. Therefore, by monitoring the asymmetry and relaxation
rate of the muons passing through the sample with respect to temperature can give valuable

information about the magnetic behaviour inside the main phase of the material.

Fitting the raw data with the following function can be done to obtain asymmetry and relaxation

rate information:
G(t) = Ae ™ + A, (3.1)

where A is the asymmetry, Ao is the baseline asymmetry (from instrumental setup, 11.7%) and

A is the relaxation rate.

In the raw asymmetry plot with respect to time ((Figure 3.15 (a)) a large ‘missing fraction’ is
noted at low temperatures. Missing fractions occur when a strong internal magnetic field
quickly dephases the muons outside of the measurable time scale. Further investigating this
though fitting, very low asymmetry can be seen up until near 300 K where is starts to climb
and is recovered after 375 K (Figure 3.15 (b)). This implies that the internal magnetic field is
lost somewhere in this range, consistent with what was seen in the magnetization
measurements. Additionally, the relaxation shows a peak at low temperature near 200 K

(Figure 3.15 (b)) which indicates a fluctuating magnetic process within the sample that has a
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comparable time scale to the muon probe. This may correspond to the 100 K feature in the
magnetization, but is frequency dependent and shows a shift to high temperatures in response
to the fast muon probe. In addition, the relaxing asymmetry at 100 K was observed to be almost
1/3 of that at 400 K. Given that a powdered sample will have a 1/3 + 1/3 + 1/3 directional

average in the magnetization, this observation suggests an ordered magnetic phase in the
sample below room temperature.
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Figure 3.15. In (a), raw data showing an asymmetry difference between low and high
temperatures is presented, and (b) shows fitted data with clear recovery of a missing fraction
above room temperature (and an implied loss of magnetic ordering). A peak in relaxation rate
at low temperature suggests a possible frequency dependent dynamic process. Figure

adapted from ref. [328] with permission.

Importantly, these measurements are consistent with the bulk phase being magnetically
ordered at room temperature which is compatible with the earlier proposed
antiferromagnetically ordered, chemically disordered model. The combined suite of magnetic
measurements and neutron diffraction analyses support the assignment of D-phase BFCO
with a Tn ~ 400 K when produced in the bulk. Whether or not multiferroism and
photoresponsiveness was retained in bulk BFCO was also unclear from the literature, and so

further characterisations were conducted and are presented in the following section.

3.3.2 Electrical Properties

It is of interest to see what other properties this chemically disordered system can exhibit at
room temperature. Ferroelectric properties for example are of particular interest for exhibition
of the bulk photovoltaic effect and multiferroism. In order to determine if a ferroelectric
response might be fundamentally present, Piezoresponse Force Microscopy (PFM) was used.
This was more informative than bulk ferroelectric measurements which were impacted by
insufficient sample density. Looking at individual grains within BFCO (Figure 3.16), the

presence of what appear to be 180° domains in the amplitude and phase images are detected
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(Figure 3.16 (b) and (c)), which are not artefacts of the morphology (Figure 3.16 (a)).
Additionally, switching spectra can be collected from BFCO which show a hysteretic phase
change (Figure 3.17 (a)) and a ‘butterfly’ strain response (Figure 3.17 (b)) induced by an
applied voltage. In combination with the calculated piezoresponse (Figure 3.17 (c)), this is
typical of a ferroelectric material. It would appear that disordered BFCO simultaneously
exhibits antiferromagnetic and ferroelectric type ordering at room temperature, and is therefore

classified as a multiferroic.

(a) BFCO Mophgy

(b) BFCO Amplltude

(c) BFCO Phase
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Figure 3.16. Measurements made on polished BFCO samples using PFM. In (a), morphology,
(b) amplitude and (c) phase images are presented, obtained from same area. These show

obvious domains unconnected with surface height variation. Figure adapted from ref. [328] with

permission.
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Figure 3.17. Switching spectra obtained from BFCO using PFM. A phase change typical of a
180° ferroelectric domain is shown in (a), a butterfly strain response can be seen in (b) and
the calculated piezoresponse is presented in (c), showing hysteresis. Figure adapted from ref.

[328] with permission.
3.3.3 Optical and Photofunctional Properties
An interesting observation made on thin film samples of BFCO in the literature was that they

could exhibit the photovoltaic effect®® ', and with appreciable efficiency for such a thin layer
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of oxide material. The functionality has been correlated with both the chemical ordering and
presence of ferroelectricity. In BFCO made in this study, appreciable visible light absorption is
observed (Figure 3.18 (a)) despite the apparent chemical disorder. By measuring diffuse
reflection via UV-Vis-Spectrophotometry, the Kubelka-Munk function could be applied to the
data, then produce a Tauc plot to estimate the band-gap of the material (Figure 3.18 (b)).
While the fit is rough, two possible, separate transitions occur at ~1.5 eV, which is extremely

promising for photofunctional applications.
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Figure 3.18. In (a) the UV-Vis absorption of powdered BFCO is shown, suggesting broad
visible light absorption and (b) shows a direct band gap Tauc plot which indicates possible
photoexcited transitions in the range 1.5— 2 eV.

It was also possible to make further measurements which gave positive indications of a
photofunctional response. Using Kelvin Probe Force Microscopy (KPFM), the surface potential
change in the sample when exposed to a laser light source of 458 nm was mapped. There is

a significant change in the surface potential on light exposure, indicating a net flow of

| (b)
‘\{ ~
Pt :,

photoexcited charges in the sample (Figure 3.19).
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Figure 3.19. In (a), the surface potential variation map scanned across a 2 um grid with 458
nm laser switched on and off is shown. The resulting plot of surface potential variation during

light condition switching is shown in (b).
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These samples were also coated with small 0.3 mm? ITO (indium tin oxide) electrodes with a
0.5 mm spacing on the surface and subjected to a +/- 10 V DC field. Current vs. voltage curves
were obtained in darkness, and on exposure to a 100 W Mercury lamp across the surface
electrodes. Clear non-linear behaviour is observed in darkness, though the behaviour
becomes more linear on exposure to light (Figure 3.20). This is not unexpected based on the
low-density polycrystalline nature, though the magnitude of current increase on light exposure
is quite promising if the samples can be further optimized.
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Figure 3.20. Voltage dependent current between ITO surface electrodes on BFCO sample in

the dark (black) and on exposure to mercury lamp (red) demonstrating non-linear curves and
an obvious photoresponse.

34 Summary of Chapter 3

By utilizing a carefully developed near-ambient pressure, solid state method, large amounts of
BFCO were produced to an appreciable purity at low cost. This is the first time a synthesis of
rhombohedral BFCO has been successful at such low pressure and resulted in the exhibition
of a suite of magnetic, electrical and optical properties.

The structure was shown to correspond to a rhombohedrally distorted perovskite phase with
random chemical ordering of Fe and Cr in the B-site demonstrated by neutron diffraction. This
resulted in G-type antiferromagnetism up until above room temperature, confirmed with muon
characterisation techniques. It was suggested that formation of a chemically ordered structure
might be energetically disfavoured under these synthesis conditions.

Despite the disordered nature, the samples exhibited ferroelectric type properties observed
with PFM, strong visible light absorption with a band gap of ~ 1.5 eV, and production of a
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photocurrent. This means BFCO is not only photofunctional, but also multiferroic in this bulk

newly synthesized form.

By addressing the gaps in the literature, it has been shown that the combination of elements
and structure type in this material leads to a multifunctional material. Factors such as the
synthesis method and structure control are identified as key factors though would affect its
implementation. The exploration of how functionality is established in perovskite structured

materials is continued in the next chapter.
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Chapter 4 Ti** and M?*-modified Bismuth Ferrite

Perovskite-type Materials

In the previous chapter, one specific chemical modification of the host BFO structure was
explored. There are however many foreseeable elemental combinations this structure could
accommodate. By interchanging the elements in the perovskite B-site an extensive and
tuneable suite of properties could be obtained in the bulk state. This chapter targets other
combinations of elements with the ability to fit into BFO, to rationally design compounds with

apparent photofunctionality and improved ancillary properties.

Specifically, this chapter deals with titanium containing chemical modifications, inspired by
suggestions in the literature that introducing Ti** may stabilize the electrical properties and
retain photofunctionality, as addressed in the introduction. This is done by partnering Ti** with
a suitable M?* species (Fe?*, Zn?*, Cu?*, Mg?* or Ni?*) to balance the introduced charge and
simultaneously target the magnetic and photofunctional properties. It is also hoped that such
modifications will permit truly ambient pressure syntheses, further improving on Chapter 3.

There is however little known in the literature about these combinations.

The main literature questions include which of the specific chemical modifications will lead to
a perovskite phase (Mg?*/Ti** and Ni?*/Ti** are the only known ones so far), and of the possible
combinations, how their ferroelectric, magnetic and photofunctional properties are changed in
relation to their composition. Insights from Chapter 3 can be used to answer these questions,

and build together a picture of functionality development in perovskite systems.

Synthesis options for various combinations of BFO B-site modification are explored in this
chapter. The syntheses of viable materials are then refined, and their novel local chemical,
structural and physical features are investigated through techniques such as Mdssbauer

spectroscopy, X-ray diffraction, magnetometry and piezoresponse force microscopy.

4.1 Synthesis
As outlined in the introduction, the target materials for synthesis in this chapter include:

e BiFe*2sFe? 0375 Tin37503 (BFFTO)
e BiFeo25Zn0375Ti037503 (BFZnTO)

e BiFe25Cuo.375Tio.37503 (BFCuTO)

e BiFeo25Mgo375Ti0.37503 (BFMTO)

o BiFeo.25Nig.375Tio.37503 (BFNTO)

The following subsections outline synthetic pursuits to each target material.
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411 Ti** and Fe?*, Zn?* or Cu?* Incorporation

The first combination of elements tested was Ti** and Fe?*. There was some suggestion that
the perovskite BiFe?*o5Tig 503 might exist and exhibit multiferroism in a theoretical study®. This
had not been experimentally verified in the literature, nor had other levels of titanium
incorporation beyond 30 at. % of the total B-site cations. It was found in this study, that the
BFFTO composition of interest did not form a single phase product. This sample was created
from a mix of FeO and Fe,O3 sources and synthesized under ambient conditions and formed
a mixture of Aurivillius phases and Bi:FesOo (as matched via phase matching software?®’,
Figure 4.1 (a)). It would appear the iron valence state is not stable under these synthesis

conditions, and so was not further pursued in the context of this chapter.

The theoretically more stable divalent ions Zn?* and Cu?* were also tested for their ability to
balance Ti** and be incorporated in a perovskite structure. However, BFZnTO and BFCuTO
are also not known phases in the literature. Based on the ability of Zn and Cu to form perovskite
related phases with titanium such as BiZnosTios03**%34? and BisCusTis01.%, they were
considered stronger candidates than Fe?*. Unfortunately, in early trials significant sample
melting was noted at temperatures > 850 °C, and even using lower synthesis temperatures,
neither the Zn or Cu samples resulted in the desired product (Figure 4.1 (b) and (c)). Both are
clearly multiphase, with BFZnTO resulting in a prevalent Bi-rich BizsZnOss-type phase, an

Aurivillius phase and a zinc oxide phase, while BFCuTO sees a BiCuO4 and Aurivillius mix

forming.
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Figure 4.1. XRPD comparison of the products of M** = (a) Fe**, (bb Zn** and (c) Cu** trials to
produce BiFeo 2sMo.375Tio.37503. BFFTO was sintered at 900 °C for 90 minutes, and BFZnTO
and BFCuTO at 750 °C for 90 minutes. Dotted lines indicate the main peaks for a BiFeOs

rhombohedral phase, used as a reference.

Looking at the phase relationships between the component oxides in the Cu and Zn systems,
combinations of Bi;O3 and CuO lead to the phase Bi.CuO4*** which forms readily and Bi>Os;

and ZnO mixes can lead to BizsZnOss***, which also readily forms. Importantly, these phases
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form under ambient pressure conditions and at low temperature (BiCu2O4 liquidus at
~ 850 °C 3% and BizsZnOss ~ 750 °C 344), in competition with the target phase. These phases
dominate the XRPD patterns and appear to be the biggest factor in not achieving a perovskite

phase in the composition range investigated.

Within the scope of this study, BFFTO, BFCuTO and BFZnTO were not successfully
synthesized. There may be other viable compositions, particularly for the Zn#/Ti** pairing®
190 and provides direction for future study. In this thesis however, focus was shifted to other

potential M?* species.
4.1.2 Ti** and Mg?* Incorporation (BFMTO)

The transition metal ion Mg?* has no d-electrons and is known to have a similar reactivity to
Zn?*, forming interesting and seldom reported compounds like semiconducting Bi-MgQO4 with
the trirutile structure®®® 346, However, comparing the Bi.O3-Fe203-MgO-TiO, phase system to
those containing ZnO or CuO, there is excellent solubility of Mg-Ti-Fe oxides®*’ 348 and only
the comparatively rare bismuth-based Bi-MgO4 phase. This likely explains why, unlike the
previous combinations, the perovskite phase BiFe25Mgo.s7sTio37503 (BFMTO) is actually

reported to form at ambient pressure in the literature’ 88 8,102,
41.21 Solid State Synthesis Methods

The first attempts at using a solid state preparation and sintering method to produce BFMTO
did produce some of the desired phase. It was clear though that phase formation was highly
sensitive to sintering temperature and time, with very narrow windows for production before
parasitic phases formed. This behaviour was monitored using XRPD. In this chapter, the
angular range 27-40° 28 was the most diagnostic for confirming the presence of additional
phases in BFMTO samples and is presented in subsequent figures. A broader angular range

XRPD that indicates successful synthesis can be found in Figure 4.9 (a).

Figure 4.2 (a) illustrates the effect of temperature when sintering for 90 minutes, identifying
900 °C as the optimal temperature, and Figure 4.2 (b) shows how 12 hours is a good length
of time to best improve perovskite to impurity ratios. These iterations were performed in
alumina crucibles, meaning for BFMTO, ambient pressure is adequate to grow a perovskite
phase. In these early iterations it was also found that high levels of additional phases were

related to the choice of raw materials.
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Figure 4.2. In (a), a comparison of sintering temperatures is shown, each with a 90 minute
dwell, indicating 900 °C to be the most beneficial for perovskite formation and lower impurity
levels. In (b), a comparison of sintering times at 900 °C, shows some improvement for a longer
sintering of 12 hours.

4.1.2.2 Alternate Method Optimization

The production of BFMTO with MgO via the solid state method showed a number of impurities
such as a cubic Bi-rich phase analogous in structure to BixsFeOsg and the Aurivillius phase
BisFeTisO+s. The Bi-rich phase is reported to be a difficult to eradicate impurity in other
syntheses’ 8889 Notably, quenching the samples after sintering did not improve the purity as
was the case for BFCO in Chapter 3. In this study, the Aurivillius impurity was most often seen
in more coarse mixtures using solid MgO or MgCOs sources (Figure 4.3 (a)) despite a broad
range of tested synthesis conditions (Table 4.1). To circumvent this, methods to improve
mixing were explored including the use of ethanol-soluble magnesium sources. Magnesium
acetate mixed in with ethanol in the milling procedure did result in a proportional reduction the

Aurivillius phase, but the Bi-rich oxide phase remained (Figure 4.3 (b)).

In order to also reduce the bismuth oxide phase, a new synthesis method was attempted.
Nitrates of magnesium and iron and titanium butoxide were dissolved in ethylene glycol, then
decomposed to form an oxide precursor (a ‘metal organic decomposition method’, MOD). The
precursor was then sintered using the previously optimized time and temperature parameters.
This resulted in just a small detectable amount of Aurivillius side phase via the XRPD method
(Figure 4.3 (b)).
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Figure 4.3. In (a) a comparison of solid Mg sources used in solid state synthesis is shown.
Both MgO and MgCQOg variants (synthesized at 900 °C/12 hours, and 350 °C/4 h + 900 °C/12
h respectively) showed significant Aurivillius and cubic Bi-rich type impurities. In (b) the soluble
acetate method (340 °C/4 h + 900 °C/12 h) is shown to decrease the cubic Bi-rich impurity, but
metal organic decomposition (of nitrates in ethylene glycol, 600 °C/2 h + 900 °C/12 h) is better,

also diminishing the Aurivillius impurities.

Table 4.1. Summary of investigated synthesis conditions for BFMTO. Optimum conditions are

indicated.

Conditions Variations tested

Reactant mixture | Hand milled oxides, hand milled oxides with Bi-deficiency, hand mill
oxides and magnesium acetate, hand mill oxides and magnesium
carbonate, MOD prepared precursor (optimum).

Pre-sintering Calcine < 400 °C/ 4 hours, calcine 600 °C/ 2 hours (opt.), sieving

Steps mixture to retain small particles, and pressing pellets at 5 tonnes (opt.).

Main Sintering 860, 880, 900 (opt.), and 920 °C.

Temperature

Main Sintering 90 mins, 3 hours, 6 hours, and 12 hours (opt.).

Time

Post-Sintering 750 °C post annealing, grinding and re-sintering at main sintering

Steps temperature, quench cooling, and normal cooling (opt.).

Given that the phase purity appeared very high when produced via the MOD method, these
samples were further investigated with microscopy. The morphology of the samples were
porous, with smaller grains inside the pockets, likely a result of using an MOD precursor which
may retain some volatile groups prior to sintering (Figure 4.4 (a)). As shown in the
backscattered micrograph (Figure 4.4 (b)), grains of another phase can be see with a needle-
like structure. This is typical of the phase BisFeTisO1s (see Chapter 5) and matches the XRPD
peaks seen in Figure 4.4 (b) for this sample, though from the EDXS analysis it is found that it

contains a proportion of magnesium (Table 4.2). This is an illustrative image and this phase
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was found to be only minor impurity, with grains infrequently spotted. The main phase appears
uniform in colour in the BSE micrograph (Figure 4.4 (b)) and the average composition of the
main phase matches that expected for BFMTO albeit with a slight deficiency in Mg (Table 4.2).
This is likely due to leaching into the alumina crucible which was sometimes observed during
synthesis. The deficiency of B-site elements in general as analysed is most likely the
consequence of an over representation of bismuth coming from the neighbouring side phase
or influenced by the rough surface. However, the potential for B-site vacancies is to be

considered in later analysis.

Figure 4.4. In (a), an SE micrograph of BFMTO shown. The morphology indicates larger
regions of BFMTO and smaller grains in pores. In (b) a BSE micrograph indicates there is a
needle-like impurity (red oval) in the sample, consistent with BisFeTizO1s. No other impurities

were observed.

Table 4.2. Elemental analysis of BFMTO using EDXS from micron-scale areas.

. Cation Fraction
Area Mg Ti Fe Bi Phase ID
Grey 0.35 0.38 0.25 1* BFMTO
Light Grey | 0.41 2.93 0.65 4.85 | Mg-doped BisFeTi3O1s5
*Refering to colour scale in Figure 4.4 (b).
**Assuming ABO3 formula with all A occupied by Bi

In summary, the optimized method for producing BFMTO involved producing a precursor from
magnesium, iron and bismuth nitrate with titanium butoxide in ethylene glycol, decomposed at
600 °C for two hours. The resulting powder was ground and pressed into pellets for optimal
sintering in alumina crucibles at 900 °C for 12 hours. Samples of BFMTO appear orange/pink
in pellets and yellow in powder. This material forms a large part of the properties investigation

in this chapter.
41.3 Ti** and Ni?* Incorporation (BFNTO)

The final choice of M?* investigated for incorporation was Ni?*. Nickel can comfortably hold a

2+ valence state and has unpaired electrons, therefore potentially allowing a magnetically

83



Chapter 4

ordered state as well as improved electrical properties. A stable perovskite phase of BFNTO
is only known for the composition BiFeg 25Nio 375 Tio 3750374, It is interesting that this is the only
clearly viable composition that results in a rhombohedral perovskite phase, as is also the case
for BFMTO. Both the Bi,O3-Fe;03-NiO-TiO2 and Bi,Os-Fe,03-MgO-TiO- systems contain many
phases, and it is extraordinary that these elementally complex phases form at ambient
pressure. In both systems though, there is a similar number of competing stable phases34>-3%4,
and this specific composition is generally well balanced between each competing phase. This

is different to the systems containing Zn and Cu mentioned earlier.
41.31 Solid State Method Optimization

The synthesis of BFNTO was initiated with the solid state method to confirm it could be made.
Firstly, using a single step sintering of the raw pressed oxides in an alumina crucible at ambient
pressure, it was found that the synthesis of this material was highly sensitive to sintering
temperature and time, with a very narrow window within which phases could be formed and
not result in the formation of alternate stable phases. This behaviour was monitored using
XRPD. In this chapter, the angular range 28—-40° 20 was the most diagnostic for confirming
the presence of additional phases in BFNTO samples and is presented in subsequent figures.
A broader angular range XRPD that indicates successful synthesis can be found in Figure 4.8

(a).

Figure 4.5 illustrates how a sintering of 960 °C for 12 hours was identified as the condition

most conducive to a high proportion of perovskite BFNTO to impurities.
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Figure 4.5. In (a) conventional solid state oxide-based preparations of BFNTO at different
temperatures are compared, showing good perovskite to impurity ratios at 960 °C (90 minutes
sinterings) and in (b) sintering times are compared, showing a longer sintering of 12 hours

helps conversion of additional phases to maximize BFNTO formation.
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Samples produced by this simple method were observed to crack after synthesis in the
furnace. Efforts were made to control this effect by manipulating the processing procedure
(adding PVA, adding extra re-grindings, slow cooling, using nickel acetate, changing the
pressure of the press etc. Table 4.3), but the cracking problem remained. This may be arising
from different thermal expansion of the phases present, or a phase transition of BFNTO on
cooling. Thicker samples were generally used to minimize detrimental cracking. More
important for the investigation was optimizing the purity of the BFNTO samples, and with the

smallest amount of processing to improve on the available literature synthesis™ .

Table 4.3. Summary of synthetic conditions tested in optimization of BFNTO samples.

Conditions used for optimum purity are indicated (also illustrated in Figure 4.6 (below)).

Conditions Variations tested

Reactant Hand milled oxides, hand milled oxides and nickel acetate, ball milled
mixture oxides (optimum methods 1, 2 and 3), and MOD prepared precursor.
Pre-sintering Sieving mixture prior to pressing to retain small grains (opt. 1, 2 and 3),
Steps PVA binder added prior to pressing (opt. 2), pellets pressed at three

tonnes pressure (opt. 1), pellets pressed at 5 tonnes pressure (opt. 2 and
3), pellets pressed thick (opt. 1, 2 and 3), pellets pre-calcined at < 600 °C
and pellets slowly heated to maximum sintering temperature (opt. 2).
Main Sintering | 780, 800, 820, 850, 880, 900, 920, 960 (opt. 1, 2, 3), 975, and 1000 °C
Temperature
Main Sintering | 90 minutes, 2, 6, 12 (opt. 1, 2, 3), 24, and 72 hours.

Time
Post-Sintering | Quench cooling, natural cooling (opt. 1, 2, 3), and regrinding and re-
Steps sintering at main sintering temperature.

Throughout the optimization process, the purity was monitored by XRPD. The detected
secondary phases were fitted to a spinel type structure (likely related to NiFe204), a tetragonal
Bi-rich phase related to B-Bi»Os (note: not the same Bi-rich oxide that appears sometimes in
BFMTO) and the Aurivillius phase BisFeTisO1s, as indicated in Figure 4.5 above. Interestingly,
methods involving multiple temperature steps or regrinding suggested in the literature to
improve purity and quality’* led to worse purity in this study. Using the MOD method that was
successful for the BFMTO did not help reduce the additional phases. Quenching the samples
after sintering also did not improve the purity. Instead it was found that best mixing was
achieved when the raw materials were sieved (gauge ~ 300 um) after initial mixing. Only the
small, similarly sized particles were then pressed for reactions. This drastically reduced the
Aurivillius phase leaving only small levels of the NiFe-O4 type phase, and Bi-rich oxide phase
(Figure 4.6). Like BFMTO addressed above, and BFCO and BFO discussed in previous
chapters, it was not possible to completely eradicate secondary phases from the final sample,

and instead a manageable level was obtained via this sieving method.
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Figure 4.6. XRPD patterns of samples sintered for 12 h at 960 °C with different processing.
Small grain, oxide based raw materials followed with a single sintering step lead to the best
results, showing similar purity despite changes to pressure, heating rate and binder addition
as noted in Table 4.3 above. For comparison, the MOD method sample is shown which clearly

contains more impurities. Dashed lines represent peak positions for the desired BFNTO phase.

The samples produced using the optimized solid state synthesis with sieving were further
analysed with microscopy. SE and BSE micrographs of a high purity sample are shown in
Figure 4.7, with corresponding elemental analysis in Table 4.4. There is a spinel type
transition metal oxide phase that is apparent in the SEM by its distinctive shape and contrast
in the BSE (dark region, circled in Figure 4.7 (b)). Solid solutions of transition metal spinels
are known, and this appears to be a mixed element product from Table 4.4. Such ‘islands’ are
sometimes seen in BFO syntheses with Bi-rich areas nearby due to a mismatch of diffusion in
Bi and the transition metals® and impurity driven nucleation of parasite phases®. A Bi-rich
phase shows up in light grey in Figure 4.7 (b) (also circled) and is interesting due to its high
transition metal population as analysed by EDXS (Table 4.4), which is beyond that of BizsFeOsg
type sillenites most frequently reported in BFO type synthesis. However due it its small grain
size, it may be influenced by the signal from the surrounding phases. Further evidence relating
to this phase is presented in Section 4.2.1 and while its presence is noted, time was not spent
focussing on it in this thesis. The main grain phase is analysed by EDXS and the stoichiometry
is close to expectation. There is a slight deficiency of iron detected in this sample, but is
expected to be an artefact of the sample surface rather than an indication of vacancy in the B-

site.
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(a) BFNTO SE (b) BENTO BSE

Figure 4.7. In (a) an SE micrograph shows an area of BFNTO with obvious impurities.
Depressions (not holes) are noted in the morphology. In (b) the BSE micrograph of the sample
area shows the depressions to be another low molar weight phase, likely a transition metal
spinel (circled). The pale white regions correspond to a Bi-rich phase (circled), and medium
grey is the BENTO bulk.

Table 4.4. Elemental analysis of BFNTO using EDXS, from micron-scale areas.

N Cation Fraction
Area Ti Fe Ni Bi Phase ID
Grey | 0.38 0.23 0.37 1** | BFNTO
White | 0.23 0.12 0.16 1.45 | Bi-rich oxide
Black | 0.20 1.42 1.26 0.11 | Spinel type oxide
* Refering to colour scale in Figure 4.7 (b).
**assuming ABOs formula with all A occupied by Bi

The optimized procedure used Bi-O3, NiO, Fe;O3 and TiO; in oxide form, milled in ethanol,
then dried and sieved (gauge ~ 300 um), with the smallest particles pressed at 5 tonnes for
sintering at 960 °C for 12 hours. The small grain size of the raw material was important to
reduce the production of the Aurivillius phase, perhaps by mediating a better distribution of
nickel in the mixture and faster reaction rate from the small reactant particles. In pellet form,

BFNTO samples appear dark grey, but when powdered, they are an orange colour.
41.4 Summary of Synthetic Achievements and Viable Materials

It is apparent that it is difficult to design a Ti**-M?* pairing that gives rise to a perovskite structure
under ambient conditions at the desired concentrations. Of the conditions tested, compounds
containing Fe?*, Cu?* and Zn?* could not be made and only the ambient pressure perovskites
BFNTO and BFMTO formed. While both BFNTO and BFMTO have been reported before, the
syntheses developed in this thesis have fewer steps for similar levels of purity.

For example, the MOD method designed for the synthesis of BFMTO cuts out the Bi-rich phase
seen in other syntheses’™ 88 8 and does so in just two high temperature steps (comparable to
molten salt methods and better than solid state). In addition, this method produced very well
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crystallized samples with big grains in comparison to the syntheses of BFNTO and BFCO from
the previous chapter (as evidence by sharp diffraction peaks, and PFM images in
Section 4.3.2). This technique is also key to the success of the subsequent Chapter 5.
Samples of BFMTO made by this MOD method with ~ 97% purity (as estimated with XRPD)

are analysed in subsequent sections.

The solid-state based BFNTO synthesis involving sieved raw materials led to manageable
levels of impurities using only a single sintering in comparison with the multiple sinterings used
in the previous report™. It is acknowledged though that in making the time/impurity trade-off
for BENTO, the apparent properties may be influenced. In particular, these samples contain a
minor spinel phase, which is discussed in further detail in Section 4.3.1.1. Henceforth in this
thesis, BFNTO samples measured and analysed are made by the optimized solid state

procedure with purity ~ 96% (as determined by XRPD).

Therefore, two candidate photofunctional materials have been successfully synthesized in this
Chapter. There is little known about either BFMTO or BFNTO, so the remainder of this chapter
focuses on determining the chemical distribution of elements within their structures, and their

arising physical properties for a novel evaluation of the origin of their multifunctionality.

4.2 Chemical and Structural Analysis of BFMTO and BFNTO

Both BFMTO and BFNTO are reported to have the same structure type as BFO, thus they in
theory might also be multiferroic and photovoltaic. Time was spent trying to understand the
nature of each compound’s structure and elemental complexity to best explain the emergent

functionality.
421 Average and Local Structure Analysis from Diffraction

X-ray powder diffraction patterns of both BFNTO and BFMTO samples were refined in order
to match the synthesized phases to the reported structures. The fitted XRPD patterns and
refined structures of BFNTO and BFMTO are presented in Figure 4.8 and 4.9 respectively.
Associated refinement details are also given in Table 4.5 and 4.6 respectively, including bond
valence (BV) sum calculations for each ion and the global instability index (Gll). Approximate

purity is refined using .cif files from the literature™ 5% 3%.3% to model the extra phases.

Both compounds were found to refine reasonably well in the reported R3c space group which
is also similar to BFO and BFCO in Chapter 3. The refinement of BFMTO did result in some
deviations from the average structure model in the literature, indicating possible complexity of

the local structure. This is further suggested in the bond valence validation of these
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refinements. It is notable that the titanium ions in both structures are considerably
underbonded (bond valence < 3.5). It has been mentioned by other others that from simulation,
titanium is the most flexible in its bonding environment and its own off centre motion might be
contributing to electrical responses in BFMTO'%2, The asymmetry of the bismuth site is also
noted as a local structural effect. It appears the bismuth bond valence is better in BFNTO than

BFMTO, mirroring previous refinements’.
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Figure 4.8. In (a), the Rietveld refinement of BFNTO using Jana2006 is shown (blue) including
the extra phases BisFeTizO1s, NiFe2O4 and Biz.esTio.32012.6 (‘Bi-rich oxide’). *Chosen for best
structural match, but noting that the EDXS results indicate some elemental variability in each.

In (b), a graphical representation of the refined crystal structure is shown.

Table 4.5. Crystallographic refinement details and bond valence assessment for BFNTO.

BFNTO
Lattice a=5.5853, ¢ =13.8120, B8 = 120° (R3c)
Fractional Coordinates | Uiso (A?) | BV
(xy2z) (v.u.)

Bi 0 0.0258 0 0.0334 | 3.0247
Fe 0 0 0.2223 | 0.0204 | 2.9082
Ti " " " " 3.4594
M2* " " " " 2.1678
@] 0.4687 | 0.02985 | 0.9528 | 0.0462 | 1.9537
Gl 0.1935
Fit Rup = 4.65%
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Figure 4.9. In (a), a Rietveld refinement of BFMTO with the extra phase BisFeTizO1s is shown

(red). *Chosen for best structural match, though EDS results suggest actual compound

contains some Mg. In (b), a graphical representation of the refined crystal structure is shown.

Table 4.6. Crystallographic refinement details and bond valence assessment for BFMTO.

BFMTO
Lattice a =5.6007, ¢ =13.9203, B8 = 120° (R3c)
Fractional Coordinates | Uiso (A% | BV
(xy2z) (v.u.)

Bi 0 0.0133 0 0.0329 | 2.7038
Fe 0 0 0.2208 | 0.0169 | 2.8984
Ti " " " " 3.4408
M2 ! ! ! ! 2.1817
@) 0.4494 | 0.01286 | 0.9548 | 0.0291 | 1.8454
Gll 0.2771
Fit Rup = 5.25%

There is, however, no apparent indication from the XRPD data that there is structural ordering
in the B-site of either sample. As was outlined in Chapter 3, iron fluorescence and the close
structure factors of Fe, Ti and Ni, mean that weak features associated with structural ordering
are likely not observable. Attempts were made to observe such features with TEM. The BFNTO
sample was investigated using TEM first, due to its novelty as a compound. However similar
to in Chapter 3, electron diffraction patterns did not reveal any indication of long range
modulation into a B-site ordered perovskite (Figure 4.10 (a)). In fact, this sample shows clear
absences of < 2 ¥2>p" type reflections at this zone axes, which is consistent with an intact c-
glide operation (leading to R3¢ symmetry). No other kinds of diffuse scattering were spotted
that would suggest underlying disorder associated with bismuth displacements either. The
results are considered to be reminiscent a long range B-site disordered sample, similar to the

BFCO case in the previous chapter.
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The TEM was useful however in gaining some information about the Bi-rich impurity. A grain
of this phase was spotted and shows a 3+3 structural modulation (Figure 4.10 (b)), appearing
similar to substituted 3-Bi.Os; oxides®’. This does not appear to be tetragonal, as was
previously supposed from the B-Bi-O3types peaks seen in the XRD, but is more than likely the
same phase with a complex structure arising from incorporation of one or more of the B-site
metals. The phase BisNisOss has been reported to have a structure similar to 8-Bi-O3 as
well*®3, This is interesting in its own right, but further isolation of this phase was not pursued
for further study. The BFMTO sample also was not investigated with TEM, but would be a

future avenue for research.
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Figure 4.10. In (a) an EDP of BEFNTO down a [-110]p zone axis is shown, with an absence of
the ‘<% ¥ ¥>p "’ peaks (e.g. [003]4" expected between the origin and [006]x) which indicates
a c-glide likely exists. This implies B-site disorder consistent with R3c space group assignment.

In (b) an EDP of a minor phase is shown which resembles a modulated 6-Bi,Os3 structure.
4.2.2 Chemical and Local Structure Analysis from Spectra

Evidently, the structural depictions from diffraction do not capture the complexity of the local
environments of the elements in this system. While the structural results do appear to suggest
average chemical disorder in the B-site, mirroring what was seen in BFCO in Chapter 3, the
potential for local environmental effects remains high due to the large degree of B-site
substitution. For these reasons, information is sought about specific elements and their

environments by spectral means.
4.2.21 Mossbauer Spectral Analysis

Mossbauer spectroscopy (°*’Fe) can reveal information about iron atoms such as their crystal
field, the nature of their magnetic ordering and their valence state. By fitting the Isomer Shift
(IS), Quadrupole Splitting (QS) and Half-Width Half-Maximum (HWHM) of the spectra obtained
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from the BFMTO and BFNTO samples, it is possible to determine whether chemical ordering
of the iron atoms is likely. Another benefit of this method is that the weak probe is more likely

to interact with the dominant perovskite phase rather than the impurities.

Generally, the fitted values for the QS in these samples are larger than those reported for
BiFeO; and doped analogues with paramagnetic doublets3®-362, though some experiments are
conducted above RT (between magnetic Tn and ferroelectric Tc). As the QS reflects the
surrounding electric field gradient, this will be influenced by strong polar electrical properties.
The IS of the signals reflect the valence state and coordination of the iron. All the signals are
consistent with 6-coordinate Fe** (and not lower coordinations or valences®?). Both show
broad peaks which suggest disordered sites for the iron%°. However, there are differences in
the fitted parameters in each of BFNTO and BFMTO, which suggest some differences in local

crystal chemistry (Table 4.7).

Interestingly, in BEFNTO an asymmetric Méssbauer signal is observed which appears to be a
superposition of two paramagnetic Fe*" environments in the sample (Figure 4.11 (a)) with
different QS and IS. Multiple doublets have been attributed to crystallographic and magnetic
anisotropy in magnetically ordered BiFeQ33%8 361.364.365 hefore. However, it appears more likely
in this case, that the two doublets arise from different chemical environments. Considering the
probability of arranging 6 nearest neighbour B-site ions around a single Fe*", it is found that
for BFNTO, situations in which an Fe®* ion is directly neighbouring majority Ni?* ions (3 or
more) would occur approximately 40% of the time. This ratio might suggest a possible origin
of the two signals seen in this measurement — isolated Fe®* (component 2) and Fe3** with a
close neighbouring interaction with a paramagnetic ion (component 1) (Figure 4.11 (a)).
Component 1 also shows a slightly lower value of the IS, further implying a more electron rich
local environment. Proximity to paramagnetic centres that cause asymmetry in BENTO, would
also imply that short range magnetic interactions are present in this sample, but not strong
enough to form a magnetically ordered structure at room temperature (which would lead to a
sextet signal instead of a doublet). In the BFMTO sample, only Fe® is strictly paramagnetic.
The single, broad doublet observed (Figure 4.11 (b)) likely reflects the chemically disordered,
magnetically dilute environments possible for the Fe®*", presenting close IS and QS parameters
to component 2 in BFNTO.

In addition, the high value of the QS observed in both samples likely reflects the strong EFG
established by the bismuth related ferroelectric properties in each sample. It has been
suggested from Monte Carlo simulations that the Bi environment in BFMTO is in fact

monoclinic, and displacements occur along (at least) 2 axes'® with a new space group
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proposed. The larger apparent distortion in BFMTO compared with BFNTO’* explains the

marginally higher QS value for this material.
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Figure 4.11. °’Fe Mdssbauer spectra at room temperature for (a) BFNTO and (b) BFMTO.
Fitting of paramagnetic doublets to the raw data is shown. Note: the transmission difference

between samples is due to sample volume, not relative iron content.

Table 4.7. M6ssbauer fitting details for BFNTO and BFMTO. Fitted values are referenced to a

room temperature a-Fe spectrum.

. HWHM QS ;
Component IS (mm.s™) (mm.s”") (mm.s") Area X
1 0.4535 015 04733 03731
BFNTO 2 0.3686 015 06572 06269 000-5402
BFMTO 1 0.3857 02125 0.6686 1.0000 506.8808

*The linewidth was fixed for each component.

4222 X-ray Photoelectron Spectral Analysis

While Moéssbauer spectroscopy gives accurate information about the local environment and
valence of iron, in order to learn more about the other elements, other techniques can be used.
X-ray photoelectron spectroscopy allows probing of valence states of other elements and gives
some more information about charge balance in this system. The measurements in general
indicate that between samples, BEFNTO exhibits peaks at lower binding energy in comparison
to BFMTO, which is attributable to different numbers of electrons in each system. Both also
exhibit the anticipated valence states for the transition metals in the B-site, though it is noted
that both spectra have fitted binding energies offset 0.2 eV from the literature reports

referenced (indicating an experimental variance).

The Bi4f7, signals (Figure 4.12 (a)) show a difference in breadth between the two samples. It
is possible that the Bi bonding environment is more variable in BFMTO than BFNTO, which

has been noted earlier in structural analyses. Both samples exhibit binding energies within
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reported ranges for Bi** in perovskites’® 8% 8, though a secondary component can also be
fitted. This second signal might be attributable to surface bismuth reduction when irradiated.
In addition, when quantifying the bismuth content, it is over represented compared to the
nominal stoichiometry (Table 4.8), again suggesting a surface gathering as a consequence of

the technique.

The B-site ions are of particular interest. The Fe2ps, peaks (Figure 4.12 (b)) can be fitted with
a value consistent with an average of Fe®" reported values®®. Other authors suggest a
possibility for two Fe valence states in BFO based compounds, but the Mdssbauer results
suggest exclusive Fe** population. The Ti2ps, signals (Figure 4.12 (c)) show an obvious shift
when comparing BFNTO to BFMTO, though both fitting values sit around the expected values
for Ti** in Bi containing oxides’® 3¢7. The shift to lower binding energy in BFNTO appears to
reflect the change in surrounding potential of the more electron rich nickel in comparison to the
magnesium containing BFMTO (this can also be seen when comparing Ti** binding energies
for the related compounds MgTiO3 to NiTiO3%¢8 3%°), It can be difficult to discern the presence
of Ti** in the samples based on this XPS method alone, and is explored later in Section 4.3.1
using ESR. The Ni2ps; signal (Figure 4.12 (e)) is complex due to spin orbit coupling. The
major peak falls within a range of values reported for Ni** in Ni-doped BFO?® and other nickel
ferrites®, titanates®® and oxides®® 3. The presence of Ni** is not obvious, but is also
searched for with ESR in the Section 4.3.1. Magnesium binding energies appear to be rarely
reported, but the value (Figure 4.12 (f), Table 4.8) is consistent Mg?* 372,

Oxygen XPS signals (Figure 4.12 (d)) can be difficult to interpret. In this system, at least two
main oxygen environments are seen (and can be further fitted to four components). The main
signal is consistent bulk oxygen in BFO type samples’® 83, The secondary signals are attributed
to surface species in several nickel oxide compounds, such as hydroxyl groups, or to oxygen
deficient areas with different bonding character’® . 133. 369. 373 |f oxygen vacancies were
ubiquitous in these samples, they would likely be apparent in the iron Mdssbauer results

though.
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Figure 4.12. XPS spectra for BFMTO (red) and BFNTO (black). Comparison of signals from
(a) bismuth, (b) iron, (c), titanium, (d) oxygen and (e) nickel (BFNTO only) and (f) magnesium
(BFMTO only) are shown.

Table 4.8. Binding energies of each fitted XPS signal in BFNTO and BFMTO, and the

determined quantitative ratio of elements.

Bidfy, _Fe2py2 Ni2py2 Mgls  Ti2py, Ofs _ Bi:Fe:M:Ti Ratio
BFNTO g
158.47 457.38 530.7 U
12o 14 71027 85489 - oron a5 1:28:021:0.33:0.42
532.7
BFMTO 2204
158.58 45757 530.8 o aa
1a9aq 71036 - 130314 2000 oarg  1.29:0.19:0.33:0.48
533.03

Piecing the results of these spectroscopic analyses together, it appears that both samples are
globally chemically disordered, but present some hints of interesting local structure
phenomena. The sample BFNTO apparently has a more electron rich environment as
evidenced by the XPS binding energies, and a strong possibility for a large population of short
range magnetic interactions between Fe*" and Ni?* in the B-site from the Mossbauer. By
contrast, the BFMTO appears more likely to have variable bismuth bonding, a more positive
potential, and less magnetic interactions at the B-site. The contrasting choices of M?* in the
two samples have the potential to lead to different long range magnetic effects, electrical

properties and semiconducting character (as a consequence of number of d-electrons and the
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different crystal potentials). The next sections explore these physical properties starting with

the magnetism, which has never been characterised in BFNTO, and just once for BFMTO®,

4.3 Physical Properties of BFMTO and BFNTO

Due to the presence of Fe in these samples, and the underlying perovskite arrangement, these
samples are candidate multiferroics and it is important to understand any magnetic
phenomena that they might exhibit. While it is apparent from the M&ssbauer measurements
presented in the previous section that the bulk samples are paramagnetic at room temperature,

tracking the behaviour at low temperature is of interest.
4.3.1 Magnetic Properties
4311 Magnetization and Electron Spin Resonance Measurements of BFNTO

Both Ni?* (S = 1) and Fe3* (S = 5/2) are present in BFNTO and have the potential to become
involved in magnetic ordering within this material. Considering the Goodenough-Kanamori-
Anderson rules, strong antiferromagnetic superexchange between Fe®-O-Fe3*, Ni?*-O-Ni*
and Fe*-O-Ni?* pairs are expected and interesting magnetic behaviour may be exhibited.
Tracking the magnetization of the material with respect to temperature and field, non-typical
trends are observed (Figure 4.13). A very strong non-linear M-H response is seen at all
temperatures (Figure 4.13 (a)), but is far from saturating at the lower temperatures. The curves
are also noted to have some inner hysteresis (Figure 4.13 (a) inset). It is suggested that this
might be a composite of two effects — a ferrimagnetic component (arising from an impurity,
giving the characteristic ‘S’ shape and hysteresis) and an antiferromagnetic component below
200 K (giving the non-saturating response and additional curvature at low field). This is
because the Mdssbauer measurements showed the main phase to be paramagnetic at room
temperature, not ferrimagnetic. This impurity signal could be arising the micron range Ni/Fe
spinel particles that were spotted in the SEM, which are likely related to NiFe-O., and known

to exhibit ferrimagnetism with a T¢ above room temperature®™.

The temperature dependent magnetisation in Figure 4.13 (b) is also complex, and exhibits a
number of points of apparent transitioning behaviour over the temperature range. Firstly, from
low temperature to room temperature, the magnetization does not drop close to zero like might
be expected for a typical paramagnet, supporting a ‘background’ contribution from the
ferrimagnetic spinel phase that is yet to pass through its Tc. Secondly, some anomalous
features are observed which might be ascribed to transitions in the underlying bulk phase
BFNTO. Between 2 K and 40 K there is significant inflection reminiscent of a spin reorientation

transition. Then, there is another inflection near 200 K, after which the behaviour becomes

96



Chapter 4

more linear, and may be related to a loss of magnetic ordering in the bulk phase (~Ty). Neither
transition is expected for a ferrimagnetic spinel phase, and so are suggestive of main phase

magnetic phenomenon.
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Figure 4.13. In (a) M-H measurements for BFNTO are shown, with evident non-linear low field
behaviour common to the ferrimagnetic impurity NiFe2O4 and additional hysteresis (inset). In
(b) M-T ZFC data for BFNTO is shown, exhibiting two notable transition-like features at ~ 6 K
(peak of feature, inset) and 200 K.

By measuring the heat capacity, the presence of magnetic transitions in the sample can be
further investigated. A clear transition at ~ 200 K is seen (Figure 4.14), consistent with the
magnetization measurements, which is strong enough to reflect a phenomenon in the main
phase of the sample. A second weaker transition is seen near 35 K which is also consistent
with the downward curve of the ‘spin reorientation’ seen in the M-T data and is also strong
enough to be associated with the main phase rather than an impurity. Both transitions appear

shifted in comparison with their M-T counterparts by a similar margin.
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Figure 4.14. Heat capacity measurements on a BFNTO pellet sample are presented, showing
a strong indication of a bulk transition at ~ 200 K, and a weaker, likely impurity related feature

at ~ 35 K (a second run was conducted to gather more resolution here, red inset).
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In order to try and explore these transitions further, the sample was probed using Electron Spin
Resonance (ESR) spectroscopy. A transition from a magnetically ordered phase (with a
ferro/ferrimagnetic component, full antiferromagnetic ordering may be absent or very weak) to
a paramagnetic phase should be easily observable. In this system, Fe*" ions and any isolated
Ti** should be detectable. From these measurements, presented in Figure 4.15, a very broad,
asymmetric Fe®" signal is observed with g-factor ~ 2.9 at 20 K, with its shift from the free-
electron value (g = 2) presumably due to the zero-field interaction. This strongly implies the
signal arises from a magnetically ordered phase with closely associated ions and a strong
internal magnetic field. This could be attributed to the canted antiferromagnetic BFNTO phase,
appearing similar to other references®>3"7, but may all or in part be attributable to the NiFe;O4
type minor impurity in a ferrimagnetic state also. No clearly separate paramagnetic signal is

seen.

On warming to 50 K, the g-value of the signal does not shift, indicating the same magnetic
environment on temperature increase. This indicates the weak anomaly seen in the heat
capacity and magnetization is either not associated with the signal dominating the ESR or the
transition temperature is shifted due to the faster probe speed of ESR in comparison with

magnetometry.

At room temperature however, the g-value shift is noticeable, indicating a loss of magnetic
ordering in the main phase of the sample. The signal is still broad though, and somewhat
asymmetric. Unfortunately, again it is difficult to ascertain what is influencing these
measurements. There is a possibility that the dominant response is from a ferrimagnetic spinel
Fe/Ni phase and an AFM BFENTO signal is weak/silent, or a canted AFM main phase signal is

apparent, and the ferrimagnetic signal is weak.

It is suspected that the spinel behaviour at low temperatures is what is being seen, as it is
observed to be ferrimagnetic until above room temperature®’®, and as such should exhibit little
temperature dependence in their magnetization until their Tc. Ferrimagnetic species are known
to show stronger resonances than AFM species and so would be strong at low temperature.
In some studies that probe moderately low temperature, they also observe a consistent
g ~ 2.6%"° for a superparamagnetic NiFe.O4 spinel, which somewhat supports the notion that
the low temperature signal in part comes from the impurity phase. There is however a
significant change in the g for this signal from 50 K to RT which may imply an emergence of
signal from the main phase, having passed through a transition to a more paramagnetic state,
in which it can be seen with ESR. This is reflected also in the decrease in breadth and
asymmetry of the signal and is relatively consistent with other studies which monitor signals

before and after passing through a critical temperature®’® 3%, The high temperature signal
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however is still not as narrow as one might expect for a material with a dominant paramagnetic
state. It is suggested that the influence of a ferrimagnetic spinel phase persists to room
temperature, creating a broad background, and within BFNTO, a high concentration of
aggregated paramagnetic sites (also implied from the Mossbauer fitting) result in a

corresponding broad room temperature paramagnetic component as well.
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Figure 4.15. ESR spectra of BFNTO at different temperatures. A clear shift in g and adoption
of more symmetric, narrow line shapes indicate a significant change in the local magnetic
environment of the probed Fe®" signals. Note: the sample holders are different for low (20 and
50 K) and high temperature (RT) measurements, as such the change in intensity cannot be

ascribed to specific phenomena. Inset: field dependent spectrum, uncorrected for frequency.

It is recognized that each of these measurements are consistent with multiple explanations for
magnetism within this material, and more measurements are needed to better understand this
as part of future study. Recourse to neutron diffraction to probe for the appearance of magnetic
peaks associated with the perovskite main phase at low temperature would be of particular
value. Nonetheless, this is the first time the magnetic nature of BFNTO has been probed, and
it has been shown that there is some suggestion of a possible magnetic response below room
temperature. As such, it may be a candidate multiferroic material below room temperature,

further evidenced by electrical measurements in the later this section.
4.3.1.2 Magnetization and Electron Spin Resonance Measurements of BFMTO

The magnetic properties of the BFMTO sample are much more typical and less affected by the
presence of minor impurities, though the Aurivillius type impurity does have paramagnetic-like
behaviour (see Chapter 5). The non-linear field dependent behaviour of the BFMTO sample at
low temperature suggests the potential for some persisting magnetic interactions
(Figure 4.16 (a)). The Langevin function (Figure 4.16 (b)) was applied to the 3 K data set, but

did not result in a good fit. This indicates the material is likely not truly paramagnetic in this
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temperature range and may exist in a semi-ordered state. The average cluster moment m

obtained from this fit is also less than expected for single Fe ions, and so appears to eliminate

superparamagnetism as an ordering type in BFMTO.
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Figure 4.16. In (a) H magnetic field dependent M data for BFMTO at 3 K is shown, suggesting

some low temperature non-paramagnetic behaviour and (b) shows the magnetic moment per
ABOs formula unit vs. the B magnetic field, fitted with the Langevin function to obtain cluster

moment, m. This fit is not necessarily consistent with paramagnetism at this temperature.

The temperature dependent magnetisation (Figure 4.17 (a)) mimics that of a paramagnetic
material at high temperature. Fitting 1/x (Figure 4.17 (b)) gives a Weiss temperature (By) of -

9.6 K, indicating some antiferromagnetic nature to persisting short range interactions and the

curve deviates slightly from linear. The fit of the 1/x plot gives an effective moment of 4.53 g,

which is somewhat lower than a typical spin-only value of 5.9 s expected for Fe3* contribution,
but could reasonably reflect deviations in stoichiometry/sample purity.
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Figure 4.17. In (a) temperature dependent M data is shown, indicating mostly paramagnetic

behaviour in BFMTO and (b) shows associated Curie-Weiss fitted 1/x plot, implying some local

antiferromagnetic interactions may exist in the dominant paramagnetic state.
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The contrasting behaviour to BFNTO can also be noted in the ESR spectra of BFMTO (Figure
4.18). At 20 K, there less of a g-shift, consistent with lacking a strong internal magnetic field.
The signal is broad and can be fit to two components, indicating a population of iron with short
range magnetic interactions and a more isolated paramagnetic component. The increasing
temperature does however show appreciable change in the g-value from 20 K to 50 K, and an
intensity increase is consistent with paramagnetic species becoming increasingly more
magnetically isolated (increase in the sharper signal in the fitting). At room temperature, the
signal is sharper again, with a g-value close to 2, which reflects a more isolated environment.
A lower intensity is also detected, but cannot be clearly analysed due to a change in sample
holder setup. This gradual change in g-value and line width is consistent with expectations
from the magnetization measurements, indicating bulk paramagnetism. This behaviour, in
conjunction with the magnetization measurements, is very reminiscent of dilute magnetic
semiconductors with weak antiferromagnetic interactions3®'-*%% and can be understood based
on the low concentration of iron amongst other non-magnetic elements in the B-site. The Ti%*
ion was also searched for in this sample but not observed — at room temperature the g-value
is closer to that expected for an isolated paramagnetic electron however the linewidth and line
shape is not typical for Ti**, implying it arises from Fe®* that still retains some local interactions

with other centres.

1x108 |- ——20K
i ——50 K
RT
5x10° |-
2 I
e 0
2 > 1.0x10°F
£ 5 £ 5 0x105F J(\
X107 £ 5 0000f V
=1 E : ’ 65 1 1 1 1 1
6 1.0x100.0 02 04 06
-1x10° - Field Strength (T)
2 3 4 5 6 7 8910
g-factor

Figure 4.18. ESR spectra of BFMTO at different temperatures showing a g-factor shift and
linewidth narrowing common to samples exhibiting paramagnetic type behaviour. Note: the
sample holder is changed for the RT measurement, and so intensity trends cannot be

quantified. Inset: field dependent spectrum, uncorrected for frequency.

These magnetic observations in combination with the Mdéssbauer do contrast somewhat with
those presented in the literature for BFMTO, in which it was claimed the material was

‘ferromagnetic’ at room temperature®® based on a non-linear M-H measurement. This is not
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considered likely based on the measurements presented here, nor from a theoretical
perspective given the dilute Fe content in the B-site of the sample. As a dilute magnetic
semiconductor however, it remains interesting. This magnetic behaviour is reminiscent of the
known magnetoelectric perovskite-related phase BisFeTizO1s shown in the next chapter,
presenting further possibilities. The perovskite phases BFNTO, BFMTO and BFCO
investigated in this thesis so far, all present quite different magnetic behaviours, a
consequence of their B-site contents. Their divergent behaviour has been compared for the
first time in this thesis. The next section of this chapter goes on to characterise further

properties of these materials, highlighting their multifunctionality.
4.3.2 Electrical Properties

Given both samples possess an average rhombohedral non-centrosymmetric perovskite
structure, there is the potential for these materials to possess some useful electrical properties.
So far the behaviour of BFNTO is unknown but the sample is said to be somewhat conductive,
and the presence of ferroelectricity in BFMTO has been suggested by a few authors, but also
noted to be experimentally weak and leaky’. The low response of BFMTO has in part been
attributed to competing local displacements of a bismuth in the sample'®. In order to further
understand the behaviour of these two compounds, Piezoresponse Force Microscopy (PFM)
was used to look for ferroelectric domain structures and domain switching ability. This method
was chosen primarily due to the aforementioned issue with the BFNTO samples possessing

macroscopic cracks and being unsuitable for conventional bulk ferroelectric measurements.

As shown in Figure 4.19 interesting phenomena are apparent in both materials. In BFNTO
Figure 4.19 (a) — (c¢) there are clear polar regions in the amplitude and phase maps within the
small sample grains, apparently unrelated to morphology. The phase image shows a 180°
contrast between these polar regions, and though not well defined in shape, mirror what was
seen for BFCO in Chapter 3. Irregular shapes may reflect compositional disorder in the B-site
in all three samples. The BFMTO sample Figure 4.19 (d) — (f) shows a similar result, though
within larger grains. It too demonstrates 180° irregular shaped polar regions. Regions of the
sample were sometimes difficult to image due to the presence of pores, but these features

were seen in different locations in each sample.
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Figure 4.19. PFM images of BFNTO are shown mapping the (a) morphology, (b) amplitude,

and (c) phase. PFM images of BFMTO are also shown with respect to the (d) morphology (e)

amplitude, and (f) phase signals. Domain-like 180° polar regions are evident in the phase map.

The manual domain patterning ability of these samples was then tested (Figure 4.20). Such a
phenomenon would be useful for domain-engineered bulk photovoltaic devices. It is notable
that in both samples, domains could be written using an applied bias of 30 V. Below this value,
the patterning was not stable and was quickly released. At 30 V, BENTO (Figure 4.20 (a) — (c))
shows greater stability than BFMTO (Figure 4.20 (d) — (f)), which shows a drift in the written
boundary. It is unclear if this is related to the weak apparent properties of BFMTO in the
literature, but the result remains that both samples show a polar and mechanical response to
applied voltage. For the first time, evidence for room temperature polar domains in BFNTO

and BFMTO is demonstrated and ferroelectric-like behaviour is suggested.
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Figure 4.20. Manually written domains in BFNTO showing (a) morphology, (b) amplitude, and
(c) phase mapping. Manually written domains in BFMTO are also shown in the (d) morphology,

(e) amplitude, and (f) phase maps. An applied voltage of 30 V was used on both samples.
4.3.3 Optical and Photofunctional Properties

In addition to ferroelectricity, both samples are noted to have colouration that would indicate
some visible light absorption. Confirming this property will help assess the utility of this material
for bulk photovoltaic usage, and multiferroic applications. Attention has been drawn to the
potential of BFMTO previously 88  but not BFNTO and so further investigation of both would

prove useful.

An indication of what the band gap of these samples might be can be obtained by taking UV-
Vis diffuse reflectance measurements. The absorbance profile of the two samples in the visible
light window shows an inflection at around 1.7 eV for both samples which is stronger for
BFMTO (Figure 4.21 (a)). The flatter profile of BFNTO suggests a broader absorption range,
but less pronounced low wavelength utilization. In addition, the valence band edge of each
sample determined by XPS suggests the valence band of BFMTO is more positive than
BFNTO relative to vacuum (Figure 4.21 (b)), linking back again to the individual peak fitting
earlier. Given BFNTO has a higher concentration of d electrons at the B-site, it is not
unreasonable to consider this the more electron rich system and perhaps exhibits broader

visible light absorbance due to the addition of nickel d-electrons that narrow the band gap from
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native BiFeOs;. By adding a pairing of M?* and Ti*" into the BiFeOs; system, it is apparent that

visible light absorption can be retained.

(a) Absorbance (b) Valence band edge
5 5
pr —s— BFNTO pr [
N "
2 z i
£ £ e
g g I/
c \ < ] BFNTO
- - ——BFMTO
] ] ] ] ] ] ] ] ]
400 600 800 0 2 4
Wavelength (nm) Binding Energy (eV)

Figure 4.21. In (a), UV-Vis reflectance spectra for BFMTO and BFNTO are shown, indicating
the apparent visible light absorbance in both samples and (b) shows the valence band edges
from XPS which suggest a closer alignment of BFNTO to the fermi level than BFMTO.

Knowing these samples absorbed visible light, the PFM study was continued to monitor the
variation in the surface potential with respect to visible light irradiation. The idea of the
technique is that photoexcited charges that migrate to the sample surface will cause a
temporary change in the surface potential. In Figure 4.22 the results of a slow scan across a
region of each sample is shown with a 458 nm laser source intermittently turned on and off.
When the light is on and off, both samples are noted to exhibit a significant response with
similar magnitude, indicating a photoresponse in both samples. While the surface potential
goes down in BFNTO (Figure 4.22 (a), (b)) and up in BFMTO (Figure 4.22 (c), (d)) when the
laser is on, this opposite behaviour is not necessarily indicative of a difference in charge
carriers between the samples, given the many possible orientations of grains in a sample. This
result would suggest the materials are semiconductive with a bandgap less than the 2.71 eV

of the laser, consistent with the UV-Vis absorption results.
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Figure 4.22. Surface potential measurements made with KPFM and a 458 nm laser turned
ON or OFF as indicated. Images are shown for (a) BFNTO and (¢) BFMTO and associated
line traces are show in (b) for BFNTO and (d) BFMTO.

As these samples possess local domain structures and are visible light responsive, some basic
tests were conducted to understand the macroscopic current-voltage response during
illumination (with an Hg lamp) between two electrodes on the sample surface (Figure 4.23).
Unfortunately, due to the maximum output voltage of the FE head, only 10 V could be applied
over 0.5 mm to the sample. The current measured from both samples across the surface is
extremely low (leading to noisy traces), but there is a photocurrent observed when the visible
light source is applied which is proportionally large for the sample area illuminated. BFNTO
shows a higher current, not unexpected based on previous discussion of the electron rich
nature. No diode-like response is observed here, and is not expected due to the lack of well-
defined native or manually engineered ferroelectric domains, but further supports the other

measurements in assessing these materials as visible light photoresponsive.
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Figure 4.23. Current-voltage curves for (a) BFNTO and (b) BFMTO are shown, measured
across the sample surface between gold electrodes of size 0.8mm? and 0.9 mm? respectively
and spacing 0.5 mm.

For the first time the local polar responses of these materials were investigated with PFM, and
associated with their absorbance characteristics and photoexcited behaviour. From these
measurements, it has been shown that in both samples, domains can be written and switched

and a photocurrent can be induced with visible light.

4.4 Summary of Chapter 4

In this chapter, it was shown that the materials BiFe*o25Fe?"0375Ti037503,
BiFeo.25ZN0.375 Tio.37503 and BiFeg25Cuo 375 Tio.37503 did not form perovskite phases under the
tested lab conditions. It was however possible to make BiFeg25Mgo.375Ti0.37503 (BFMTO) and
BiFeo.25Nio 375 Tio.37503 (BFNTO) under ambient pressure. A novel metal organic decomposition
method, and an improved solid state method were optimized for the production of BFMTO and
BFNTO respectively. Structure analysis showed both exhibited an average rhombohedral

crystal structure with R3¢ symmetry.

BFNTO was shown to be potentially magnetically ordered below 200 K evidenced by
magnetization and heat capacity measurements. Some indication of non-random distribution
of elements in the B-site is suggested from Mdssbauer spectroscopy, measured for the first
time. One should be careful when interpreting this magnetic response however due to the
influence of a minor spinel impurity. The potential coexistence of magnetism and a polar
response in BFNTO below room temperatures makes it a potential candidate type | multiferroic.
The BFMTO sample shows more paramagnetic reminiscent behaviour owing to the
magnetically dilute B-site, also suggested with Moéssbauer. These interactions appear to be
antiferromagnetic in nature.
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Both materials show the ability to be domain-written under applied field, which might be further
optimized for production of designer PV devices. Both samples also exhibit visible light
absorption, with BFMTO appearing to absorb more short wavelength visible light than BFNTO.
An ability to generate photocurrent is demonstrated for both samples, and BFNTO is

suggested to be slightly more conductive due to an electron rich composition.

This work adds clarity to the limited reports of these materials investigated in the literature. It
was shown that by incorporating Ti** and a suitable M?* partner ion, the materials can be
synthesized without applying pressure and are photofunctional and possess magnetic
properties, though weaker than the related perovskites BFCO and BFO. The next chapter

addresses how bismuth, titanium and iron in a new structure type develop functionality.

108



Chapter 5

Chapter 5 Aurivillius-type Bismuth Ferrite Titanate

Materials

In the previous two chapters specific combinations of elements were introduced into the host
oxide material BFO to alter its physical properties and retain the average perovskite structure.
While both materials showed photofunctionality and ancillary properties such as ferroelectricity
and local antiferromagnetism, it is expected that other related structure types might permit an

even more robust complement of properties.

This chapter begins by exploring a new structure type for this thesis: the layered Aurivillius
phases. The Aurivillius oxide BisTizO12, is modified with iron with the intention of narrowing the
band gap. Such mixtures can lead to compounds with the general formula Bim+1Fem-3TizO3m«+3
which can be made under ambient conditions. These new stable layered structures may
possess local chemical ordering within their perovskite-like blocks, and as a consequence

have the potential for better long range, highly directional, properties.

As outlined in the introduction, there is much that is unclear throughout the literature about
how these layered materials can be made and how they function. In particular, the higher Fe
content structures are often inhibited by impurity formation and so synthesizing these materials
is an important first hurdle to clear. After doing so, persistent questions such as the nature of
the chemical ordering, structural distortion, magnetic ordering, ferroelectric domains and
visible light responsiveness, and how they vary with respect to m, might be addressed.
Answering these questions would also serve to expand the known set of photofunctional
materials and give insight into how properties arise in different structure types by contrasting

with the similar combination of elements in Chapter 4.

In this chapter, focus is placed on investigating the evolution of magnetic, electrical, optical
and photofunctional properties of Bim+1Fem3TisOsm+s (M = 4, 5 and 6). A new method is
introduced to synthesize these high-Fe Aurivillius phases to high-purity, allowing the
systematic exploration of their structural motifs through X-ray diffraction and Mdssbauer to

generate crystal structures. This is followed by an evaluation of physical properties.

5.1 Synthesis

In order to systematically study the structure and physical properties of the Aurivillius phases,
a synthesis method needs to be developed that can be applied to several members of the
series and produce high purity products. This section explores the development of an

appropriate method and optimization of the experimental parameters for the best samples.
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Three members of the Bim+1Fem3TizOsm+3 Aurivillius series were targeted: BisFeTizO15 (m = 4,
‘BFTO-513’), BigFezTisO1s (m = 5, ‘BFTO-623") and BirFesTizO21 (m = 6, ‘BFTO-733’). The
naming convention, ‘BFTO-(m+1)(m-3)3’, allows quick reference to the relative numbers of
bismuth (m+1), iron (m-3) and titanium ions (3) in each material and the number of perovskite

layers (m).
511 Method Development
51.1.1 Solid State Method

The first synthetic method tested was the basic solid state method. This method is known to
have low success for BFTO-623 and BFTO-733 resulting in multiphase products'" 177, and so
was not expected to produce high quality samples, but was used to help identify sintering
parameters for subsequent methods. Purity of sintered products was monitored using XRPD.
In this chapter, the angular range 20-40° 26 was the most diagnostic for confirming the
presence of additional phases in BFTO-type samples and is presented in subsequent figures.

A broader angular range XRPD that indicates successful synthesis can be found in Figure 5.6.

Indeed, the experimental results show that the nominal BFTO-623 sample ended up
contaminated with BFTO-513, and the nominal BFTO-733 run also resulted in additional non-
Aurivillius phases (Figure 5.1, as matched with software?®') despite a wide range of tested

sintering conditions (Table 5.1).

(a) BFTO-513 , (b) BFTO-623 (c) BFTO-733
- ® BiFeTi,O;s o + Biy,TiOy0
:. ® BigFe,Ti;O45
s = Bi,Fe,0,
P
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Figure 5.1. XRPD patterns of samples produced via the solid state method, desired phases
BFTO-513 (), BFTO-623 () and BFTO-733 (*) are indicated. No extra phases were detected
in (a), in (b) broadening indicates the formation of a second Aurivillius phase and in (c) an
extra Aurivillius phase, Bi-FesOg and a Bi-rich phase were detected. Another unidentified peak
is seen, indicated as a /. (BFTO-513 was sintered at 820 °C/2 h + 1040 °C/2 h, BFTO-623 at
820 °C/2 h + 920 °C/4 h, and BFTO-733 at 820 °C/2 h + 890 °C/2 h).
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Table 5.1. Summary of solid state synthesis conditions tested for BFTO samples (no

optimums).

Conditions BFTO-513 BFTO-623 variations BFTO-733 variations
variations tested  tested tested

Reactant mixture Hand milled Hand milled oxides. Hand milled oxides, ball
oxides. milled oxides.

Pre-sintering Steps | Pre-sinter 820 °C Pre-sinter 820, and Pre-sinter 770, and
for 2 hours. 860 °C for 2 hours. 820 °C for 2 hours.

Main Sintering 990, 1040, and 860, 870, 920, 940, 860, 870, 880, 885, 890,

Temperature 1090 °C. 1000 and 1040 °C. 915, 940 and 990 °C.

Main Sintering 2 and 4 hours 90 min, 2, 4, 5and 6 2,4, and 12 hours.

Time* hours.

*natural cooling and quench to air cooling were trialled, but produced similar results.

There are apparently some issues with BFTO-623 splitting into other Aurivillius phases (as
illustrated and also observed through many other trials). This was flagged as a possible issue
with synthesized odd-layered Aurivillius structures as opposed to even ones. In addition, this
method clearly does not permit an appropriate degree of mixing to grow homogeneous

samples (especially for high Fe compositions) so the study was expanded to other methods.
5.1.1.2 Metal Organic Decomposition — Water

It was thought that in order to produce well-defined, regular repeating layered structures,
diffusion of reactant ions should be optimal, best mediated through a metal organic solution
based initial reaction (i.e. an MOD method). The MOD based approach was modelled on thin
film syntheses'® and involved first dissolving solid nitrates of bismuth and iron in water

(‘MOD-H.0O’ method) and mixing them with liquid titanium butoxide.

Unfortunately, this method resulted in instantaneous precipitation of solid titanium oxide based
species, instead of a homogenous solution. Nevertheless, the suspension was calcined at
600 °C to decompose. Several additional phases were noted to form at this point
(Figure 5.2 (a) — (c)). The decomposed material was then ground, pressed and sintered at
high temperature. After this final step, a dominant bismuth rich side phase was often seen
(Figure 5.2 (d) — (f)). It was suspected that inhomogeneity developed as a consequence of
the precipitation seen during the mixing of raw materials. For these reasons, ethylene glycol

was tested as a replacement solvent, taking inspiration from another thin film synthesis'3.
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Figure 5.2. XRPD patterns of samples produced by the MOD-H,O method, desired phases
BFTO-513 (¢), BFTO-623 (*) and BFTO-733 () are indicated. Patterns (a) — (c) were obtained
after calcining at 600 °C while (d) — (f) are from sintering at high temperature. In (a) two
dominant side phases are formed, which become two different side phases in the sintered
product (d). In (b) four side phases are detected which became one in the sintered product

(e). In (c) four phases are detected, becoming two in the sintered product (f).
5113 Metal Organic Decomposition — Ethylene Glycol

By substituting the water solvent for ethylene glycol, all nitrates and the butoxide dissolved to
form a clear, homogenous solution with no precipitates (‘(MOD-EG’ method). This new solution
was also decomposed carefully at 600 °C, and in contrast to the MOD-H,0, the MOD-EG
method results in majority Aurivillius phase formation directly after the first heat treatment
(Figure 5.3 (a) — (c)). In this study, only the BFTO-513 mixture showed an additional bismuth
rich phase, which was a persistent issue, and likely owes to this composition having the highest
bismuth-to-iron/titanium stoichiometry. After regrinding and sintering at elevated temperature
followed by a natural cooling to room temperature (Figure 5.3 (d) — (f)), the purity improved in
comparison to the MOD-H,;O and solid states methods for the higher-iron samples. No
additional phases are detected by XRPD for BFTO-623 or BFTO-733 which is a rare and

promising result among bulk syntheses in the literature, as highlighted in Chapter 1.
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Figure 5.3. XRPD patterns of samples produced by the MOD-EG method, desired phases
BFTO-513 (¢), BFTO-623 (*) and BFTO-733 () are indicated. Patterns (a) — (c) were obtained
after calcining at 600 °C and (d) — (f) are from sintering at high temperature. Note in (a),
formation of a Bi-rich phase during calcining carried on to the sintered product (d) and repeat
trials were unable to avoid this. No detectable extra phases were seen in (e) or (f), likely owing

to more cleanly calcined precursors (b) and (c) respectively.

51.1.4 Sintering Optimization

Of the three methods tested, MOD-EG was deemed the most suitable for production of high
purity samples for systematic study. In order to obtain the best samples, a range of temperature
conditions were tested to optimize the final sintering step. It was noted that a balance between
selecting a temperature high enough to activate the reaction and low enough to avoid
decomposition of the phase back to layered products with smaller perovskite blocks was
necessary (consistent with literature observations3®*). Trials showed that sintering for two
hours at 1000 °C, 960 °C and 890 °C following a natural cooling to room temperature were
identified as optimal for the production of BFTO-513, BFTO-623 and BFTO-733 respectively
(Figure 5.4).
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Figure 5.4. XRPD patterns of samples produced by the MOD-EG method at different
temperatures. The determined optimal temperatures are the darkest curves. In (a), a
minimization of Bi-rich phase prioritized, in (b) a narrowing of central peak was prioritized and
in (c) little change was observed above ~ 890 °C so the lower temperature was used for

convenience. Unmarked peaks correspond to the desired Aurivillius phases.
5.1.2 Phase Analysis of Optimized Samples

Having optimized the MOD-EG method to produce seemingly high purity samples, microscopy
was utilised to confirm the identity of presenting phases and the grain morphology. Evidence
for a plate-like grain morphology can be seen in SE micrographs even in the polished surface
of BFTO-513 (Figure 5.5 (a), typical for this phase'’#). It was also noted that the BFTO-513
sample contains a Bi-rich phase between the grains (Figure 5.5 (d), BSE image, example
circled) which is consistent with the extra peak noted in the XRPD pattern. The morphology of
BFTO-623 is extremely porous (Figure 5.5 (b)) as a consequence of the synthetic method
which is time optimized for purity, not density. The BFTO-623 sample shows homogenous
colouration, though plate like grains of a BFTO-513 side phase are infrequently spotted
(Figure 5.5 (e), circled). The BFTO-733 sample also shows morphology consistent with growth
from solution (Figure 5.5 (c¢)). The backscattered image (Figure 5.5 (f)) shows no evidence

for additional phases.

The EDXS composition analyses demonstrates some deviation in the measured quantities of
B-site elements in comparison to expectations (Table 5.2). These compositions are calculated
considering full occupation of the Aurivillius Bi sites. Given these samples are porous and have
a rough morphology, the signal analysed is reduced by 1 — 2% which may account for an over
estimation of bismuth and underestimation of iron/titanium. However, it should be considered
that this deficiency may indicate mislayering in the material and deviation from nominal
composition. Nonetheless, these proportions are not consistent with any other likely phases

and the iron and titanium as calculated are used in magnetic analysis below.
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(a) BFTO-513 SE
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Figure 5.5. SEM micrographs of high purity MOD-EG synthesized samples. Samples were
hand-polished for EDXS analysis. Images (a) — (¢) show SE and (d) — (f) show BSE images.
In (d) Bi rich areas can be seen between plate-like grains (red circle). In (e) some plate like
structures can also be seen, indicating a small population of BFTO-513 exists in the BFTO-
623 sample (red oval). In (f) no extra phases are detected. These samples are highly pure but

also highly porous.

Table 5.2. EDXS elemental data from micron-scale areas of MOD-EG BFTO samples.

Sample . Cation fraction .
Bi* Fe Ti
BFTO-513 5 0.99 2.84
BFTO-623 6 1.87 2.98
BFTO-733 7 2.62 3.05

*calculated assuming Aurivillius A-site is fully occupied with Bi

The materials discussed in the remainder of this chapter refer to these optimized, high purity
samples produced by the MOD-EG method outlined above. References to the materials as
BFTO-513, BFTO-623 and BFTO-723 in the remainder of this chapter relate to this sample
set, and the structure and property evolution of each composition is systematically compared.

5.2 Structural Evolution

Among the literature on the Aurivillius compounds, there is a lack of reported crystal structures
(as outlined in the introduction). A few different orthorhombic space groups are reported with
different degrees of octahedral titling. It also unclear if there is any chemical ordering of iron
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and titanium in the perovskite layers. Having made three phases to a high degree of purity,

attempts were made to add clarity to these structural problems.
5.21 Average Structure Evolution — Basic Model

A simple comparison of XRPD data from the high purity samples of BFTO-513, BFTO-623 and
BFTO-733 reveals a systematic shifting of peaks as additional layers are added to the structure
(Figure 5.6). The peaks can be fitted to an orthorhombic unit cell. The most commonly reported

159, 167, 169, 174 \nas used for this initial basic

space group for the Aurivillius phases, F2mm
modelling. A comparison of fitted orthorhombic lattice parameters shows an extension of the
long axis by ~ 8 A (Figure 5.7) between the materials, consistent with the addition of extra

perovskite layers in each case.

The lattice parameters of the BFTO-623 sample are on the higher side of the literature reports,
suggesting the possibility of some ‘disorder’ in the layering of this sample. This is also
suggested by appreciably broad peaks associated with planes perpendicular to the long axis
(see Figure 5.6, inset, red curve ~ 17° 20). The grain size of the BFTO-623 and BFTO-733
samples is smaller than BFTO-513 which explains some systematic broadening, but not some
of the localized broad peaks which are most severe in BFTO-623. This sample is also unique
as the only compound with a nominally odd number of perovskite layers in the crystal structure,
and thus can exhibit different symmetry features and strain distributions, which is likely what
makes it more difficult to synthesize and may affect the resulting properties. In addition, as the
number of layers is increased, the more likely it becomes for stacking faults and intergrowths

to develop3®: 38 which can make structure refinement challenging.
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BFTO-623

.ll [ N POIPNY |

Intensity (a.u.)

BFTO-513

||l.ll_~.
N PR NI N NP PR P

10 20 30 40 50 60 70 80 90
20 (°)

Figure 5.6. Comparative plot of XRPD patterns for high purity BFTO samples produced with
the MOD-EG method. Inset shows shifting peaks on increasing number of layers, and peak

broadening. Asymmetric broadening for BFTO-623 at ~ 17° is most notable (inset).
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Figure 5.7. Plot of refined orthorhombic unit cell parameters (a) and volume (b) for the BFTO
materials. There is a significant increase in the long axis ¢ as the number of layers are

increased.

In order to understand the average structure of these compounds, Rietveld refinement was
performed in the space group F2mm. This space group captures some information about off
centre displacements of Bi and Ti/Fe with respect to the polar axis of the unit cell (defined as
the crystallographic ‘a’ axis in the refinements presented in this thesis) which are the main
contributors to the ferroelectric character in these materials. It should be noted that this space
group does not capture octahedral tilting modes which impact ferroelectric properties, and are
known to exist in the host BisTizO1, material®®’. However, an idea of the relative metal ion
coordinates and potential chemical ordering phenomena might be obtained from refinement in

F2mm as a starting point for improved future refinements.

This first set of refinements were conducted on the collected lab XRPD data. Several models
were developed to test different fixed site occupancies in the perovskite B-sites to probe for
preferential chemical ordering (Figure 5.8). These were based on F2mm reported structures
for each compound’® 767 169 174 The oxygen positions were fixed at those quoted in the
literature reports, as the lab XRPD data could not provide good resolution for such light
elements. The cation positions and their thermal parameters were refined. The March-

Dollase®® function was used to account for preferred orientation in the prepared samples.

117



Chapter 5

(a) BFTO-513 (

=g

oY)

1
et =
5. ¢
&

N

(X

oJeSeTe oJoSeTe . i
53 444 344 AT o8
AAIAAR AL o o O
.‘.f.‘%. : .:. Xy O FegasTiozs
T e L O FeyTios
< ;.+. b 4 pe e Fe
St IO ®
.3. :x: '3. po.vy . O
oo o lo du@ele o]os g
Bl 46 44 fol
| 1l 1 s ‘:' g
c \"

T—»b i VI IX
Figure 5.8. Graphical representation of (a) BFTO-513, (b) BFTO-623 and (c) BFTO-733
structures in the F2mm space group as reported by others, which do not allow for octahedral

rotations. Models I-IX represent different chemical occupancy models which were used in the

subsequent refinement.

Refinements tended to converge with both the transition metal cations in the B-site (Fe and Ti)
shifted with respect to the bismuth A-site cations along the polar axis, suggesting exhibition of
ferroelectricity in each case, though the error bars on the positions were high (Table 5.3). The
refinement of the thermal parameters (Uiso) for each cation was somewhat informative in
identifying sites in the structure that may be subject to more complex local structural and/or
chemical order. In all three materials, the bismuth ions in the [Bi.O2]** layers have the highest
and most variable thermal parameters between models, suggesting some structural disorder
between layers. The thermal parameters of the transition metal ions in the B-sites all suggest
some instability. In BFTO-513 the thermal parameters for the outer layers are consistently high
but moderately alleviated by placing more titanium at this site. However, there are still
indications of a possible need for an extra degree of freedom in the modelling of this position.
In BFTO-623, the inner site shows a large thermal parameter, somewhat alleviated by placing
more titanium in the centre, but again indicates an issue with the structural model. The low
thermal parameters of the outer sites indicate a need for more intensity in these areas in the
refinement, which may reflect a need for more iron in the outer sites in the model. In BFTO-733
the thermal parameters of each site are reasonable, but again higher in the inner sites and
lower in the outer site, suggesting a moderate preference for iron either spread across all sites,

or in the outer sites.
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Table 5.3. Rietveld refined thermal parameters Us, for the transition metal ions in F2mm BFTO

materials.
Sample Model Outer site Middle site Inner site Rup
Uiso (A-2) Uiso (A2) Uiso (A-2) (%)
BFTO-513 | | 0.17(4) N/A 0.06(2) 5.98
Il 0.12(4) N/A 0.10(3) 6.02
1] 0.18(4) N/A 0.03(2) 6.04
BFTO-623 | IV -0.003(20)* -0.01(2)* 0.2(1) 6.33
\% 0.003(21) -0.006(25)* 0.1(1) 6.29
\ -0.0004(212)* 0.002(27) 0.1(1) 6.31
BFTO-733 | VI 0.003(39) 0.02(5) 0.06(5) 6.29
VIII 0.003(41) 0.02(5) 0.08(6) 6.33
IX -0.005(36)* 0.02(5) 0.09(6) 6.14

*Unfeasible negative values suggest sites that require more in-depth
structural and chemical descriptions.

In each refinement, the standard error associated with the refinement is quite high, and so a
definitive choice of best model could not be made. A cautious interpretation of these results is
also necessary as the EDXS analyses revealed potential stoichiometric deviation in BFTO-623
and BFTO-733, and the XRPD data has limitations to elemental resolution (as outlined in
Chapter 3). In order to get a better idea about the elemental distribution, Mdssbauer

spectroscopy was utilized instead.
5.2.2 Mossbauer Study of Iron Location

As presented in the previous chapter, MGssbauer spectroscopy can be a very useful method
of extracting information about the local environments of iron atoms in solid materials. Spectra
obtained from all three sample compositions at room temperature show symmetric, but broad,
paramagnetic doublets. The isomer shifts for each signal are consistent with the Fe3* valence
state, in line with expectations. The symmetric nature of the doublets do not suggest strong
preferences for chemical ordering, or occupation of sites with distinctly different local electric

field gradients.

Spectra shown in Figure 5.9 can be modelled well using a broad doublet with the fitting
parameters outlined in Table 5.4. The IS and QS are similar, but the slightly smaller QS in
BFTO-733 may suggest a weaker electric field gradient (perhaps resulting in lower
spontaneous ferroelectric polarisation). The marginally larger IS would also reflect a more iron
rich environment in BFTO-733 in comparison with the other materials. The broader signal in
BFTO-623, reflected in the Half Width Half Maximum (HWHM) refinement, may imply a degree

of structural disorder leading to a distribution of local environments3°,
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Figure 5.9. Room temperature °’Fe Mdssbauer spectra from BFTO samples showing the
relative transmission as a function of source velocity. Symmetric, paramagnetic signals are

observed and fitted to a single broad doublet.

Table 5.4. Single paramagnetic doublet fit parameters for each BFTO Méssbauer spectrum.

Material IS (mm.s") HWHM (mm.s™) QS (mm.s”") x?

BFTO-513 | 0.3999 0.1613 0.5958 338.7151
BFTO-623 | 0.3978 0.1764 0.6007 290.7053
BFTO-733 | 0.4032 0.1681 0.5862 265.5781

Interestingly, throughout the literature Mossbauer studies present a wide range of fitted
parameters from IS 0.16 — 0.44 and QS from 0.3 — 0.75 mm.s™" 124 140, 165, 173, 175, 389-391 Thg
interpretations for the nature of iron’s local environment in these compounds is diverse. It has
been suggested that at least two crystallographic sites are distinguishable in Mdssbauer in all
of the three nominal compositions under investigation, with some suggestion of the outer site
possessing a larger electric field gradient and hence corresponding to signals with a large QS
value from fitting®'. In BFTO-513 which is the most often investigated, it has been suggested
that Fe is distributed equally over two unique sites'®®, though others suggest that there is more
Ti** in the site that borders the [Bi2O]?* layer'?®. Systematic studies suggest that as the number
of layers increase, the Fe** randomizes over two sites®** and there is also suggestion that one

of these sites may be tetrahedral'”.

To make sense of this, the crystal structure is considered. In BFTO-513 there are two
crystallographically distinct sites iron can occupy — the octahedral site that borders the [BiO2]**
layer (2 ions) and the octahedral site inside the centre of the perovskite block (2 ions). In BFTO-
623 there is a third unique octahedral site inside the true middle of the perovskite block (1 ion)
and in BFTO-733 this inner site is a pair of ions. The initial results would indicate either
occupation of a single site in each of the three cases, or occupation of sites that have very

close crystal field parameters in equal quantities, contrary to the other Méssbauer studies.
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A refitting of this data was attempted with multiple paramagnetic components. The fitting
results shown in Figure 5.10 and Table 5.5, show a fit with more than one paramagnetic
component for BFTO-513 and BFTO-733, but the overall fit improvement is not significant in
comparison with the single doublet fit in Table 5.4. Interestingly, BFTO-623 could not be
refined with an extra component. This implies there is no quantitative evidence for a distribution
of iron in distinctly different crystal field environments. It is proposed that the broad
experimental signals actually represent a spread occupation of crystallographically similar sites
in the perovskite block which produce close QS and IS values, rather than any true long range

chemical ordering.

g 100 (a) BFTO-513 (b) BFTO-623 (c)_Blj'T_Q_-.733

g i ‘ i i L

]

2 99~ Exp. B Exp.

g E Comp. 1 L L Comp. 11}

c --=--Comp. 2 - Exp. -----Comp. 2

® 98p——rit Comp. 1/Fit —— Fit

- !l - ! - 1. 1, 101 111,11 .1.1.;°71.,.1
< 4 -2 0 2 44 2 0 2 44 -2 0 2 4
o Velocity (mm-s')  Velocity (mm-s') Velocity (mm-s)

Figure 5.10. Room temperature °’Fe Méssbauer spectra of the three BFTO materials shown

Figure 5.9, but showing results from two component fits (only possible in (a) and (c)).

Table 5.5. Multiple paramagnetic components fit parameters for each BFTO Mdssbauer

spectrum.
Material Component IS HWHM QS Proportion  x?
(mm.s’) (mm.s?) (mm.s”)
BFTO-513 | 1 0.4478 0.143 0.6025 0.4931 332.7589
2 0.3503 0.1482 0.5891 0.5069
BFTO-623 | 1 0.3978 0.1764 0.6007 1.0000 290.7053
BFTO-733 | 1 0.4094 0.1307 0.4194 0.1596 258.4884
2 0.4024 0.1634 0.6231 0.8404
5.2.3 Average Structure Evolution — Refined Model

Having seen in the Mdssbauer measurements that disordered chemical occupation of the
layered sites is most likely, a new set of structure refinements were conducted employing
random elemental occupancies. This study began by developing new models for BFTO-513
and BFTO-733 which included octahedral tilting modes. These two odd-numbered Aurivillius
structures have been quoted to have the space group A2:am in some studies (with only BFTO-
513 having structural parameters reported’®* %°). Models were built by combining the literature

A2:;am BFTO-513 structure and the refined coordinates from the previous F2mm refinement
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in Section 5.2.1. The titanium and iron distribution in these models was set to be random,
reflecting the Mdssbauer results. A visual representation of the occupancies used are shown

in Figure 5.11, and the imposed octahedral rotations about a are also clearly shown.

The refinement of the metal positions and Uis, only were conducted, and given the occupancies
were random for the Fe and Ti, the Uis, values for each site were set to be equal. The oxygen
positions were again fixed to values from the literature. The results of the refinements of BFTO-
513 and BFTO-733 are presented in Tables 5.6 and 5.7 respectively. The extra degree of
freedom this space group affords in the b-axis displacement improves the overall fit of both
materials, though in general the Fe and Ti ions share high thermal parameters. Again, the
standard uncertainties on the positions and thermal parameters are high making direct
comparison difficult, but the trend remains that the shifts of Bi and Ti/Fe with respect to one
another along the polar axis is higher in BFTO-513. It should be noted that in both structures,
the c-axis displacement of the outer perovskite layer ion is relatively larger than the inner ions
(visually obvious in Figure 5.11), suggesting this site is naturally distorted by the neighbouring
[Bi2O2]?* layer.

Table 5.6. Refined fractional coordinates and thermal parameters for bismuth and Ti/Fe ions
in BFTO-513.

BFTO-513 A2.am, a = 5.4676(4) b = 5.4364(4) ¢ = 41.190(2) A

Occupancy x (polar) y z Usso (A7)
Bi1 (centre) | Biro 0.24(1) 0.75(1) 0 0.045(5)
Bi2 (mid layer) | Biro 0.24(1) 0.75(1) 0.1049(2) 0.047(4)
Bi3 ([Bi2O2]**) | Biro 0.25(1) 0.733(6) 0.2193(2) 0.055(4)

Fe/Ti1 (outer) | FeozsTiors 0.29(2) 0.26(3) 0.1514(7) 0.071(6)*
Fe/Ti2 (inner) | FeozsTiors 0.27(4) 0.25(6)  0.0503(9) 0.071(6)*
Rup 4.50

*fixed to be equal

Table 5.7. Refined fractional coordinates and thermal parameters for bismuth and Ti/Fe ions
in BFTO-733.

BFTO-733 A2:am, a = 5.4792(6) b = 5.5051(6) ¢ = 57.536(7) A

Occupancy x (polar) y z Usso (A?)
Bi1 (centre) | Biro 0.25(3) 0.75(2) 0 0.02(2)
Bi2 (mid mid) | Biro 0.25(2) 0.76(1) 0.0729(5) 0.01(1)
Bi3 (mid outer) | Biro 0.25(4) 0.74(2) 0.1479(5) 0.04(1)
Bi4 ([Bi.Os]**) | Biro 0.25(3) 0.76(2) 0.2256(4) 0.07(1)
Fe/Ti1 (outer) | FeosTios  0.25(5) 0.25(7) 0.188(1) 0.07(6)*
Fe/Ti2 (middle) | FeosTios ~ 0.22(5) 0.21(3) 0.105(1)  0.07(6)*
Fe/Ti3 (inner) | FeosTios  0.22(5) 0.25(6) 0.037(2) 0.07(6)*
Rup 5.78

*fixed to be equal
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Figure 5.11. Graphical representation of Rietveld refinements for (a) BFTO-513 in A2;am, and

(b) BFTO-733 in A2:am, projected along the polar a-axis, showing the octahedral rotations

and relative site occupancies.

BFTO-623 having an odd number of layers, should have a different space group compared
with the other two materials when tilting is considered. It is sometimes reported to have the
space group B2cb™ 7% 392 which permits rotation (though no structure information has been
reported). A model was built based on the structure of BisTizO1. (BTO)'® but a meaningful fit
could not be obtained for this sample. It is suspected that a likelihood of structural faulting in
the sample in combination with an ill-defined model have played a role here and thus to be

reconsidered in future works.

From this average structure analysis, it is apparent that BFTO-513 with 4 layers and BFTO-
733 with 6 layers have been synthesized, with the best fit obtained when octahedral tilting is
taken into account. However, there are clear limitations to this refinement, and it would be
desirable to repeat using more advanced diffraction methods such as neutron diffraction. The
reason for a lack of published structures and certainty around the location of Fe and Ti in the
layers is believed to be a consequence of difficultly growing phases with uniformly layered
structures, especially in high iron samples. Insight into the tilted structure of BFTO-733 from
this perspective is a unique and valuable contribution and unusual observations in the chemical

nature of the material are flagged.

In general, it appears that there is little evidence for chemical ordering in these samples when
the Mossbauer data are considered. Such a random distribution of iron has implications for the
physical properties, particularly the magnetism which would require close proximity for long
range ordering. It also seems likely that both BFTO-513 and BFTO-733 would be ferroelectric,
while the behaviour of BFTO-623 remains uncertain and so the magnitude of the ferroelectric

properties should also be evaluated.
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5.3 Physical Properties
5.3.1 Magnetic Properties

If the outer perovskite sites in these layered structures were consistently and highly occupied
by iron, it may have been possible to establish long range magnetic ordering. However, the
detection of likely random occupancy, and lack of magnetic splitting in the Mdssbauer,
suggests any magnetic interactions would be mostly local. This does give interesting
opportunities for 2D or clustered magnetic effects within the perovskite layers though.
Temperature and field dependent magnetization of the three materials BFTO-513, BFTO-623
and BFTO-733 were measured. The magnetic responses change subtly, but clearly as the iron

content and structure changes.

At 3 Kin the field dependent testing, BFTO-513 shows non-linearity, though no clear hysteretic
behaviour (Figure 5.12 (a) and inset). This may indicate a proportion of local magnetically
interacting ions such as in dilute magnetic semiconductors, or superparamagnetism with
underlying antiferromagnetic interactions" '*1. With respect to temperature, this material

shows paramagnetic type behaviour over most of the range (Figure 5.12 (b)).

The BFTO-623 sample shows clear hysteresis in the M-H plots (Figure 5.12 (a) and inset).
This implies proximity to a transition in the magnetic behaviour in which a net moment arises.
There is decreased magnetization at low temperature (Figure 5.12 (b)) (and a different
inflection, seen more clearly in 1/x in Figure 5.13) in comparison to BFTO-513 and an inflection
and ZFC/FC divergence below 15 K. This has also been seen by others'??, and a higher

coercivity in the M-H below such transitions is noted'?? 138,

In the BFTO-733 sample the M-H curves are more linear and unsaturating (Figure 12 (a)). The
low temperature magnetization is lower than the previous samples, briefly increasing into an
apparent transition near 100 K (Figure 12(b)). This behaviour is more reminiscent of
antiferromagnetism below 100 K. Some ZFC/FC divergence is also noted at low region of the
M-T, and in conjunction with some minor hysteresis in the M-H, indicates the region below 100
K'is in some kind of ordered state, though may not be part of a fully 3D, long range structure
due to the broadness of the transition feature. This is likely the same type of transition seen in
BFTO-623 but at a higher temperature. This transition has been suggested to be a spin glass
transition'” due to the ZFC/FC divergence and also a ftransition from canted
antiferromagnetism to paramagnetism (after which the remanence is lost) and the increasing
broadness of the transition is associated with structural inhomogeneity'®. In this case, the
transition appears at lower temperatures than is typically reported. Low temperature

Moéssbauer experiments in the literature suggest the emergence of sextet signals below the
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aforementioned transitions'?? (which was not seen in this study) and inconclusive evolution of

magnetic peaks for BFTO-733 at low temperature’.
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Figure 5.12. In (a), field dependent magnetization curves of the samples at 3 K show
emergence of more typical antiferromagnetic like responses as layers/Fe content is increased.
Inset shows appreciable hysteresis in BFTO-623 which is likely due to proximity to a transition
at this temperature. In (b) the temperature dependent magnetization of samples under a field
of 56 kOe is presented, exhibiting some ZFC/FC divergence in BFTO-733.

To extract further information about the nature of magnetic interactions in this system, the M-T
data are fitted to the Curie-Weiss law (Figure 5.13). Fitting the paramagnetic portion of the
M-T data gives negative intercepts with the x-axis for all three materials, suggesting dominant
antiferromagnetic interactions. This is expected from the GKA rules for magnetic
superexchange between Fe**-O-Fe®* pairs. The effective moments calculated for BFTO-623
and BFTO-733 (based on proportion of ion in the Aurivillius phase determined by EDXS) are
shy of those expected for an S = 5/2 Fe*" species which would nominally be near 5.9 ps, but
are reasonable. Lower values of per for BFTO-513 has been reported by others'?2 131. 138 gnd
may be suggestive of clustered centres, though the values of higher layer compounds are not

given.
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Figure 5.13. 1/x plots for (a) BFTO-513, (b) BFTO-623 and (¢) BFTO-733, linearly fitted in the
paramagnetic region to extract the Curie-Weiss temperature (6.) and effective moment (Uer)
as noted on each graph. Contrasting low temperature behaviour is clearly noted. *Sample has

impurity Bi-Os which affects mass-based calculation.

In order to explore the possibility of superparamagnetism in these samples, fitting of the field
dependent magnetic data was also attempted. Neither BFTO-623 nor BFTO-733 could be
fitted to a Langevin function, which implies at 3 K, they are not actually paramagnetic. The
Langevin function could be applied to BFTO-513 in order to determine the average cluster
moment, but the function does not produce a good fit (Figure 5.14). The calculated Langevin
cluster moment is low, and in conjunction with a lack of evidence for a superparamagnetic
blocking temperature transition in the M-T data and microscopy studies indicating this sample
had micron sized particles, this is not likely a superparamagnetic compound. Rather BFTO-513
seems more reminiscent of BFMTO in the previous chapter, where it is not quite in a
paramagnetic state and retains some kind of magnetic interaction. This may be related to their
similar Fe®* contents and chemical disorder. Another reference also notes how BFTO-513

does not fit to alternate models such as the Brillouin function either!23.
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Figure 5.14. Langevin fitting of M-H for BFTO-513 to produce a cluster moment of 2.67 (g.

The fitting suggests a state near paramagnetism, but does not involve large clusters.
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These results suggest that, in conjunction with the Mdssbauer spectra, the iron in these
systems is appreciably disordered and dilute, precluding it from forming long range
magnetically ordered structures at high temperatures. However non-typical low temperature
interactions appear to exist and the nature of the transition (most obvious in the BFTO-733
sample) is quite interesting and it is desirable to further study the dynamics of this transition

with inelastic neutron spectroscopy.

Interestingly, magnetoelectric effects are reported in BFTO-513 in the literature®®. In order for
this effect to be exhibited via the inverse Dzyaloshinkskii-Moriya interaction, an asymmetric
non-collinear spin configuration is required™®. This would imply that despite appearing
paramagnetic in magnetization studies, there are some kind of short range magnetic
interactions that foster this effect and persist to room temperature, which supports the findings
of this study. This may also hold promise for BFMTO in the previous chapter. However, to

further investigate this, the materials would also need to be suitably ferroelectric.
5.3.2 Electrical Properties

In addition to the magnetism, it has been suggested in a few reports that the ferroelectric
properties are robust in these Aurivillius phases and persist to high levels of iron in films3® 152
155 While it is not thought that iron influences the ferroelectric properties extensively'?, the
ferroelectric Curie temperature (still >RT) reportedly decreases with increasing iron'®. The
ferroelectric trends were investigated using Piezoresponse Force Microscopy at room
temperature as reliable bulk piezoresponse measurements were not possible on all samples
due to low density. Very clear, striped 180° domains were imaged in the BFTO-513 sample
consistent with an orthorhombic polar crystal structure (Figure 5.15 (a) — (c)). In BFTO-733,
there is some suggestion of other, non-180° domains, resembling BTO"*
(Figure 5.15 (d) — (f)). Both the grain size and the domain size is observed to decrease from
low layers to high layers. The small grain size may be attributed to the lower sintering
temperature, however the smaller domain size is more likely to be attributable to variation in
the chemical composition restricting domain size. This may be the first time that such clear
striped domains have been imaged in this sample, appearing less defined and with different

shapes in the only other available studies'® 45 148,150, 172,393

It was not possible to image domains in BFTO-623 and this is suspected to be due to sample
quality. Interestingly ferroelectric domains have not been imaged in literature on this material
either'”2, This poses the question as to whether a lack of well-defined domains is connected

to a general difference in the odd numbered phases in comparison to the even numbered ones.
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Figure 5.15. In (a) and (d) the morphology of samples BFTO-513 and BFTO-733 are
respectively shown. The (b) and (e) plots show the corresponding PFM amplitude maps and
(c) and (f) show the phase contrast. Stripe-like 180° domains are observed in both samples,

with evidence for some addition non-180° domains in (f).

Hysteresis measurements were made on all samples using the PFM technique, including
BFTO-623, which requires only a small area. The comparison of the phase, amplitude and
piezoresponse of the three materials shows a decreasing trend on increasing iron
content/number of layers, but is still apparent in all samples (Figure 5.16). The iron may be
having the effect of reducing domain size and overall polar response.

The increase in coercivity in BFTO-623 may suggest a defect induced domain wall pinning
phenomenon as a consequence of structural disorder (commonly noted in BiFeO3 systems®’).
Though it should also be noted that in odd number Aurivillius compounds like BFTO-623, there
is the possibility of small c-axis polarisation in addition to the polar a-axis®®” which changes the
possible domain configurations, and as the strain distribution in odd numbered structures is
also different3®, it is not unreasonable for the piezoresponse to appear different in comparison
with the other two materials. The possibility of stacking faults in this sample can also lead to
an inconsistent repeating of layers can add symmetry restrictions to the observation of polar
domains™*. Indeed, BFTO-623 and BFTO-733 show non-180° switching in this measurement
(Figure 5.16 (a)) and strongly asymmetric amplitude responses (Figure 5.16 (b)).
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Figure 5.16. PFM switching spectra for BFTO samples. Phase (a), amplitude (b) and

piezoresponse (¢) are shown. Increasing iron content leads to decreasing piezoresponse.

In these samples, such domain structures and piezoresponses are very promising for
engineering functional devices. This is especially useful for the high iron content samples
which show possible magnetic ordering at low temperatures. Both effects coexistent and an
ability to manually write ferroelectric domains might lead to next generation memory storage
devices. Should they also show visible light utility, photovoltaic application might also be a
possibility.

5.3.3 Optical and Photofunctional Properties

The photofunctional responses of the three different materials in the bulk form are rarely
compared in the same study. Given all three samples showed evidence for a ferroelectric
response, they are candidates for exhibiting the bulk photovoltaic effect. In order to measure
this visible light utility in this thesis, UV-Vis diffuse reflectance measurements were undertaken.
The spectra obtained (Figure 5.17) suggest that all three samples utilize the visible light range
quite effectively. The sample BFTO-733 in particular shows a sharp and clear absorption edge
near ~ 2 eV. These results are mostly within the range reported for other bulk studies'?” 130133,
135,136 however the BFTO-513 sample, which from its physical colour (yellow in comparison to
the orange of other sample) might be expected to have a wider band gap'®: %, shows quite a
flat absorbance profile. Influence from particle morphology (and associated reflectance) in this
sample might be a contributing factor to the flat profile’™> 3%. The origin of visible light
absorbance is attributed theoretically to expansion of the conduction band by introduction of
iron, eventually dominating transitions from the valence band to the higher energy Ti3d
bands'26-128. 133 A visible light absorbance has previously been connected to photocatalytic
and/or photovoltaic ability in individual members of the Aurivillius series'?”: 128.132. 136 gnd so it
is suggested that each will show similar performance in visible light photofunctional

applications.
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Figure 5.17. Visible light absorbance profiles of BFTO materials show apparent edges in the

~ 2 eV range.

The electronic response of the material to light irradiation was then tested by locally mapping
the surface potential variation of the samples (with PFM) on exposure to laser light. The results
showed a very strong response of similar magnitude in both the BFTO-513 and BFTO-733
samples, and a lower but still significant response in the BFTO-623 sample (Figure 5.18). All
samples showed a stronger response than BFMTO and BFNTO shown in the previous chapter,
suggesting not only strong visible light absorption but also strong directional transport. The
lower performance of the BFTO-623 of the three is suspected to arise from structural disorder
and macroscopic sample quality, as is reflected in the other polar measurements. The similar
response in all samples indicates their fundamental band gaps are narrower than the

irradiation source.
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Figure 5.18. Surface potential of each BFTO sample in ambient (OFF) and 458 nm laser (ON)
lighting conditions. Decreasing potential on irradiation suggests migration of photoexcited
charges to the surface in all three samples.

This result is further extended to monitoring the current-voltage relationship of the sample over
a large distance, using visible light irradiation from a mercury lamp to incite a response. It is
notable that the dark current increases proportional to the amount of Fe in the sample
(Figure 5.19, closed symbols), suggesting a strong influence on the energetic barriers to
conduction. On irradiation, a photocurrent is observed in each sample and a diversion to more
linear current-voltage behaviour (Figure 5.19, open symbols). Since these samples could not
be poled using this equipment (limited to an application of 10 V), this may explain the lack of
strong diodic-shaped current-voltage curve otherwise expected from the observation of
domains in the sample.
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Figure 5.19. Current-voltage curves on the surface of all three BFTO materials between
~ 0.4 mm separated gold electrodes in the dark (closed symbols) and light (open symbols).
More linear responses can be detected in light conditions, and all three samples show obvious
photocurrent.

It has been systematically shown that a photocurrent can be induced in all three samples. The
existence this photoresponse in these materials, in addition to a robust polar response, and
local magnetic response, further expands the utility of these multifunctional materials and by

selecting an appropriate Ti:Fe ratio, the properties may be tuneable for a desired application.

5.4 Summary of Chapter 5

In this study high purity syntheses of Aurivillius compounds with four, five and six-layer
perovskite blocks were achieved via a metal organic decomposition. This bulk synthesis
method is a notable improvement on methods used in the literature, particularly for the
synthesis of BFTO-733. This work allowed systematic study of the materials in relation to the

evolution of structure and properties.

The possibility of octahedral tilting was explored in Rietveld refinement of the average
structures of these compounds which has not often been reported before. A good refinement
of the even layered compounds in the polar orthorhombic space group A2:am was obtained,
though refinement of the odd numbered BFTO-623 was inconclusive and suggested a possible
propensity for this target composition to result in disordered structures instead. Locally, it was
demonstrated that the materials had a disordered distribution of iron in the perovskite layers

using Mdssbauer spectroscopy, which is in contrast to other reports.

It is suggested that this occupation trend inhibits long range magnetic ordering, which is
reflected in the magnetization measurements. Only some suggestion of antiferromagnetic type
longer-range order at low temperature is seen (below 100 K in BFTO-733 and 15 K in BFTO-
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623) and the modelling of M-H data at 3 K indicates none of the three samples are typically

paramagnetic, supporting some kind of other interacting state.

It is also shown that all samples exhibit ferroelectric properties, and iron seems to have only a
marginal decreasing effect on the magnitude of the polar response. All three materials are also
able to generate a photocurrent under visible light radiation due to a ~ 2 eV band gap, which
is a stronger result than the other titanium containing samples in Chapter 4. The BFTO-623
material is consistently noted to show slightly anomalous properties like polar coercivity, and
decreased relative photocurrent, which is linked back to the suggested structural disorder.

Irrespective of that disorder, the material is still multifunctional and promising in many ways.

In this chapter the Aurivillius bismuth iron titanates are shown to be another group of
photofunctional oxides which can be made under ambient pressure conditions. While titanium
again seems to preclude strong magnetic properties as in Chapter 4, this structure type
supports greatly improved photofunctionality, likely as a consequence of its clearly defined
ferroelectric domains. Similar combinations of elements with different structure types evidently
have an impact on functionality, as is further addressed with a new host oxide in the next two

chapters.
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Chapter 6 Vanadium and Nitrogen Modified Anatase-type

Titanium Dioxide Materials

In the previous chapters, modification of oxide materials through elemental substitution was
addressed. In each of these cases, elemental complexity resulted in random occupation of
octahedral sites in the structure, which impacted predominately on ancillary properties like
magnetism. In this chapter, a new oxide is chemically modified with both cations and anions
(albeit in much smaller amounts), to target alteration of the specific photofunctional property of

photocatalysis.

The anatase polymorph of TiO» can be synthesized with a very small particle size, making it a
great host oxide for modification to target photocatalysis. However, with an indirect band gap
of ~ 3.2 eV, doping is required to increase its visible light utility. As outlined in the introduction,
it has been proposed in the literature that pairing V°* with N* is a way to effectively extend the
valance and conduction bands and effectively narrow the band gap. Strong and stable V°*-N*

pairings are computationally predicted to be the only type of defect that forms.

Among the experimental literature however, while (V,N)-TiO, anatase has been made, its
ability to act as a photocatalyst appears variable. One of the key issues appears to be a mix
of vanadium (V5*, V#*) and titanium (Ti**, Ti**) valence states and locations for nitrogen
(interstitial, substitutional) within the host TiO, anatase structure, deviating from computational
prediction. This raises questions about how the dopants are actually incorporated into anatase,
what impact the synthesis conditions have on the product, how the resultant defects actually

impact photofunctionality and what needs to be considered in rational design of catalysts.

This chapter works to resolve these questions and build on the thesis theme of how chemical
control and structure impact functionality. Vanadium modified anatase TiO- is produced by
utilizing a known method for making the sister compound (Nb%",N*)-TiO.. The structure and
valence states are studied with diffraction, microscopy, and spectroscopy to determine if and
how this co-doped product can be formed, and how this relates to any presented photocatalytic

ability.

6.1 Synthesis

In order to try and control the vanadium valence state on introduction into anatase TiO;, a
method was required that could facilitate simultaneous incorporation of nitrogen, and also

result in a small particle size appropriate for photocatalytic testing.
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6.1.1 Solvothermal Method

Reports of (V,N) co-doped anatase in the literature use a mix of different methods and
reactants?'+2'°, making it difficult to isolate which steps are important to valence control and
functionality. For this reason, a synthesis was designed around a solvothermal method which
has been shown to be extremely successful in producing the analogous (Nb,N) co-doped TiO-
anatase?®®. The solvothermal method is different to the synthesis methods presented so far in
this thesis, in that it is a fundamentally wet chemical method, and does not use high
temperature sintering to promote a reaction. Instead, the reactants are dissolved in a solvent
and subject to high pressure and temperatures above the solvents usual boiling point. In this
supercritical state, small oxide crystals can be nucleated as the reactants polymerize and

organic species decompose. This is a useful method for producing nanomaterials.

In this solvothermal study, the raw materials were dissolved in ethanol and reacted in
autoclaves at 200 °C for 17 hours. The source of titanium was TiCls and for nitrogen HNO3
was chosen. As part of this investigation was a desire to study how the vanadium source and
nitrogen co-dopant levels influenced the valence control and functionality in the product, two
vanadium sources were used: VOCI; (V) and VO(CsH;02)2 (V4). Amounts of both were
chosen to give a nominal vanadium doping level of ~ 5 at. % (cations). The choice of 5 at. %
nominal doping is to reflect the various simulation studies on the generation of the V%*-N*
defect pair. The nitrogen (HNO3) was added in various levels of excess with the goal of
obtaining a product with V** and N* in a close to 1:1 ratio doped into the TiO anatase matrix.

A summary of the syntheses is presented in Table 6.1.

Table 6.1. Summary of doping schemes in synthesized VTON samples.

Material Name Nominal Dopant Ratio V:Ti:N Vanadium source
VTON-A 0.05:1:9 VO(CsH702)2
VTON-B1 0.05:1:5 VOCI3
VTON-B2 0.05:1:10 VOCI3
VTON-B3 0.05:1:20 VOCI3
VTON-B4 0.05:1:40 VOCI3

6.1.2 Microstructure

The products of the solvothermal reaction were fine powders. The colour of the particles
ranged from light grey to a light brown. The morphology also seemed highly dependent on the
relative amount of nitric acid used in the synthesis as observed in SE micrographs (Figure 6.1,
6.2). This change in morphology might reflect formation of more than one polymorph, an effect
which is noted to be pH sensitive in other studies®®. In Figure 6.1 (a) the individual particle
size of VTON-B1 is ~ 20 nm, and forms agglomerates of mixed size from 100 — 300 nm. VTON-
B2 (Figure 6.1 (b)) shows larger and more regular agglomerates of size ~ 500 nm. By VTON-
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B3 (Figure 6.1 (c)) the individual particle shape changes and reduces in size and with the
largest amount of nitric acid in VTON-B4 (Figure 6.1 (d)), the individual particles are now
clearly needle-like and forming large agglomerates. In Figure 6.2, the VTON-A sample shows
very similar morphology to VTON-B2, suggesting the similar nitric acid content has a strong
impact on the morphology, and the vanadium source may have less of an effect. All samples
have nanosized individual particles suggesting the method was useful in engineering a
material with an appropriate morphology for catalytic testing.

Figure 6.1. Secondary electron micrographs of VTON-B series samples produced with a
VOCI; source and increasing levels of nitric acid from B1 — B4. Morphology of individual
particles becomes more needle-like and agglomerate clusters also change from images

(a) — (d), suggesting a link to the nitric acid volume used in reaction.
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Figure 6.2. Secondary electron image of VTON-A material show agglomerated structure and

individual particles size of ~ 20 nm similar to VTON-B2.

A confirmation of the phase purity of these samples was required given that TiO2 has three
common polymorphs, each with different band gaps and properties. Then, chemical analyses

were require to evaluate the success of the doping procedure.

6.2 Chemical and Structural Analysis
6.2.1 X-ray Diffraction Trends

The structure of the synthesized materials was monitored using X-ray powder diffraction
(Figure 6.3). Given the particles were so small in size, the resulting peaks were very broad.
However, basic information could be obtained. Materials that were prepared with a nominal
Ti:N ratio of 1:10 or less (samples VTON-A, B1 and B2) contained particles that could be
indexed to an anatase average structure (space group /4i/amd, lattice parameters given in
Table 6.2), whereas higher volumes of nitric acid resulted in the formation of an additional
phase which was indexed to brookite TiO; (samples B3 and B4, Figure 6.3 green and blue

plots). This extra phase might reflect the texture effects seen in morphology.

An indication of the particle size trend was obtained by applying Scherrer’s equation (see
Chapter 2) to the collected XRPD data. It is generally noted in Table 6.2 that as nitric acid is
increased, the particle size of the anatase phase is observed to decrease, which also matches
the microscopy data. The particle size appears to be within a range where the stabilities of
brookite and anatase become comparable'®, and the lowering pH on increasing addition of
HNO33*" may be contributing to the overall phase composition. Comparing these results with
the literature synthesis of V,N-TiO,, the particles synthesized in this study are of a similar
size?'4+21% Of the samples without brookite peaks, B1 seems to be exhibiting the smallest

particle size.
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Figure 6.3. XRPD patterns of VTON materials showing a dominant anatase phase in each

with a broad peak shape. Samples B3 and B4 show clear extra peaks corresponding to a

brookite TiO2 phase.

Table 6.2. Refined lattice parameters of the anatase phase in each synthesized VTON material

and parameters used for application to the Scherrer equation.

Sample a(A) c(A) (101)26(°) B() D (nm)
VTON-A | 3.7917 9.5005 25.2678 0.8285 9.8
VTON-B1 | 3.7861 9.4983 25.3016 0.9707 8.4
VTON-B2 | 3.7891 9.4959 25.2846 0.7771 10.5
VTON-B3 | 3.7846 9.4662 25.3185 1.0764 7.6*
VTON-B4 | 3.7818 9.4304 25.3555 1.6604 4.9*

*size of anatase phase, in these samples. A brookite phase is also present.

In these samples, a clear decrease in the lattice parameters is noted in the anatase phase of
the impure B3 and B4 samples, while the A, B1 and B2 sample have parameters similar to
those reported for un-doped anatase TiO2*%. Previous V,N-TiO; studies report smaller?'’: 219,
larger?'® or unchanged?'® lattice parameters for their products in comparison to the un-doped
anatase have been reported in the literature, all still taken to indicate successful doping. Given
singly doped vanadium systems sometimes note an initial increase in lattice parameters from
0 to ~ 3 at.% V22" 22 3% gnd smaller parameters from after??”- 400402 gand singly N-doped
systems report increases*® or no change?®, the co-doping reports likely hinge on the total
doping level of vanadium in particular. In order to investigate these trends further, it was
necessary to confirm successful doping and investigate valence states by further experiment.
This could be done using XPS.
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6.2.2 Chemical Analysis
6.2.2.1 X-ray Photoelectron Spectroscopy Valence Analysis

Determining the valance state of the cations and presence of dopant anions in these materials
is of key importance to understanding their functionality. Increased catalytic ability is often said
to be associated with \V°* located at the surface of the particles, in comparison to buried V**
states?'5.219.226.404 - A good technique to investigate this is XPS. While the average penetration
depth of this technique is only 10 nm, this matches well with the experimental particle sizes of
these samples. This means that representative dopant types, levels and their valence states

can be detected.

Figure 6.4 shows characteristics peaks for V (a), Ti (b) and N (c) in the XPS spectra from each
material. An absence of Ti** in these samples is noted which contrasts to some references?'*
215,218-220 Two signals for nitrogen were detected which are consistent with other reports which
claim bulk N doping?'4216.218.219 'However, the biggest deviation between these materials and

other studies, is observed in the V2ps» peak.

The V2ps2 peak of each sample is very broad (Figure 6.4 (a)) suggesting two or more valence
states are present in each. This peak was fitted for each sample and the resulted are presented
in Table 6.3. The binding energies determined for each peak were assigned to V3* and V**
based on previous reports?'¢: 405407 Generally, as the amount of nitric acid was increased the
total amount of vanadium increased, and the proportion of lower valence states also appeared
linked to an increase in nitrogen. A numeric summary of each vanadium valence state/signal
as a proportion of the cations in the sample, and the nitrogen signals as a proportion of the
bulk anion signals is given in Table 6.3. The calculated formulae for the meantime assume

both dopants are substitutional and is used simply illustrate relative concentration of elements
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Figure 6.4. XPS spectra of the (a) V2ps, (b) Ti2ps2 and (c) N1s peaks for each VTON sample.
A broad, multivalent V peak is seen in each. There appears to be a correlation between the V

valence spread and shape of the N1s peak.
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Table 6.3. Proportion of vanadium valence states from V2ps» peak fitting of VTON materials

and the determined composition in comparison to nominal dopant ratios. Fitted binding

energies are given in brackets (eV).

Sample Nominal Dopant % V3+ % V4+ Composition from XPS
Ratio V:Ti:N

VTON-A* | 0.05:1:9 29 (514.95) 71 (516.15) Vo.035Ti0.96501.9460N0.0536

VTON-B1 0.05:1:5 35 (514.74) 65 (51602) V0.030 Ti0.97001.9740N0.0258

VTON-B2* | 0.05:1:10 28 (514.94) 72 (51 6.07) Vo.034 Ti0.96601.9620N0.0380

VTON-B3 | 0.05:1:20 56 (514.84) 44 (516.13) Vo.042Ti0.95801.0262N0.0738

VTON-B4 | 0.05:1:40 61 (514.75) 39 (515.93) Vo.048Ti0.95201.9450N0.0550

*Two peak fit

It should be noted that the A and B2 materials have a very similar amount vanadium, and can

be fitted with similar proportions of V3* and V**. However, these materials do show a higher

binding energy shoulder, allowing them to be fit similarly well with three components
(Figure 6.5. (a), (c)). In such a fit, only 19% of the total vanadium would be in this higher

valence state, which is still lower than anticipated from the (V,N) co-doping simulation

studies??’-2'3, This high energy peak would be centred at 516.7 eV in both cases, which is

below the typical value quoted for 5+ 399401 "and so it is not clear that this is a true result. The

two-component fit is considered the better depiction for this study (Figure 6.5 (b), (d)).
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Figure 6.5. Alternate fitting of V2ps» peak for sample VTON-A and B2 suggesting a
three-component fit might also be valid (a) and (c), but the two-component fit (b) and (d) has

more consistent peaks centrings with the literature and is deemed a better model.
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A prevalence of the V3* and V** valence states is apparent in these samples, even when V°*
starting materials are used. Every literature report studied in preparation for this work did report
or show evidence for more than one valence state in their product, irrespective of the starting
valence of the raw material (3 217, 4 216.218 gnd 5+ 214.215.219) which is attributed to the low energy
associated with the reduction of vanadium ions in solution reactions?. However, only one
report reviewed for this thesis noted a 3+/4+ vanadium valence prevalence??. They attribute
this to bulk doping as opposed to surface doping of vanadium ions which are readily oxidized
to V°*.

Other studies have also shown from spectroscopy that V°* is likely to be at the surface,
whereas V** is in the bulk?*, suggesting vanadium may be doping well into the bulk of the
particles. Octahedra in the anatase structure can share four edges with their neighbours
instead of the maximum of two in rutile, so V°* may have less of a preference for substitutional
coordination in the bulk of anatase than V#*ions according to Pauling’s rules®. The anatase
structure also has voids in which lower valence ions can fit comfortably, such as V3* which

might go a way to explaining this observation.

The influence of the nitric acid seems particularly apparent in the correlation between the
shape of the nitrogen XPS signal (increase in 402 eV edge), and the presence of a large
proportion of V3* (Figure 6.4 (a) and (c) above, samples B1, B3 and B4 in particular).
Interestingly, despite this link, there is no clear evidence for vanadium nitride (V3*-N*) type
direct bonding (N1s peak at ~ 398 eV4%). A recent publication does suggest that the lower
binding energy edge to the V2ps, peak (that has been ascribed to V3* in this work) might be
evidence for direct V-N bonding®°. However from a consideration of charge compensation
within the anatase structure, and absence of corresponding nitride peak, there is not clear
evidence for such a defect in this study. The nitrogen signal that is measured in this study
reflects other reports?¢ 214-216.218.219 “indjcating it has been successfully incorporated, but may
not be strictly substitutional, a concept that remains contentious in the literature. From these
observations, it seems V** and N form correlated defects, but at least one would likely be in

non-substitutional geometry.

Overall, there is a tandem doping effect whereby the ratio of V:N in the reaction mixture has a
linear relationship with the proportion of vanadium detected in the product. This effect has been
noted in other reports of (V,N) co-doping?'® and in similar systems?*® and has been thought to
be related to direct bonding between V**-N* predicted computationally, but the results from
this work suggest it is not that straightforward. A prevalence of V** is noted all samples. This
matches well to the general decrease seen in the structural parameters as V** has a smaller

radius than Ti** in an octahedral environment™. Clusters of V** would also result in the
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decreasing effect. However the larger V** and N* ions, while present, do not seem to cause a

lattice expansion and may suggest they possess more complicated coordination geometries.

To summarize, the XPS points to successful doping of vanadium and nitrogen, however the
vanadium exists in two reduced states. This suggests the vanadium exists deeply doped in the
samples rather than at the surface. The nitrogen appears to help more vanadium be
introduced, but there is no clear evidence for the formation of VV°*-N?% clusters, rather some
substitutional V4* and some correlated V3* and N3 with complex geometries. In order to further
confirm which species do exist in these samples and isolate their role in functionality, ESR

spectroscopy was used.
6.2.2.2 Electron Spin Resonance Spectroscopy Location Analysis

The XPS results showed that all materials possessed a large population of V4" species which
are paramagnetic. More could be learned about the location of vanadium dopants in these
samples by using ESR spectroscopy. In addition, any isolated Ti** which can be difficult to see
in XPS should be detectable. The three phase-pure compositions A, B1 and B2 were all
investigated with this technique. Each contain different mixtures of vanadium valence states

and V:N ratios.

Spectra collected at room temperature showed a main signal centred ~ 350 mT in each sample
with a hyperfine splitting arising from the unpaired electron and the nuclear spin of the naturally
abundant 7/2 vanadium (Figure 6.6 (a) — (c)). The total signals could be decomposed into
three separate V** signals through fitting (Figure 6.6 (d) — (f)) suggesting the samples contain
three structurally distinct V#* environments. No signals corresponding to Ti** or N-containing

radical species were observed.

The largest component is a broad, structure-less background signal which is typically attributed
in the literature to a proportionally large population of aggregated vanadium centres??* 223, An
additional structure-less low field signal is also observed centred at ~ 160 mT (Figure 6.7 (a)),
which is consistent with a ‘half-field’ ‘forbidden’ +/- 2 spin state transition from the same
aggregate vanadium population*®®. The structured part of the signal can be attributed to (at
least) two ‘isolated’ V4* environments with axial crystal field symmetry. This is most likely to be
associated with different octahedral bonding environments for these vanadium species. This
is most obvious in the ‘split’ peaks on the high field side of the main signal (> 375 mT,
Figure 6.7 (b)).

There are also qualitative differences in each of the three measured spectra which may arise
from small changes in the g tensors for each octahedral environment and/or the presence of

yet another unique ‘isolated’ V#* environment. This is particularly evident in the sample B1
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which shows shoulders on the peaks observed on the low field portion of the main signal (250
— 350 mT, Figure 6.6 (b)), but has not been successfully captured in the simulation. Sample

B1 also shows a larger comparative population of aggregate V** centres.
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Figure 6.6. Experimental ESR powder spectra obtained from (a) VTON-A, (b) VTON-B1 and
(c) VTON-B2 are shown, fitted with a simulated spectrum (black). In (d), (e) and (f), the
components of the corresponding simulated spectra are shown, including two isolated axial
octahedral signals (comp. 1 and 2) and a broad aggregate signal (comp. 3). The intensity is

normalized for fitting and comparison.
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Figure 6.7. In (a), a selected low-field region of the VTON-B1 spectrum is shown, where a
‘half-field’ signal appears arising from the aggregate V** population. In (b) a selected high-field
region of VTON-B1 is shown which has two clear ‘isolated’ octahedral environments for

vanadium.
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The fitting results are presented in Table 6.4. The g and A tensors of the ‘isolated’ signals
(component 1 and component 2) are similar to those reported in other studies of V-doped
anatase samples (g perpendicular 1.957 — 1.97, g parallel 1.917 — 1.938, A perpendicular
110 — 156 MHz A parallel 427 — 483 MHz 2%2-224. 226,227, 402,410y There is not a clear consensus
among these reports as to whether these signals arise from interstitial or substitutional V#*, but
lower g values are more often attributed to substitutional doping. Considering these earlier
reports, samples A and B2 have proportionally larger amounts of this type of environment.
Sample B1 on the other hand, has a possible 3™ axial environment, and a proportionally larger
‘aggregate’ population (component 3). Given the comparatively large proportion of the
‘aggregate’ signal in all samples though, the differences between the smaller isolated signals

are not as significant.

Table 6.4. Fitted g and hyperfine A parameters for the signals observed in VTON-A, B1 and
B2 ESR spectra and their relative proportions.

A B1 B2
A A A
9 wmHz) | 9 MHZ | 9  (MHZ)
(C?O”I"'Fioge”t 1 Perpendicular | 1.968 154.4 | 1.968 153.5 |1.969 153.3
isolated,
substitutional) Parallel 1939 4795 |1.936 488.3 |1.937 4878
Fraction of fit 0.062 0.064 0.07
(C?OTFiogent 2 Perpendicular | 1.962 146.1 | 1.962 1469 | 1.96 145.9
ISolated,
substitutional) Parallel 1922 493.7 | 1.92 4875 |1.922 4944
Fraction of fit 0.074 0.039 0.076
Component 3 Perpendicular | 1.92 1.92 1.92
(clustered,
substitutional) Parallel 2.85 2.85 2.85
Fraction of fit 0.864 0.897 0.854

From these ESR spectra, it is clear that the local environments of V4* in all samples are varied
including isolated substitutional species and clustered aggregates. Through this technique
characterised just one valance state of vanadium (V3*is S = 1, and V%" is diamagnetic), while
two were previously detected with XPS, so it stands to reason that the vanadium local
environments are even more varied than anticipated. While the literature computational studies
suggest a single structural environment for vanadium, directly bonded to nitrogen, for the

compositional range tested, it appears experimentally this is not the case.
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6.2.3 Defect Discussion

From these spectroscopic studies, there is evidence for a large population of V** in each
material which exists both in aggregated and distinct, isolated octahedral coordination
environments. A population of V** is also detected, which is correlated with introduced N, but
are not clearly bonded to one another. There is a lack of V** and titanium only exists as Ti*".
In order to obtain a charge balanced product from this combination of defects, it seems likely
that V** is introduced directly into the TiO, framework as an isovalent substitution. In order for
V3 and N* to simultaneously exist, it seems likely that either V** is in an interstitial site, thereby
increasing the cation charge to counteract N* in a substitutional position or N has a lower
valence, perhaps in an ‘NO’ type interstitial configuration as reported by others, in order to
balance reduced V** in a substitutional site. It is interesting to note, that both in this study, and
in the literature, no synthesized material appears to be exhibiting the isolated directly bonded
V**-N* pairs from the theoretical simulations?°’2'3, Possible reasons for this deviation are the

reactivity of vanadium, and the nature of the anatase structure.

Irrespective of the valence state of the vanadium source material in the initial reaction, both
result in a valance change in the final product. Under standard conditions, the reduction
potentials for VO2*/V*, VO?*/V**, and TiO%*/Ti** #" ions in solution are +1.0, +0.35 and +0.1 V
respectively. This means, reduction of V** to V4* and V** to V3* are more likely than Ti** to Ti%*,
mirroring observations made in this study. Lowering the solution pH, which is a consequence
of adding more of the nitrogen source, can further promote this process, explaining the higher
proportion of V3" in samples with the most HNO; (i.e. B3 and B4). In addition, the reduction
potential of NbOos/Nb** is -0.25 V4!, which explains why multiple valence states are not seen
in the comparative niobium solvothermal study?®®, as the reduction process is strongly
disfavoured.

Given all vanadium source materials and methods explored in the literature also lead to a
second valence state in the product, it seems the anatase structure itself is a determining factor
for the likely valences in these products. It is often reported that as doping levels are increased,
the proportion of reduced valence vanadium increases??': 222.227. 412 | ooking at bond valence
calculations (calculated using the soft BV method*°") on the anatase crystal structure'”® with
vanadium placed in the structure with different starting valences (Table 6.5, sites shown in
Figure 6.8), it seems that for a substitutional incorporation of V** in an octahedral site, the
lowest Gl for the structure (likely correlating with a lower total energy) is achieved. It is possible
that when doping levels are increased, incorporation of vanadium needs to occur more deeply

in the sample, favouring low valence states, instead of staying on the surface as V5" 22" 226,
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Table 6.5. Global instability index from bond valence sum calculations on the anatase structure

with vanadium incorporated in different valence states. Figure 6.8 (right) depicts dopant sites.

Vanadium species Gll (v.u.) A 4 4
V®* Substitutional 0.1464 0 .. =
V4* Substitutional 0.0540 sy
V3* Substitutional 0.1332 AR AD
V5 Interstitial 0.7130 €
V*# Interstitial 0.6006 y v .. N
V3* Interstitial 0.4751 Yy ¢ ¥

From these results, it seems possible that the V3" species observed in these samples may
occupy interstitial sites and the extra positive charge could offset the presence of N* in the
sample to achieve charge balance. This in conjunction with the V** in multiple sites has
implications for the exhibition of optical and photocatalytic properties. It also remains to be
seen if this combination of defects will extend the valence and conduction band of TiO» or form
mid gap states. If the prevalence of electron rich vanadium in this material causes it to act as
an n-type semiconductor, its junction with solution may cause a space charge region to
develop. This could lead to a greater prevalence of holes at the surface and affect the
attainable redox potential for reaction. To gain further information, optical and photofunctional

experiments were carried out.

6.3 Optical and Photofunctional Properties
6.3.1 Visible Light Absorption

To get an idea of the impacts of these defects on the band structure, absorbance curves were
first obtained with spectrophotometry (Figure 6.9 (a)). An absorption edge around 400 nm is
apparent in all samples which is consistent with the main O2p — Ti3d valance band to
conduction band transition for TiO, anatase (indirect, ~ 387 nm?%). Tailing is observed in all
samples, which is noted in the literature to be associated with both vanadium*®® doping and
nitrogen doping?®. Evidence for an extra peak is seen in the region 450 — 550 nm and has
been ascribed to d-d transitions of V4* 22!, pointing towards the presence of ‘gap states’ within
the formal band gap. This is more obvious in samples with a larger proportion of V4" such as

sample B3 (Figure 6.9 (a), green).

A Tauc plot (Figure 6.9 (b)) was produced considering an indirect band gap model (as is typical
for anatase structures) to investigate the effect of V doping on the main VB — CB transition.
The energy of the band gap estimated from this main transition shows a trend to decrease on

increased total vanadium content in the samples. The band gaps range from 3.06 eV (B1) to
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2.46 eV (B4) which are all below that of un-doped anatase and in theory could facilitate visible
light photocatalysis. In addition, the valence band edge of the samples as determined from
XPS (Figure 6.9 (c)), is around 2.0 eV from the Fermi level in all samples. Considering the
band gaps, this would place the conduction band in each sample closer to the fermi level,
possibly limiting the redox potential attainable from these samples. Degradation of dyes such
as RhB in water have been shown to proceed by catalyst mediated radical formation*'3. This
means the redox potential at the VB and the CB need to drive oxidization processes like -OH
generation from H,O (+2.27 eV. at pH 7 2'3) and reduction processes like Oz to Oz~ (-0.28 eV
at pH 7 2'®) respectively. These catalysts may be better for the oxidation reactions, and limited

for reduction reactions, limiting the overall rate.
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Figure 6.9. In (a), absorbance curves for each of the VTON samples are shown, with an edge
near 400 nm and a peak near 500 nm (black line) corresponding to V** gap states in some
samples. In (b) a Tauc plot is shown, produced from reflectivity data which was fitted to obtain
a band gap for the main transition. This decreases on increasing total amount of vanadium in
the sample. The valence band edge from XPS is shown in (c). The edge is ~ 2 eV back from
the fermi level.

6.3.2 Photocatalysis

Having characterised the variation of composition, valence, structure and visible light
absorbance of these samples, their practical ability to photocatalytically degrade Rhodamine B
(RhB) is tested to help understand how these factors influence the evolution of catalytic
functionality. Monitoring changes in the RhB concentration over time exposed to visible light
and the catalysts (Figure 6.10), the catalyst sample which shows the most obvious dye
decomposition is VTON-B1. The overall performance of all three samples is low in comparison
with another (V,N)-TiO, study conducted against RhB?'4. It is also noted that samples
containing brookite (B3, B4) have even lower behaviour (not shown), in line with expectations

around the photofunctionality of the brookite polymorph?2.
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It is noted that B1 has the smallest particle size of the phase-pure materials which might be a
contributing factor to its better functionality, but overall the low performance for all three
materials might be attributable to low valence vanadium. The presence of gap-states induced
by V# could be acting as a recombination centre for photoexcited electrons, negating any
effect from the narrowing fundamental gap. It has also been shown that not only are there a
number of different defects present, but they can have mixed geometries, implying a lack of
homogeneity that could be impeding charge transport. It is likely no coincidence that literature
reports indicate high catalytic activity for lower doping levels (V:Nis 2:4 214 2:1215 1.1 :4.1 219)
in which a large population of V** is also present. Greater levels of doping apparently generate

deeper, variable and low valence states in this system, which act as detrimental defects.
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Q° 0.6}
o =
0.4 ——VTON-B1
B VTON-B2
0.2 ——VTON-A
00 [ 1 I 1 I 1 I 1 I 1 I 1
0 20 40 60 80 100 120

Time (min)

Figure 6.10. Relative concentration of RhB dye over time exposed to catalysts VTON-A, B1
and B2 and visible light. None were able to degrade the dye over a period of 2 hours, but B1

has the most consistent decreasing effect.

It is theorized that in order to prevent the formation of low valence vanadium, the pH of the
solution needs to be carefully controlled and an alternative source of nitrogen used, as well as
lowering the total vanadium content to avoid structural effects on the valence state and
aggregation. It is not clear however, whether a truly homogenous product can be formed with
V**-N*- defect pairs throughout as the simulations suggests. It has been shown that rational
defect design for photocatalysis may not always be attainable in practice if the dopant scheme

is highly sensitive to the chemical environment.
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6.4 Summary of Chapter 6

In this work nanoparticles of (V,N)-TiO; are produced which are anatase up to doping levels of
3.5 at. % V using a solvothermal method with different sources of vanadium. The use of nitric
acid as a nitrogen source results in a tandem doping effect and near 1:1 V:N incorporation, but

does also induce brookite formation and vanadium valence reduction at higher levels.

An analysis of the valence states using XPS shows that all samples possess V** and V** rather
than the expected V**, regardless of the valence of the starting material. Probing the local
structural environment of the major vanadium component (V#*) with ESR reveals paramagnetic
vanadium in at least three different structurally distinct sites, of which an aggregate population
is the most significant, suggesting doping is both deep in the samples, and not homogenously
distributed. Together, this suggests vanadium is incorporated as V** substitutionally and V3*
and N are incorporated in more complex, likely non-substitutional ways, to achieve charge

balance in the system.

UV-Vis spectrophotometry, while showing a narrowed band-gap in comparison with un-doped
TiO,, also shows the presence of electronic gaps states, likely arising from the prevalent V4*.
These gap states are likely acting as recombination traps, as evidenced by poor photocatalytic
ability against the dye RhB. The best performance is seen from samples that contain the lowest
total doping levels where detrimental vanadium states have not yet developed, which reflects
literature that reports optimal performance from doping levels much lower than in the

computational simulations.

Overall, it is apparent that when designing co-dopant schemes to optimize properties like
visible light absorption, it is important to also consider the propensity for the dopant ions to
adopt appropriate valence states and occupy intended target crystallographic sites. This
chapter demonstrates how chemical modifications, even in small amounts can lead to a broad
possibility of outcomes, and influence the emerging properties. The effects of multiple valence

states of vanadium coexisting in a new structure type are investigated in the next chapter.
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Chapter 7 Vanadium Modified Rutile-type Titanium Dioxide

Materials

In the previous chapter it was apparent that vanadium adopted lower valences states when
introduced into the anatase host structure, and this was detrimental to the overall functionality,
despite having an effect on narrowing the band gap. Continuing on from the previous chapter,
this final content chapter explores how multiple vanadium valence states can be sustained in
the rutile polymorph of TiO,, and investigates other semiconducting phenomena rather than

photocatalytic functions.

Rutile TiO2 has a band gap of ~ 3 eV and while narrower than anatase, it still uses UV light
more effectively than visible light. Modification of rutile TiO2 with other elements may serve to
narrow its band gap while also changing its charge transport characteristics. Modification of
rutile TiO, with pentavalent ions like Ta®>* and Nb>" can enhance the n-type semiconductive
nature of rutile. However, introducing V°* can potentially lead to a different effect as a

consequence of its ability to change valence.

As noted in the introduction, vanadium has a documented bad gap reducing effect on rutile
TiO2. However, there is mixed information regarding which valence state vanadium is in when
incorporated, how much total vanadium can be incorporated, how the properties are affected
as a consequence of concentration and valence state, and whether mixed valence products

might exhibit metal-insulator or semiconducting character.

This chapter serves to investigate these questions and so gain an understanding of the
electronic properties vanadium modified rutile TiO2> might exhibit and how this is established in
terms of chemistry and structure. A solid state synthesis route is presented to create
multivalent vanadium modified TiO,, using V205 as a raw material (V°*) and moderately
reducing conditions. The vanadium solubility, mixed valence states and resulting structure,
optical, electrical and electronic properties of the products are determined through diffraction

and spectral techniques.

71 Synthesis

In this thesis the development of simple, low-cost syntheses for the production of functional
oxides have been prioritized. In this section, synthesis attempts and optimized methods for the
production of vanadium modified rutile TiO, are presented, with vanadium concentrations
1-70 at. % of the total cations. Percentages of vanadium quoted henceforth in this chapter

refer to the atomic percentage of total cations in the sample unless otherwise stated. The
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naming convention of samples presented in the chapter henceforth is VTOX-y where X’ is the
percentage vanadium (e.g. ‘50’ = VosTio502) and -y’ represents the sintering environment

used (either ‘LO’ for the low oxygen or ‘O’ for the moderate oxygen method).
711 Syntheses with Various Vanadium Concentrations

The most straightforward method to substitute maximal vanadium into rutile TiO2 with mixed
valence states was to use commercially available mixed-phase V.05 powders and anatase
TiO2 (which transitions to rutile above ~ 600 °C in the presence of vanadium??’: 22 414) gs the
raw materials. The raw materials were combined in acetone (not ethanol used in other
chapters, as V205 was found to react and forms side products with this solvent) and ball milled
in order to obtain a homogenous mixture with a small particle size. While V.Os has a natural
yellow/brown colouration, after milling the mixtures appeared blue, then dried to a green colour.
There is a possibility that the process of ball milling induced a valence state change in the
vanadium, as noted by others in V.05*'® and in V205 and TiO; mixtures under high energy
circumstances*'® 417 which was then partially re-oxidized on standing in this experiment. This
might imply some useful pre-reactions. The dried powders were then pressed into pellets

without binders and prepared for sintering.

The sintering process required some optimizing. In order to obtain a rutile product after
sintering, the temperature had to be high enough for the raw TiO. phase to transition from
anatase to rutile. It also needed to be high enough to react but not so high as to separate out
due to the low melting point of V205 (~ 690 °C). Finally, an atmosphere reducing enough to
prevent V.Os remaining a separate oxidized phase was required. Two distinct sintering
methods are presented in this chapter, the Low Oxygen method and the Moderate Oxygen

method.
7111 Low Oxygen Method

The first method (Low Oxygen method, -LO’) involved a sintering event (or events) on a
platinum foil boat in a tube furnace under flowing nitrogen gas, which provided a moderately
reducing atmosphere. Nitrogen gas is a cheap and safe to handle reducing agent which has
not been explored thoroughly in syntheses of these kinds of materials before in the available
literature and avoids use of sealed ampules and vacuum furnaces. The tube furnace used in
these experiments has a quartz inner tube, limiting the maximum operating temperature for an
extended dwell time to 1050 °C.

In Figure 7.1 XRPD patterns of the best sintering results for each composition synthesized
using the ‘LO’ method are presented. The specific sintering conditions are outlined in

Table 7.1. At low levels of doping (1% V, VTO1-LO) unreacted materials are seen, which imply
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the 1050 °C temperature limit is insufficient for this composition. From 2 — 50% V using the LO
method, a rutile structured phase is evident. Despite 1050 °C being hot enough to react and
form a single phase, the 2 — 10% samples do not densify well after a single sintering. A
regrinding and resintering did help in densification 5 and 10%. For samples with 20%
substitution and beyond melting behaviour was seen which did aid in densification, but also
distorted the macroscopic shape of the samples. This is particularly relevant for VTO50-LO
type samples, the synthesis for which is explored in later sections. The 70% sample
(VTO70-LO) showed appreciable melting even at 750 °C and is notably two-phase in the XRPD

patterns, with the additional phase matching to V.Os.
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Figure 7.1. XRPD patterns of vanadium substituted rutile samples produced by the 10O’
method. Replacement levels of 1— 70% were explored, but show the temperature is insufficient
at 1% and a solubility limit has been reached by 70%. Rutile peak locations are indicated by

dashed lines.

Table 7.1. Summary of ‘LO’ method sintering temperatures and times for each VTO

composition.

Sample Sintering 1 (tube furnace) Sintering 2 (tube furnace)
VTO1-LO | 1050 °C/ 20 hours -
VTO2-LO | 1050 °C/ 20 hours -
VTO5-LO | 1050 °C/ 13 hours 1050 °C/ 15 hours*
VTO10-LO | 1050 °C/ 13 hours 1050 °C/ 15 hours*
VTO20-LO | 1050 °C/ 20 hours -
VTO50-LO | 900-1050 °C/ 20 hours**
VTO70-LO | 750 °C/ 12 hours -
*necessary for densification
**optimization presented later in this section

These results imply that the ‘LO’ reducing conditions are sufficient for a broad range of
vanadium incorporation levels but there is a limit is somewhere between 50 and 70%. This

limit is higher than the 10% limit found when synthesized in air®*°2%® and lower than the 80-
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90% using VO as a raw material?®®-%¢1: 286 However, this method only allowed a narrow range
over which sintering temperature could be optimized for good sample quality. This led to an

exploration of a second method using a higher temperature furnace.
71.1.2 Moderate Oxygen Method

The second method attempted (moderate oxygen method, ‘-O’) utilized a muffle furnace for a
second sintering which had a higher attainable temperature. This was connected to a nitrogen
supply line, but did not flow, providing only minimal reducing effect beyond the natural effect
of high temperature, and as such there is ‘moderate’ oxygen available. The samples were
sintered initially using a tube furnace, reground, then sintered a second time in the muffle

furnace to ensure densification and the detailed conditions are presented in Table 7.2.

Applying the ‘O’ method, it was found that denser, phase pure rutile samples with 1 — 10%
vanadium could be made (Figure 7.2). However, incorporations of 20% and beyond resulted
in the appearance of V20s, similar to literature studies using an air atmosphere. This supports
the prediction that the muffle furnace conditions were indeed more oxidizing than the tube
furnace conditions, and the solubility of vanadium in the samples is evidently decreased. The
fact that some vanadium was reoxidized in the two step ‘O’ method trials implies that a
proportion of the vanadium may have been on the surface of crystal grains rather than deeply
substituted into the rutile framework, as bulk vanadium is not found to be easily oxidized®’, an

important note of discussion in later sections.
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Figure 7.2. XRPD patterns of samples produced by the ‘O’ method. Peaks associated with
V.05 were seen at 20% incorporation and beyond, suggesting the solubility is dependent on

oxygen partial pressure. Rutile peak locations are indicated by dashed lines.
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Table 7.2. Best sintering temperatures and times for ‘O’ method VTO samples.

Sample Sintering 1 (tube furnace) Sintering 2 (muffle furnace)

VTO10-O | 1050 °C/ 18 hours
VTO20-O | 1050 °C/ 18 hours
VTO50-O | 1050 °C/ 18 hours

VTO1-O | 1050 °C/ 15 hours 1300 °C/ 10 hours
VTO2-O | 1050 °C/ 15 hours 1300 °C/ 10 hours
VTO5-O | 1050 °C/ 13 hours 1200 °C/ 10 hours

1200 °C/ 5 hours
1050 °C/ 10 hours
850 °C/ 10 hours

Across these synthesis trials, the maximum amount of vanadium introduced was 50% using
the ‘LO’ method. This composition had the most potential for a large range of vanadium
valence states, and so further optimization of the synthesis was conducted for generation of

high quality samples suitable for electrical, electronic and magnetic analysis.
7.1.2 Optimization of VTO50 Synthesis

When using the ‘LO’ method to produce rutile samples with 50% vanadium replacement some
melting behaviour was noted during sintering. Several tests were conducted to see if a
combination of sintering parameters and preparation methods could be used to ensure phase
purity and sample quality. A summary of conditions tested and the related samples are

presented in Table 7.3.

Table 7.3. Summary of sintering conditions tested for ‘LO’ optimization of VTO50. Optimum

conditions used to produce samples studied in later sections are indicated.

Variations tested

Reactant Mixture | Ball milled oxides (optimum) and hand milled oxides.

Pre-sintering PVA added to oxides before pressing, pellets pressed to 10 tonnes
Steps pressure (opt.), furnace heating rate 4 — 6 °C/min (opt.) and furnace
heating rate 8 — 10 °C/min.

610, 800, 850, 870, 900 (opt.) and 1050 °C (opt.*).

Condition

Main Sintering
Temperature
Main Sintering
Time
Post-Sintering Grind and re-sinter at higher temperature, and grind and re-sinter at
Steps lower temperature.

*samples used in the WDXS and XPS measurements

15 minutes, 4, 18, 19, 20 (opt.), 47 and 64 hours.

It was found that no combination of double sintering led to an improved product via the solid
state method. The most sensitive parameters were the temperature and duration of the
sintering step. In Figure 7.3 a time comparison is shown which suggests 800 °C is too low for
the reaction even after 64 hours of sintering. While this temperature did appear to reduce

melting, longer times showed little improvement.
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Figure 7.3. Comparison of VTO50-LO samples sintered at 800 °C for 20 hours (red) and 64

hours (blue). Rutile peaks are indicated by lines, showing additional peaks associated with

V05 do not vanish with extra time, and 800 °C in insufficient for synthesis.

Increasing the temperatures, it was found 900 °C and above were appropriate for the reaction
(Figure 7.4) though unavoidably resulted in distortion of the pellets. A sintering time of 20
hours gave good phase purity and density at these temperatures. In samples that exhibited
the most distortion from melting, an additional phase was sometimes observed in the XRPD.
This could be mechanically removed with polishing of the samples, and is thought to be

associated with a pooling of vanadium melt.
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Figure 7.4. XRPD patterns of VTO50-LO samples sintered for 20 hours at 800 °C (red), 850
°C (blue) , 900 °C (black) and 1050 °C (green), implying sintering at temperatures of = 900 °C

for 20 hours is optimal for rutile phase formation.

From this work, it is notable that 50% vanadium could be incorporated into these samples

without phase separation. This has not previously been shown to be possible with just reducing
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gases?? and required VO, and/or vacuum sealing?*® 259-261. 286 redycing conditions. This is an

unprecedented result using a low complexity single-step synthesis method.

From this overall synthetic study, a solid state method was successfully developed to produce
samples with 1 — 50% vanadium in the rutile phase. The results indicate the solubility of
vanadium into TiO exists depends on the oxygen partial pressure, and the limits are different
to previous reports. This implies a likely change in vanadium valence states on introduction
into the rutile framework. The next section explores the chemical nature of vanadium and how
it fits into the rutile structure.

7.2 Chemical and Structural Analysis

7.21 X-ray Diffraction Trends

Noting samples with the rutile structure had been obtained, the change in the size of the unit
cell as vanadium was incorporated was investigated. This gave an idea about the location of
the vanadium in the rutile matrix and its valence state. A notable change is observed in the
rutile lattice of the samples as determined by XRPD. Each fitted to a P4./mnm rutile unit cell
and there was a consistent decreasing trend in both the a and c lattice parameters as more
vanadium was added (Figure 7.5). It appears the most change occurs before 5% and the unit
cell slowly decreases from then onwards. The overall cell shrinkage implies an average
decrease in the octahedral site size in the structure.
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Figure 7.5. Lattice parameters obtained from fitting of XRPD patterns of VTO samples to a

P4,/ mnm unit cell. A decreasing cell size is noted on increasing incorporation of vanadium.

The size of the three common vanadium valences are V°* — 68 pm, V4 — 72 pm and V3" — 78
pm’s. The size of Ti*" in octahedral coordination is typically 74.5 pm’®, thus the decrease in
lattice size observed may correlate with the titanium being substituted with the smaller V** or

V®* jons. Some simulations have shown that vanadium has a tendency to aggregate?’, and
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short bonds between vanadium can form?¢ 418 related to V**. At this point it is expected that

substitutional V** is likely the majority vanadium state that arises from this sample preparation.

However, it is also evident from these diffraction results that the trend in lattice parameters is
non-linear. This is not solid solution behaviour, and suggests different composition and
conditions lead to different combinations of defects and structural manifestations. The surface
is another possible destination for vanadium, most probably in the highly oxidized V°* state.
This would not necessary result in a decrease in measured bulk lattice parameters. Thus, one
way to interpret the lattice trend between the ‘LO’ and ‘O’ methods might be that vanadium is
being introduced substitutionally up to 10% doping (decreasing the lattice parameters), but the
O method is not reducing enough to encourage deeper doping beyond this concentration,
leading it more surface V°* doping near the solubility limit (plateau in lattice parameters to
10%). When the method is changed to the more reducing ‘LO’ method, deep incorporation of
V4 is resumed (and a further lattice shrinkage is observed from 10 — 50%). To verify what is
happening from this lattice plateau to 50% incorporation in terms of vanadium valence, spectral

analyses were conducted.
7.2.2 Wavelength Dispersive X-ray Spectroscopy Composition Analysis

Wavelength Dispersive X-ray Spectroscopy (WDXS) can be used to accurately determine
chemical composition in solid samples. By using this method, resolution of spectral peaks
arising from neighbouring elements on the periodic table (such as V and Ti) can achieved. The
samples VTO5-LO, VTO10-LO, VTO20-LO and VTO50-LO were analysed to confirm
vanadium was indeed successfully incorporated and also to get a preliminary idea of the

valence state evolution.

The mass of ‘V,0s’ and ‘TiO;' in the sample were initially determined by this method. By
averaging the concentration of V205" and ‘TiO," across 7 — 10 points in each sample (reflecting
appropriate grains for analysis within the measurement frame) the relative amounts of V and
Ti ions were determined for comparison to the nominal composition (Table 7.4). Errors are
calculated and propagated from the standard deviations of the initial set of points measured.
It was found that the experimental compositions are close to the nominal incorporation
amounts. There was some more variability from point to point in the more highly doped

samples but phase segregation was not apparent.

The summation of the various oxides in each sample however totalled to greater than 100%
(VTO5-100.2%, VTO10 - 101.2%, VTO20 — 103.3% and VTOS50 — 107.4%), thus suggesting
that the valence state of the vanadium oxide is not solely V°*. In all samples a proportion of
‘K20’ was detected, a common surface contaminant which was not included in further analysis

and in samples that were reground by ball milling for the purpose of densification (VTO5 and
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VTO10) non-negligible concentration of ‘ZrO,’ was also detected and so was included in overall
assessment of composition and valence. By then subtracting any additional mass from the
vanadium oxide signal, the formula of the vanadium oxide was recalculated and the V"
valence value ‘n’ was estimated. From this method, it appears that the likely valence state of
the vanadium is lower than V°*, and trends to being more highly reduced in samples with a

larger total amount of vanadium.

Table 7.4. Nominal and expected vanadium to titanium ratios and estimated vanadium valence
states in VTO samples determined by WDXS.

Sample Nominal VTi1x Experimental V\Ti;.x ~ Estimated Average
Valence n

VTO5-LO Vo.05Tio.95 V0.048+0.009 I 10.952+0.013 4.66

VTO10-LO Vo.10Tio.90 V0.007:0.014 T10.9030.017 3.77

VTO20-LO Vo.20Tio.80 V0.210+0.021 Ti0.790+0.016 3.44

VTOS50-LO Vo.s0Tlo.50 Vo.447:0.000 T l0.553:0.082 3.38

This analysis gave an indication that the proportion of lower valence vanadium in the rutile
structure increased as the total vanadium content was increased. This reflects the initial
interpretation of the diffraction data. However, this approach is not accurate for determining
proportions of each valence state. It also does not necessarily help in understanding what is
happening at the immediate sample surface, which is postulated to contain more V°*. For these

reasons, another spectroscopic technique was used for complementary analysis.
7.2.3 X-ray Photoelectron Spectroscopy Valence Analysis

The ‘LO’ method materials VTOS5, 10, 20 and 50 were also analysed using XPS to determine
information about the valence states at the sample surface. The results show a broad V2pas-
peak for all four levels of incorporation (Figure 7.6 (a)). This peak can be fit to multiple valence
states?%%-407. 419 " with the V°* state similarly predominant at levels of incorporation up to 10%
and V** becomes more prevalent as the vanadium is increased to 50% (Table 7.5). A small
population of V3* does appear in the VTO50 sample. The Ti2ps2 peak does not show a clear
shift to lower binding energy that would indicate reduction of this species and is assigned as
Ti** (Figure 7.6 (b)).

The general trend of a lowered valence state with increased vanadium introduction reflects
that estimated from WDXS, though is on average higher in valence. Compositions determined
from XPS also overestimate the vanadium content particularly at low levels of doping, as
tabulated in Table 7.5. As only nanometres in depth are sampled with this method whereas
WDXS samples microns, this may imply a proportion of vanadium, particularly V°*, is surface

localized. This may be prevalent in the lower doped samples, whereas on higher levels of
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incorporation, vanadium is distributed more deeply throughout the sample due to the

development of a lower valence state, and the elemental ratio becomes more accurate.
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Figure 7.6. XPS spectra of VTO-LO samples showing (a) the V2ps.» signal which is split into

different valence states and (b) the Ti2ps» signal which is less varied.

Table 7.5. Proportion of vanadium valence states from V2ps» XPS peak fitting of VTO-LO

samples. Binding energies for each fitted peak are listed in brackets (eV).

Sample V¥ % V* % V** % XPS Experimental VTi1x
VTO5-LO0 | - 15 (515.98) 85 (517.23) VorsTiosr
VTO10-LO | - 15 (516.25) 85 (517.43) VozoTioso
VTO20-LO | - 25 (516.22) 75 (517.44) VoasTioss
VTO50-LO | 5(515.01) 52 (516.43) 43 (517.59) VosiTio4s

From both XPS and WDXS there is evidence of the valance state of vanadium lowing on
increasing concentration. The decreasing lattice parameter trend noted earlier can explained
by the apparently large population of V* being incorporated into the rutile structure
substitutionally. Additionally, the dropping of valence seen from 5 — 20% in both methods may
reflect the vanadium doping limit often observed at 10% in the literature. It is possible that
surface sites may become saturated, and beyond this limit, more reducing conditions are

required to encourage deep doping of V4* (and V3*), but this requires further testing.

A rapid increase of low valence states for high levels of vanadium incorporation should have
a drastic effect on the electronic band structure and associated properties. How vanadium
content and valences are related to the experimentally observed optical absorption, AC

conductivity, and magnetism are explored next.
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7.3 Optical, Electrical and Electronic Properties
7.31 Visible Light Absorption

Vanadium modified rutile TiO, samples made by both the ‘LO’ and ‘O’ methods exhibited a
colour change on increasing levels of vanadium. From 1%, the samples begin to develop a
light brown colouration, darkening as vanadium increased through dark maroon to black at
10% incorporation and beyond. This is a good indication that the optical properties are much
changed, and likely other electronic properties too, as a consequence of the vanadium levels

and valence states.

Spectrophotometry was used to measure the visible light absorbance of the samples produced
by both methods. Figure 7.7 shows that an introduction of vanadium using the ‘LO’ synthesis
results in a gradual flattening of the absorbance profile of each sample in the visible light
region. This implies vanadium doping induces an ability to absorb visible light, but does also
shift any apparent band gap to outside the spectral range (less than 1.55 eV) for vanadium
levels above 5%. The extremely flat nature of the 50% profile may suggest an absence of a
band gap, and its potential metallic character is explored in later sections. This does not
necessarily imply good photofunctionality, but a narrowed band gap may still be useful in other

ways.

| VTOSO-LOl

5 VT020-LO

s

Q

Q

c

(1]

2

[

0 |—

@ [ VTO2-LO

< — |
VTO1-LO

| . | :
400 600 800

Wavelength (nm)

Figure 7.7. Absorbance measurements for samples produced using the ‘LO’ method, showing

flat profiles beyond 5% vanadium incorporation.

Similarly, samples made using the ‘O’ method also showed profile flattening on increased
vanadium incorporation (Figure 7.8). A vanadium free sample was also synthesizable via this
method and is included as a comparison. It is evident that the visible light utility is greatly

extended immediately on introduction of small levels of vanadium.
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Figure 7.8. Absorbance measurements for samples produced using the ‘O’ method, showing

significant changes from un-doped rutile, and mostly flat profiles beyond 5% vanadium.

Comparing this result to the literature, others have reported that a visible light band gap still
exists at 5 — 10% doping levels of vanadium?®* 263 278 whijle in this work it flattens quickly on
increasing vanadium similar to another reflection study?®. This may reflect the inherently mixed
valence nature of the samples in this study, which are expected to produce an abundance of
electronic states within the rutile band gap, thus effectively reducing the energy of optical
transitions.

A narrow band gap can lead to changes in conductive properties. Differences in the AC
impedance with respect to composition and temperature can provide information about charge
transport dynamics. This method is used to study whether/how vanadium and its valence

states change the semiconductive behaviour of rutile TiO».
7.3.2 Impedance Spectroscopy
7.3.21 Vanadium Concentration Dependence

Un-doped rutile TiO- is well-known for its excellent polar electrical functionality and a wide
band gap. Such materials are often characterised using impedance spectroscopy. From
complex impedance measurements, inferences can be made about properties of the sample
that impede current (such as the materials resistance, capacitance and inductance), if more
than one part of the sample contributes to its overall behaviour and if this behaviour is

frequency and/or temperature dependent.

In Figure 7.9 Nyquist plots are shown, in which the real and imaginary components of the AC
impedance of both the ‘LO’ and ‘O’ method samples over the measurement range
20 Hz — 2 MHz are plotted against each other. These measurements are made under ambient

light conditions. The real part of the impedance is the resistance while the imaginary part is
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influenced by reactance (comprising of capacitive or inductive elements). Wide, single arced,
semi-circular plots are expected for materials with some resistive and capacitive character. At
1% vanadium incorporation, the sample shows such an arc (Figure 7.9 (a)). However, on
increasing vanadium, there is clearly more than one arc (centred at different frequencies),
indicating more than one type of species present that responds to an electrical field, and that
they operate with different relative speeds (e.g. VTO20-LO, Figure 7.9 (e)). This likely reflects
short range and long range conduction within the sample. As vanadium is increased, the
speeds increase until only the slow arc is seen (the fast one is outside the measurement
frequency range). The width of the curves (real resistance) decrease suggesting the samples
are becoming more conductive, and the vertical height of the curves also decrease suggesting
a loss of capacitive behaviour. A loss of capacitance might be related to different ionic
polarization after structural modification.
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Figure 7.9. Nyquist plots of samples made by both the ‘O’ and ‘LO’ methods. Low frequency
data points appear on the right of each plot, with high frequency near the origin. Multiple arcs
indicated transport mechanisms with different speeds, which become faster and less impeded

as vanadium increased from 1 — 50%.

A cross section of these arcs at specific frequencies was taken then converted to resistivity,
which accounts for the sample dimensions (Figure 7.10). The high frequency data increases
in resistivity and converges with, and then decreases with, the low frequency data. This reflects
the fast mechanism moving outside the frequency range, then both data points capturing the

second slower mechanism. This decrease in apparent resistivity as vanadium is increased
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may be due to an increased supply of charge carriers, or perhaps a mediation of conduction
through closely correlated reduced vanadium centres. The ‘O’ method samples appear less

resistive, likely as a consequence of their higher densities.

108
B ——1kHzO

105 AN ——1MHz O
= '\ ——1kHZLO
¢ 104 ——1MHzLO
>
£ 10° xﬂ
e F

10

/
100 1 | 1 | 1 | 1 | 1

0 10 20 30 40 50
Nominal % V

Figure 7.10. Resistivity values at frequencies 1 kHZ and 1 MHz for each sample at room

temperature.

The extra arc seen in these measurements appears to be closely associated with the vanadium
introduction. From the XPS and WDXS data shown previously it is also apparent that the total
amount of V#* increases with increasing levels, particularly around 10%, where this second arc
is very obvious. This slower mechanism being related to a motion of this paramagnetic electron
over a small volume seems a possible explanation. To understand this better, the temperature
dependent behaviour of VTO50 with the highest V** content is studied.

7.3.2.2 Temperature Dependence in VTO50

At room temperature VTO50 shows a single arc in the AC impedance, likely the slower of two
mechanisms, which implies low real resistance and some small amount of retained capacitive
character. From the early optical studies, this material is expected to have a narrow bandgap
which may easily be overcome by thermal excitation. By studying the impedance over a wider
range of temperatures (10 K to 450 K), it is possible monitor possible semiconducting

behaviour.

Figure 7.11 presents data from selected temperature windows over which impedance was
measured. It is notable that below ~ 121 K only a single arc is observed, indicating only the
fast conduction mechanism is observed in the frequency window and the second is too slow.
From ~ 121 to ~ 241 K two mechanisms are observed, the second slower mechanism now
thermally activated to be in the frequency window (Figure 7.11 (b)). From ~ 241 Kto ~ 304 K

only the slower mechanism is visible, with the faster one outside the frequency window. Then
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beyond 304 K, the material begins to show inductive behaviour (vertical line) at high frequency
(Figure 7.11 (c)) and some hysteresis as the sample is cooled. The first take away is that the
resistance drops as the temperature is increased which is a classic feature of a semiconducting
material. Secondly, the way these arcs appear and disappear in the frequency range as both
mechanisms become faster mirrors the effect of introducing extra vanadium in the last
subsection. A cross section at high and low frequency presented in Figure 7.12 also mimics
this effect. This seems to suggest the increasing conductivity with respect to doping and
temperature comes from increasing the carrier concentration. Lastly, the disappearance of the
second mechanism and appearance of the inductive third mechanism might suggest some
kind of transition associated with the vanadium valences. If the inductive effect comes from the
sample (not the electrode) and is associated with the paramagnetic electrons, it should be

possible to detect anomalies in temperature dependent magnetic measurements.
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Figure 7.11. Nyquist plots of temperature dependent impedance data for V50TO-LO showing
temperature intervals during which different mechanisms are observable. Measurements

made on heating are indicated with 1, and cooling with |.
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Figure 7.12. Cross section of resistivity values at 1 kHZ and 1 MHz for VTO50.
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7.3.3 Magnetism in VTO50

In the previous sections it was noted that at 50% vanadium replacement the material showed
no apparent band gap in the visible light region and low AC impedance which appeared to
become inductive above room temperature. If the second arc and third inductive region are
associated with the reduced V** and V** detected, then it might be possible to also see a

corresponding change in the magnetization.

Magnetization of this material was measured over a broad temperature range and appears
quite typically paramagnetic (Figure 7.13) until above room temperature between 325 and 350
K (Figure 7.13, inset) where there is an inflection. This indicates a change in the magnetic
state of this material. This result is largely consistent with simulations of V-modified rutile TiO»
which suggest there should be ferromagnetic interactions between neighbouring ions but no
long range order?527 However, the broad inflection of the magnetization above room
temperature is unusual. This seems to suggest an increase in magnetization as if a component
previously diamagnetic has become paramagnetic. A possible explanation for this is found in
another VTO report?®® which suggests some diamagnetic V#*-V** bonded pairs exist and
persist for all levels of vanadium incorporation. This pairing phenomenon is often suggested
to be the origin of metal-insulator (M) transitions in both VO, and the spinodally decomposed
VTO*?, Thus, in the VTO50 sample studied, some V** might be paired at low temperature,
subtracting from the effective magnetic moment, then uncouple at high temperature to increase

the magnetization.

In the literature, this pairing effect and associated MI transition typically results in orders of
magnitude change in magnetization and conductivity measurements?'. The measurements
made in this study do not show such significant changes. Given in these literature examples
all the vanadium is in the V** state, and in this sample only a proportion of the total vanadium
is, perhaps these effects have been weakened. The presence of other valence states of
vanadium seem the likely cause of disrupted spinodal decomposition, leading to this
intermediate behaviour and is somewhat supported by reports on altervalent doping changing
MI character*?'. This might be further tested in future works by extending the sintering times

significantly and seeing if any spinodal decomposition is ever observed.
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Figure 7.13. Magnetization with respect to temperature data for VTO50-LO showing
paramagnetic dependence until ~ 325 K (inset). There is a difference between the inflection

points in ZFC and FC measurements.

This section has shown that the optical, electrical and magnetic properties are perturbed from
the behaviour of the related compounds TiO2 and VO with the same structure type. The origin
of the differences seems to be associated with the multivalent nature. In the next section,
questions around how vanadium is actually being incorporated into rutile are discussed, to

explain these observed physical properties.
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7.4 Defect Chemistry Discussion

There are number of possible mechanisms through which vanadium is being incorporated into
the TiO- rutile framework to lead to the observed valence states and properties. The synthetic
processes are conducted under reducing conditions and the V;0Os raw material may be
converted to VO3 by this method. Incorporation of vanadium as units of VO3 into TiO- is charge
neutral (Equation 7.1) and suggested to be a low energy process in theoretical study?®. This

is one explanation for the abundance of V** detected in XPS and WDXS.

Tio
VO, —3 2Vy; + 20, (7.1)

This might also be explained by V.0s incorporation inducing free electron formation and

evolution of oxygen per the below expression.

2TiO
V205 — 2V7; + 40, +20, T +2e” (7.2)

These electrons then have the opportunities to become localised on a number of species as

below.
V3t +e” - VA (7.3)
Ti** + e~ - Ti3* (7.4)
Vit +e” - V3*F (7.5)

This study has shown evidence for V4* and V** in these materials, but not Ti®*. This is supported
by theoretical reports which suggest vanadium is the most likely to trap free electrons and
result in a reduced state with a single unpaired electron on V4* 265268 Experiments also show
that even in oxidizing conditions, V** is found to form and penetrate deeply into the rutile

framework?2” 264,

The V°* ions on the other hand seem more likely to be surface localized in the rutile structure.
The bulk substitutional octahedral sides share two edges which can be a disfavoured
coordination for the high valence V°* ion (Paulings rules®*®). The native coordination of V°* is
square pyramidal*?®> which can be accommodated on the rutile surface with some adsorbed
species?’” but not as easily in the bulk. Experimentally in this study it was shown that a
proportion of V°* exists at the sample surface with XPS, whereas WDXS showed evidence for
the reduced states V** and V3* in the bulk. The XPS V5* signal appears to plateau at 10%
doping, mirroring changes in XRPD lattice parameters. This may imply the possibility of
incorporating V®* at the sample surface up until a doping limit. This limit is also reflected in this
work where V,0s exists as a side phase during synthesis in more oxidizing conditions and in

higher vanadium samples (see Section 7.1.1.2), also noted in the literature®*'. Deeply doped
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V4 should not be easily re-oxidized like this?*":247, so the V°* at the surface should be a unique

population.

Further charge balance within this system could be achieved through deeply doped V3*
species, which are implied from this experiment, and/or vacancies which been implicated in

other M®* studies*?'. Example defect equations are shown below.

2TiO
V,0p6 —3 Vi + V@il +2.50, + 1.5Va;, (7.6)
2TiO
ViOys + Vi0p5 — Viy + Vi + 40, (7.7)

Thus, the rutile structure appears to place limitations on obtainable valence states, explaining
the dominant V# and a mix of other defects. This defect combination explains the
experimentally measured properties, such as the strong visible light absorption due to V°*, V4
and V3* gaps states?67. 268,271, 274,275 gnd the decreasing DC resistivity as a consequence of the
low-valent vanadium. As per the findings from the previous chapter, these materials would not
be optimal photocatalysts due to a high chance of gap state recombination, but the clear
semiconductive character induced by increasing vanadium is a useful property and may be
applied to other electronic technologies. In addition, the multivalent VTO50 samples appears
to have unusual magnetic properties that might be tuneable if valence states can be further

altered in synthesis.

7.5 Summary of Chapter 7

A simple solid state method was developed to incorporate up to 50 at. % vanadium into rutile
TiO2 by using a nitrogen atmosphere. Using XPS it was found that the vanadium is in a majority
V®* state at the surface in samples containing less than 10% vanadium. Above 10%, the V**
increases and some V?** is detected at 50%. WDXS measurements suggest further reduction
may occur to include large levels of V** in 10% and higher vanadium concentrations. Changes
in the structure also suggest a unit cell contraction as more vanadium is added, though it is
non-linear and depends strongly on synthesis methods. Together this suggests that V** is in
the bulk substitutional sites, V** in bulk undetermined sites, and V°* on the surface. A limit
appears to exist around 10% after which further incorporation of vanadium can only be
obtained by the lowering of the valence state mediated by the synthesis environment, mirroring

literature vanadium solubility studies.

The presence of multiple vanadium valences has led to a demonstrated change in the visible
light absorption characteristics of the samples. From 0 — 10% incorporation, samples have an

absorption edge in the visible light range, where at 10% and above, the whole visible light
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range is effectively absorbed. This is most likely due to the reduced vanadium generating low

lying gap states and effectively narrowing the band gap.

The influence of vanadium and its multiple valences is also apparent in impedance
measurements. On increasing vanadium, the resistive part of the impedance drops, and two
clear transport mechanisms within the samples are observed in the frequency window. The
second mechanism appears related to the vanadium, and may reflect a charge transport
process. The overall decrease in resistance seems to reflect the increasing number of

electrons in the system added through vanadium.

A more in-depth examination of the 50% replacement sample shows semiconducting
temperature dependence from 10 — 450 K. An onset of inductive behaviour is seen above room
temperature which might be evidence for a change in the underlying behaviour of the
paramagnetic ions. This is supported by an anomaly in the magnetization which may imply an
increase in available V** above room temperature. This phenomenon seems related to the
metal-insulator transition reported for similar materials in the literature, but is reduced in
magnitude likely by the coexisting V°*. Nonetheless, the material made in this study is

suggested to be a very narrow band gap semiconductor

From these results it was seen that introducing elements with variable valence states can be
a way of changing the host oxide’s band gap, though it can result in complex effects on the
electronic properties. In conjunction with the previous chapter, this study serves to further
explore how defects can influence properties and how different structure types can support

different functions for similar combinations of elements.
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Chapter 8 Conclusions and Future Directions

8.1 Thesis Summary and Contributions

In this thesis, characteristics of five classes of candidate photofunctional oxide materials were
investigated to contribute to the development of future energy transformation technologies.
These materials were carefully selected for their potential functionality, but the literature
contained many gaps surrounding their syntheses, elemental and valence state distributions,
physical properties, and apparent photofunctionality. Through investigation it was shown that
these specific characteristics are intrinsically linked. We are one step closer to being able to

control such factors and implement these materials in photofunctional applications.

In Chapter 3, the material BFCO was explored. BFCO was known in the literature to be difficult
to synthesize, but also possessed potential for good multiferroic and photovoltaic properties if
it could be made in a double perovskite structure. In this chapter, a solid state synthesis method
was presented which employed a quartz crucible to generate bulk samples for the first time.
This synthesis permitted structural characterisation by X-ray, neutron and electron diffraction.
These complementary studies showed the structure of bulk BFCO to have chemical disorder
of Fe and Cr in the perovskite B-site, in contrast to reports of thin film BFCO. A lower calculated
DFT energy for chemical disorder supports the formation of this phase under bulk synthesis
conditions. The chemical disorder meant the magnetic properties were affected, and it was
shown for the first time that antiferromagnetic ordering with a weak net moment (likely arising
instead from spin canting) persists to above room temperature. However, ferroelectric
character was observed despite disorder, making it a generally useful candidate multiferroic
material. Strong visible light absorption and a photocurrent were also observed, confirming it

as a photofunctional oxide.

This investigation exemplified the effect chemical ordering within the perovskite structure can
have on physical properties. This formed a firm foundation from which to investigate further
chemical modification of the perovskite BiFeOs in search for more synthesizable multifunctional

materials.

In Chapter 4 the modification of BiFeO3 with titanium and the divalent cations Fe?*, Ni?*, Mg?*,
Zn?* and Cu?* was explored. The Mg?* and Ni?* ions were shown to produce the perovskite
phases BFMTO and BFNTO under ambient pressure. Very little was known about these
phases in the literature. By developing metal organic decomposition and solid state synthesis
methods, a suite of novel characterisations could be made. From X-ray diffraction and
Moéssbauer spectroscopy, these materials also appeared to have chemical disorder in the

perovskite B-site. The disorder and presence of diluting diamagnetic Ti** and Mg?* resulted in
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bulk paramagnetic behaviour in BFMTO, though some local interactions may exist at
temperatures near 3 K. The behaviour of BFNTO is much more unusual, showing a potentially
ordered state below room temperature from a heat capacity study, but other magnetic tests
were heavily influenced by a ferrimagnetic impurity. Nonetheless, both BFMTO and BFNTO
showed evidence for ferroelectric domain formation and an ability to generate photocurrent
which were measured for the first time. While these materials appear to be more insulating
than BFCO, and possess different magnetic character, they were still shown to be

multifunctional.

Again, photofunctionality in the tested oxide materials has been confirmed in Chapter 4. In
conjunction with Chapter 3, it is clear that the perovskite structure permits a wide range of
properties but does not easily sustain chemical ordering. By shifting to a related structure type
in Chapter 5 which could also exhibit multiferroism, the consequences of chemical modification

on properties could be further explored.

In Chapter 5, the Aurivillius phases BFTO-513, BFTO-623 and BFTO-733 were studied, which
retained the perovskite structural motif of edge connected octahedra in blocks, sandwiched
between layers of bismuth oxide. The literature on the materials suggested multiferroism and
photofunctionality, but as more iron is introduced into the structure, the synthesis becomes
notoriously difficult. In Chapter 5 a straightforward metal organic decomposition method to
produce high purity samples was introduced, overcoming this apparent difficulty. After
successful synthesis, structure refinement was conducted in order to investigate what
appeared to be seldom reported crystal structures. From X-ray diffraction data, structural
inhomogeneities may exist in these samples, perhaps as a consequence of structural faulting
and leading to difficulty in refinement. It was also shown through Méssbauer that little evidence
for chemical ordering can be found in these systems. Again, Fe is distributed randomly, and
like in Chapter 4, any magnetic ordering is well below room temperature. The BFTO-733
sample does appear to exhibit a clear and unusual magnetic transition near 100 K which may
suggest low dimensional antiferromagnetism. Ferroelectric domains were clearly imaged in
BFTO-513 and BFTO-733 for the first time, showing that the change in structure type from
perovskite to Aurivillius has altered the polar properties. The photofunctional properties also
increase with increasing iron. The BFTO-733 sample is considered highly for photofunctional

applications.

Work in Chapter 5 involved studying a systematic compositional change from more
diamagnetic ions to more paramagnetic ions within a crystal structure, and observing the
associated changes in the magnetic properties. This presents a framework in which magnetism

could be tuned. The effect of changing the structure type was also apparent on polar
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properties. Extending these ideas, a specific photofunctional property was targeted through

modification of a new structure type — anatase TiO; — in Chapter 6.

In Chapter 6 an exploration of co-doping vanadium and nitrogen into anatase TiO, was
undertaken. The combination of V5*-N* had been flagged many times in the literature as a way
to band gap reduction and good photocatalysis. However, curious extra valence states of
vanadium and inconsistent catalytic performance suggested there was more to be learned. In
Chapter 6, a synthetic method known to work for other M3*-N3- combinations was employed to
make samples for study. It was found that while production of anatase nanoparticles was
possible, phase formation was sensitive to pH (brought about by the nitrogen source) limiting
dopant incorporation. Studying the samples also revealed two vanadium valences
(V#* and V3*). The V** appears correlated with increased overall vanadium and with added
nitrogen, but the expected V°*-N* dopant pair is not evident. There is evidence for
substitutional V#* in more than one unique coordination, and V** and N likely exist in a non-
substitutional bonding configuration. This result leads to gap state formation within the optical

band gap, and associated poor catalytic performance as a wastewater photocatalyst.

Chapter 6 demonstrated how rationally designing materials to have a particular effect on the
band gap hinges on being able to achieve the appropriate valence state and doping location
for those elements. This links back into designing materials with long range chemical ordering
for other physical properties like magnetism in Chapter 3. The synthetic process has its own
requirements. This system raised questions about how vanadium might be supported in other
crystal structures and so in Chapter 7, the effects of vanadium valence states on the

functionality of TiO- rutile is addressed.

Vanadium has a documented effect on the visible light photofunctionality of rutile TiO., but its
connection with the valence states of vanadium is not known, nor is the synthetic restrictions
on what valence states can be achieved. Chapter 7 shows how using nitrogen gas as a
reducing agent, reduction of vanadium can be encouraged to make materials with up to
50 at. % V. Similar to Chapter 6, the valence state of vanadium drops with increased total
incorporation. Evidence for V%" existing at the sample surface and V** and V3* in the sample
bulk suggests the vanadium behaviour is structure limited. These mixed valence products
show drastic changes in the visible light utility with an apparent narrower-than-visible light gap
obtained for doping levels of 5% and above, likely attributable to gap states. As the vanadium
is increased, changes are also observed in electrical properties, with multiple conduction
mechanisms and clear semiconductive character. High doping samples (50 at. % V) also show

a dynamic magnetic phenomenon which possibly relates to changes in V** availability.
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The study outlined in Chapter 7 gave further insights into how targeting band gap reduction
with elemental modification can be accomplished through multiple valence states, but this may
be more useful for electronics in general rather than specific photofunctional applications. Here

the tolerance of the structure to elemental modification is an important consideration.

Through each chapter many oxide materials were confirmed to possess photofunctional
character. Overlapping elements and structural motifs allowed translation of synthesis and
characterisation methods to new materials. Novel syntheses allowed new properties to be
measured including magnetism, ferroelectricity, photocurrent generation and visible light

absorption, which appeared connected to the structure and elemental ordering in the materials.

8.2 Limitations, Implications and Future Work

There are ways in which the work presented in this thesis could be extended to obtain an even
better understanding of the links between synthesis, structure and properties of
photofunctional materials. The syntheses presented could be enhanced by testing some
additional conditions for example. Currently, the sample syntheses are optimized for phase
purity instead of density and electrical measurements are made on a local scale as a
consequence. To get a better idea of bulk behaviour, synthetic methods need to be further
optimized. Some of the syntheses which did not produce functional materials might also be
studied further. It is desirable to try more forcing synthesis conditions for Fe?*, Cu?* and Zn**
modified BiFeo 25sMo 375 Tio 37503 to see if any new phases can be formed, to try different nitrogen
sources in production of VTON samples to expand understanding of its role in catalysis, and
also to try extended sintering times for VTO50 to see if spinodal decomposition can ever be

induced when multiple vanadium valences coexist.

The structural and elemental characterisations presented in this thesis are also limited in
places. The Chapter 5 samples in particular suffered from a high background in XRPD
measurements which made structure refinement challenging. Chemical ordering in BFMTO
and BFNTO could also not be definitively determined with the presented diffraction methods.
All might be resolved with neutron diffraction experiments to produce better data for refinement
and perhaps conduct a titing mode decomposition analysis. Neutrons also present an
opportunity to study the apparent magnetic transitions in BFTO-733 and BFNTO. High
resolution TEM imaging might also be a good complement to such studies for detecting
chemically ordered domains. In terms of valence analysis, the combination of XPS, WDXS and
ESR could not capture all valence states at all depths in the VTO and VTON samples, so

further techniques could be pursued for depth profiling.
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The photofunctional characterisations in this thesis are also fairly preliminary. To truly assess
solar potential, measurements under standard sun conditions would be highly desirable.
Modifying the experimental setup to allow poling of samples before measurements of
photocurrent may also help assess photovoltaic utility. In addition, while evidence for chemical
disorder and band gap reduction has been observed in each material, its direct link remains
less clear than others. This could be further investigated through ab initio calculation of band
structures. This is however a challenging prospect to capture the properties of a disordered

system.

Despite such limitations, this thesis resulted in a number of interesting findings. These findings
not only expand the literature on the investigated materials, but highlight key materials that
could be adapted into practical devices, and also provide new perspectives through which to
study entirely new sets of materials. There a several avenues that could be explored beyond

what is addressed in this thesis.

Materials from this thesis might now be adapted into practical solar devices. The materials
BFCO and BFTO-733 look particularly promising for photovoltaics and new insights into low
complexity synthesis methods for these might be scalable for prototype device fabrication.
Growth of multilayer epitaxial thin films with several absorption characteristics might also be
an avenue to explore for enhanced photofunctionality. For photocatalytic applications,
cleavage of Aurivillius structures into 2D sheets of perovskite blocks would also be an exciting
prospect, as might combining the VTON samples with a co-catalyst to drive oxidation and
reduction reactions with the correct potentials. It is acknowledged however that some of the
materials contain environmentally harmful (V, Ni) and expensive (Bi) elements. Experimenting
with elemental substitution to reduce their quantities in the final product would assist in making

these materials more environmentally practical.

Many other types of physical properties were identified in each of the investigated materials.
This opens avenues for mixed function devices. For example, the combination of magnetic and
ferroelectric character in several samples have applications in spintronics and data storage,

while semiconductors like VTO might be useful in sensor technology.

This work has revealed how difficult it is to realise theoretically predicted chemical ordering
and/or valence state trends in oxides. This knowledge could be used to look at other materials
from a new perspective. Bismuth vanadates for example, are a natural intersection of the
materials covered in this thesis. The material BiVOs shows exciting photocatalytic water
splitting behaviour, and BisV2011 (with an Aurivillius-like structure) is also known for visible light
responsiveness. Using knowledge gained in this thesis, it would be interesting to study how

vanadium valence states and ordering of dopants (such as W or Ti) would affect their
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photofunctionality. In addition, general insights from this thesis can also help with the prediction

and design of new photofunctional materials.
8.3 Closing

The set of materials investigated in this thesis are photofunctional and there are clear links
between the synthesis, structure, chemical distribution and the exhibition of physical
properties. A holistic understanding of these factors is crucial to implementation in practical
devices, thus building foundations for the use of oxide materials in energy transformation. This
is a step towards the cheap, tuneable, renewable energy technologies that are needed in

supporting changing world energy demands.
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