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ABSTRACT

This thesis focused on exploring syntheses of metal oxide ceramic materials, particu-
larly syntheses that resulted in some morphological control of the product material.
The aim for Chapter 3 was to design facile syntheses of Na3Ni2BiO6, Na3Ca2BiO6 and

KBa6Zn4Ga7O21. These materials were predicted to be superconductive by a machine learning
algorithm, so the subsequent analysis of the magnetic properties of these materials was also im-
portant to explore. From these experiments, highly pure samples of Na3Ni2BiO6 and Na3Ca2BiO6
were successfully synthesised via. two different solution based approaches. Na3Ni2BiO6 was
found to be antiferromagnetic with a Nèel temperature of 12 K, whereas Na3Ca2BiO6 was found
to be weakly paramagnetic. The synthesis of KBa6Zn4Ga7O21 was not successfully achieved in
this work.
For Chapter 4, the synthesis of 2-dimensional nanostructures was attempted for the supercon-
ductor Bi2Sr2CaCu2O8+x. This was carried out using a solid-state method which was designed to
emulate the microcrucible mechanism of superconductor growth. Additionally, the use of a heat-
ing stage on a transmission electron microscope was also carried out, where some optimisation
of experimental parameters needed to be carried out, before nanowire growth was observed on
cooling of one sample.
Finally, Chapter 5 explores the synthesis of a 3D porous network of high-temperature supercon-
ductive sponges, utilising a template based on melamine formaldehyde. Three different synthetic
methods were used, from simply combining an aqueous solution of metal nitrate salts with the
sponge by itself; to first coating the sponge with a biopolymer prior to the addition of the metal
salts; to utilising the Pechini method of synthesis. These techniques resulted in varying success
in terms of purity and desired resultant morphology. The porosity of the sponges was measured,
as well as the superconductive properties via. both resistance measurements and magnetometry.
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INTRODUCTION

Materials encompass every facet of our lives, from the simple floors upon which we walk

to the complex, intelligent computers that govern our daily experience. As a result,

materials science is vast and comprises everything from developing new materials to

improving those we have used for many years. For the optimum design of a new material, many

factors must be considered - from the ease of its synthesis to the processability of the material

once it has been made. Additional complexity comes from the fact that the morphology of the

material can also drastically affect its properties, leading to the necessity for many factors to be

considered when designing novel materials.

1.1 Functional Materials

Functional materials are often defined as materials with native properties that can be exploited

and utilised as a material with a purpose. For example, many functional materials possess

interesting electronic capabilities, such as piezoelectricity (where mechanical stress yields an

electric field within a material).1 In reality, however, any solid material that has been synthesised

for a specific use is a functional material, from electroactive organic polymers to magnetic

materials, to superconductors; functional materials are present in many facets of life.2

Perhaps one of the greatest inspirations in the design of novel functional materials is the

natural world. Biomimetics, also known as biomimicry, is the process in which humans artificially

create a system that mimics what is found in nature.3 Biomimetics have been used in many

different aspects of life, creating novel technologies through the replication of biological systems

with human-synthesised technologies. A straightforward example of this comes from the material

Velcro, where George de Mestrel noticed that his dog was covered in burdock burr after a walk

in the alps. He noticed that the burdock burr seeds had tiny hooks on them, which got attached

1
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to his dog’s fur and was therefore inspired to create a new fastening system that used this

hook-and-loop motif, thus forming Velcro.4 There are many other examples of biomimicry as

well; the Japanese bullet train, the Shinkansen, has a front nose designed after the beak of a

kingfisher to reduce air resistance; and polar bear fur has inspired thermal clothing.5,6

1.1.1 Ceramic materials

In 1976, Kingery defined a ceramic as ‘a non-metallic inorganic solid’.7 This broad definition

means that the study of ceramic materials can encompass many material types, from disordered

glasses to highly ordered crystals. Historically, ceramics are some of the oldest materials used

by ancient civilisations to form figurines and vases, which are archaeologically significant today.

These materials were formed from clay, made of ceramic minerals combined with water. This clay

can be formed into many shapes for use in pottery and subsequently ‘fired’, which leads to the

formation of a hard, often brittle material. This processing is similar to what is commonly carried

out today, where a powdered material is ground together and fired or calcined, resulting in the

formation of the product material.8 Because of the extensive definition of ceramic materials, they

encompass many types of material with numerous applications; metal oxides, inorganic semicon-

ductors and even natural minerals can be defined as a ‘ceramic’ material. Conventionally, ceramic

materials are often considered insulating, hard and brittle. However, it must be remembered that

there are usually exceptions to these broad characteristics. For example, stating that all ceramics

are insulators is invalid, as there are also semiconductive ceramics. Ceramics are prevalent in

daily life, with specialist applications such as lasers, dental implants and potential solar cells, to

name a few.9–11 For the purposes of this thesis, crystalline metal oxide ceramic materials will be

the focus.

Metal oxides are widespread materials; many are found naturally as common minerals, such

as tenorite (CuO), rutile (TiO2) and corundum (Al2O3).12 Indeed, noble metals are prized as

they do not readily react with oxygen, as this corrosion is often an undesirable and difficult-

to-reverse process.13 For example, the formation of Fe2O3, or rust, on the surface of pure iron

can be detrimental to its properties, resulting in a brittle layer on its surface and corroding the

material.14 There are numerous potential metal oxide compositions, exploiting an extreme range

of elements and compositional order. This wide variety of compositions has enabled metal oxides

to exhibit various properties such as piezoelectricity and superconductivity.15–17

1.1.2 Crystalline materials

In 1611, Johannes Kepler postulated that the hexagonal structure of snowflakes was due to small

spheres of water hexagonally packed together.18 This was one of the first attempts to define

why crystalline matter forms into the shapes they do and our understanding has significantly

developed since this case. Considering how spheres pack together to form 3D structures can help

visualise how inorganic materials crystallise into 3D structures, and a visual representation of
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this is given in Figure 1.1. The ideal way for spheres to pack is in a close-packed arrangement (A).

The next layer follows that the spheres pack in the centre of the holes from the previous row (B).

The third layer is where a choice can occur; either the spheres can be layered so that they are in

an identical position to those on the first layer (A), or they can be packed so that the centre of the

spheres are in the holes of the spheres on the row below (C). The material with layers packed as

ABAB are known as hexagonal close-packed structures, whereas the material with layers packed

as ABCA are known as cubic close-packed structures.

Figure 1.1: Graphical representation of the close packing of spheres into 3D structures.

Crystals are highly ordered materials where atoms or molecules are arranged in a regularly

repeating 3D pattern. These ions or molecules can be reduced into single points, known as lattice

points, which are extended into a 3D lattice. The smallest repeating unit of this lattice which can

be perfectly tessellated in 3D is known as the unit cell. In this way, a crystal is a highly ordered

solid with extensive symmetry. There are seven different unit cells which are classified by virtue

of their symmetries. This can be further expanded, depending on where the lattice points fall:

• If there are only lattice points on each of the unit cell corners this is known as a primitive

unit cell, P.

• If there are lattice points on each unit cell corners, and an additional lattice point in the

centre of the unit cell, it is known as body centred, I.

• If there are lattice points on each unit cell corners, and there are additional lattice points

on the centre of all the faces of the unit cell, it is known as face-centred, F.

3
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• If there are lattice points on each unit cell corners, and an additional lattice point on the

centre of the top and bottom face of the unit cell, it is known as base centred, C.

This gives 14 fundamental unit cell types, known as the Bravais lattices, summarised in table

1.1. Given that the unit cells must stack completely without any excess space between them,

generating 32 different point groups of the crystal is possible. Combining this with the 14 Bravais

lattices, it is found that there are 230 3D space groups possible for crystals. Space groups can

be used to quantify what lattice points there are in a crystalline material, and incorporates the

symmetry of these lattice points when built up into a 3D structure.19

Crystals with the same chemical formula can sometimes also crystallise in different space

groups or lattice types. This is known as polymorphism and is found in many different materi-

als.20 One such example is calcium carbonate, which can crystallise as one of three polymorphs

in nature; calcite, which crystallises as a trigonal lattice; aragonite, which crystallises as an

orthorhombic lattice; and vaterite, which crystallises as a hexagonal lattice. These polymorphs

exhibit different physical properties, and indeed both aragonite and vaterite will transform into

calcite in specific conditions by virtue of the increased stability of calcite.21,22 A change in poly-

morph can alter many key properties of a crystal, such as solubility, colour and conductivity.23,24

This is especially pertinent to consider when examining potential candidates of pharmaceutical

ingredients, as a poorer solubility may mean that the ingredient would not be uptaken by the

body and thus reduce the efficacy of the drug.25 Ostwald postulated that unstable polymorphs are

likely to form first when there is a competition between two forms crystallising from a melt, which

has since been titled Ostwald’s step rule.26 This general rule originates from the postulation that

the less stable phases are more likely to be closer in energy to the energy of the solution; therefore

upon crystallisation, this is the phase that forms first. This proceeds with transformations to

progressively more stable polymorphs until the most stable polymorph is reached.27 Control of

polymorph has previously been achieved through various methods, such as through applying

high pressures, magnetic fields, or altering solvents of crystallisation.28–30 Manipulation of which

polymorph forms is can be important for tailoring the physical properties of a material, and can

therefore be an important variable to consider when designing novel crystalline materials.

Often, substitution of one or more elements with another in a crystalline material can still

result in the formation of the same polymorph, forming entire families of material with the same

crystal structure. In these cases, the crystal structure usually becomes known by a specific name,

often derived from the original mineral with this crystal structure. This is the case for some

technologically significant crystal structures such as delafossites and perovskites.
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Table 1.1: The seven different crystal systems, along with the possible lattice types for those
crystal systems.

Crystal
system

Cell
lengths Cell angles Diagram Lattice

types

Cubic a = b = c
α=β= γ=

90°
P, I, F

Hexagonal a = b ̸= c
α=β=

90°, γ= 120°
P

Trigonal a = b = c
α=β= γ ̸=

90°
P

Tetragonal a = b ̸= c
α=β= γ=

90°
P, I

Orthorhombic a ̸= b ̸= c
α=β= γ=

90°
P, I, F, C

Monoclinic a ̸= b ̸= c
α= γ=

90°, β ̸= 90°
P, C

Triclinic a ̸= b ̸= c
α ̸=β ̸= γ ̸=

90°
P

1.1.2.1 Perovskites

Perovskites are metal oxides that are isostructural to the mineral perovskite, CaTiO3 - a mineral

discovered in 1839 by Gustav Rose.31 These ABO3 crystal structures consist of six-coordinate B

octahedra and twelve-coordinate A ions in the centre (Figure 1.2). The ideal perovskite structure

consists of a cubic unit cell but depending on the relative sizes of the cations, there can be some

strain in the structure which results in the twisting of the octahedra, displacement of the A ions,
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or distortions in the octahedra and thus yielding different space groups.32,33 This strain can result

in exciting properties, such as with BaTiO3 which owes its ferroelectricity and piezoelectricity to

the slight strain found within the structure in several of its polymorphs.34 Whether a material is

able to crystallise as a perovskite structure can be calculated using the Goldschmidt tolerance

factor. This tolerance factor attempts to quantify the level of structural strain that will form

based on the relative sizes of the ions within the structure.35 While it was initially just used

for perovskite structures, additions to the Goldschmidt tolerance factor have been included to

enable quantification of strain in other structures, such as the ilmenite structure and other

metal oxide structures.35,36 Perovskites exhibit many properties and have been explored for

applications in laser materials and photovoltaic materials. Additionally, several high-temperature

superconductors exhibit perovskite-like structures, as will be discussed in Section 1.2.2.1.37

Recent research into perovskites has also examined the potential of perovskite nanomaterials,

such as nanostructured perovskite solar cells and high-temperature superconductors.38,39

Figure 1.2: A depiction of a perovskite unit cell, for example CaTiO3, where the blue atom
represents calcium, the pink atoms represent titanium and the green atoms represent oxygen. To
enable visualisation of the BO6 octahedra formed, two unit cells have been illustrated with an
octahedron shown.

1.1.3 Nanomaterials

A nanomaterial exhibits features on the order of a nanoscale, which means that it consists of

features with sizes on the order 1×10−9 nm.40 Confining a material’s dimensions to the nanoscale

can yield interesting phenomena due to quantum effects due in part to this being a point where

quantum phenomena transition to macroscopic phenomena.41 This enables access to several

strange phenomena, such as the interesting optical properties of quantum dots, which occur

due to their size.42 Additionally, the use of nanoparticles of gold have been used historically to

create red-coloured glasses, often with colour-shifting properties.43 A further consequence of the
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nanoscale is that the ratio of atoms on a nanomaterial’s surface compared to the bulk is much

larger than in ordinary macroscopic materials. This has consequences for the reactivity of these

particles, as well as the trade-off between maximising the lattice enthalpy and simultaneously

minimising the surface energy of the particles.19

Nanomaterials are extremely prevalent in nature, where they often exhibit phenomena

that directly result from their nanostructures. For example, the nanotextured surface of lotus

leaves is responsible for their super-hydrophobicity, and the nanostructures that cover the wings

of a morpho butterfly result in its beautiful blue iridescent colour.44,45 In a similar vein, the

arrangement of silica microspheres in a hexagonal close-packed array results in the striking

‘play of light’ of opals.46 This ‘play of light’ is the result of the formation of a 3D photonic crystal

from the change in the dielectric constant or refractive index of the material in all three key

directions, which leads to the direction-dependant propagation of light within the crystal.47

Photonic crystals such as opals (or indeed inverse-opals, where the voids between spheres are

filled and then the spheres removed) are being actively researched for various applications, such

as photocatalytic applications or in display technology.47,48

The nanostructure of a material is essential to consider for various reasons; a type of nanos-

tructured steel has enabled the manufacture of extremely strong steel with potential applications

in railway infrastructure; and semiconducting nanoparticles have potential in photocatalysis.49,50

Magnetic nanomaterials have also gained interest for drug delivery and water treatment applica-

tions. Additionally, the unique effect of confining magnetic behaviour to the nanoscale can give

rise to new magnetic phenomena such as superparamagnetism.51

1.1.4 Magnetic materials

All materials react to a magnetic field in some way, but the direction and magnitude of this

reaction partitions them into various types. All materials exhibit diamagnetism, which is the

weakest of the magnetic states. When paired electrons are exposed to a magnetic field, a current

is produced which opposes the applied field; therefore, a diamagnetic material is repelled by a

magnetic field.1 Paramagnetism is expressed when a material consists of unpaired electrons.

These unpaired electrons lead to an attraction to an applied magnetic field. This interaction is

much stronger than the natural repulsion from diamagnetism, and is often called Curie-Weiss

paramagnetism. At higher temperatures, the spins exist in a disordered state and are orientated

randomly, which is known as a paramagnet. Paramagnetism is temperature dependant and

follows the Curie Weiss law, equation 1.1.52 A ferromagnetic material is similar to a paramagnetic

material, consisting of unpaired electrons. However, a ferromagnetic material can also condense

into a lower energy state where these spins are all aligned in the same direction due to spin-

exchange interactions. This means that the spins for these materials are already aligned, even

in the absence of an external field, such that a ferromagnetic material has a residual magnetic

moment.19 Ferromagnets exhibit an ordering temperature known as the Curie Temperature,
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TC, above which thermal fluctuations overcome the spin-exchange interaction, thus yielding a

paramagnet. Finally, another type of magnetic ordering is that of an antiferromagnetic material.

The spin-exchange interactions in these materials are such that they naturally align so that

adjacent spins are in opposite directions. This means that there is no net magnetic moment to

an antiferromagnetic material. Antiferromagnets exhibit a characteristic ordering temperature

known as the Néel temperature, TN . Similarly to ferromagnets, above TN , thermal fluctuations

overcome the spin ordering, resulting in paramagnets with no long-range order.53

(1.1) χ−χ0 = C
T −θCW

The behaviour of a material within a magnetic field is known as its susceptibility, χ, where

the sign of the susceptibility indicates whether it is attracted to (positive) or repelled by (negative)

a magnetic field. The equation for volume susceptibility is given in equation 1.2, where M is the

magnetisation of a material, ρ is its density, m is its mass and H is the applied magnetic field.52

(1.2) χ= Mρ

mH

Depending on the type of magnetic material, there are common features observed on a plot

of magnetic susceptibility against temperature; a paramagnetic material will exhibit a gradual

increase of susceptibility as the temperature tends towards zero, a ferromagnetic material will

exhibit a rapid increase of susceptibility at a specific temperature, the Curie temperature, and an

antiferromagnetic material exhibits a peak in magnetic susceptibility at the Néel temperature.52

These plots can be used to further characterise the material with equation 1.1, known as the

Curie Weiss equation. In this case, χ is the magnetic susceptibility, χ0 is a correction factor that

can compensate for extraneous factors from the measurement, C is the Curie constant and θCW

is the Curie-Weiss temperature.

1.1.4.1 Frustrated antiferromagnetism

When placing atoms or ions with unpaired electrons onto a net, the shape of the net is also

important to consider for its properties. When these atoms or ions are placed onto a square net,

the spins can be placed in such an arrangement to result in net zero total spin, with two spin-up

atoms/ions and two spin-down atoms/ions. However, when placing spins onto a triangular net,

the direction of the third spin to be placed is not facile to consider, as both spin-up or spin-down

are valid options for the orientation of the last atom (denoted by the question mark in Figure

1.3). This ambiguity leads to so-called geometric frustration in the lattice and many possible

degenerate ground states of spin orientation. These materials are therefore called ‘frustrated

antiferromagnets’ and often exhibit low TN .54 Frustrated magnetism has been demonstrated in

many different material morphologies, such as in Kagome lattices.55 It is also important to note
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that there are also possible sources of magnetic frustration, such as local-site disorder, found in

spin glasses.54

Figure 1.3: Representation of spin-active atoms placed on a net in an antiferromagnetic system
and in a frustrated antiferromagnetic system.

1.2 Superconductivity

In 1908, Heike Kamerlingh Onnes liquified helium for the first time. This unlocked many new

opportunities in cold-temperature research and allowed Onnes to begin investigations into

conductivity at these temperatures.56 At the time, there was much debate as to what would

happen to the resistivity of metals as temperatures tended towards zero. Some theorists believed

that the electrons would become ‘frozen in place’, leading to the resistivity tending towards

infinity as temperatures decreased. In reality, the result was far stranger: in 1911, Onnes

observed a sharp drop in the resistance of mercury at 4.2 K to below measurable values. Onnes

later named this phenomenon ‘superconductivity’.57,58 It has since been determined that two

important phenomena can characterise superconductivity: the lack of D.C. resistance and the

complete expulsion of an external magnetic field. The latter effect is known as the Meissner

effect and was first observed in 1933 by Meissner and Ochsenfeld.59 Both effects occur below

a specific temperature, known as the critical temperature (Tc). In the more than hundred

years since their discovery, superconductors have been responsible for several Nobel Prizes,

including one that was awarded in a record time of only a year after the initial discovery.58 It

has since been found that superconductivity is not a rare event - in fact, many materials can

superconduct. Key developments in the timeline of superconductivity include: the discovery that

superconductors exclude all magnetic flux from within them in 1933, the development of a theory

of superconductivity in 1950, the discovery of high-temperature superconductivity in cuprate

oxides in 1986, and the discovery of superconductivity in H2S at high pressures in 2015.17,59–61

A graph depicting the Tc of some key superconductive materials against the date they were

discovered is given in Figure 1.4.
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Figure 1.4: Graph showing some key discoveries of superconductors over time with their critical
temperatures. Information for each datapoint are given in Appendix A.1.

1.2.1 Characteristics of superconductivity

As mentioned in Section 1.2, for a superconductor to be classified as such, it must exhibit

two features: the disappearance of observable D.C. resistance below a specific temperature

known as the critical temperature, Tc; and the exclusion of all magnetic flux from within the

superconductive material, which is known as the Meissner effect. The way superconductors

behave under an applied magnetic field partitions them further into two different types: type-

I and type-II. Type-I superconductors are characterised by having a critical magnetic field

strength, Hc. If a type-I superconductor is subject to a stronger field than its critical field its

superconductivity is quenched. Type-II superconductors have an upper critical field, Hc2, and a

lower critical field, Hc1. Between Hc1 and Hc2, the material enters a mixed superconducting state

where the magnetic field penetrates the superconductor at discrete points, forming tubes that

are not superconducting among the bulk superconductor. The supercurrent flows around these

tubes, causing a vortex of current around these centres, thus resulting in so-called flux vortices.

This phenomenon provides the basis for something known as ‘flux pinning’, which enables the

levitation of a superconductor over a magnet (or magnet over a type-II superconductor). As

the applied field approaches the upper field limit, Hc2, these flux vortices grow in size and

eventually grow to encompass the whole of the superconductor thus leading to the destruction of

10



1.2. SUPERCONDUCTIVITY

the superconductivity in the material.62

1.2.1.1 BCS Theory of Superconductivity

The emergence of the Meissner effect for these superconductive materials indicated some form

of correlated movement of electrons in superconductors.63 This created some difficulty in un-

derstanding the material, as it indicated that the electrons must have condensed into a state

where it was not forbidden for them to exist within the same electronic energy state as each other.

Due to their non-integer value of spin, electrons follow Fermi-Dirac statistics and thus the Pauli

Exclusion principle. Leon Cooper proposed that these materials condense into a paired state,

yielding an integer value of spin and thus allowing the electron pairs (known as Cooper pairs) to

condense into Boson quasiparticles.62 Another clue to the mechanism of superconductivity was

the isotope effect - it was discovered that the critical temperature was inversely proportional

to the square root of the isotopic mass. It was proposed, therefore, that superconductivity was

related to the vibrational frequencies of the lattice.60,64 It was from these initial observations that

the Bardeen-Cooper-Schrieffer Theory (BCS-theory) theory of superconductivity was developed.

BCS-theory theory was originally proposed in 1957 by John Bardeen, Leon Cooper and

Robert Schrieffer.65 It remains the most universally accepted theory behind the mechanism of

superconductivity and resulted in all three authors being awarded the Nobel Prize in 1972.66

BCS-theory theory shows that there is an inherent attractive force between electrons in a metal.

This attractive force arises indirectly as a result of phonon interactions. A phonon is a lattice

vibration which behaves somewhat like a particle and is thus a quasiparticle. As an electron

travels through a metal, it distorts the cations around it, resulting in a pocket of positive charge

around it. A second electron will then be attracted to this pocket of positive charge, thus resulting

in an indirect attraction between the two electrons (Figure 1.5). This attractive force is relatively

small, so the pairing between electrons can be disturbed by the phonons from thermal motion.

When the temperature drops low enough that the thermal motion of the atoms is smaller than

the attractive force between the electrons, they will condense into a paired state or macroscopic

wave function.62 This pair of electrons will thus be able to conduct electricity without resistance,

as the attraction between them will prevent them from being scattered by lattice vibrations

and collisions. Equation 1.3, developed by Bardeen et al., shows how the Tc is related to the

Debye temperature θD , the electron density of states at EF , N(0), and the electron-phonon

coupling constant, V .65 Therefore, to maximise Tc, it is necessary to maximise the parameters

in this equation. However, the three parameters are not independent of each other, and thus

by maximising one, another will be minimised.37 From this, it can be extrapolated that the

maximum Tc for electron-phonon mediated superconductivity is around 30 K due to the trade-off

between the electron-phonon coupling constant, V , and the Debye temperature, θD .67

(1.3) Tc = θD exp
[ −1

N(0)V

]
11



CHAPTER 1. INTRODUCTION

Figure 1.5: A representation of the source of the attractive force between electrons. When an
electron passes through the lattice, it distorts the lattice, creating an area with a slight positive
charge, thus yielding a slight attractive force between the electrons.

The other important variable that arises from considering Cooper pairs and BCS-theory

theory is that of the coherence length, ξ. The coherence length represents the Cooper pair’s size,

and its size differs depending on the superconductor.68 Therefore, it is necessary to consider

the coherence length when designing superconductive materials. For example, a coherence

length smaller than the size of a grain boundary would necessitate a highly pure crystal of a

superconductor without grain boundaries to lead to a material that can carry the supercurrent.

BCS-theory does not apply to all known superconductors, and superconductors to which this

theory does not apply shall be referred to as unconventional superconductors in this thesis. What

makes these materials ‘unconventional’ is that the pairing of the superconductive electrons does

not come from the electron-phonon interactions, but some other interaction entirely.69 In fact,

several different types of unconventional superconductors are classified by their proposed mecha-

nisms, such as heavy fermion superconductors, which superconduct due to heavily correlated 4f

electrons within their structure.

1.2.1.2 The Josephson Effect

In normal metallic materials, there is a phenomenon known as quantum-mechanical tunnelling,

where an electron can cross an insulating gap, or classically forbidden region, between two

conductive materials. This is because there is a non-zero probability that the electron can exist

across this barrier due to an overlap of the wavefunction of the electron beyond the classically

forbidden region.70 This phenomenon has been successfully exploited in several applications such

as Scanning Tunnelling Microscopy. In this case, an atomically thin tip is rastered across the

12



1.2. SUPERCONDUCTIVITY

surface of a material without touching it. The current for the material can be monitored, as the

tunnelling probability is a function of the distance between the gap.71 This type of phenomenon

is also possible with superconductive materials and manifests as the Josephson effect.

As the Cooper pairs approach a non-superconducting region or so-called ‘weak-link’, there

is a non-zero probability that these Cooper pairs can tunnel across the gap, thus crossing the

non-superconducting barrier.62 These superconducting-nonsuperconducting-superconducting

junctions are known as a Josephson-junction (JJ), named after Brian D. Josephson who predicted

them in 1962.72 The phenomenon of superconducting pairs of electrons tunnelling across the

gap is known as the Josephson Effect. This gap is called often called a ‘weak link’. The gap size

traversable by the Cooper pairs is related directly to the coherence length of the superconductor -

the shorter the coherence length, the smaller the gap has to be in order for the electrons to be

able to tunnel across the gap.

There is also another important consequence of the Josephson effect, which occurs if a

potential difference is applied across the JJ. In this case, the phase difference between the

wavefunctions of the two superconductive sections gains a dependency with time. This results in

an alternating current (A.C.) across the gap, which means that JJs are able to behave as perfect

voltage-to-frequency converters.73 The frequency of this radiation is related to the potential

difference that is applied to the gap.62

JJ are essential in many applications of superconductors, such as in devices which can

generate electromagnetic (EM) radiation (discussed in more detail in Section 4.1.2.1) and in

SQUID which will be discussed in more detail in Section 1.4.3.

1.2.2 Cuprate superconductors

By the early 1980s, several superconductive materials had been discovered - generally in ele-

mental or metallic materials. It was at this time that experimental physicist Bernd T. Matthias

determined several empirical rules for discovering novel superconducting materials, such as

avoiding highly oxygenated species, magnetic materials and insulating materials; while ensuring

that the materials exhibit high symmetry.74 For most superconductors discovered at the time,

these rules were excellent guidelines - after all, the magnetic elements copper and iron do not

exhibit any superconductivity. However, in 1986, Bednorz and Müller discovered superconduc-

tivity at 30 K in a copper-based compound, La-Ba-Cu-O (LaBCO).17 This was an extremely

exciting discovery at the time, as metallicity was thought to be required for superconductivity,

yet the LaBCO compound was not only an insulator at room temperature, but its Tc was a

record at the time at 30 K. This compound appeared to disobey many of Matthias’ rules and

spurred a new frenzy of experimentation.37 Many new superconductors based on these cuprate

materials were discovered in a short time. Cuprate superconductors are unconventional; thus, the

mechanism behind the superconductivity is not yet fully understood.69 However, it is known that

the CuO2-planes present in the crystal structure of these materials are where superconductivity
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is facilitated.75 All cuprate superconductors exhibit these layered structures with copper-oxygen

planes and follow the same phase diagram with regard to hole or electron doping (shown in

Figure 1.6). LaBCO is a double-layered perovskite structure with an orthorhombic unit cell. If

the La ion within the structure is replaced with a rare-earth element, other superconductors can

be synthesised. These are known as Rare Earth-Ba-Cu-O (ReBCO) superconductors.

The cuprate superconductors are sometimes nicknamed ‘high-temperature superconductors’

because of their high Tcs and were the first superconductive materials to exhibit Tcs that were

achievable through cooling with liquid nitrogen. After the discovery of La-Ba-Cu-O with its Tc of

30 K, Y-Ba-Cu-O was discovered the following year and had an incredible Tc of 92 K.76 This was

technologically significant, as it was the first time the superconductive state was accessible by

cooling with liquid nitrogen, a much more readily available cryogen than the previously used

liquid helium. This advantage is especially pertinent in modern times, where helium supply and

prices can be a potential snagging point in many research cases.77 Cuprate superconductors with

steadily increasing Tcs have since been discovered, culminating with the highest Tc for a cuprate

superconductor of 134 K in Hg-Ba-Ca-Cu-O, which increases to 153 K when under 150 kbar of

pressure.78,79

Cuprate superconductors are not superconductive in their parent state but rather must be elec-

tron or hole-doped to yield a superconductive transition. They exhibit a so-called “superconducting-

dome” in their phase diagram (Figure 1.6), where there is a level of doping which is optimum,

beyond which the Tc begins to fall. They are officially classified as Mott insulators, which are

materials that should be conductive based on band theory but are insulating in reality due

to electron-electron repulsion within the material.80 An example of hole doping can be found

with the La3+ ion in parent compound La2CuO4, which can be substituted with Sr+2 to form the

compound La2– xSrxCuO4. A general phase diagram for cuprate superconductors can be found

in figure 1.6. As can be seen, a wider range of dopant concentrations yields a superconductive

phase in the hole-doped superconductors than in the electron-doped superconductors. Hole-doped

superconductors have a range of different dopant concentrations that yield superconductivity,

with an optimum dopant concentration that yields the maximum possible Tc for that material.

Below this concentration, the superconductor is termed ‘underdoped’; above they are termed

‘overdoped’.

1.2.2.1 The ReBCO family

This family of superconductors all have a similar double layered perovskite-like crystal structure

with an orthorhombic crystal lattice. LaBCO and YBCO are both members of this family. Indeed,

La can be substituted for any rare-Earth element to result in a superconductive material, with

the exception of Ce and Tb.81 Despite initial observations of no superconductivity in Pr-Ba-Cu-O,

it has since been found to be superconductive.82 Of these ReBCO superconductors, one of the most
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Figure 1.6: The phase diagram of the cuprate superconductors. To the left is the electron doped
regime, with an antiferromagnetic (AF) section and a superconductive (SC). Similarly in the
hole-doped regime, there is a ‘superconductive dome’ and an antiferromagnetic section.

prevalent in terms of applications is YBa2Cu3O7–δ. This phase is responsible for the observation

of the Tc of 93 K observed by Wu et al. in 1987.76 Materials in the YBCO family are often referred

to by Y-abc, where a, b and c represent the stoichiometry of the yttrium, barium and copper,

respectively. Some important YBCO phases presented within this thesis are given in Table 1.2.

The phases consist of different reported Tcs, from exhibiting no superconductivity to the reported

Tc of 93 K in Y-123. The structure of Y-123 is presented in Figure 1.7. The level of oxygen

doping in Y-123 is important in tuning the Tc and ensuring a sharp transition. Additionally,

when δ> 0.5, an alternative crystal structure forms of tetragonal symmetry, which exhibits no

superconductivity.83 A notable phase of YBCO is Y-211, which is not superconductive and is often

nicknamed the ‘green phase’ of YBCO by virtue of its green colour.84 Y-211 can be converted to

Y-123 through a peritectic melt reaction, which has been used to synthesise sponge-like structures

of Y-123 previously.85

Table 1.2: Four significant stoichiometries of YBCO and their associated Tc. Data obtained from
references 76 and 84.

Phase Abbreviation Critical Temperature / K

YBa2Cu3O7–δ Y-123 92
YBa2Cu4Oy Y-124 81
Y2Ba4Cu7Oy Y-247 94
Y2BaCuO5 Y-211 None

Figure 1.7 gives the structure of Y-123, where the 2-dimensional (2D) CuO2 planes can be

seen along the a-b axis. Y-123 can exhibit some problems due to its short coherence length

of ∽2 nm along the a-b-axis, often resulting in the destruction of superconductivity at grain

boundaries.86 In an attempt to avoid this, thin films of Y-123 are grown epitaxially on a highly
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Figure 1.7: Crystal structure of Y-123, with teal, green, blue and red representing yttrium, barium,
copper and oxygen respectively.

aligned nickel substrate separated by some other buffer layers.68 Additionally, Y-123 is a brittle

ceramic, meaning that it cannot be drawn into flexible wires for its applications. Processing Y-123

and other ReBCO superconductors are, therefore, difficult and a limitation for their applicability.

More recently, new methods have been developed to synthesise tapes with high-current density

capability, with the view to utilise them in fusion generators.87

1.2.2.2 The BSCCO family

The BSCCO family of superconductors are another cuprate superconducting family with inter-

esting technological and historical significance. This family consists of three members with the

formula Bi2Sr2Can –1CunO2n+4, where n = 1, 2 or 3. These materials are often referred to as

Bi-abcd, where a b c and d represent the stoichiometric amount of Bi, Sr, Ca, and Cu respectively.

The first of this family discovered was Bi-2201, but its discovery did not garner much attention

at the time due to the low Tc of only 10 K.37,88 It was not until 1988 that this family became a

subject of substantial research interest, as the high Tc of 105 K was coupled with the fact that

the material didn’t contain any rare-earth elements - which was interesting at the time.89 The

three different stoichiometries exhibit different characteristic Tc, where Bi-2201 is 22 K, Bi-2212

is 85 K and Bi-2223 is 110 K.37 The crystal structures of these phases are presented in Figure

1.8

As mentioned, Bi-2201 was the first superconductor of this family to be discovered. However,

further research into this phase determined that it was a complex material and exhibited an

incommensurately modulated crystal structure. Indeed, all of the phases in the BSCCO family

exhibit similar uncertainties in the crystal structure, which has been attributed to a lattice

mismatch between the double Bi2O2 rock salt layers, and the SrO-CuO2-SrO perovskite layers.90

In the case of Bi-2201, it has been found that there are several polymorphs and a complex phase
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Figure 1.8: Crystal structure of Bi-2201 (left) and Bi-2212, with purple, green, grey, blue and red
representing bismuth, strontium, calcium, copper and oxygen respectively.

Table 1.3: Table with the four main stoichiometries of BSCCO and their associated Tc. Abbrevia-
tions are how these phases will be referred to in this thesis. Data obtained from references 88
and 89.

Phase Abbreviation Critical Temperature / K

Bi2Sr2CuO6 Bi-2201 22
Bi2Sr2CaCu2O8+x Bi-2212 85

Bi2Sr2Ca3Cu4O10+x Bi-2223 110

diagram for its synthesis. In particular, the superconducting phase with orthorhombic symmetry

was found to be in competition with a non-superconducting phase with monoclinic symmetry.

The monoclinic phase was first reported by Bendersky et al., but the crystal structure of this

phase was unable to be fully resolved due to the aforementioned incommensurate structure.91

The crystal structure to this monoclinic phase was finally resolved in 1993, and it was found that
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there was a periodic crystallographic shear plane in the structure, which resulted in there being

a β angle different to 90°, leading to a monoclinic crystal phase.92

The Tc of Bi-2212 being so close to the boiling point of liquid nitrogen somewhat limits its

applications concerning using nitrogen as a cooling agent. However, despite this, it has garnered

much research attention.68 It has the potential to be a terahertz emitter due to its unique crystal

structure, which will be discussed in more detail in Section 4.1.2.1. Additionally, Bi-2212 is much

easier to synthesise than the other member of the BSCCO family, Bi2Sr2Ca2Cu3O10+x (Bi-2223).

As well as this, Bi-2212 can be drawn into wires with a circular cross-section instead of tapes,

which makes their use in magnets much more desirable, as the cross-section of the wire is uniform

in all directions.68

1.2.3 Applications of superconductivity

The most common applications of superconductivity are as strong permanent magnets.93 As a

coil of normal wire generates a magnetic field, so too does a superconductive coil. Once a current

is established within a superconductive coil, the magnet will remain at full field as long as

the superconductive state is maintained without losing energy through resistance. In contrast,

the equivalent magnet from a copper coil would need to be actively cooled to ensure that the

magnet does not overheat, and power would need to be maintained throughout the copper coil.62

Perhaps the most influential use of permanent superconducting magnets is in MRI or NMR

imaging.57 This has revolutionised both medical imaging and chemical analysis since its inception.

Superconducting cables are also used in the Large Hadron Collider to generate strong magnetic

fields.94 Another specialist device that exploits superconductivity is the SQUID magnetometer.

These devices exploit the Josephson Effect to measure magnetic fields precisely. They can be used

to determine the magnetic nature of materials as a function of temperature. As such, these devices

can determine if a substance is superconductive, paramagnetic, or antiferromagnetic.95 There

is also research on various other superconductors applications, such as their use in quantum

computers or as terahertz emitters.96,97

Due to their ability to conduct electricity without resistance, superconductors could positively

impact the environment. A report in 2021 estimated that the power lost through transformers

and transmission in powerlines was about 10 %.98 While this is a small percentage, when

considered in the context of the amount of energy transported daily, it is a large day-to-day loss

of power as heat. To conduct electricity without resistance would eliminate this. Of course, there

are implications of the amount of cryogen required to cool these powerlines, and there are also

practical limitations of the cuprate superconductors that mean that superconducting powerlines

worldwide are yet to be realised. In 2012, a project in Essen, Germany, began named AmpaCity.99

This project utilised 1 km of cryogenically-cooled superconducting cables to supply energy between

two power stations. The company Nexans made the power cables, and were reported in 2018

to have continued to work successfully throughout the experiment.100,101 More recently, the
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potential of using gaseous helium to cool superconducting cables has been examined.102

1.3 Synthesis of solid materials

1.3.1 Solid-state syntheses

Solid-state reactions have been utilised since the first examples of ceramics and pottery, though

the first scientifically documented alloying reactions between metals was in 1820.103 The first

syntheses of the cuprate superconductors were through solid-state methods, where they were

synthesised via a coprecipitation and subsequent annealing method.17 The synthesis of nano-

materials through solid state reactions is also possible, with the advent of techniques such as

mechanochemistry, spray pyrolysis and molten salt syntheses.104–106

The solid-state synthesis method is a highly robust method to synthesise crystalline and

ceramic materials. Often named ‘the ceramic method’, this technique consists of combining solid

precursors, often metal oxides or metal carbonates, grinding, pressing into pellets and subsequent

calcination in a furnace.19 Solid-state reactions are inherently limited by the fact that solids are

slow to react with each other. Due to this slow mass transport, the resulting particles are often

made from a core of starting material combined with an outer shell of the product material. As a

result, these synthesis methods usually require additional grinding and heating steps to mitigate

this effect and ensure the reaction proceeds to completion. However, some methods can be used

to overcome these diffusion pathway limitations by reducing the particle size of the precursors.

1.3.1.1 The use of flux

In an attempt to overcome common shortcomings of conventional solid-state syntheses, much

consideration has gone into finding methods to emulate the solution state for the solid synthesis.

One such potential method is flux-mediated syntheses, also known as molten salt syntheses.107

These synthetic techniques use inorganic salts with high melting points to solubilise the precursor

material, thus providing a solution phase within which reactions can occur, and product material

crystallise. The molten salts used in these reactions often exhibit relatively low melting points

compared to typical inorganic materials, or consist of mixes of inorganic salts which form lower

melting point eutectic solutions.108 The flux behaves as a catalyst; becoming a solvent for the

reaction to proceed through without participating in the reaction. Therefore, the flux must

be carefully considered to ensure no by-products or undesirable phases are formed. Molten

salt syntheses can yield products with a controlled particle morphology. It is often the case

that heating the product for longer results in Ostwald ripening of the product material, thus

yielding larger crystals of the target phase.107 There are also examples of utilising a flux which

evaporates during the synthesis, depositing crystals of the target phase at the end. This is the

case for a common method of synthesising synthetic rubies, where Al2O3 and a chromium dopant
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are dissolved in MoO3, which eventually evaporates and deposits larger crystals of synthetic

rubies.109

1.3.2 Sol-gel syntheses

Sol-gel syntheses provide an alternative route to the solid-state syntheses of metal-oxide materials.

These methods synthesise metal oxides via a solution state and then a gel state. By exploiting the

solution state, the precursors in this synthesis can achieve the uniform mixing of the liquid phase,

and thus avoid the difficulties with incomplete mixing often found with solid-state syntheses.110

In maintaining the homogeneity of the starting material, limitations to mass transport are

avoided, thus resulting in some compelling benefits to these methods over solid-state methods.

This often comes in the form of higher purity product and reduced calcination and sintering

times. These methods traditionally exploit the hydrolysis and subsequent condensation of metal

alkoxides, forming gels which can be further processed to yield the desired phase.111 However,

the field has also developed substantially since its inception, with alternative gels and precursors

available.

The name sol-gel originates from the fact that there are essentially two driving phases of

the reaction; the first is the formation of a ‘sol’ or colloidal solution, which is then followed by

the condensation of this sol into a gel, or non-fluid 3D network that is extended through a fluid

phase.112 This gel can be subsequently dried, which can lead to shrinkage and collapse due to

capillary forces, resulting in a xerogel. Alternatively, the gel can be dried with supercritical drying,

which enables the removal of the fluid without the collapse of the gel, resulting in an aerogel. A

schematic of the sol-gel process is given in Figure 1.9. In general, there are five different types of

gel featured in sol-gel chemistry, as defined by Kakihana in 1996, such as colloidal or metal-oxane

gels.110 The first example of sol-gel chemistry was in 1846 when SiCl4 formed a gel when exposed

to air.113 Since this time, it has been found that many factors can be carefully tuned to finely

control the properties of the sol and the gel involved. For example, this method can be controlled

by altering the pH of the solution, the silicon alkoxide to water ratio, and the processing of the

resultant gel. This method has since been applied to alternative metals besides silicon, although

the reactivity of these metals (for example Ti and Zr) can be much higher than that of Si. As such,

it is often the case that additives are added to these solutions to slow down the hydrolysis and

condensation steps.114 As many metal alkoxides are unstable in water, the method was changed

so that metal salts were used instead with small molecules that can form gels.115 For example,

this can be successfully carried out with citric acid as a sequestering agent. Douy and Odier first

attempted this method with the successful synthesis of YBCO in 1989.116 This study utilised

the polymerisation of acrylamide and N,N’-methylene-bis-acrylamide in-situ with the chelated

sample of citric acid. This so-called ‘small-molecule’ method has since advanced to only require

mixing of the small-molecule (such as citric acid) with the metal nitrates, and subsequent heating

to form a gel.117
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Figure 1.9: Schematic of a conventional sol-gel synthesis, where a sol undergoes polymerisation
to form a gel. Subsequent drying can result in the collapse of the gel, forming a xerogel, or
supercritical drying can result in the removal of fluid without the collapse of the gel, resulting in
an aerogel.

In the synthesis of metal oxide materials, sol-gel methods have become invaluable as alter-

native pathways to solid-state syntheses. While solid-state methods are still a primary method

for the synthesis of ceramic materials in industry, there are also examples of sol-gel techniques

in industry, such as for the synthesis of coatings, films, laser materials and in the synthesis of

thermally insulating aerogels.118,119 Sol-gel syntheses can yield excellent quality thin films and

coatings by simply dip casting a sol mixture onto a substrate and allowing the gelation reaction

to occur. In simple condensation-based sol-gel syntheses, high temperatures are not required,

meaning that substrates with poor tolerance to elevated temperatures are able to be coated in

this method. One downside to this method is the fact that the film can undergo cracking as the

water or alcohol evaporates from the gel, but this can be somewhat overcome by ensuring only

thin coats are applied.120 By changing the metal alkoxide involved in the synthesis, coatings and

films can be synthesised with different chemical and optical properties; such as in the formation

of waveguides for optical materials, and as antireflective coatings formed from antimony-doped

tin oxide and silica.121,122

1.3.2.1 The Pechini Method

The Pechini method is named after the author of the original patent, Pechini.123 Also referred

to as the ‘liquid-mix process’, it was initially designed as a sol-gel method for niobates and

titanates, which do not have favourable hydrolysis reactions.124 It builds on the small molecule

method discussed previously, with adjustments to enable it to apply to materials incompatible

with an aqueous environment. This method utilises ethylene glycol as a solvent, combined with

citric acid as a small molecule for gelation. In this case, the solvent participates in the gelation

step, as citric acid and ethylene glycol can undergo a polyesterification reaction with each other.

This polyesterification reaction results in a polymer network extending throughout the vessel,
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a gel. The Pechini method involves mixing ethylene glycol and citric acid before the addition

and dissolution of the metal salts in the correct stoichiometric ratios. The metal salts are able to

chelate to the carbonyl groups on the citric acid, forming metal-citrate complexes. This mixture is

then heated to induce the polyesterification reaction, as seen in figure 1.10, and then the material

is calcined to form the metal oxide.125

Figure 1.10: a) The polyesterification reaction between citric acid and ethylene glycol. b) A
schematic to depict the way ethylene glycol and citric acid form a gel network with each other.

Part of what makes the Pechini method so desirable is the lack of need for water as a solvent,

thus allowing access to syntheses with many reactive metals. Indeed, it is also valuable in cases

where the metal salt is poorly soluble in water, for example in the case with bismuth nitrate.

It has been used successfully in the synthesis of many metal oxides such as perovskites and

ilmenites.126,127 The method can also be modified somewhat, by still exploiting citric acid, but

modifying the solvent to be simply ethanol.127 The Pechini method is still being utilised in recent

studies - for example, for applications in piezoelectronics.128 Modifying the Pechini method can

also be carried out to enable the fabrication of materials with controlled nanostructures.129 The

Pechini method has also been employed for the synthesis of the cuprate superconductors - for

example, Bi2Sr2CaCu2O8+x and YBa2Cu3O7–δ.130,131

1.3.2.2 Biopolymer-mediated syntheses

Biopolymers are naturally occurring polymeric materials, often polysaccharides such as starch or

dextran. These biopolymers are usually extracted directly from biomass; for example, a common

biopolymer, chitosan, is extracted from crab shells. While they do not fall into the conventional

bracket of what constitutes a sol, the chains are still within 1 nm - 1µm.113 As well as providing

the benefits of sol-gel, biopolymers can also be used as structure-directing agents.132 In general,

these syntheses involve mixing a biopolymer with a solution of metal salts, which is then allowed

to gel. This is usually in the form of cross-linking by the metal ions to form a gel network. An
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example is sodium alginate, which can be cross-linked to form a gel upon the addition of divalent

cations.133 This cross-linking of chains is also named the egg-box model of metal-ion chelation,

first termed as such by Grant et al. 134

The application of a biopolymer to synthesise a cuprate superconductor was first carried out

in 2006.135 In this study, a nanowire of YBCO was successfully synthesised with the biopolymer

chitosan. Since this study, further experiments have been carried out with control of macro- and

nanomorphology.136,137 The type and amount of biopolymer can drastically change the phase of

the product material, which can be due to the composition of the biopolymer, to what extent the

biopolymer chelates to the metal cations and the amount of CO2 given off during calcination.138

There are also alternative ways to remove the biopolymer template when high-temperatures are

not required for the formation of the target phase; for example dextran can be removed using the

enzyme dextranase.139

Often these biopolymer-mediated syntheses enable access to control of nanostructures and

macrostructures of the desired metal oxide. The extensive polymer chains can effectively hold

the constituent metal ions in place for sufficiently long during calcination so that the resultant

phase mimics the shape of the original biopolymer. Biopolymers can be quite resistant to thermal

degradation, for example the gel formed between alginate and barium doesn’t fully thermally

degrade until temperatures as high as 498 °C.140 This has enabled the replication of intricate

macrostructures of materials - for example synthesising Y-123 that mimics the shape of a pasta

template or that of a cuttlebone.136,141 Various other biopolymers such as gelatin have enabled

access to facile syntheses of nanoparticles of metal oxides, such as the synthesis of Ca(OH)2

nanoparticles through stabilisation with gelatin.142

When deciding upon a biopolymer for the synthesis of metal oxides, the composition of the

biopolymer must be considered, as side-reactions can occur during the synthesis which will result

in the formation of unwanted impurity phases. In the case of Y-123, choice of a sulphur-containing

biotemplate lead to difficulties avoiding the formation of highly-stable Ba(SO4). However, ad-

ditional elements within the biopolymer can also aid in the formation of desired morphologies

or composition - it was postulated that the sodium ion within the biopolymer sodium alginate

was able to behave as a flux, which aided in the formation of nanowires of Y-123 through a

mechanism known as the microcrucible mechanism, which will be discussed in more detail in

Section 4.1.1.2.143

1.3.2.3 Ionic liquids and Deep Eutectic Solvents

Two types of solvents, ionic liquid (IL)s and deep eutectic solvent (DES) are fundamentally

similar in make-up. Both involve solid constituent molecules which form a liquid close to room

temperature when combined. For ILs, the constituent parts are ionically charged. It is usually

stipulated that materials categorised as ILs have low melting points, below 100 °C, otherwise,
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conventional molten salts such as liquid NaCl would also be considered to be ILs. To enable these

materials to exhibit the low melting points required, ILs tend to consist of a large asymmetric

cation and a bulky, charge diffuse anion.144 There are many different potential salts that can form

ionic liquids, indeed this customisability of constituent anions and cations enables the properties

of these ILs to be tuned. Generally speaking, there are four common types of ILs based on the

cation: alkylammonium, dialkyl imidazolium, phosphonium and N-alkyl pyridinium.145 ILs have

a lot of favourable characteristics, such as exhibiting low volatility, little to no flammability and

promising electrochemical characteristics. Unfortunately, despite the limited risk of air pollution

due to low vapour pressure, ILs are highly soluble in water which could lead to environmental

contamination were they to be used commonly in industry in the future.146 Additionally, there is

some debate to their safety.146,147 The synthesis of the constituent molecular components of ionic

liquids can also be highly energy intensive and require the use of environmentally unfriendly

organic solvents, which throws their status as a potential ‘green’ solvent into some contention.148

Deep eutectic solvents (DESs) are similar to ILs and usually contain an ionic component.

Despite eutectic mixtures of solvents being well known, the term ‘deep-eutectic solvent’ was

only coined by Abbott et al. in 2004. Molecular DESs form when two solid materials are mixed

and form a liquid. A DES is usually formed by the complexation of a quaternary ammonium

salt and a hydrogen bond donor or metal salt.150 The delocalisation of charge between the two

components results in a lower melting point of the combined material compared to the melting

point of the separate molecules.151 Despite the similarities between ILs and DESs, there are

some advantages to DESs. For example, the preparation of eutectic mixtures in their purest form

is achieved more quickly than for ILs, and so additional purification steps are not required for

DESs.152 As DESs are formed from extensive hydrogen-bonding throughout the liquid, they can

also be thought of as supramolecular solvents - where the large bonding framework throughout

the solvent is able to template metal salts and impart a nanostructure on resulting material.153

This has been seen for the synthesis of zeolites using ILs and DESs as templating solvents.154

Both ILs and DESs have been used as solvents in synthesising functional ceramic materials.

Due to their polar nature, these solvents are very good at solvating the metal ions in the solution

phase of the sol-gel process to the point that dehydrated solutions of metal ions have become a

facile process.155 It was noted during this study by Green et al. however, that ILs are so strongly

complexing, that they can preferentially bind with certain metal ions over others, thus in this

study cellulose was added as a weakly coordinating non-specific chelating agent.155 This method

resulted in the synthesis of nearly phase-pure metal oxides for a wide range of applications, such

as terbium-doped yttrium aluminium garnet, Bi-2212, and the ferromagnetic material, nickel-

doped praesodynium cobalt oxide. ILs have garnered attention for the synthesis of nanomaterials

due to their ability to behave as reaction media, templating agents and their ability to provide

steric stabilisation for the resulting nanomaterial.156 Zhang et al. described the use of ILs in
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their synthesis of nanocrystals of lanthanide fluorides as an “all-in-one system", where the ionic

liquids were not only the solvent for the reaction, but also the templating agent and resulting

stabilisation media for the nanoparticles.157 As well as this, the effect of ILs on the synthesis of

YBCO has also been studied, and it was found that using 1-ethyl-3-methylimidazolium acetate

as a solvent yielded a very pure sample of YBCO.158

DESs are also prevalent in the field of functional materials for the synthesis of complex

systems of metal oxides. In fact, a so-called natural deep eutectic solvent has been used to

successfully solvate bismuth nitrate in order to successfully synthesise Bi-2212.159 NADES are

the same as DESs, but with naturally occuring molecules, such as sugars, carboxylic acids, amino

acids and amines.160 It has been noted that many NADES based on glucose are excellent for

solvating metal ions.161 Therefore, the application of the NADES for the synthesis of Bi-2212

was especially valuable due to the excellent ability of the glucose-based DES to solvate the

bismuth ions in solution, preventing the formation of insoluble bismuth subnitrate.159 DESs

have been used in similar ways to to ILs, where they can be used as both a solvent, template

and stabilising agent. Indeed, they have been used for the generation of complex nanostructures

of materials, such as monodisperse star-shaped gold nanoparticles.153 This synthesis utilised

the reduction of HAuCl4 with L-ascorbic acid, combined with a choline chloride/urea DES as a

solvent. In addition to not needing the addition of surfactant for the stabilisation of the gold

nanoparticles, the water content of the DES could be tuned to access different morphologies of

gold nanoparticle. DES usually exhibit more strong redox properties than conventional solvents

such as water and other organic solvents. This can be especially useful in the synthesis of metal

nanoparticles.160 More recently, DESs have been used in the synthesis of high-entropy materials,

which are compounds consisting of five or more metal species in a single-phase crystal structure.

In a recent study, a glucose-urea DES was used to synthesise several high-entropy phases, such

as (Co, Ni, Cu, Zn, Mg)O with a rock-salt structure.161

1.4 Characterisation of solid materials

1.4.1 X-ray diffraction

For crystalline materials, the powerhouse of structure characterisation has been single crystal

X-ray diffraction (scXRD) since its initial development in the 1910s-1920s. X-ray diffraction (XRD)

exploits the periodic nature of crystals by utilising EM radiation in the form of X-rays, which have

a wavelength which is on the order of the size of atoms. As such, when a crystal is illuminated by

X-rays, the crystalline lattice is able to behave as a diffraction grating to the incident X-rays. A

simplistic model of X-ray diffraction is that of the Bragg model, where a lattice can be represented

as atoms on a net. When an incident X-ray hits one of these atoms, it is reflected. When there

are multiple rows of atoms, the spacing between these rows can be calculated by understanding

that X-rays diffracted from different rows of the lattice will travel different distances. If the
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change in distance travelled is equal to an integer number of wavelengths, nλ, the X-rays will be

able to interfere constructively, and thus the detector will read a signal from the sample. From

trigonometry, it can be seen that this criterion is satisfied if the difference in distance travelled is

equal to 2dsinθ and a diagram of this can be seen in Figure 1.11. If the change in distance is not

an integer number of wavelengths, the diffracted beam of X-rays will interfere destructively, and

the detector will not register a signal. The resulting equation to determine the d-spacing of a

crystal, the Bragg equation, is given as equation 1.4.

Figure 1.11: Diagram of the Bragg model, where an incident X-rays are diffracted by a crystalline
lattice. If both diffracted X-rays reach the detector in phase, they will interfere constructively
and a diffraction spot will be present.

(1.4) nλ= 2dsinθ

scXRD has been used for many years and has remained one of the most reliable methods of

crystal structure determination. However, it requires large, high-quality crystals for analysis

which can limit its applicability in determining structures of materials where the crystals are

difficult to grow - which is the case with membrane proteins, which are poorly soluble.162 The

intensity of the diffraction pattern from a crystal is proportional to the size of the crystal, which

results in a requirement for larger crystals for good quality diffraction patterns. These high

levels of radiation will cause damage to most substances, and thus smaller crystals are unable to

be resolved with conventional scXRD.163 Techniques are in place to attempt to overcome these

issues, such as using X-ray free electron lasers or by using 3D electron diffraction.164,165

Instead of using single crystals of material, one can also examine the diffraction pattern

that occurs when X-rays illuminate a microcrystalline powder. The analysis of the diffraction

patterns that result from powders is called powder X-ray diffraction (pXRD), and is a vital tool
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for determining the composition of crystalline powders and, indeed, whether they are crystalline

at all.166 The pXRD technique assumes that the powder is formed of many randomly orientated

microcrystals, allowing for every crystallite orientation within the sample to be expressed. As all

the crystallite orientations are present, the diffracted X-rays will be formed as cones and detected

as rings instead of the spots observed in scXRD. This is because all planes of a dhkl-spacing

will be diffracted for a given 2θ, effectively rotationally averaging the diffracted X-rays, yielding

diffraction cones instead of spots.18,19 Indexing the rings to the correct Miller index can be

challenging. Thus pXRD is often used as a fingerprint method for comparing the diffraction

pattern to already-known materials.19 There are examples of the ab-initio determination of

crystal structure from pXRD spectra, but this is still challenging to carry out.167

Depending on how a crystalline or polycrystalline material is grown, there are sometimes

features which can alter a resulting pXRD pattern, such as particle size, preferential orientation

of crystal planes, and microstrain within the crystal structure. These phenomena have an affect on

the average crystal structure of a material, and can thus alter peak position, peak shape and peak

broadness. Small crystallites have the effect of broadening the peaks found in a pXRD pattern.

This is because the destructive interference observed is a result of a summation of all diffracted

beams; if there are fewer crystallite planes to diffract the beams there are not enough planes to

produce complete destructive interference, and a broader peak will be observed.19,168 Another

common implication of the structure of the polycrystalline material is preferential orientation.

This occurs when the crystals of one plane grow preferentially over others. In this case, the

diffraction peak observed from this set of peaks will be over-represented, yielding a higher

intensity signal than would be expected for a crystal where all planes are equally represented.169

Strain within the crystal lattice can also result in peak broadening of the resulting pXRD patterns,

which is due to displacement of the atoms within the lattice from their ‘perfect’ positions.170

Features such as these can be used for analysis of the bulk properties of the material - for example

through calculating the average size of the particulates.

1.4.1.1 Rietveld refinement

By itself, pXRD can only determine which phases are present within a powder diffraction pattern.

To unlock more detailed analysis of a powder diffraction pattern such as the unit cell parameters

and percentage quantities of individual phases, Rietveld analysis can be carried out. This utilises

a least-squares fitting approach to compare a theoretical pXRD pattern with the experimental

pattern, which is carried out using equation 1.5 and attempting to minimise the quantity R.18

(1.5) R =∑
i

wi(Yio −Yic)2

Here, Yio is the observed intensity at i, Yic is the calculated intensity at i and wi is a

weighting factor. The larger the observed intensity, the larger the weighting factor, meaning
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that less significance is placed upon lower intensity sections of the pXRD pattern.18 Rietveld

refinement can be adjusted to accommodate many deviations in the ‘perfect’ crystal structure,

such as preferential orientation and micro-strain effects, which will alter peak size and shape in

the pXRD pattern.

1.4.2 Electron microscopy

Compound light microscopes have existed since the 1600s; however, light can only resolve features

that are on the order of ∽200 nm due to the diffraction limit (also known as Abbe’s Limit).171

While techniques have been developed that can be used to overcome this limit, there remain

limitations to the maximum possible magnification that cannot be overcome with light micro-

scopes.172 Electrons have a much smaller wavelength than light, and thus microscopes based on

an electron beam can view much smaller details.173 As such when examining nanostructured

materials, the electron microscope has become a vitally important instrument. There are two

types of electron microscopy, scanning electron microscopy (SEM) and transmission electron mi-

croscopy (TEM). These two methods use an electron beam to examine the structure of a material

but differ in how the beam interacts with the sample.173

SEM operates by rastering an electron beam over the surface of a sample and detecting

electrons that are given off by the sample. Depending on the desired information about the

sample, different types of electrons can be analysed to glean information about the sample.174

For backscattered electron imaging, the electrons that are scattered by the sample are detected.

Heavier atoms can deflect more electrons, resulting in a brighter image. As such, backscattered

electron imaging can give compositional information about the surface of a sample.175 In sec-

ondary electron imaging, the incident electron beam knocks out core electrons from the sample,

which are then detected. Fewer electrons will escape from further down the sample, so secondary

electron imaging can give topographical information about the surface of a sample.176 An addi-

tional imaging mode for SEM is energy dispersive X-ray analysis (EDXA). When a secondary

electron is ejected from an atom on the surface of a material, a higher energy electron can fall to

the ejected electron’s energy state. When this happens, the excess energy is released as a photon

from the atom with a wavelength characteristic of the atom, which is in the X-ray region of the

EM spectrum.19 As such, the X-rays given off by the sample when the electron beam is rastered

across the surface can be detected, creating an X-ray spectrum per pixel in the image. This allows

maps to be built, containing compositional information about each area of the image.

TEM operates by shining an electron beam through a thin sample and detecting the electrons

that pass through. This can result in very high-resolution images, with atomic resolution in

some cases. When electrons interact with the sample, they can be scattered by varying amounts

depending on the sample thickness or the mass of the atoms within the sample. A TEM utilises

an aperture to stop all atoms which deviate by a certain angle, meaning that if more electrons

are scattered, fewer will reach the detector. This leads to a black-and-white image with darker
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Figure 1.12: a) Diagram depicting a conventional SEM b) Diagram depicting the source of the
electrons or X-rays from several imaging modes

regions representing a section of the sample that is either thicker or made of heavier atoms.173

Similarly to X-ray diffraction, electrons can also diffract when they encounter a regular lattice.

TEM operates by passing a beam of electrons through a sample. Therefore, these electrons can also

be diffracted by the analyte sample. Similarly to XRD the resulting diffraction spot pattern can be

analysed to determine the crystal structure of the material being examined. A benefit of selected-

area electron diffraction (SAED) over conventional scXRD is its ability to measure the crystal

structure of small crystallites, though it is only recently that a more complicated technique, 3D

electron diffraction has been accessible. This technique combines a tilting TEM stage with highly

sophisticated electron detectors to fully determine crystal structures of small crystallites.165 This

has enabled the resolution of several crystal structures which could not be grown to large enough

sizes for scXRD, for example with the regioisomer of paracetamol, orthocetamol.177 Another

consequence of the diffraction occurring on a TEM is that a larger amount of reciprocal space

can be viewed than for XRD. This can be visualised using the Ewald sphere, a construction of

the reciprocal lattice, and which lattice planes satisfy the Bragg diffraction condition. As the

radius of this sphere is 1/λ, if a incident beam of smaller wavelength is used, the Ewald sphere

will be larger, thus allowing a larger region of the reciprocal space to be viewed (Figure 1.13b).18

Therefore, depending on the accelerating voltage of the electron beam, a beam which exhibits a

smaller wavelength than that of X-rays is possible.

1.4.3 Magnetometry

Superconducting Quantum Interference Device (SQUID) magnetometers are a highly sensitive

devices for sensing the magnetic behaviour of materials. They exploit the Josephson effect,

described in Section 1.2.1.2. Depending on the type of current pushed through the SQUID,
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Figure 1.13: a) Diagram depicting a conventional TEM b) Diagram depicting the Ewald sphere.

they can be referred to as D.C.-SQUIDs or RF-SQUIDs for a D.C. and an A.C. respectively.178

A conventional D.C. SQUID is formed from a ring of superconducting material with two non-

superconducting junctions or JJs (Figure 1.14). A D.C. is applied across this loop, which leads to

the supercurrent splitting evenly to flow down each branch of the loop, and crossing both JJs. If a

magnetic field is applied within the loop, another current is induced in the loop, which will be

in the same direction as the current through one of the JJs, but opposite in the other JJ. If the

current through either JJ exceeds the critical current of the superconductor, a potential difference

will be applied across the junction. This creates an alternating current which can interfere with

the signal achieved by the other junction. As such, the frequency of this interference can be

analysed to determine the amount of magnetic field that has caused the signal. The amount of

flux that passes through a superconducting ring is quantised; therefore, a SQUID can detect

perturbations on the order of a single flux quantum and is thus highly sensitive.68

Figure 1.14: Diagram of a conventional D.C. SQUID, formed from a superconducting loop with
two evenly spaced JJs on each branch of the loop.
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1.5 Project aims and summary

This work focuses on the control of the nanostructures of functional metal oxides, with a particular

focus on superconducting materials. To achieve this aim, syntheses were examined with increasing

dimensionality; from designing a novel synthesis of materials predicted to be superconducting

with no specific structural direction; to the synthesis of 1-dimensional and 2-dimensional nanowire

structures; to synthesising 3-dimensional sponge nanostructures.

This begins with the synthesis of materials predicted to be superconductive, Na3Ni2BiO6,

Na3Ca2BiO6 and KBa6Zn4Ga7O21. These materials have previously been synthesised through

solid-state methods, necessitating long dwell times and, in the case of Na3Ni2BiO6, requiring

additional annealing steps. Therefore, alternative solution-based methods were sought, with a

view to shorten the synthesis time while maintaining good purity. Following this, the aim was to

test the materials for superconductivity through SQUID magnetometry.

The next aim was to synthesise nanowires of a well-studied superconductor, Bi2Sr2CaCu2O8+x.

This is because nanowires of this material specifically are technologically significant due to

their potential applications as terahertz emitters. Examination of potential synthesis methods

were explored, with a view to emulate the microcrucible mechanism of nanowire growth in the

absence of a biopolymer.143 By achieving this, it would allow the microcrucible mechanism to be

applicable to other systems that would be otherwise incompatible with a biopolymer. Additionally,

the prospect of viewing nanowire growth with a high-temperature TEM was explored.

Finally, the prospect of using a new structure directing agent in the form of melamine

formaldehyde was explored with a view to synthesise sponge-like morphologies of high-temperature

superconductors. In addition to successfully synthesising porous YBa2Cu3O7–δ (Y-123) and

Bi2Sr2CaCu2O8+x (Bi-2212), this set up a new way to control the 3-dimensional nanostructures

of these superconductors.
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2
MATERIALS AND METHODS

Parts of this chapter are published in Nanoscale Advances and Dalton Transactions.179,180

2.1 Materials

All materials were purchased from a supplier and used without further treatment with the excep-

tion of copper oxide, which was purchased as copper carbonate basic and heated to 500 ◦C to con-

vert into copper oxide. All materials were purchased from Sigma-Aldrich or Fisher Scientific, with

the exception of calcium acetate monohydrate (Honeywell), copper nitrate hemi(pentahydrate)

(Alfa Aesar), betaine (Alfa Aesar) and, high fraction dextran (Acros Organics).

Table 2.1: The amounts of metal nitrates used in the synthesis of Na3Ni2BiO6

Metal nitrate Concentration / M Mass / mg

NaNO3 0.1545 131.3
Ni(NO3)2 ·6H2O 0.10 290.1
Bi(NO3)3 ·5H2O 0.05 121.5
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2.2 Methods

2.2.1 Novel and rapid sol-gel syntheses of honeycomb-layered and
orthorhombic metal oxides

2.2.1.1 Synthesis of the natural deep eutectic solvent (NADES)

To make 10 mL of NADES, 3 g of betaine and 1.8453 g D-(+)-glucose were added together, before

6.336 mL water was added to create a mixture with a final volume of 10 mL. The vial was shaken

until all the powders were dissolved, thus forming the NADES stock solution.

2.2.1.2 Aqueous synthesis of Na3Ni2BiO6

Sodium nitrate, nickel nitrate hexahydrate and bismuth nitrate pentahydrate in the ratios given

in table 2.1 were added to 10 mL deionised water. To aid the dissolution of bismuth, 0.2 g of

EDTA was added to the solution as a chelating agent. To overcome the volatility of the sodium,

the sodium nitrate was added at a 3% excess, as was recommended by the original synthesis,

leading to an concentration of 0.1545 moldm−3.181 This was kept as a stock solution and used for

multiple syntheses - ‘NNB aq stock’. The whole system was heated to 80 °C and stirred for 30

minutes until dissolved. 300 mg high fraction dextran was added to a crucible, and 1 mL of the

metal precursor solution added to this. The sample was stirred mechanically to form a viscous

solution, before being placed in a box furnace for calcination. The sample was calcined between

500 - 1000 ◦C with a 5 ◦Cmin−1 ramp rate and a 2 hour dwell time.

2.2.1.3 Natural deep eutectic solvent synthesis of Na3Ni2BiO6

Sodium nitrate and nickel nitrate hexahydrate were added to a vial in the amounts given in

table 2.1, along with 10 mL deionised water and shaken until all powder had dissolved. This

solution was kept as a stock solution - ‘NN aqueous stock’. The final stock solution involved

adding bismuth nitrate pentahydrate in the amounts given in table 2.1 to 10 mL of NADES and

stirring until dissolved, forming the Bi-NADES stock solution.

1 mL of Bi-NADES stock solution was added to a crucible, with 1 mL NN aqueous stock

and 1.05 mL NADES. The material was stirred at 80 °C for 2 hours until dehydrated, before

calcination at 800°C with a dwell time of 2 hours and ramp rate of 5 °min –1.
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Table 2.2: The amounts of metal nitrates used in the synthesis of Na3Ca2BiO6.

Metal nitrate Concentration / M Mass / mg

NaNO3 0.1545 131.3
Ca(NO3)2 ·4H2O 0.10 232.6
Bi(NO3)3 ·5H2O 0.05 121.5

2.2.2 Syntheses of Na3Ca2BiO6

2.2.2.1 Aqueous synthesis of Na3Ca2BiO6

In the temperature study experiments, sodium nitrate and calcium nitrate tetrahydrate in

the ratios given in table 2.2 were added to 10 mL deionised water and stirred until dissolved.

Bismuth nitrate pentahydrate was added separately to 10 mL of deionised water, along with 0.2

g of ethylenediaminetetraacetic acid (EDTA) and then was stirred at 80 ◦C until all solid had

dissolved. 1 mL of each aqueous precursor solution was added to 100 mg dextran in a crucible

and stirred mechanically until a gel formed. This was then placed in a furnace and calcined

at temperatures between 500 and 1100 °C with a dwell time of 2 hours. The ramp rate of the

furnace was 5 ◦Cmin−1.

2.2.2.2 Natural deep eutectic solvent synthesis of Na3Ca2BiO6

Sodium nitrate and calcium nitrate tetrahydrate in the amounts given in table 2.2 were added to

10 mL deionised water and shaken until all had dissolved. This solution was kept as a stock solu-

tion - ’NC aqueous stock’. The final stock solution involved adding bismuth nitrate pentahydrate

in the amount given in table 2.2 to 10 mL of NADES and stirring until dissolved, forming the

Bi-NADES stock solution.

1 mL of Bi-NADES stock solution was added to a crucible, with 1 mL NC aqueous stock and

1.05 mL NADES. This solution was stirred at 80 °C to until the solution has fully dehydrated.

The solution was then calcined at 800°C with a dwell time of 2 hours and a ramp rate of 5 °C

min –1. The resulting fluffy powder was a light orange colour.

For the temperature studies of this material, the calcination temperature was changed

between 500 and 1000 °C in 100 °C intervals.

2.2.3 Brief attempts at the synthesis of KBa6Zn4Ga7O21

2.2.3.1 Aqueous synthesis of KBa6Zn4Ga7O21

Potassium chloride, barium nitrate, zinc nitrate hexahydrate and gallium nitrate hydrate in the

amounts given in table 2.3 were added to 10 mL deionised water and stirred overnight until all

metal salts had dissolved. a 1 mL aliquot of this solution was added to a crucible with dextran
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Table 2.3: The amounts of metal nitrates used in the synthesis of KBa6Zn4Ga7O21

Metal nitrate Concentration / M Mass / mg

KCl 0.01 7.5
Ba(NO3)2 0.06 156.8
Zn(NO3)2 ·6H2O 0.04 119.0
Ga(NO3)2 ·xH2O 0.07 305.2

(between 100 and 1000 mg), and stirred mechanically until a gel or paste formed. This was then

placed in a furnace without further treatment and calcined between 700 and 900 ◦C with a 2 h

dwell time and 5 ◦Cmin−1 ramp rate.

2.2.3.2 Natural deep eutectic solvent synthesis of KBa6Zn4Ga7O21

Potassium chloride, barium nitrate and zinc nitrate in the amounts in table 2.3 were added to 10

mL deionised water, and the solution stirred until all metal salts had dissolved - this formed the

KBaZn-Aq stock solution. Gallium nitrate hydrate in the amount given in table 2.3 was added

to 10 mL of the NADES, and the solution stirred until everything had dissolved. 1 mL of this

Ga-NADES was added to 1 mL KBaZn-Aq stock, along with 1.05 mL NADES. This was then

stirred at 80 ◦C until the water had completely evaporated, before calcination at 700 or 750 ◦C
with a 2 h dwell time and 5 ◦Cmin−1 ramp rate..

2.2.4 Synthesis of nanowires of Bi2Sr2CaCu2O8+x

2.2.4.1 Synthesis of nanoparticles of Sr1–xCax(CO3)2

The nanoparticle synthesis follows a previously reported method.182 Stock solutions of 0.05 M

aqueous metal nitrates [X(NO3)2, X= Ca, Sr] and 0.025 M Na2CO3 were prepared. 50 ml of each

X(NO3)2 solution was placed in a sonicator. Under sonication and vigorous stirring 200 ml of the

0.025 Molar solution was added drop-wise over 8 h. The resultant milky solution was dried at

110 ◦C before being calcined at 450 ◦C, yielding a white powder.

2.2.4.2 The synthesis of CaCu(OCOOH)4 ·6H2O

Calcium acetate monohydrate (3.55 g, 2.0 moldm−3) was dissolved in deionised water (10 mL

at approximately 70 ◦C). Separately, copper acetate monohydrate (1.00 g, 0.67 moldm−3) was

dissolved in deionised water (7.5 mL at approximately 70 ◦C). To ensure complete dissolution of

the salts, further water was added dropwise. The two solutions were subsequently mixed at 70 ◦C
then filtered, covered and allowed to stand until dark blue crystals formed. The resulting crystals

were ball-milled for 24 h to attain a fine powder.

An alternative synthesis method was additionally devised for this material. Calcium acetate

(704.8 mg, 0.4 M, 2 mmol) was added to 10 mL deionised water along with (798.6 mg, 0.4 M, 2

36



2.2. METHODS

Table 2.4: The amounts of metal nitrates used in the synthesis of KBa6Zn4Ga7O21

Metal nitrate Concentration / M Mass / mg

Bi(NO3)3 ·5H2O 0.1 485.1
Sr(NO3)2 0.1 211.6
Cu(NO3)2 ·2.5H2O 0.05 232.6

mmol). The solution is heated to 50 ◦C to aid the dissolution of copper acetate. A 2.5 mL aliquot

of this solution was pipetted into a separate container, and then 15 mL of acetone was added to

this, forming a gel. The resulting gel was spread out in a petri dish, allowing the gel to collapse,

depositing crystals of the target material.

2.2.4.3 Synthesis of Bi2Sr2CuO6

Via. a NADES synthesis: A NADES between betaine and D-(+)-glucose was synthesised as

described in Section 2.2.1.1. Bismuth nitrate pentahydrate in the amount given in table 2.4

was added to 5 mL of this NADES and shaken until dissolved. A separate aqueous solution of

strontium nitrate and copper nitrate hemi(pentahydrate) in the amounts given in table 2.4 was

also made. 1 mL of this solution was combined with 1 mL of the Bi-NADES solution, and an

additional 1.05 mL of the NADES. This was then calcined at 850 ◦C with a ramp rate of 5 ◦Cmin−1

and a dwell time of 2 h.

Via. a biopolymer-mediated synthesis: Bismuth nitrate pentahydrate, strontium nitrate

and copper nitrate hemi(pentahydrate) were added to 10 mL deionised water in the amount given

in table 2.4, along with ethylenediaminetetraacetic acid (0.5 g) and ammonium hydroxide (300µL).

The solution was covered and then heated to 80 ◦C until all of the metal salts dissolved. This

solution was subsequently transferred to a crucible, and dextran (5 g) was added. The material

was stirred mechanically with a spatula, allowing a thick gel to form. The crucible was left in an

oven at 80 ◦C overnight to allow all water to evaporate, before subsequent calcination at 850 ◦C
with a ramp rate of 5 ◦Cmin−1 and a dwell time of 2 h.

2.2.4.4 Synthesis from Bi2O3 CuO and Sr1–xCax(CO3)2

Bismuth oxide (Mr = 465.96, 0.5 mmol, 232.98 mg) was added to copper oxide (Mr = 79.55, 1

mmol, 79.55 mg) and ground together with a pestle and mortar. Previously synthesised strontium

calcium carbonate nanoparticles (Mr = 395.34, 0.5 mmol, 197.67 mg) were added, as well as an

additional flux (CaCl2, Na2CO3, BiCl3 or NaCl) in the amounts given in table 2.5. The powders

were mixed and ground together until a uniform powder was formed.
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Table 2.5: The amount of flux required for different molar percentages.

Mr Moles / mmol Mass / mg

CaCl2 (10%) 110.98 0.025 2.8
CaCl2 (15%) 0.0375 4.2
CaCl2 (20%) 0.05 5.6
Na2CO3 (10%) 105.99 0.0125 1.3
Na2CO3 (15%) 0.01875 2.0
Na2CO3 (20%) 0.025 2.6
BiCl3 (10%) 315.34 0.025 7.9
BiCl3 (15%) 0.0375 11.8
BiCl3 (20%) 0.05 15.8
NaCl (10%) 58.44 0.025 1.5
NaCl (15%) 0.0375 2.2
NaCl (20%) 0.05 2.9

The powder was pressed into pellets, and calcined at temperatures between 700 and 900

°C, with a ramp rate between 1-15 °C/min, and a dwell time between 1-5 hours. Sometimes an

additional dispersion of the appropriate flux was scattered over the top of the sample prior to

calcination.

2.2.4.5 Synthesis with Bi2Sr2CuO6 and CaCu(OAc)4 ·6H2O

Bi-2201 (Bi2Sr2CuO6+x, 100 mg, synthesised either through a NADES method or the aqueous

method) was crushed and mixed with 1 equivalent of CuCa(CH3COO)4 ·6H2O. Sodium flux was

added in the form of NaCl to give 30 % mole of sodium relative to bismuth content. All materials

were ground together with a pestle and mortar. The mixture was crushed into a pellet and lightly

broken up again before being calcined at 850 ◦C for 2 hours.

2.2.5 Synthesis of sponge architectures of high-temperature superconductors

2.2.5.1 Aqueous precursor solution for YBa2Cu3O7

Yttrium(III) nitrate hexahydrate (191.5 mg, 0.05 M, Y(NO3)3 ·6H2O), barium nitrate (261.3 mg,

0.1 M, BaNO3) and copper(II) nitrate hemi(pentahydrate) (348.9 mg, 0.15 M, Cu(NO3)2 ·2.5H2O)

were added to a vial with 10 mL deionised water. The solution was stirred overnight until all

powders had dissolved, affording a blue solution.

2.2.5.2 Aqueous precursor solution for Bi2Sr2CaCu2O8

Bismuth nitrate pentahydrate (485.1 mg, 0.1 M, 1 mmol, Bi(NO3)3 ·5H2O), strontium nitrate

(211.6 mg, 0.1 M, 1 mmol, Sr(NO3)2), calcium nitrate tetrahydrate (118.1 mg, 0.05 M, 0.5

mmol, Ca(NO3)2 ·4H2O) and copper(II) nitrate hemi(pentahydrate) (232.6 mg, 0.1 M, 1 mmol
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Cu(NO3)2 ·2.5H2O) are added to a vial, along with 0.2 g ethylenediaminetetraacetic acid (EDTA).

10 mL deionised water was added, and the whole system was heated to 80 °C and stirred until

the metal salts were fully dissolved, resulting in a blue solution.

2.2.6 Sponge architecture syntheses

2.2.6.1 Sponge-only synthesis

Sections of sponge were cut off from the Flash Magic Eraser and submerged in the YBCO and Bi-

2212 aqueous precursor solutions, prepared using the methods in 2.2.5.1 and 2.2.5.2 respectively.

The beakers containing the sponges were covered in parafilm, and left to soak overnight. The

sponge was dried at 80 °C overnight, before being placed in alumina crucibles and caclined under

the conditions outlined in table 2.6.

Table 2.6: The calcination parameters for YBa2Cu3O7–δ and Bi2Sr2CaCu2O8+x

Dwell temperature / °C Ramp rate / °C min–1 Dwell time / hours
YBCO 920 5 2

BSCCO 850 5 2

2.2.6.2 Sodium alginate and sponge synthesis

The synthesis method closely follows a previously reported method.183 0.1 g of sodium alginate

was added to 50 mL of deionised water and stirred overnight until dissolved. For the concentrated

alginate solution, 0.5 g of sodium alginate was added to 50 mL deionised water and likewise

stirred overnight. Sections of sponge were then cut off the Flash Magic Eraser, and submerged in

the respective alginate solutions in a beaker. The beakers were covered in parafilm and holes

pierced in the film before the beakers were put under vacuum for 5 minutes. Following this,

the sponges were dried at 80°C in an oven. The sponges were submerged in aqueous precursor

solutions of YBCO and BSCCO (synthesis method reported in sections 2.2.5.1 and 2.2.5.2) before

subsequent drying at 80°C. Following this, the sponges were placed in alumina crucibles and

calcined under the conditions outlined in table 2.6.

2.2.6.3 Modified Pechini Method synthesis

This method follows the Pechini method, named after the original patent.123 Citric acid (0.4306

g, 0.0224 mol, 1 eq) was added to ethylene glycol (10 mL, 0.179 mol, 8 eq) and heated to 90 °C

with stirring to allow the citric acid to dissolve. For YBCO, metal nitrates in the concentration

and masses in table 2.7 were added to the solution and then heated to 90 °C under stirring until

all powders have dissolved.
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Table 2.7: The necessary amounts required to synthesise YBCO and Bi-2212 in the correct
stoichiometric ratios.

Target Phase Metal salt Concentration / M Mass / g

YBCO
Y(NO3)3 ·6H2O 0.05 191.5
Ba(NO3)2 0.1 0.2613
Cu(NO3)2 ·2.5H2O 0.15 348.9

Bi-2212

Bi(NO3)3 ·5H2O 0.1 485.1
Sr(NO3)2 0.1 211.6
Ca(NO3)2 ·4H2O 0.05 118.1
Cu(NO3)2 ·2.5H2O 0.1 232.6

A section of Melamine formaldehyde sponge was added to the solution, before gelation in

a furnace at 140 °C with a dwell time of 2 hours. Following this, the samples were calcined

according to the criteria in table 2.6.

40



2.3. ANALYSIS

2.3 Analysis

2.3.1 Powder X-ray Diffraction

Powder X-ray diffraction was carried out on a Bruker D8 Advance powder X-ray diffractometer

with a Cu –Kα (λ =1.5418 Å) source and a positron sensitive PSD LynxEye detector. PXRD

patterns obtained after the initial COVID-19 lockdown were captured by Dr. Natalie Pridmore.

Multiphase Rietveld refinement was carried out using the software Profex (version 5.0.2) in

order to determine phase quantities and unit cell parameters.184 Profex provides a graphical user

interface for the BGMN Rietveld refinement program. Crystal structures were mostly obtained

from the Inorganic Crystal Structure Database (ICSD) as cif files and then imported into Profex

to be converted into structure (str) files. ICSD numbers for phases used are included in the

Appendix. Where an ICSD file was not able to be found, cif files were then either extracted from

the Cambridge Crystallographic Data Centre, or found atomic information found from the initial

discovery papers and then cif files created using the software VESTA.185

2.3.2 Microscopy

2.3.2.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was carried out on a Jeol IT300 scanning electron microscope.

In a typical analysis, a sticky carbon disk was adhered to an aluminium stub, before the sample

was stuck to the disk. The samples were either left uncoated, sputtered in ca. 15 nm silver, or ca.

10 nm carbon. Energy dispersive X-ray analysis data were obtained using an X-max 80 m2 EDX

attachment from Oxford Instruments and analysed with the corresponding AZTec software.

2.3.2.2 Transmission Electron Microscopy

Transmission electron microscopy (TEM) was carried out on either a Jeol 1400 with a 120 kV

accelerating voltage, or on a Jeol 2100 with a 200 kV accelerating voltage. Samples examined

by the latter were run by Dr Jean-Charles Eloi. energy dispersive X-ray analysis (EDXA) were

obtained with an X-Max 80T attachment and also analysed with the corresponding AZTec

software. Samples were cast onto copper grids with either a full carbon film or a lacey carbon

fillm. Samples were first suspended in ethanol, before brief sonication and then a drop of this was

deposited onto the grid. selected-area electron diffraction patterns were obtained in diffraction

mode on either TEM and analysed with the CrysTBox software.186

For the in-situ TEM, a single tilt heating holder (Gatan Model 628) was used. The sample

grid was suspended between two tantalum spacers and mounted into the holder. The heating of

the sample was controlled with a Gatan SmartSet Model 901 Hot Stage Controller, which allows

the user to set a ramp rate and desired temperature automatically, or to control this manually by

adjusting the current.
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2.3.3 Resistance Measurements

For YBa2Cu3O7–δ resistance measurements, the sample was etched with argon plasma for 15

seconds, before gold contacts were evaporated on top of the sample. Gold wires were contacted to

the gold contacts with silver paint (Dupont N4929), before a 4-probe AC method was used to mea-

sure the resistance with an applied current of 10µA. For Bi2Sr2CaCu2O8+x, the gold wires were

attached directly to the sponge with silver paint (Dupont N4929) before the 4-probe AC method

was used to measure the resistance. Images of the samples prior to resistance measurements for

YBa2Cu3O7–δ (Y-123) and Bi2Sr2CaCu2O8+x (Bi-2212) can be found in Appendix A.5 and A.6 in

the Appendix.

2.3.4 SQUID Magnetometry

Superconducting Quantum Interference Device (SQUID) magnetometry was carried out on an

MPMS3 by Quantum Design. Samples were loaded into gel capsules, before being suspended

in a straw. Samples were centred with a centering field between 500 and 1000 Oe. All samples

were cooled under no field, before a field was applied and the moment measured on the increase

in temperature. The data obtained for Na3Ni2BiO6 (NNB) were obtained by the Henry Royce

Institute on the same model of SQUID.

2.3.5 Porosity Analysis

2.3.5.1 BET Isotherm

Gas sorption isotherms were determined using nitrogen sorption at 77 K with a Micromeritics

3-Flex volumetric gas sorption analysis system (nitrogen with purity of 99.9999% was purchased

from Air Products). 100 mg of samples were degassed under dynamic high vacuum (10×10−6 mbar

mbar) at 120 ◦C over 6 hours prior to analysis. Helium was used for free space determination

following isothermal data collection.

2.3.5.2 Mercury Porosimetry

Hg-porosimetry was carried out by MCA Services on a MicroActive AutoPore V 9600.
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NOVEL AND RAPID SOL-GEL SYNTHESES OF HONEYCOMB-LAYERED

AND ORTHORHOMBIC METAL OXIDES

I would like to thank the Henry Royce institute for running some of the SQUID magnetometry

within this chapter. I would also like to thank Iryna Andrusenko and Mauro Gemmi from the

IIT in Pisa for their transmission electron microscopy (TEM) analysis of the R – Bi2O3-containing

sample. Parts of this chapter are published in Dalton Transactions.180

W ith regards to the synthesis of novel superconductive materials, their discovery is often

based on the intuition of the researcher alone. There are superconductive families

where the mechanism of superconductivity is still debated, and it is, therefore, difficult

to determine which materials would be superconductive without resorting to ‘carpet-bombing’

type analyses, where large subsets of materials are sequentially tested. With the advent of high-

throughput computing, materials chemistry is becoming able to predict novel superconductive

materials and identify potential candidates without the necessity for testing each proposed

material. This chapter presents a novel synthesis of two materials predicted to be superconductive

by a machine learning algorithm, and the subsequent analysis of their magnetic behaviour.

3.1 Introduction

3.1.1 Data-driven discovery of materials

As computing power has become more powerful, predicting a material’s properties prior to syn-

thesis has become increasingly possible. This has been described as a ‘new paradigm shift’ in

materials science.187 Calculations using first principles, also known as ab-initio calculations, are

now achievable within ever-shortening time-frames, enabling high-throughput calculations for
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material property prediction. Many examples of ab-initio calculations are being exploited in the

computation of novel materials, such as in protein-structure prediction and crystal structure pre-

diction.188,189 These ab-initio calculations have been used extensively in chemistry and materials

science to predict reaction pathways, band structures and the shapes of the molecular orbitals. In

the field of superconductivity, ab-inito techniques have been used previously to successfully pre-

dict novel superconductive and thermoelectric candidates, which were subsequently synthesised

and tested.190,191 Indeed, the recent discoveries of the hydride superconductors are due in part

to the capability to calculate their properties through ab-initio calculations. This is the case for

LaH10, which was first predicted to be superconductive through computational calculations.192

These calculations were later proven to be reasonably accurate upon the synthesis of the phase.193

The calculation of key properties for these superconductors is possible as they can be described

by the Bardeen-Cooper-Schrieffer Theory (BCS-theory) mechanism of superconductivity, so there

is an understanding of what is required for a good superconductor in this case. When this is

applied to the cuprate or iron based superconductors, it becomes a much more difficult problem

to solve as the exact mechanism behind the superconductivity is not fully understood. As such,

other techniques must be applied to predict novel cuprate materials, or indeed novel families of

superconductors. However, there have been some recent breakthroughs in understanding cuprate

superconductivity, so ab-initio calculations could soon become accessible for these materials.194

3.1.1.1 Machine learning

Machine learning is a process where a computer algorithm is used to learn patterns in data based

on a training dataset, after which the new knowledge can be applied to a new dataset and thus

predict results from these data patterns.195 It is a type of artificial intelligence and is the tech-

nology behind many modern computational applications such as facial and voice recognition.196

Machine learning can be ideal for delving into large amounts of data and subsequently using this

data to predict new ideas based on patterns within this data. This has been successfully used

for medical applications such as drug development.197,198 Machine learning is best when using

sufficiently large datasets for the resulting analysis, meaning that treating data before subjecting

it to the machine learning algorithm is important to examine carefully. Nevertheless, machine

learning has become a powerful tool for discovering novel materials through high-throughput

calculations with large datasets.199,200

More recently, machine learning has also been used to predict completely novel supercon-

ductors without a prior understanding of their superconducting properties. In 2018, a machine

learning algorithm was trained on the SuperCon database, a database full of all known su-

perconductive materials. This algorithm was then applied to the Inorganic Crystal Structure

Database (ICSD), and the machine learning pipeline identified several materials as potential

superconductors.201 35 of these materials were identified as particularly interesting due to their

lack of iron or copper in their crystal structure. This means that, should superconductivity be
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Table 3.1: Table that summarises the 35 compounds identified by the machine learning algorithm
to potentially exibit superconductivity. Figure reproduced from reference 201. An additional
column has been added to provide the predicted TC’s identified by the pipeline.

Compound Symmetry ICSD Code Predicted TC / K

CsBe(AsO4) Orthorhombic 074027 24.57
RbAsO2 Orthorhombic 413150 35.83
KSbO2 Monoclinic 411214 34.13
CsSbO2 Monoclinic 59329 31.83
AgCrO2 Hexagonal 004149/025624 48.44
K0.8(Li0.2Sn0.76)O2 Hexagonal 262638 26.84
Cs(MoZn)(O3F3) Cubic 018082 33.78
Na3Cd2(IrO6) Monoclinic 404507 39.65
Sr3Cd(PtO6) Hexagonal 280518 38.7
Sr3Zn(PtO6) Hexagonal 280519 40.37
(Ba5Br2)Ru2O9 Hexagonal 245668 Below 5 K
Ba4(AgO2)(AuO4) Orthorhombic 072329 45.66
Sr5(AuO4)2 Orthorhombic 071965 39.91
RbSeO2F Cubic 078399 28.57
CsSeO2F Cubic 078400 26.09
KTeO2F Monoclinic 411068 30.29
Na2K4(Tl2O6) Monoclinic 074956 46.34
Na3Ni2BiO6 Monoclinic 237391 41.23
Na3Ca2BiO6 Orthorhombic 240975 43.74
CsCd(BO3) Cubic 189199 35.3
K2Cd(SiO4) Orthorhombic 083229/086917 40.73
Rb2Cd(SiO4) Orthorhombic 093879 43.13
K2Zn(SiO4) Orthorhombic 083227 39.7
K2Zn(Si2O6) Orthorhombic 079705 36.26
K2Zn(Ge2O6) Orthorhombic 069018/085005/085007 50.88
Na6Ca3(Ge2O6)3 Hexagonal 067315 30.06
Cs3(AlGe2O7) Monoclinic 412140 35.57
K4Ba(Ge3O9) Monoclinic 100203 44.74
K16Sr4(Ge3O6)4 Cubic 100202 44.23
K3Tb[Ge3O8(OH)2] Orthorhombic 193585 32.53
K3Eu[Ge3O8(OH)2] Orthorhombic 262677 35.08
KBa6Zn7(Ga7O21) Trigonal 040856 30.13

found in any of these materials, it would indicate an entirely new family of superconductive

materials. The initially reported table is reproduced in Table 3.1, but an extra column is added

to indicate the predicted critical temperature (Tc) as determined by AFLOW and the initial

algorithm.

Many of these compounds have been reported on only a few times, with no prior conductivity
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or magnetic susceptibility data, except for AgCrO2 and Na3Ni2BiO6 (NNB), which were found

to be antiferromagnetic.181,202 Despite this, it was decided that NNB and Na3Ca2BiO6 (NCB)

were good candidates to attempt to synthesise due to the ease of availability of the metal nitrates

of the constituent elements and due to their similar crystal structures. A further material

chosen to be synthesised in this thesis was KBa6Zn4Ga7O21 (KBZGO), again due to ease of

access of the metal nitrates. As discussed in Section 1.3.2.2, all of the metal nitrate salts used

would be compatible with biopolymer-mediated syntheses where water is a solvent. It is possible

that AgCrO2 and NNB were identified as potential candidates by the pipeline because of their

antiferromagnetic behaviour. This is because the cuprates, iron-pnictides, and iron-chalcogenides

are antiferromagnetic in their parent states, requiring doping to induce the superconductive

state.203 Thus, the machine learning algorithm could have identified this as a potential marker

for superconductivity.

3.1.2 Na3Ni2BiO6 and Na3Ca2BiO6

NCB and NNB are both layered metal oxides with crystal structures based on α-NaFeO2.181,204

α-NaFeO2 and the Delafossite structure AMO2 are common layered crystal structures, with many

potential elemental compositions. α-NaFeO2 in itself is an interesting material, as the iron ions

are magnetically active but form a frustrated net, forming a frustrated antiferromagnetic material,

as discussed in Section 1.1.4. NaxCoO2 is also a frustrated antiferromagnetic material, but it

can form two hydrated compounds that exhibit superconductivity.205 Typically in the α-NaFeO2

structure, the alkali metal is octahedrally coordinated between layers of MO6 octahedra. If

1/3 of the M ions are substituted for another element, A3M2M‘O6 is formed, though the exact

crystal structure depends on the oxidation state and size of the constituent ions. If A and M’

are similarly sized but very different in oxidation state - for example +1 to +5, the M and M’

ions are crystallised in the same layer, with the M ions forming a hexagonal array around the

M’ ions, and is often referred to as a honeycomb layered oxide. This is the case for NNB and

other members of the family such as Na3Ni2SbO6, Li3Ni2BiO6 and Na3Mn2SbO6. Alternatively,

a competing rock-salt like phase can form with a Fddd space group, which is often referred to as

the orthorhombic phase - this is the case for NCB.204,206 These two polymorphs can be in close

competition with each other, and it has been shown that the synthesis method can be key in

directing the eventual structure; this was seen with Li3Co2SbO6, where varying the synthesis

conditions altered the primary phase formed in the synthesis.206 A graphical representation of

the two crystal structures can be found in Figure 3.1

NCB has not been studied much following its initial synthesis, and thus its electronic and

magnetic properties are yet unknown. The Material’s project, a computational project with the

aim of predicting many properties of materials computationally, has calculated a potential band-

gap for this material of 1.564 eV, though notes that DFT calculations can underestimate this

value.207 The seminal synthesis of NCB involved a solid-state process, where the constituent
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Figure 3.1: Figure depicting the crystal structures with a polyhedral representation of the
octahedra in (A) NNB, where yellow represents sodium, silver represents nickel, purple represents
bismuth, and red represents oxygen. (B) NCB where yellow represents sodium, blue represents
calcium, purple represents bismuth and red represents oxygen.

elements were combined as solid powders and heated within a tube furnace. The calcination

required a heat to 1100 ◦C and holding there for 24 h. It was then cooled slowly to 800 ◦C and

held for an hour, before allowing to cool to room temperature naturally.204 NCB is isostructural

with Na3Ca2TaO6, which is intriguing as Na3Ca2TaO6 was found to exhibit some conductivity at

high temperatures, indicating that there could be some interesting properties to NCB.208

An interesting magnetic structure is formed when a spin-active ion is present in the honeycomb-

layered oxide, as is the case for NNB. Strictly speaking, this antiferromagnetic structure is not

traditionally considered to be frustrated. Still, it must be acknowledged that magnetic ions on a

hexagonal net can often experience some form of frustration that leads to a depression of ordering

temperature. This can be seen when considering the next-nearest neighbour interactions of the

magnetic ions. This manifests as a low magnetic ordering (Néel) temperature of 12 K.181

The seminal synthesis of NNB utilised a two-step synthesis, where metal oxide and carbonate

powders consisting of the constituent elements were combined as powders and pressed into

pellets and calcined in a furnace under flowing oxygen at 700 ◦C for 8 h with a ramp rate of

2 °C/min. This was followed by a regrinding step and reheating to 750 ◦C for 12 h. Most further

studies on NNB utilise this synthesis, though a top-down method has also been carried out, using

electrospinning to create a fibre that is then calcined.209

3.1.3 Na-ion batteries

Li-ion batteries (LIBs) have revolutionised electronics and enabled high-power, portable elec-

tronics to become a regular feature of everyday life. The invention of LIBs was such a feat

that the inventors Goodenough, Whittingham and Yoshino were awarded the Nobel Prize in

chemistry in 2019.210 However, despite their excellent energy density and rechargeability, these

batteries have several downsides. LIBs commonly used in laptops and mobile phones are usually

lithium-polymer batteries and consist of a polymer gel as an electrolyte. While gas generation

occurs as a normal by-product of the reactions inside the cell, sometimes manufacturing errors
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Figure 3.2: Figure depicting a slice from a powder X-ray diffraction (pXRD) pattern of NNB,
where the black line depicts a sample that exhibited the hexagonal superlattice peaks (labelled
with a star) indicative of the ordered structure, and the pink line represents a sample that
exhibited stacking defects and thus consisted of only a Warren peak (labelled with a square).

can lead to excess gas production and the battery packs can swell and rupture, leading to the

release of harmful and often flammable gases.211 Additionally, there are several other factors

that can lead to runaway reactions inside LIBs, resulting in excess heat production and often

fires or explosions.212,213 Indeed, a fault with the battery supplier caused Samsung to recall their

Note7 phones after several reported fires.214 This instability, combined with the fact that lithium

is a finite resource in high demand, has led to the desire for alternative materials for a cathode,

for example Na-ion batteries (NIBs).215,216 NIBs are a favourable potential alternative to LIBs,

due to the similarity in chemistry between sodium and lithium, combined with sodium’s much

higher abundance and increased relative safety.217

NNB has been explored for its potential as a cathode in NIBs due to the mobility of the sodium

ions in the crystal structure.218 The nickel ions in its crystal lattice are in a reduced-valence state,

and are thus able to access a full redox chemistry. A similar material, Na3Ni2SbO6 has also been

shown to exhibit good cycling stability and theoretical discharge capacity.219,220 However, there

are often stacking defects along the c-axis in these materials, which can limit the battery capacity,

resulting in poor performance.221 These stacking defects manifest as characteristically shaped

x-ray peaks known as Warren Peaks.222 These peaks appear with a sharp increase in intensity

at the low-angle end with a gradual decrease in intensity at the high-angle end, resulting in

asymmetrical peaks.223 For NNB, the stacking defects can be somewhat resolved by performing

an additional annealing step. Figure 3.2 shows an example of what a Warren peak looks like in

comparison to the peaks arising due to the hexagonal superlattice.

Warren peaks were first observed from the diffraction pattern of carbon black, which prompted

Warren to analyse these anisotropic peaks mathematically to determine how they arose. He

determined that it was a mixture of random-layer stacking, combined with broadening from

small particle sizes that resulted in these distinct asymmetrical peaks.223 The stacking features
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that give rise to a Warren peak are due to random shifts between layers of unit cells. This can

be imagined to be similar to a stack of cards which are not stacked uniformly on top of each

other, but instead the occasional group of cards are shifted out of alignment. There is therefore

a probability function for the likelihood of the planes to be shifted out of alignment, and the

intensity of the diffracted peak is inversely related to this probability - if the stacks are aligned

perfectly, the Bragg condition will be satisfied and therefore the diffracted peak will be registered

by the detector.224 Similarly to the broadening observed for small crystallites in pXRD, there

is peak broadening in the case of disordered stacking due to too few planes being sufficiently

aligned to destructively interfere fully.168 These two effects behaving in tandem give rise to the

Warren peaks in place of the distinct hexagonal superlattice peaks expected for NNB.

3.2 Results and discussion

This work aimed to explore novel syntheses of these metal oxides and subsequently test the

magnetic behaviour with Superconducting Quantum Interference Device (SQUID) magnetometry.

It was also decided that the synthesis techniques used should be facile, without the necessity

for many solid-state heating steps with a view to create a more ‘green synthesis’. Therefore, two

methods were devised for this, one aqueous biopolymer-mediated synthesis, and one utilising

a natural deep eutectic solvent (NADES) formed between betaine and glucose. The biopolymer-

mediated synthesis was decided upon due to its previously proven robustness at synthesising

metal oxide materials such as YBa2Cu3O7–δ, Bi2Sr2CaCu2O8+x and metal oxide sponges and

nanoparticles.138,225,226 The method utilising the NADES between betaine and glucose was

chosen due to its suitability for the synthesis of Bi2Sr2CaCu2O8+x, due to the ability of the

NADES to solubilise the Bi3+ ions.159 Due to its success with Bi2Sr2CaCu2O8+x, it was thought

that this synthesis would be similarly compatible with NNB and NCB. Both of these methods

are aqueous, thus the metal salts utilised in the synthesis were also important to consider, and

where possible metal nitrates were chosen. The constituent elements for NNB, NCB and KBZGO

are all available as metal nitrate salts, so these were chosen to be synthesised first from the

list of interesting candidates by the machine learning algorithm given in Table 3.1. Of these

metal nitrate salts, all are relatively benign, with only nickel being hazardous due to its status

as a carcinogen. In comparison to other candidates identified by the machine learning algorithm,

such as those containing hazardous elements such as arsenic, or those containing prohibitively

expensive elements such as platinum, it was thought that beginning these studies with NNB,

NCB and KBZGO would be interesting, to determine if superconductivity can be identified in

these materials. Additionally, the lack of previous research on NCB and KBZGO was interesting,

as these could be interesting materials for other applications besides superconductivity. NNB is

an interesting compound in its own right, due to its potential as a cathode in NIBs.
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3.2.1 The synthesis of Na3Ni2BiO6

3.2.1.1 Aqueous synthesis method

The first synthesis attempted utilised an aqueous solvent with the addition of the biopolymer

dextran as a chelating agent. To aid the dissolution of BiNO3 ·5H2O, ethylenediaminetetraacetic

acid (EDTA) was added to the initial solution. Bismuth has previously been shown to form

insoluble hydrate salts such as bismuth subnitrate, which prevent it from dissolving into the

aqueous solution.227 The seminal synthesis of NNB used the sodium precursor in excess of 3 % to

overcome its natural volatility.181 Therefore, an excess of 3 % NaNO3 was used in all syntheses.

A synthesis with 300 mg of dextran per 1 mL of aqueous precursor solution was attempted.

This yielded the target phase of NNB when a dwell temperature of 700 ◦C was used, but it was

also successful with 800 ◦C. This is unsurprising as the seminal synthesis required a temperature

of 700 ◦C with a subsequent anneal at 750 ◦C. Interestingly, despite the prevalence of the target

phase, the peaks that should arise due to the hexagonal superlattice were not present, and

instead a Warren peak was observed, where there was a sharp peak at the low angle which tapers

off in intensity at higher angles. This is shown in Figure 3.3, and indicated that the target phase

exhibited stacking defects. Annealing the sample at 750 ◦C for 6 h yielded a sample with peaks

attributable to the hexagonal superlattice, however this experiment was not reproducible, and

annealing attempts with subsequent samples did not appear to work. Due to the high oxygenation

of NNB, its first synthesis required an atmosphere of flowing oxygen for all steps of the synthesis.

When dextran burns, it forms carbon dioxide and carbon monoxide, which result in a reducing

atmosphere within the furnace. As the furnaces used in this work are chamber furnaces, there is

very little airflow for the sample, thus resulting in a reducing atmosphere which is not ideal for

the formation of NNB.

Therefore, to examine the effect of the amount of dextran on this synthesis, a few different

amounts of dextran were utilised; 0, 100, 300 and 1000 mg. The resulting pXRD patterns are

given in Figure Figure 3.3. The dextran used in this synthesis was labelled as ‘high fraction’,

which corresponded to an average molecular weight of Mr ∽ 250000 Da. The target phase was

found to form only when 100 or 300 mg of dextran was used. The sample with only 100 mg

exhibited the peaks that can be attributed to the hexagonal superlattice, thus indicating that

the sample was ordered and didn’t exhibit stacking defects. In contrast, the sample with 300 mg

dextran exhibited a Warren peak instead of the characteristic peaks arising due to the hexagonal

superlattice. In the absence of any dextran, the target phase did not form, indicating that the

EDTA alone is not sufficient for the chelation of the metal ions in solution to result in the desired

phase. It appears that there is a requirement for some biopolymer, as is the case with the 100 mg

sample, but too much and the desired phase is no longer able to form, as is the case with the

1000 mg sample. Another interesting feature of the synthesis with 100 mg of dextran is the fact

that when dwelled at 700 ◦C, the sample was less pure, and far less of the target phase formed.

This indicates that the addition of less dextran has resulted in the requirement for a higher
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dwell-time before the desired phase is formed.

In the pXRD patterns given in Figure 3.3, and those that appear later on in this chapter,

two phases reported are NaNO2 and NaNO3 (sodium nitrite and sodium nitrate, respectively).

Sodium nitrate is known to begin to decompose into sodium nitrite at temperatures above 450 ◦C,

which would ordinarily rule it out as a potential products during this synthesis.228 However,

both sodium nitrate and sodium nitrite are also known to form molten salt mixtures, such as

the equimolar mixture between potassium nitrate and sodium nitrate, which are much more

stable and able to persist up to temperatures as high as 650 ◦C.229. It is therefore possible that

the bismuth or the nickel nitrate is forming a molten salt with the sodium nitrate, and thus

stabilising this component at much higher temperatures and resulting in the precipitation of

the original salt after the furnace has cooled. Indeed, ternary molten metal salts have also been

observed from mixtures of calcium, sodium and lithium nitrates, which are stable up to 600 ◦C.230

To determine if this is the case, a future study could be to mix the sodium nitrate with bismuth

and/or nickel nitrate individually, to determine if sodium nitrate is sill a product in this case. An

alternative phase that could also match these pXRD peaks is NaBiO3, which was first observed

in 2020 through a hydrothermal synthesis.231 However, this phase was also found to degrade at

temperatures above 400 ◦C, which would mean it was also an unlikely product in this synthesis.

Due to previous observations of molten salt formation for sodium nitrate and sodium nitrite, it

was reasoned that these phases are possible to have formed in this synthesis and was therefore

used for the refinements in the pXRD patterns in this chapter.

To further understand the phase evolution of this synthesis, dwell temperatures at 100 ◦C
intervals between 500 and 1000 ◦C with 2 h dwell times were carried out. The resulting pXRD

patterns and Rietveld analysis are given in Figure 3.4. As these samples were not examined in-

situ, the phases present likely represent a thermodynamic product, rather than representing what

was happening during calcination. To fully probe this, variable temperature pXRD would need

to be utilised so that the phase evolution during the calcination can be analysed. Interestingly,

a significant phase of the synthesis at 600 ◦C, and indeed the syntheses with no dextran and

1000 mg, seemed to match a polymorph of Bi2O3 which has only been observed from a high-

pressure synthesis previously.28 The phase observed is not the high-pressure polymorph reported

during that work, but rather a decomposition product of the high pressure polymorph, denoted

as R –Bi2O3. The high-pressure polymorph is metastable, and relaxes into R –Bi2O3, before a

final transformation to the most commonly occurring polymorph of Bi2O3, α-Bi2O3. Additional

evidence for the presence of this material came from energy dispersive X-ray analysis (EDXA)

performed by Dr. Iryna Andrusenko on the material in a TEM. It was observed that there were

two main morphologies of material, a rod-like material the consisted mostly of bismuth and

oxygen and the bulk material which consisted mostly of nickel and oxygen. These data are

presented in Appendix A.1. After roughly a year, this sample was re-examined with pXRD, and it

was found that the crystal structure had transformed, at least partially to Bi2O2CO3. While this
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Figure 3.3: pXRD data showing the results of changing the amount of dextran on the product
material. The dextran used in this synthesis had a molecular weight of ∽ 250000 Da.

is not the expected α-Bi2O3 phase, it is still a possible decomposition product of the R –Bi2O3

phase. These data are also found in Appendix A.1. A full breakdown of the phase quantities as

determined by Rietveld refinement can be found in Table 3.4.

Finally, the synthesis was reattempted with a different molecular weight of dextran to explore

the effect of chain length on the synthesis. Therefore the synthesis was performed with with Mr ∽

70000 Da dextran instead of the higher molecular weight dextran used in the previous tests. The

results from this synthesis at 800 ◦C are examined in Figure 3.5, where it can be seen that the

peaks due to the hexagonal superlattice are highly prevalent. The first hexagonal superlattice

peak does exhibit a small amount of anisotropy, indicating that there could be some disorder

to the structure. Rietveld refinement determined this sample to consist of 82 % of the target

phase, Na3Ni2BiO6, 2 % R –Bi2O3, 6 % NiO and 9 % NaNO3. The Rwp of this sample was 5.61

%, resulting in a χ2 of 4.16. Despite being the lowest χ2 observed thus far, it is still not within

the general acceptance limit of χ2 = 1.5. The higher χ2 in this case could be due in part to the

anisotropic peak observed for the first hexagonal superlattice peak. As the disordered polymorph

does not have a crystal information file (CIF), Profex is not able to accurately refine these data.

scanning electron microscopy (SEM) of the sample indicated that it was mostly formed of a

blocky structure, without much porosity or direction of structure. It is possible that attempting to
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Figure 3.4: (a) pXRD data depicting the phases present in the product material calcined at various
different temperatures. These syntheses utilised 100 mg of the Mr ∽ 250000 Da dextran. The
target phase, NNB was observed at 700 and 800 ◦C. (b) Plot depicting the phase evolution of the
different constituent phases present during the aqueous synthesis at different temperatures.
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Figure 3.5: a) pXRD data of the NNB sample synthesised using 100 mg dextran as the chelating
agent. Green indices are attributed to the Bragg reflections of the target Na3Ni2BiO6 phase.
Impurities of NiO and NaNO3 are indicated by the triangle and circle symbols, respectively. Inset
shows a magnified section of the experimental data between 15°and 27°2θ with stars denoting
the peaks arising from the hexagonal superlattice. b) and c) SEM images of the NNB sample,
depicting a clear difference in morphology of the sample. Scale bar in (b) indicates a length of
20µm, (c) indicates a length of 1µm.

manipulate the dextran gel, as was carried out for YBa2Cu3O7–δ by Walsh et al. could result in

some deliberate control of the structure.225 The gel formed in this synthesis is likely not viscous

enough, however, to be able to draw it into strands.

From these syntheses, it has been found that it is possible to synthesise NNB through a

biopolymer-mediated synthesis. The most promising example is an 800 ◦C synthesis with a 2 h

dwell time and the dextran with a Mr ∽ 70000 Da.
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3.2.1.2 Synthesis by a natural deep eutectic solvent

This synthesis is based on a method that was first devised by Rojas et al. for the synthesis

of Bi2Sr2CaCu2O8+x (Bi-2212). The advantage of this method was the excellent ability of the

NADES to solubise the bismuth nitrate pentahydrate and there was therefore no need to add

additional chelating agents such as EDTA. As such, this synthesis was adapted for the synthesis

of NNB. Similarly to the aqueous syntheses, a phase evolution study was carried out, where

multiple samples were calcined at different temperatures between 500 and 1000 ◦C to gain a

broad understanding of which phases formed during the syntheses. The pXRD patterns and

Rietveld phase evolution information are found in Figure 3.6 and a full breakdown of this

information as determined by Rietveld refinement can be found in Table 3.3. As with the aqueous

synthesis, common impurities were NiO and NaNO3. Again, the metastable phase R –Bi2O3 was

observed at various temperatures throughout the synthesis. The target phase formed at 800

and 900 ◦C, with an optimum temperature of 800 ◦C. While this is a higher temperature than

the seminal synthesis, the overall dwell time is greatly reduced, and it forgoes the necessity for

flowing oxygen throughout and a subsequent annealing step.

Further analysis of this sample synthesised at 800 ◦C indicated that there was a prevalence

of hexagonal superlattice peaks (Figure 3.7a). This indicated that the sample was an ordered

polymorph without stacking defects in the crystal structure. From SEM, it was found that

the material’s structure was predominantly porous, but there was also evidence of micro- and

nanowires spread sporadically throughout the porous network, as seen in Figure 3.7. These were

not confirmed to be due to the target phase and indeed it is likely that they are due to an impurity

phase such as NaNO3 or R –Bi2O3. The pores could be due to the decomposition of the NADES

into CO2 during the heating cycle, which forms bubbles within the remaining metal oxide. The

porous nature of this material could be a beneficial architecture of electrodes; it has been shown

that a porous material for an electrode could be ideal, as the larger surface area could allow

ample contact between the electrolyte and the electrode surface.232

Rietveld refinement determined that the powder consisted of 76 % of the target phase, 17 %

of the NaNO3 and 7 % NiO. The goodness of fit of this refinement was 4.02, which corresponds

to a χ2 of 16.20. This worse fit appears to arise due to an intensity mismatch between the (001)

and (002) peaks in the pattern. The (002) peak is relatively higher intensity than the (001) peak.

Often in Rietveld refinement, the parameters of each structure must be adjusted in order to

account for things such as preferential orientation or microstrain within the structure. However,

in the case of the (001) and (002) peaks, accounting preferential orientation would not overcome

the intensity mismatch as they arise from the same direction of the crystal lattice. It is possible

that this mismatch is due to the uncertainty of the site occupancy for the Ni and Bi ions given in

the CIF; in the originally reported structure, the first Bi/Ni site is 63.8 % likely to contain Bi and

36.2 % likely to contain Ni, whereas the second site is more likely to be occupied by Ni over Bi

(81.8 % for Ni and 18.1 % Bi). Nickel and bismuth scatter X-rays differently; nickel has a much
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Figure 3.6: (a) pXRD data depicting the phases present in the product material calcined at
various different temperatures synthesised with the NADES method. The target phase, NNB
was observed at 800 and 900 ◦C. (b) Plot depicting the phase evolution of the different constituent
phases present during the NADES synthesis at different temperatures.
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lower scattering factor than bismuth. Therefore, if the occupancy of this site is different to what

is expected, the relative intensities of the (001) and (002) peaks could be affected. Another reason

for the intensity mismatch could be due to the stacking defects that reduce the intensity of the

hexagonal superlattice peaks. These stacking defects are along the c-axis, meaning that if the

unit cells are not stacking correctly, there could be a lower-than-expected signal from the (001)

plane. As the (002) plane is within the unit cell, if the stacking slip is between unit cells, the

intensity of the (002) plane should be relatively unaffected, thus yielding the (002) being higher

in intensity than expected when compared to the (001) reflection.

Upon repeat experiments, it was also found that the disordered polymorph of NNB occasionally

formed. The cause for this is likely due to the slight changes in the atmosphere within the furnace

yielding a reducing environment and thus resulting in stacking defects in the product material.

This synthesis, along with the aqueous synthesis, is incompatible with utilising flowing oxygen

due to the combustible precursor materials. However, subsequent annealing steps could be

utilised to attempt to produce an ordered polymorph. Additionally, performing this reaction in an

open tube furnace to allow for the carbon dioxide produced by the reaction to escape, yielded the

ordered polymorph.

3.2.1.3 Magnetic susceptibility measurements

The sample synthesised by the aqueous method with 100 mg of Mr ∽ 70000 Da dextran was

analysed by SQUID due to the prevalence of hexagonal superlattice peaks. The volume sus-

ceptibility of the samples was calculated using Equation 1.2, where the density used was the

literature-reported crystal density. For these samples, a susceptibility against temperature plot

which was characteristic of an antiferromagnetic material was observed, shown in Figure 3.8

which is consistent with what has been observed for this material previously.181 The magnetic

ordering temperature, or Néel temperature, was observed to be 11.9 K. Additional analysis of

this sample was also possible, in order to calculate additional physical properties using equations

1.1 and 3.1.

The Curie-Weiss temperature of the material could be calculated by plotting a graph of 1
χ

against T. In this way, the gradient of such a plot represents 1
C , where C is the Curie constant and

the intercept of this graph represents θCW
C where θCW is the Curie Weiss temperature. In some

cases, a temperature-independent correction factor, χ0, is utilised to accommodate unaccounted

for interactions, such as diamagnetism of the sample holder or additional magnetic effects of the

sample.52 In this case, however, it appears that the extra correction factor was unnecessary, as

the resulting 1
χ

against T showed a good straight line relationship. Using this plot of 1
χ

against T,

a line of best fit between 40 and 130 K was extrapolated. This lead to a gradient of 2.07, with an

intercept of 1.16, which leads to C equalling 0.484 K−1 and a Curie-Weiss, θCW , temperature of

0.79 K. A positive value of the Curie-Weiss temperature when considering an antiferromagnetic

material is indicative of a frustrated system. The small magnitude of θCW in this case, however,
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Figure 3.7: a) PXRD data of the NADES sample synthesised at 800 ◦C. Green indices are at-
tributed to the Bragg reflections of the target Na3Ni2BiO6 phase. Impurities of NiO and NaNO3
are indicated by the triangle and circle symbols, respectively. Inset shows a magnified section of
the experimental data between 15°and 27°2θ, with stars denoting the peaks arising from the
hexagonal superlattice. In blue is an example of an experiment that resulted in the Warren peak
instead of peaks belonging to the hexagonal superlattice. b) Scanning electron micrograph depict-
ing the as-synthesised material. c) Scanning electron micrograph depicting the as-synthesied
material, focusing on the nanowire-like growths that occurred throughout. Scale bar in (b) indi-
cates a length of 100µm, (c) indicates a length of 10µm.
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Figure 3.8: Zero-field cooled SQUID magnetometry data of the NNB sample synthesised with the
biopolymer-mediated synthesis with 100 mg of dextran with Mr ∽ 70000. In purple is the plot of
inverse susceptibility against temperature. This SQUID data was obtained by the Henry Royce
institute at Sheffield.

indicates that the degree of frustration is low, and that it behaves as a paramagnetic material at

room temperature.

(3.1) C =
nµ0µ

2
e f f

3KB

From these data, it is possible to also calculate the effective moment of the nickel ions within

the sample. Using the volume of the unit cell to be the literature-reported value of 271.9 Å and

the fact that there are 6 nickel ions per unit cell, the volume density of nickel, n, in this case was

2.2×1028 m−3. Rearranging equation 3.1 gives equation 3.2

(3.2) µe f f =
√

3kBC
nµ0

Using the calculated value of C, 0.484 K−1, and the calculated value of n, it follows that the

effective moment, µe f f was calculated to be 2.90 µB, where µB is the Bohr magneton, with a value

of 9.274×10−24 JT−1. This is consistent with a divalent nickel ion in an octahedral environment,

and indicates that the magnetic behaviour of the crystal is, indeed, arising from the nickel ions

within the lattice.52
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3.2.2 The synthesis of Na3Ca2BiO6

3.2.2.1 Aqueous synthesis method

This synthesis method was initially unsuccessful due to the metal nitrate salts dropping out of

solution frequently, even with the addition of EDTA. Following several attempts, the synthesis was

subsequently carried out by creating two separate aqueous solutions: one with Bi(NO3)3 ·5H2O

only, and one with NaNO3 and Ca(NO3)2 ·4H2O. Using the knowledge from the syntheses of

NNB, the synthesis utilised 100 mg of dextran. Initially, it was believed that this method was

incompatible with NCB, as the target phase was not formed when synthesised at 1000 ◦C, which

was thought to be the temperature necessary for this phase based on its seminal synthesis.

However, further temperature studies, where dwell temperatures between 500 and 1000 ◦C were

used, determined that the target phase formed between 700 and 900 ◦C, after only a 2 h dwell

time. A plot of this data can be found in Appendix A.2. A control experiment was also carried out

with no addition of dextran, in order to determine if the dextran was necessary for the formation

of the target phase. As can be seen from Figure 3.9, the target phase did form, however there

were also several impurity phases such as Ca4Bi6O13, Ca6Bi6O15 and CaO which lowered the

overall purity of the sample. Comparing the two syntheses, both samples were very similar, with

a significant percentage of the sample consisting of CaO. For both samples. the percentage of

the sample that formed the target phase was around 50 %, indicating that there is some change

needed to the synthetic method to yield a more pure sample.

Based on the data for NNB, it was considered that using dextran with Mr ∽ 70,000 could

result in the synthesis of a purer sample of NCB. As such, it was decided that the use of 100 mg

dextran with Mr ∽ 70000 Da should also be examined. Dwell temperatures between 600 and

1000 ◦C were carried out with this molecular weight of dextran, and the results of this can be

found in Figure 3.10. It appears that this method is very successful at synthesising the target

phase, and it was successfully synthesised between temperatures of 700 - 900 ◦C. The optimum

temperature for the synthesis of NCB using this method was found to be 800 ◦C with it found

to consist of 79 % of the target phase, though the synthesis at 700 ◦C was also excellent, with

a phase purity of 70 %. It is important to note that these phase evolution data are not taken

in-situ, and instead likely represent a thermodynamic product from each synthesis. Additionally,

to keep the samples consistent with each other, the furnace was dwelled at each temperature

for 2 h, further ensuring that the product consisted of the thermodynamic product. It appears as

though with this method, the target phase begins to break down into CaO and Ca6Bi6O13 and,

presumably, some volatile Na-phases above 900 ◦C, as evidenced by the data observed for the 900

and 1000 ◦C dwell times. This is interesting when considering the seminal synthesis of NCB, as

the maximum dwell temperatue in that synthesis was 1000 ◦C. Another common impurity phase

was Na(NO3) which was also observed with the synthesis of NNB. A full breakdown of this phase

information can be found in Table 3.4.

It is interesting that there is such a marked difference between the syntheses with ‘High-
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Figure 3.9: pXRD data for (top) NCB synthesised using 100 mg dextran and (bottom) synthesised
without any dextran.

fraction’ dextran as compared to dextran with a Mr ∽ 70000 Da. Changing the molecular weight of

dextran has been shown previously to affect red blood cell aggregation and on its phase separation

properties with protein/dextran aggregations.233,234 The difference between the samples in this

case could be due to the lack of movement of the longer chains of dextran, resulting in poorer

mixing of the metal cations in solution, thus preventing a good random mixing of the metal ions

and thus yielding a poorer quality product.
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Figure 3.10: a) pXRD data depicting the phases present in the product material calcined at
various different temperatures via. the biopolymer-mediated synthesis with Mr ∽ 70000 Da
dextran. The target phase, NCB was observed between 700 and 900 ◦C. (b) Plot depicting the
phase evolution of the different constituent phases present during the NADES synthesis at
different temperatures.
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Figure 3.11: a) pXRD data of the NCB sample synthesised through the aqueous method. Blue
indices are attributed to the Bragg reflections of the target phase, Na3Ca2BiO6. Impurity peaks
belonging to Ca4Bi6O13, Bi6Ca6O15, and β-Bi2O3, NaNO3 are denoted by green, orange, purple
and black squares respectively. b) and c) SEM images of the NCB-aqueous sample. Scale bars
indicate a length of (b) 10µm and (c) 2µm.

3.2.2.2 Synthesis via a natural deep eutectic solvent

This synthesis followed the same process as what was carried out for NNB. The bismuth nitrate

readily dissolved into the NADES, and no precipitation was observed when the NADES solution

was combined with the NaCa-aqueous stock solution (the same as what was used for the aqueous

synthesis). After heating for two hours at 80 ◦C, the solution was viscous and dark brown,

indicating that the water had completely evaporated from the solution. The target phase was

detected at 700, 800 and 900 ◦C, but syntheses were also carried out at 500, 600 and 1000 ◦C.

Unlike the synthesis of NNB, the metastable polymorph of Bi2O3 was not observed after these

syntheses. Common impurity phases discovered were Ca4Bi6O13 and Ca6Bi6O15, though it is

63



CHAPTER 3. NOVEL AND RAPID SOL-GEL SYNTHESES OF HONEYCOMB-LAYERED AND
ORTHORHOMBIC METAL OXIDES

possible that the true phases present were actually an off-stoichiometry of these, as there are a

wide-range of possible Ca-Bi-O stoichiometries that are able to form. Interestingly, in comparison

to the syntheses with NNB, the only Bi2O3 polymorph that was found to form a majority phase at

any point was β-Bi2O3, which was the major product for the synthesis at 500 ◦C. Instead, at higher

temperatures, β-Bi2O3 seemed to convert to Ca4Bi6O13 and Ca6Bi6O15. It appeared that Bi-Ca-O

phases were more likely to form over Bi-O phases. Additionally, the metastable R –Bi2O3 phase

was not observed in any of these syntheses, indicating that it is energetically more favourable for

the formation of Bi-Ca-O phases than for the metastable R –Bi2O3. Additionally, very few mixed

Ni-Bi-O phases were observed in the syntheses of NNB. This indicates that Bi-Ni-O phases are

much less energetically favourable than Bi-Ca-O phases, possibly due to the differing Shannon

radii of Ca+2 versus Ni+2.235 Full Rietveld refinement details can be found in Table 3.5

As with the aqueous synthesis method, the optimum dwell temperature was determined to be

800 ◦C, with 91 % of the sample consisting of the target phase, Na3Ca2BiO6. The data given in

figure 3.13a shows the as-refined pXRD data. In 3.13b and c, the morphology of the sample as

analysed by SEM is shown. It appears that, as is consistent with the equivalent NNB sample,

this NADES-synthesised material is porous with small crystallites. The target phase made up

91 % of the sample, with other impurity phases of Ca4Bi6O13 (3 %), Ca6Bi6O15 (3 %) and Bi4O7

(3 %), The refinement had a goodness of fit value of 2.77. This data was very promising, and it

was therefore clear that the target phase, Na3Ca2BiO6 had been successfully synthesised by this

method. This method was also repeatable, though the exact percentage of the target phase would

fluctuate between 80 - 90 %, with differing quantities of the impurity phases.

Overall, it appears that for optimal synthesis of NCB via. a NADES, the dwell temperature

should be 800 ◦C. This temperature appears to be the most viable temperature, as syntheses

at 700 or 900 ◦C resulted in poor purity of the target phase. It is possible that adjusting these

parameters by dwelling at temperature for longer could improve syntheses at these temperatures.

However, it remains the case that this synthetic technique allowed the production of the target

phase at a much reduced dwell temperature and dwell time than the seminal synthesis.
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Figure 3.12: (a) pXRD data depicting the phases present in the product material calcined at
various different temperatures. The target phase, NCB was observed at 700, 800 and 900 ◦C. (b)
Plot depicting the phase evolution of the different constituent phases present during the NADES
synthesis at different temperatures.
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Figure 3.13: a) pXRD data of the NCB NADES sample. Blue indices are attributed to the Bragg
reflections of the target Na3Ca2BiO6 phase. Impurity peaks belonging to Ca4Bi6O13, Bi6Ca6O15,
and β-Bi2O3 are denoted by green, orange and purple squares respectively. b) and c) SEM images
of the NCB NADES sample. Scale bars indicate a length of (b) 20µm and (c) 10µm.

3.2.2.3 Magnetic susceptibility measurements

For the NCB samples, SQUID magnetometry was carried out on the NADES sample calcined at

800 ◦C. A zero-field cooled measurement was carried out from 2 to 150 K with an applied field

of 100 Oe. As was the case with the NNB magnetic measuments discussed in Section 3.2.1.3,

the volume susceptibility of the sample was calculated using the crystal density as reported

in the literature and the mass of the sample loaded in the gel capsule.204 The measured data

show a characteristic upturn of magnetic susceptibilty at low temperatures, which is indicative

of a paramagnetic material. However, the magnitude of the signal is very small, at a volume

susceptibility on the order of 1×10−4. As such, it is possible that the signal arises from impurities

within the material that are not detectable by pXRD. By performing a fit to the data with equation
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Figure 3.14: Zero-field cooled SQUID magnetometry data of the NCB sample synthesised with
the NADES method. The red line is fitted to the data with equation 1.2.

1.1, the Curie constant and the Curie-Weiss constant could be extracted. With this sample, an

additional correction factor, χ0 was applied as it resulted in the best fit to the data. From these

data, a value for the Curie constant of 2.65×10−4 K−1 was obtained. The Curie Weiss temperature,

θCW , was determined to be −2.79 K, which indicates a slight antiferromagnetic behaviour.

To estimate the percentage of the sample that is giving rise to the signal, equation 3.1 can be

used. If one were to assume a µe f f of 1 µB, an estimate for n can be subsequently calculated, and

thus an estimate of the number of atoms giving rise to the magnetic signal can be determined.

Following this calculation using the Curie constant as extracted from the data, it was found that

only 0.18 % of the atoms within the sample were giving rise to the magnetic signal. This indicates

that the magnetic behaviour of the sample is arising from some kind of impurity rather than

from NCB itself. This could be from the starting chemicals, for example if they were to contain

iron or copper ions as impurities. Alternatively, there could be metal ions that have been leached

into the crucibles that were used for previous syntheses of other materials. Therefore, it can be

concluded that this material exhibits very little to no magnetic behaviour.

3.2.3 Initial attempts at synthesising KBa6Zn4Ga7O21

Another material predicted to be superconductive by Stanev et al. was KBZGO. Like NCB this

material is relatively unexplored. It was originally synthesised by Scheikowski and Müller-
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Figure 3.15: TGA data depicting the decomposition of Ga(NO3)3 ·xH2O under an atmosphere of
N2.

Buschbaum in 1994, however this material has remained unexplored in terms of applications.236

The discovery paper has only been cited four times since the discovery, and none of these papers

are related to the applications of KBZGO specifically. The Material’s project predicts the band gap

for this material to be 2.459 eV, though, again, this can be an overestimate.207 The first synthesis

of KBZGO was carried out using the metal oxides of the component elements; KO3, BaO, Ga2O3

and ZnO. The reactants were sealed in a silver ampoule before calcination at 750 ◦C with a dwell

time of a week, before slow cooling to room temperature.

Attempts at synthesising KBZGO first required the determination of the numbers of waters of

hydration in the Ga(NO3)3 ·xH2O, which was done by performing thermogravimetric analysis

(TGA) on the powder from the bottle. The resulting TGA data showed an interesting shape,

which did align with a previously reported result (Figure 3.15).237 Aqueous syntheses with the

biopolymer dextran were attempted first, as the metal nitrates of all the metal salts are readily

available and soluble in water.

Previous work in the group determined that an aqueous synthesis method with KNO3 resulted

in little to no potassium crystalline phases in the product material.238 It was thought that this

was due to the low decomposition temperature of KNO3, so KCl was used instead. After the

dissolution of the salts, the biopolymer dextran was added in several different amounts, with

different calcination temperatures. Figure 3.16 shows the resulting pXRD data from these studies.

Initial studies were carried out with two different amounts of dextran, 500 mg and 1000 mg, and
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Figure 3.16: a) Results from the attempts at synthesising KBZGO with 500 mg dextran. b) Results
from the attempts at synthesising KBZGO with 1000 mg dextran.

combined with three different dwell temperatures: 700, 800 and 900 ◦C. Unfortunately it can be

seen that the target phase did not form in the sample for any of the parameters used. Indeed,

the phases present for these syntheses did not vary much between samples, indicating that the

phases formed were very stable, and unlikely to be available to react further. The majority phase

in all of these attempted syntheses was BaGa2O4, which is an exciting compound in its own right,

owing to its photoluminescent properties, though it exists in several polymorphs.239,240

Attempts were also made to synthesise the material from a NADES synthesis. As the

Ga(NO3) ·xH2O was the least soluble in water, it was dissolved in the NADES instead of the

aqueous precursor solution. The first experiment at 700 ◦C was unsuccessful, and only produced

a white powder that mostly consisted of barium carbonate (Figure 3.17). A subsequent synthesis

utilised a dwell temperature of 750 ◦C, and instead resulted in a majority product of BaGa2O4. It

seems that this phase is a desirable phase to form, and will likely form with these component

materials.

Two further experiments were carried out in an attempt to reduce the amount of barium

carbonate in the product material when a dwell temperature of 700 ◦C is used. The first was to

utilise a boat-type crucible instead of the high-form crucibles used previously. It was thought

that having a thin layer of material instead of a pool within a smaller footprint, would allow

more of the reaction mixture to contact the air. This higher surface area of contact with air would

prevent the reaction mixture from smothering itself with the carbon dioxide given off during the

synthesis. Unfortunately the result from this synthesis was much the same as the synthesis with

750 ◦C, with the formation of BaGa2O4 as a majority phase. The other attempt carried out to

reduce the amount of carbonate formation, was to use a smaller amount of the NADES solution.

Instead of adding 2.05 mL of the solution, only 1 mL was added. However, this method was also

unsuccessful at forming the target phase of KBa6Zn4Ga7O21.
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Figure 3.17: a) Results from synthesis attempts with the NADES synthesis method.

3.2.4 Summary

In summary, two different synthetic methods were utilised to produce two α-NaFeO2 compounds,

Na3Ni2BiO6 and Na3Ca2BiO6. These syntheses were performed at either lower temperatures or

with shorter dwell times than the solid-state syntheses where they were originally reported.

For NNB, it was found that both the aqueous, biopolymer-mediated synthesis and the NADES

method were able to synthesise the target phase. For both synthetic methods, the target phase

was obtained when calcined at 800 ◦C. When synthesised with 300 mg dextran, the sample

appeared to form the disordered polymorph, indicating that the amount of biopolymer is a crucial

factor to control in this synthesis. However, when no biopolymer was included at all, the target

phase also did not form, indicating that some chelation is necessary in the synthesis. The NADES

synthesis also yielded the target phase at 800 ◦C, with a good purity of the target phase. It was

found, however, that this method could be inconsistent, occasionally resulting in the synthesis of

the disordered polymorph of NNB, characterised by a Warren peak in place of the peaks that

ordinarily arise from the hexagonal superlattice.
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Table 3.2: The results from the NNB phase evolution studies, when carried out with the aqueous
biopolymer-mediated synthesis technique.

Phase Synthesis Temperature / °C
500 600 700 800 900 1000

Na3Ni2BiO6 0 0 8 85 0 0
R–Bi2O3 0 17 5 2 3 0
α-Bi2O3 4 1 3 0 16 14
β-Bi2O3 20 0 0 0 0 0
NaHC2O4H2O 24 0 0 0 0 0
NaHHCOO2 18 0 0 0 0 0
NaNO2 21 0 36 7 0 0
NaNO3 0 31 14 0 13 0
NaBiO3 0 0 6 0 0 0
NiO 12 36 27 6 67 86
Ni 0 13 0 0 0 0
Rwp 4.9 13.6 7.9 6.4 4.9 4.8

Table 3.3: The results from the NNB phase evolution studies, when carried out with the NADES
synthesis technique.

Phase Synthesis Temperature / °C
500 600 700 800 900 1000

Na3Ni2BiO6 0 0 0 76 56 0
R–Bi2O3 0 6 5 0 2 5
α-Bi2O3 1 1 3 0 0 7
β-Bi2O3 12 0 0 0 0 0
Na2N2O2 22 0 0 0 0 0
NaNO2 16 28 11 0 0 33
NaNO3 0 27 28 17 0 0
NaBiO3 0 0 2 0 0 0
NiO 8 16 19 7 42 54
Rwp 6.2 10.3 12.1 9.8 4.7 5.8

The syntheses of NCB were also successful, with the formation of the target phase being

possible for both synthesis methods. The optimal temperature for all of the synthetic methods

was 800 ◦C, but it was found that NCB also formed between 700 and 900 ◦C. From the syntheses

attempted, it was found that the ideal synthetic technique was a NADES synthesis. This allowed

the target phase to be rapidly formed with a good purity of 91 %. Interestingly, for both synthesis

techniques, it did not appear that the metastable polymorph of Bi2O3, R –Bi2O3, formed. This

indicates that the nickel ions in the synthesis either catalyse its formation, or that the phase

present is actually some kind of mixed phase of Bi-Ni-O. This would align with the data observed

for the syntheses of NCB, as the impurity phases present in this case were often Ca-Bi-O phases.

As well as this, it was found that when using 100 mg of ‘High-Fraction’ dextran, that its presence

did not affect the synthesis at 800 ◦C significantly compared to not using any dextran at all. As
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Table 3.4: The results from the NCB phase evolution studies, when carried out with the aqueous
biopolymer-mediated synthesis technique with Mr ∽ 70000 Da dextran.

Phase Synthesis temperature / °C
600 700 800 900 1000

Na3Ca2BiO6 0 69.55 78.8 12.5 0
Na2CO3 5.5 0 0 0 0
Ca0.176Bi8.24O14 5.19 0 0 0 0
NaNO2 9.31 0 0 12.5 0
Ca4Bi6O13 1.59 2.8 3.03 1.4 13.1
Ca6Bi6O15 0 3.5 2.9 5.5 0
NaNO3 11.3 22.19 15.24 0 0
NaHC2O4H2O 44.8 0 0 0 0
NaOH(H2O)4 21.5 0 0 0 0
Bi4O7 0 1.6 0 0 0
CaO 0 0 0 68 45.2
CaCO3 0 0 0 0 41.7
Rwp 12.8 8.93 9.16 12.05 7.50

Table 3.5: The results from the NCB phase evolution studies, when carried out with the NADES
synthesis technique.

Phase Synthesis temperature / °C
500 600 700 800 900 1000

Na3Ca2BiO6 0 0 23 91 18 0
Na2CO3 35 14 0 0 0 4
Ca0.176Bi8.24O14 27 11 0 0 0 0
NaNO2 22 25 8 0 18 0
NaNO3 0 10 0 0 0 4
Ca4Bi6O13 6 6 3 2 3
Ca6Bi6O15 0 0 4 3 0 0
NaHC2O4 ·H2O 0 33 0 0 14 0
Bi4O7 0 0 0 3 0 0
CaO 0 0 22 0 48 72
CaCO3 0 0 0 0 0 7
CaC2O4 0 0 13 0 0 9
β-Bi2O3 13 0 0 0 0 0
Rwp 11.7 13.1 14.8 7.79 13.9 10.8

such, Mr ∽ 70000 Da dextran was found to be much more valuable in the synthesis of the NCB

and indeed NNB.

Unfortunately, KBZGO was not successfully synthesised in this work. With all syntheses,

it was found that the majority phase which formed was either BaCO3 or BaGa2O4. For the

samples with majority BaCO3 phases, attempts to reduce the amount of carbonate formation

were successful but only formed BaGa2O4 instead. Many of the syntheses resulted in very little

potassium-containing phases within them, indicating that there is a necessity for an excess of

potassium salt in the synthetic protocol. There are a large number of variables for the synthesis,
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however, such as dwell time, dwell temperature, ratio of metal salts in solution, solvent and the

metal salts themselves. For example, adding the potassium source as K2CO3 instead of KCl could

be something that would assist in the generation of the target phase. When potassium-containing

phases were observed in the synthesis, they were often unreacted KCl, indicating that it is not

able to engage in the reaction, or that it is too stable to react. Furthermore, the synthesis could

be reattempted with a vast excess to overcome any potential volatility of the potassium salts.
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4
THE SYNTHESIS OF NANOWIRES OF HIGH-TEMPERATURE

SUPERCONDUCTORS

Some experiments within this chapter were undertaken by my outstanding master’s students,

Hector Christodoulou and Sorrel Haughton. Where data from them has been used, it has been

noted in the text.241,242 All microscopy was carried out by me, except for the high-resolution TEM,

which Dr Jean-Charles Eloi carried out. Parts of this chapter are published in Small Structures.243

As devices become increasingly miniaturised, so too is there a greater necessity to develop

more reliable methods for synthesising nano-sized materials. This coincides with the fact

that Moore’s law, the observation that the number of transistors in an integrated circuit

doubles every two years, has begun to slow down since 2010.244 To keep up with the demand

for ever-shrinking components in computers, engineering nanostructures has become increas-

ingly important in manufacturing. This chapter presents a solid-state method for synthesising

nanowires of high-temperature superconductors by emulating the conditions necessary for the

microcrucible nanowire growth mechanism.

4.1 Introduction

4.1.1 Nanowires and their synthesis

As discussed in Section 1.1.3, nanomaterials are defined as having at least one dimension on the

order of the nanoscale, or 1×10−9 m. By this definition, nanowires are long, anisotropic materials

with a width on the order of a nanometre but an unconstrained length. When a material is confined

to the nanoscale, it often results in emergent properties that differ from those in the bulk.245 As

such, many nanomaterials exhibit exciting properties compared to the same material formed on
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the macroscale. Nanostructures have begun to be extensively utilised in microelectronics, where

their synthesis has enabled the steady miniaturisation of electrical components for use in many

different devices.246 There has been much focus in the literature on silicon nanowires. However,

there are other potential applications for other inorganic materials, such as with ZnO nanowires

for biosensing applications and as piezoelectric generators.15,247 Additionally, nanowires of

superconductors could potentially be utilised as single-photon detectors or as THz emitters, as

discussed in Section 4.1.2.1.248 More recently, superconductor-semiconductor nanowires have

been synthesised with the hope for them to be applied to quantum computing.249

Syntheses of nanowires can generally be partitioned into two types: ‘top-down’ or ‘bottom-

up’. Top-down syntheses generally rely on a slab of material being made before lithographic or

etching techniques are employed to remove material and form the desired shape.250 Many robust

top-down techniques are utilised in synthesising silicon-based nanostructures for use in everyday

electronics.251 However, these techniques are becoming limited as the necessity for ever-smaller

devices has required nanostructures of increasingly smaller sizes. While these dimensions are

achievable through top-down techniques, their demand calls for ever more complex and expensive

syntheses.252 Bottom-up techniques employ natural forces during the synthesis, where a building

block forms itself into a nanowire by virtue of the forces operating on it - often resulting in

the self-assembly of the material into the desired shape.253 This results in the formation of

nanowires without the necessity for direct manipulation or waste material. Most processing

nanomaterials for use in electronics is by utilising top-down techniques, but some examples of

bottom-up approaches are becoming more common in everyday manufacturing processes. Indeed

silicon nanowires have been successfully grown through bottom-up techniques at widths down to

singular nanometres, which is not normally achievable through top-down methods.254

4.1.1.1 Nanowire growth mechanisms

Many simple metal-oxides can be grown through bottom-up methods, such as ZnO and silicon-

based nanowires. CuO is very good at growing as a nanowire, as was found when copper TEM

grids were heated in air, yielding large arrays of CuO nanowires.255 Mechanisms of nanowire

growth have often been speculated upon and have been found to influence the morphology of

the resultant wires.256 One frequently observed mechanism, vapour-liquid-solid (VLS), was

first proposed by Wagner and Ellis in 1964.257 This mechanism claims that a nanoparticle

impurity behaves as a seed for the nanowire by forming an alloy with the substrate. The vapour

of the substrate reacts with this alloy, depositing the pure substrate underneath the droplet.257

Nanowires formed from this mechanism are characterised by a droplet of the catalytic material

at the tip of the wire. This VLS mechanism is one of many mechanisms that utilise a catalytic

material to confine growth to a single dimension, with other mechanisms also being named after

the phases involved in the synthesis; such as vapour-solid-solid, solution-liquid solid and vapour-

solid growth.258–260 While VLS is well-understood, there are limitations to the wires formed from
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this method, in that they taper to one end and contain a droplet with a different composition

on the end. Other mechanisms that operate without a catalytic material also exist, for example,

those that exploit natural defects found in crystalline materials, such as screw-dislocation which

forms cylindrical nanowires.261 There are also techniques that exploit templates to confine a

material to the nanoscale, such as utilising anodised aluminium oxide templates. In the case of

anodised aluminium oxide in particular, despite their ability to template and form nanostructured

materials, these are often polycrystalline, which can limit their potential applications.258

4.1.1.2 The microcrucible mechanism

Nanowires of YBa2Cu3O7–δ (Y-123) have been grown previously using a sol-gel method with the

biopolymer sodium alginate. The synthesised wires were interesting as they did not exhibit the

telltale signs of other growth mechanisms such as VLS.262 Instead, the wires observed in this

work were not tapered at all, and there was no evidence of the catalytic droplet from the tip of the

material. These features of the wires were indicative of the so-called microcrucible mechanism.

Some preliminary studies into this synthesis observed that, after an initial calcination step at

500 °Celsius, there were barium carbonate particles suspended in an amorphous matrix.262 The

microcrucible mechanism was observed directly in 2014 by Boston et al. 143 This work showed

evidence of barium-rich nanoparticles moving through the matrix of yttrium and copper oxides,

reaching the surface of the matrix, and then a nanowire growing from this nanoparticle. It should

be noted that, due to the vacuum of the TEM, the composition of the resulting wire was under-

oxygenated, and was thus Y2BaCuO5 (Y-211). Figure 4.1 presents a graphical representation of

this. From these observations, it was concluded that for a microcrucible mechanism to be induced,

there are three necessary criteria: a solid matrix consisting of one or more of the constituent

elements of the target phase; nanoparticles consisting of the other elements of the target phase

which are embedded in the matrix; and a flux that can melt the nanoparticle and induce growth

of the nanowires. This mechanism of growth of anisotropic features has been theorised to be one

of the mechanisms by which whiskers of Bi2Sr2CaCu2O8+x (Bi-2212) grow.263

It has been found that sodium alginate is not compatible with Bi-2212, as it instead forms

Na3Ca2BiO6, which will be discussed in more detail in Chapter 5.179 Therefore, to synthesise

nanowires of Bi-2212 with the microcrucible mechanism, it would be necessary to induce this

mechanism through a different method that does not require sodium alginate as a biopolymer.

Previous work in the group has attempted to utilise a solid-state method which recreates the

conditions required for the microcrucible mechanism but avoids the necessity for a biopolymer.264

This was successful at synthesising nanowires of Y-123. So it was thought that using the same

principle for Bi-2212 could be a viable route to the successful synthesis of nanowires. The solid-

state microcrucible mechanism works by emulating what was observed for the Y-123 study by

Boston et al. Y2O3 was mixed with CuO and combined with nanoparticles of BaCO3. Finally, a

flux was added in the form of a sodium salt - in this case NaCl or NaCO3, and the sample was
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Figure 4.1: Graphical representation of the microcrucible mechanism for the formation of Y-Ba-
Cu-O (YBCO) nanowires. It depicts (A) a barium-rich nanoparticle migrating through a matrix
of yttrium and copper oxides, (B) it reaching the surface of the oxide matrix and reacting with
the flux and the matrix around it and a wire beginning to grow from the base (C) the continued
growth of the resulting wire. In this case, the wire is a Y-211 wire.

compressed into a pellet before calcination. This reaction requires that three key phases are

present simultaneously along with the flux, so compressing the sample into a pellet increased the

likelihood that the phases would be close together and thus able to react.

4.1.2 Terahertz emission

As technology has advanced, it has become necessary to be able to exploit all frequencies of the

electromagnetic (EM) spectrum. For solid-state sources of EM radiation, this has historically been

carried out by two primary sources: for low-energy EM radiation below 0.2 THz, the radiation is

generated by alternating currents in transistors. For higher-energy EM radiation, the radiation

is generated by electronic transitions in lasers.265 However, there is a limitation to both of these

generation methods, as the frequencies accessible by them do not overlap in the middle. This

yields a section of the EM spectrum between roughly 0.1 and 10 THz that cannot be generated

by either method, yielding a gap in generatable frequencies, often called the ’terahertz gap’.97

Terahertz radiation has been envisioned as the next step in wireless communication, with a

potential application as 6th generation or 6G wireless.266 Additionally, Terahertz radiation is non-

ionising and is safe for use around humans, meaning that it is ideal for future applications such

as in medical imaging.267,268 However, to fully realise applications of these EM frequencies, more

reliable generation mechanisms must be developed to create novel devices using this technology.

Several attempts have been made to overcome the terahertz gap through alternative solid-
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state generation sources, such as resonant tunnelling diodes and quantum cascade lasers.269,270

These make up the majority of current THz emission devices. However, the manufacturing

process still needs to be simplified for consumer applications, and the range of frequencies these

devices can access does not encompass the lower THz frequencies.269,271 An alternative method

of generating THz radiation is through exploiting the Josephson effect in superconductors. As

was discussed in Section 1.2.1.2, when a potential difference is applied across a Josephson-

junction (JJ), there will be an alternating current (A.C.) that is induced across the junction at

the Josephson frequency. These JJs are formed when two superconducting sections of material

are separated by a small insulating gap, where the superconducting pairs of electrons, or Cooper

pairs, are able to tunnel across the gap. These JJs are also referred to as ‘weak links’, where the

weak link is a break in the bulk superconductive material. This weak link can be a section of

insulator material, a normal conductor, or a physical interruption of the bulk material - such as a

grain boundary. The generation of frequencies from a potential difference means that JJs can

convert this potential difference to a high-frequency current, and the frequency of this current

can be within the range of the THz gap.272 A limitation is that the emission from a single junction

can be very low-powered, meaning that many JJs must simultaneously emit radiation in phase

with each other to yield an appreciable THz signal.

4.1.2.1 Bi2Sr2CaCu2O8+x as a THz emitter

Bi-2212 has been shown to exhibit some potential as a candidate in the fabrication of THz emission

devices.273 The crystal structure of Bi-2212 has superconducting copper oxide planes, which are

separated by an insulating Bi-Sr-O layer. Unlike many other members of the cuprate family of

superconductors, the copper oxide planes in Bi-2212 are uncoupled, leading to superconducting

sections separated by insulating material.272 This structure means that, within Bi-2212’s crystal

structure, intrinsic JJs are formed. As discussed in Section 1.2.1.2, this means that, if a potential

difference is applied across the junction, an alternating current can be obtained. The frequency

of this current is dependant on the Josephson frequency (equation 4.1), where U is the applied

voltage and Φ0 is the flux quantum, providing the applied voltage is constant.271

(4.1) f j = U
Φ0

This relates to a frequency of 1 THz with an applied voltage of about 2.1 mV. Ordinarily, the

emission from a single junction is weak, and thus results in low-power emission of radiation.

However, in Bi-2212, the packing density of these JJs is substantial, as each superconducting

copper oxide plane is separated by only ∽ 3.06 nm.274 Thus if each JJ within the crystal structure

of Bi-2212 were to emit radiation in phase, there is potential for the generation of a sizeable

THz signal. Therefore, if nanowires of Bi-2212 were produced, there would be a large number of

intrinsic-JJs within the structure with the potential to emit coherent THz radiation. Currently,
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much research is being carried out into Bi-2212 mesas, which are flat rectangular structures with

a certain height. These can emit THz radiation in phase, generating an appreciable radiation

signal. However, these mesas can only be built up to a certain height due to heat generation within

the mesas, causing the destruction of the superconducting state in the Bi-2212.272 Therefore,

these mesas have been limited to an output of 100µW of power.271 As such, alternative formats

of devices should be proposed for the development of superconducting THz emitters. One such

alternative morphology of the device is that of a nanowire. If a nanowire were to be grown such

that the c-axis aligned with the length of the wire, the wire would contain many JJs along its

width with the bonus of being a thin wire to allow for heat dissipation along its surface. Bi-2212

has been observed to form whiskers through a variety of experimental methods, such as through

rapid cooling of a melted precursor when coated with Al2O3, but achieving a nano-sized wire of

Bi-2212 is yet to be observed.263

4.2 Results and discussion

As Bi-2212 is a quinternary metal oxide, it was anticipated that emulating the microcrucible

mechanism for this material could be challenging due to the large number of elements that

must be present in the same place for a nanowire consisting of all elements to be successfully

synthesised. As such, two different synthesis methods were devised with mixed-metal phases

to reduce the necessity for five different components to come together at precisely the correct

place for the microcrucible reaction to occur. One method involved combining two metal oxides

with a mixed-metal carbonate nanoparticle, in this case, Bi2O3, CuO and SrxCa1– x(CO3). The

other method followed recommendations from a study carried out by Green et al., where they

analysed the phase evolution of Bi-2212 during a typical biopolymer-mediated synthesis.138

In this study, quench studies were performed, where the calcination was stopped at 100 °C

increments and powder X-ray diffraction (pXRD) on the reaction mixture was carried out. In this,

they observed a potential reaction pathway for the synthesis of Bi-2212, and determined that

some key phases of importance were mixed-metal carbonates. In this proposed mechanism, they

observed the formation of Bi2Sr2CuO6 (Bi-2201), followed by its reaction with Bi2(Ca1+xSr3– x)O7

to form Bi-2212. This indicated that Bi-2201 could be a precursor material for the target Bi-2212

phase. As such, it was considered that synthesising Bi-2201 and then combining this product with

a mixed calcium-copper phase and additional flux could be a route to the synthesis of Bi-2212

nanowires. For this work, the calcium-copper salt chosen was CaCu(OCOOH)4 ·6H2O. Another

note from the study by Green et al., was that the mixed metal carbonate SrxCa1– x(CO3) was also

of key importance in the formation of Bi-2212.138

When deciding upon the flux used for the microcrucible mechanism, a few criteria were

considered for the following experiments. Firstly, in the seminal observation of the microcrucible
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mechanism, the biopolymer used was sodium alginate. It was noted in another study that when

the sodium alginate was swapped with ammonium alginate, no nanowire growth was observed.133

During this study, it was also found that if the sodium alginate was changed to sodium ascorbate,

there was also no evidence of nanowire growth. From this, it seemed that the sodium ion and

the extensive cross-linking from the alginate biopolymer were important for the microcrucible

mechanism. A key difference between the products of the synthesis of sodium alginate and sodium

ascorbate were the crystalline phases which were produced as part of the synthesis. As was noted

in an additional study, the appearance of barium carbonate nanoparticles with an amorphous

matrix was observed with the synthesis of Y-123 nanowires. Therefore, the proposed solid-state

method sought to emulate this so-called ‘currant-bun’ motif by embedding nanoparticles within

a matrix of the other metal ions. The other thing to consider therefore was the role of sodium,

which is likely that of a flux - lowering the melting point of the barium carbonate nanoparticles

and allowing them to react with the matrix around them, forming a nanowire. In the present

solid-state method, sodium-based salts were therefore chosen as a starting point for the flux

necessary for the synthesis. The two salts chosen initially were NaCl and Na2CO3, as they

have melting points close to the dwell temperature required for Bi-2212, with 801 and 851 °C

respectively.107 Additionally, during the work within this chapter, it was observed that some

nanowires produced were deficient in calcium. As such, the use of CaCl2 as a flux was also

explored during this chapter. It has also been noted previously that calcium carbonate could play

a role in the solid state reactions during the synthesis of Bi-2212, where it could form eutectic

mixtures with the strontium carbonate in the reaction.275 It is also possible that other phases

during the synthesis could be behaving as fluxes, such as Bi2O3, which has previously been used

as a flux in molten salt syntheses.107

4.2.1 Synthesis using Bi2O3, CuO and SrCa(CO3) nanoparticles

The first method attempted was to combine the metal oxides of Bi2O3 and CuO with mixed

strontium-calcium carbonate nanopaticles. This method was chosen, as it has been shown previ-

ously that mixed metal carbonates, in particular SrxCa1– xCO3, are key in the phase evolution

of Bi-2212.138 Dr. Jason Potticary synthesised the nanoparticles used in this chapter through

a gas-combustion method, described in section 2.2.4.1. The fine powder was then used without

further treatment in the synthesis. To ensure that the correct ratio of metals was present for the

desired target phase, a mixed phase of Sr0.67Ca0.33CO3 would be necessary. This is possible, as

there is a polymorph of CaCO3 (aragonite) that is isomorphous with SrCO3, so the Sr2+ ions can

be be substituted by Ca2+ ions. CaCO3 is found naturally as one of three different polymorphs in

nature; the hexagonal polymorph calcite, the orthorhombic polymorph aragonite and the more

rare polymorph known as vaterite. Due to its larger ionic radius, SrCO3 only crystallises as an

isomorph of the aragonite structure, also known as strontianite.276 In order to confirm whether

the sample was indeed a mixed phase of CaCO3 and SrCO3, the d-spacing of the (111) reflection
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was compared to that of the pure CaCO3 and SrCO3 as well as some mixed phases that were

obtained from the Inorganic Crystal Structure Database (ICSD). As the ionic radius of Sr2+ is

larger than Ca+2, the unit cells of these crystals are slightly different sizes, which is reflected in

the d-spacing from the (111) reflection.235 From these data, it was determined that the ratio of

Sr : Ca in the nanoparticles used in this work is 0.873 : 0.127. While this is not the target ratio,

the synthesis did result in nanoparticulate material as determined by transmission electron

microscopy (TEM) (Figure 4.2a). As can be seen from the micrograph, the material is made from

smaller crystallites, which have aggregated together in this case. These crystallites tended to be

oval-shaped, generally exhibiting one longer axis. As such, when determining the diameter of

the nanoparticles, the larger diameter was measured and an estimate for the particle size was

determined from the TEM to be 160 nm with a lognormal distribution such that the standard

deviation, lnσ= 0.444. It can also be seen from the pXRD that the diffraction peaks are broad,

indicating that the particles are nano-sized.

4.2.1.1 NaCl Flux

Initially, experiments were attempted with sodium chloride as the flux for the synthesis of the

materials based on the success of previous experiments carried out by Hector Christodoulou.

Many parameters can be altered in order to change the reaction conditions: the dwell temperature,

the dwell time, the ramp rate, the amount of flux within the sample, and whether an additional

dispersion of the flux is added to the surface of the pellet. The first parameters tested for this

method were the use of 10 % NaCl flux and two different dwell temperatures (830 and 850 ◦C)

for 2 hours. Additionally, for each temperature, a sample was also placed in the furnace with

an additional dispersion of NaCl over the top of the pellet. scanning electron microscopy (SEM)

of the samples (Figure 4.3) showed that very few wires were observed. All samples consisted of

anisotropic, flakey crystallites, a commonly observed morphology of Bi-2212. A few anisotropic

wire-like features were observed for the sample synthesised at 850 ◦C, but this was not consistent

throughout the sample.

Previous observations of Y-123 by Dr. Jason Potticary indicated that wires of the target phase

form at much lower temperatures than the conventional dwell temperature of 920 ◦C, possibly

owing to the NaCl flux.264 Therefore, dwell temperatures of 750 and 800 ◦C were also carried

out to examine if this was also the case for Bi-2212. The dwell time, ramp rate and percentage

amount of NaCl were kept the same from the previous experiments. Furthermore, the additional

dispersion of NaCl over the pellet of sample was still carried out on these samples. For the sample

without an additional dispersion of NaCl over the top, there was a clear difference in morphology

between sections of samples synthesised at 750 ◦C, (Figure 4.4a and b), which was exemplified

when imaging the sample with backscattered electron imaging. It was clear that some sections of

material were formed from lighter elements and thus appeared darker in the electron micrograph.

When an additional dispersion of NaCl was applied to the top of the pellet, bundles of nanowires
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Figure 4.2: a) TEM of the as-synthesised nanoparticles from the micrograph, it can be seen that
the sample is formed of small crystallites that are around 160 nm in size. b) Graph depicting
the d-spacings of the (111) reflection for Sr(CO3), Ca(CO3) and Sr0.85Ca0.15(CO3) in blue, and the
corresponding d-spacing determined from pXRD of the as-synthesised nanoparticles determined
by Rietveld refinement in orange. c) The corresponding pXRD data from this sample. Inset shows
a histogram of the size distribution of particles as determined by measuring from TEM images.
Nanoparticles synthesised by Dr. Jason Potticary

growing from the surface of the sample were observed (Figure 4.4c and d). Again, when imaging

the backscattered electron image, these nanowire growths appeared to consist of mostly lighter

elements. Further analysis by energy dispersive X-ray analysis (EDXA) (Figure 4.4e) determined

that these growths of wires were clearly formed from a mix of sodium and oxygen. Additionally,

there appeared to be sections of copper-rich phases around the rest of the bismuth, strontium

and calcium matrix. pXRD determined that these samples did not consist of the target phase

Bi-2212, and were instead formed of incomplete reaction products (Figure 4.6).

When examining the sample at 800 ◦C there was no evidence of any nanowire-like growths in

the sample, though there were some very small growths found in Figure 4.5b. When additional

NaCl was dispersed on the top of the sample, the texture of the crystallites on the sample was

very rough (Figure 4.5d). There was no evidence of the nanowire growths found in the samples
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Figure 4.3: Scanning electron micrographs of different Bi-2212 nanowire synthesis attempts with
a 10 % NaCl flux. (a and b) Indicate samples with a dwell temperature of 830 °C and 2 hour dwell
time. (c and d) Indicate samples with a dwell temperature of 850 °C and dwell time of 2 hours. (b
and d) had an additional dispersion of NaCl on top of the pellet prior to calcination. Scale bars in
(a), (c) and (d) indicate a length of 10µm and in (B) indicate a length of 50µm.

synthesised at 750 ◦C, indicating that these phases had melted and reacted.

pXRD of these samples can be found in Figure 4.6. These data show that the samples

synthesised at 750 ◦C did consist of a significant amount of unreacted copper oxide. Additionally,

the extra NaCl in the form of a dispersion on top of the pellet also changed the material phase

quantities within all of the samples. It appears that the samples with an excess of NaCl could

generate the target phase at a lower temperature than without it. This is likely due to the NaCl

behaving as a flux, forming a eutectic mixture with the reactant materials and thus enabling

reactions to proceed through alternative pathways or enable better mixing of the sample when

compared to the bulk.
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Figure 4.4: Scanning electron micrographs of the Bi-2212 synthesis attempts at 750 ◦C. (a and b)
are samples with 10 % NaCl. (c and d) have an additional dispersion of NaCl on top of the pellet.
Micrographs (a and c) were imaged using secondary electron imaging and (b and c) were imaged
using backscattered electron imaging. e) is an EDXA map of the sample in (c and d). Scale bars in
(a-d) represent a length of 10µm. Scale bars in the EDXA images represents a length of 50µm.
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Figure 4.5: Scanning electron micrographs of the Bi-2212 synthesis attempts at 750 ◦C. (a and b)
are samples with 10 % NaCl. (c and d) have an additional dispersion of NaCl on top of the pellet.
Micrographs (a and c) were imaged using secondary electron imaging and (b and c) were imaged
using backscattered electron imaging. e) is an EDXA map of the sample in (c and d). Scale bars
in (a-d) represent a length of 10µm.

Figure 4.6: a) pXRD of the bulk material from the samples synthesised with 10 % NaCl at various
temperatures which are labelled in the plot. b) pXRD of the bulk material from the samples
synthesised with 10 % NaCl with an additional dispersion of NaCl over the top of the pellet.
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4.2.1.2 Na2CO3 Flux

Another flux attempted was Na2CO3, as it was attempted previously for the synthesis of YBCO

nanowires in Dr. Jason Potticary’s previous work.264 The melting point of Na2CO3 is 851 °C, so it

is possible that any behaviour as a flux would be limited for the synthesis of Bi-2212, where the

typical dwell temperature is 850 °C.277 It is possible, however, that the flux could form a eutectic

mixture with the other reactants within the furnace, depressing the melting point of the Na2CO3,

and thereby allowing the microcrucible mechanism to occur.

As can be seen in Figure 4.7, nanowires were successfully synthesised using this method.

The wires shown were found scattered periodically throughout the sample at all dwell times and

temperatures, though more consistently when dwelled at 850 ◦C. The wires observed exhibited

a high-aspect ratio and were only observed at the edges of the material. Additionally, many of

the wires were observed to have bent during growth. For a wire to become bent during synthesis,

there must be some sort of imbalance of forces placed on it during growth, causing strain on the

growing crystal and thus resulting in a wire that bends as it grows. This has been artificially

induced in the past through the growth of nanowires from core-shell heterostructures, which

grew into u-shaped wires.278 Another reason for the bending of the wires can be inferred from

the SEM. The wires are extremely thin with a high aspect ratio. The wires may be too thin to

support the length as they grow, resulting in strain as they grow and leading to their bending.

These wires appear to exhibit no tapering towards the end, nor evidence of a catalytic droplet at

the end; which implies that the wires have not grown via the VLS mechanism of growth.

For these samples, adding a dispersion of Na2CO3 over the top of the sample, thereby

increasing the relative amount of flux on the sample, also seems to increase the likeliness for

nanowires to form. This is seen by examining the difference between the SEM on the left column

of Figure 4.7, compared to those on the right column. Especially when comparing those that were

synthesised at 830 ◦C in Figure 4.7a-d. For both dwell times, the samples that contained an extra

surface dispersion of Na2CO3 exhibited some nanowire growth, particularly when examining

the edge of the pellet. However, these nanowire growths were rare in the sample, and thus it is

unlikely that they would be isolatable from the sample for further examination by TEM. Indeed,

attempts to carry this out were unsuccessful; thus, additional analysis of the wires through

selected-area electron diffraction (SAED) was not achieved. For the samples grown at a higher

dwell temperature of 850 ◦C, nanowires were observed more frequently, with evidence of their

growth from the bulk of the pellet observed in all four different experiments (Figure 4.7). Again,

in this case the wires were infrequently observed, thus unable to be examined by TEM.

When analysed by pXRD, the samples were found to consist of the same phases as each other,

but in differing relative quantities. For the samples synthesised at 830 ◦C with a 1 h dwell time,

the quantity of the target phase, was low at around 7 % of the sample. Overall the phase purity

of all of these samples was poor, with no single phase making up more than 50 % of any of the

samples. This indicates that the reaction cannot proceed to completion with the parameters used,
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Figure 4.7: Scanning electron micrographs depicting the results from synthesis attempts of
Bi-2212 qusing a Na2CO3 flux. (a-d) were dwelled at 830 ◦C, with a-b being dwelled for 1 hour
and c-d being dwelled for 2 hours. (e-h) were dwelled at 850 ◦C, with e-f being dwelled for 1 hour,
and g-h being dwelled for 2 hours. (b, d, f and h) had an additional dispersion of Na2CO3 over the
surface of the pellet prior to calcination. Scale bars in (a-e and g-h) indicate a length of 10µm
and (f) indcates a length of 50µm.
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which is unsurprising in the case of a solid-state reaction, where the reaction is limited by mass

transport of the solid state, thus resulting in incomplete calcination.

Figure 4.8: pXRD data corresponding to the samples in Figure 4.7. In general, there was very
little difference in the phases that were present between samples, but rather just a change in the
relative quantities of each phase.
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4.2.1.3 CaCl2 Flux

Some results in Hector Christodoulou’s work determined that the nanowires were deficient

in calcium; it was considered that using a calcium-based flux could yield nanowires, with an

excess of calcium providing the necessary stock solution for Bi-2212 nanowires.241 In this case,

several different temperatures and dwell times were attempted. It was found that with a dwell

temperature of 850 ◦C and dwell time of 2 hours, there was evidence of some nanowire growth

which had then merged and melted. There was no evidence of nanowire growth with a dwell time

of 1 hour, so progressively longer dwell times were explored. All of these samples consisted of 10

% CaCl2 with respect to bismuth. However, only the samples coated in an additional dispersion

of CaCl2 over the pellet showed any evidence of nanowires. Figure 4.9 shows the progression of

nanowire growth at these different dwell times and a plot of several EDXA spectra of one of the

wire samples. From the SEM shown, it appears that the nanowire growth occurs within a very

small window of about 20 minutes, though it should be noted that these SEM are not carried

out in-situ so the sample has been allowed to cool to room temperature as well. This cycle of

wire formation and subsequent melting means that the nanowire growth may have been missed

when analysing other samples. From figure 4.9b, it appears that when nanowire growth begins,

the surface of the pellet becomes coated in a bumpy texture before subsequent nanowire growth.

Figures 4.9e and 4.9f appear to show the standard texture of Bi-2212 and exhibit no evidence of

nanowires, despite Figure 4.9g exhibiting evidence of nanowires that have grown and melted

together again. This could be indicative of the nanowire growth not occurring over the entire

sample, and so any evidence of the wire growth has been missed during these samples. The shape

of the wires indicates the microcrucible mechanism of nanowire growth, as they do not taper

towards one end, nor is there any evidence of a catalytic droplet indicative of VLS.

Table 4.1: EDXA data determining the relative atomic percentage amounts of different atoms
within the sample at several sites over the SEM depicted in Figure 4.9h.

Site 1 Site 2 Site 3 Site 4 Site 5
At % At % At % At % At %

Bi 0.5 0.6 0.7 1.0 0.1
Sr 2.3 2.7 2.7 2.5 2.6
Ca 17.7 20.4 23.7 18.1 19.5
Cu 13.1 12.9 12.6 8.3 14.2
O 39.4 36.5 38.1 29.3 40.8
C 26.4 26.9 22.2 40.3 22.7

Unfortunately, from EDXA data, it is clear that the samples are extremely bismuth and

strontium deficient, with an atomic percent of 1.2 % and 3.6 %, respectively, compared to that

of calcium and copper, with atomic percentages of 30.1 % and 16.3% respectively. It is possible

that the extra equivalent of the chloride ion, from the divalent calcium chloride, is reacting
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Figure 4.9: a-g) Scanning electron micrographs of samples of Bi-2212 synthesised from metal
oxides and with a CaCl2 flux. (h) A closer section of figure d, with annotations of where the EDXA
spectra in (i) were taken. (i) EDX spectrum obtained from a point on the nanowires in figure (H).
Scale bars in (a, e, g) indicate a length of 100 µm, in (d, f, h) indicate a length of 50 µm, and in (b,
c) indicate a length of 10 µm.

with the bismuth to form bismuth oxychloride. This evaporates at around 450 °C, thus resulting

in a deficiency of bismuth. A potential experiment using thermogravimetric analysis could be

conducted to determine if this was the case. If there is a significant mass loss detected at 450 °C it

could be indicative of this transformation and then loss. Indeed, the thermogravimetric analysis

(TGA) in Figure 4.10 does show a loss of mass which begins at 470 ◦C, which could indicate

some form of degradation of the material. However, this does not fully confirm that the mass

loss is indeed due to the formation of a specific bismuth phase, but rather that volatile phases

are formed during the synthesis. It should also be noted that the SEM data are not necessarily

indicative of the phases and morphology of the samples within the furnace at the synthesis

time. This is because all samples were required to be cooled before analysis, so additional phase

evolution and nanowire growth could occur while this cooling is happening. To fully quantify

what is occurring inside the furnace, in-situ techniques such as environmental SEM and a powder
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X-ray diffractometer with a heating stage would be required.

Figure 4.10: TGA data of the precursor powders with a CaCl2 flux. The TGA was performed with
an atmosphere of air.

The samples were examined with pXRD to analyse the phase evolution further. Interestingly,

as the nanowires form, the phase quantity of the target phase, Bi-2212, falls. Nanowires were

observed at dwell times of 80 and 90 min. This observation is consistent with a fall in percent-

age quantity of the target phase, which begins at 70 min, and a rise in Sr2CuO3.24, CuO and

Bi4Sr7.86Cu5O19.1. The percentage of Bi-2212 reaches a minimum at 100 min, which coincides

with the observation of the wires melting together. The percentage quantity of the target phase

rises again after this point. These data appear to correspond with the observation from the EDXA

data, where the wires are not found to be the target phase.
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Figure 4.11: pXRD data of the samples corresponding to the images in Figure 4.9.
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4.2.2 Synthesis using Bi2Sr2CuO6 and CaCu(OCOOH)4 ·6H2O

As was discussed previously, Bi-2201 was also observed to be a key component in the synthesis

of Bi-2212 from a previous study by Green et al. As such, an alternative synthesis method was

devised utilising Bi-2201 as a key starting material. To convert Bi-2201 into Bi-2212, a 1:1

stoichiometric ratio of Ca:Cu must be added. Additionally, during the in-situ observation of the

growth of Y-123 nanowires, it was observed that BaCO3 was a crucial component in the synthesis.

Therefore, a carbonaceous salt of calcium and copper with a 1:1 stoichiometric ratio was desired.

From this, the salt CaCu(OCOOH)4 ·6H2O (the OCOOH ion is referred to as OAc hereafter) was

therefore chosen.

It was decided that the Bi-2201 would be combined with CaCu(OAc)4 ·6H2O and a flux in an

attempt to manufacture the conditions necessary for the microcrucible mechanism. The Bi-2201

would first be synthesised with a sol-gel method to reduce the necessity for long reaction times;

then this synthesised material would be subsequently ground together with CaCu(OAc)4 ·6H2O

and the flux, pressed into a pellet and calcined in the furnace. This method would therefore be a

hybrid method which combines a sol-gel synthesis of the starting material and a subsequent solid-

state synthesis. It was hoped that this method would only require three separate components to

combine to result in the growth of nanowires, thus creating the conditions for a ternary reaction

instead of a quinternary reaction as would be required if all the constituent elements and flux

were separate.

4.2.2.1 The synthesis of CaCu(OAc)4 ·6H2O

Calcium copper acetate hexahydrate (CaCu(OAc)4 ·6H2O) was first observed in the 1960s through

non-congruent crystallisation between copper acetate and calcium acetate. Its crystal structure,

and that of its isomorph of calcium cadmium acetate hexahydrate, were refined in 1967 and

further developed in 1983.279,280 CaCu(OAc)4 ·6H2O was initially thought to be only a synthetic

compound, but it was also found to naturally occur in the Potosi mine, along with copper ac-

etate.281 The mineral CaCu(OAc)4 ·6H2O was named paceite from then onwards. Recently a

mechanochemical synthesis was carried out to examine the mechanism by which this salt crys-

tallises in nature.282

By virtue of the higher solubility of calcium acetate compared to copper acetate, conventional

syntheses require a non-congruent crystallisation. A typical synthesis of CaCu(OAc)4 ·6H2O

involves mixing two supersaturated solutions of calcium acetate and copper acetate and waiting

for the CaCu(OAc)4 ·6H2O crystallites to form. Depending on the desired crystallite size, this can

take several days to weeks. There is also a risk of forming calcium acetate deposits on the crystal-

lites should the solution be left for too long due to the abundance of calcium acetate required.

This synthesis is incompatible with the nanoparticle syntheses carried out for the SrxCa1– x(CO3)

particles synthesised previously, so the non-congruent crystallisation was attempted in this case.
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Following non-congruent crystallisation, the crystals were subsequently crushed with ball-milling

or hand grinding. From the SEM in Figure 4.12, particles were of a wide range of sizes with most

of the particles on the order of a micron. However, when examined with TEM (Figure 4.12b), it

could be seen that there were smaller crystallites, with sizes around 541 nm. This TEM is not

representative of the whole sample, but it does indicate that there are particles present that are

nanosized. Despite not providing only nanosized particles, it was reasoned that experiments with

this material would yield a sufficient proof-of-concept test to determine whether this method was

viable to synthesise anisotropic wire-like growths of Bi-2212. Should the method be successful,

alternative methods could be devised to produce nanosized particles of CaCu(OAc)4 ·6H2O or

produce an alternative CaCu co-crystal which can be synthesised as nanoparticles. SEM and

pXRD data for the CaCu(OAc)4 ·6H2O is found in Figure 4.12. It can be seen from the SEM that

some sections of particles are nanosized, while the rest are larger clumps of material. Should this

method successfully synthesise nanowires, the resulting wires would likely exhibit a wide range

of widths. All peaks observed in the pXRD could be attributed to the target phase.

Figure 4.12: a) SEM of the CaCu(OAc)4 ·6H2O after ball milling. Scale bar represents a length of
50µm. b) TEM of the same sample c) pXRD of the as-synthesised CaCu(OAc)4 ·6H2O. All peaks
can be attributed to the target phase, CaCu(OAc)4 ·6H2O. d) histogram distribution of measured
diameters of the particles. Sample was synthesised by Sorrel Haughton.

Interestingly, in an attempt to speed up the synthesis of the CaCu(OAc)4 ·6H2O by utilising a

potential antisolvent to force the target phase to crystallise quicker, it was found that the addition

of acetone to an aqueous solution of Ca(OAc)2 ·H2O and Cu(OAc)2 ·H2O resulted in the formation

of a gel. This gel subsequently underwent syneresis and collapsed, resulting in the crystallisation
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of the target phase. Some examples of this synthesis method can be found in Figure 4.13 - it

can be seen that as the gel undergoes syneresis and collapses, blue crystals are deposited along

the outside of the gel. While these samples were not used in the following syntheses of Bi-2212

nanowires, it was an interesting result that indicated a potential rapid route to the synthesis

of CaCu(OAc)4 ·6H2O in the future. The formation of gels from Ca(OAc)2 ·H2O is well known to

occur when combined with ethanol, but it has not been observed for its formation with acetone.283

Indeed, the formation of a solid gel from ethanol and Ca(OAc)2 ·H2O is the basis behind ‘solid

ethanol’ and has been used in the food service industry as a solid source of fuel for keeping food

warm as the brand Sterno previously.284,285

Figure 4.13: Photos of the gel formed between an aqueous solution of Ca(OAc)2 ·H2O and
Cu(OAc)2 ·H2O and acetone and its degradation. a) is as it was made, b) is 1 day after its
synthesis, c) is 1 week after its synthesis, d) is a day after the lid was removed and excess solution
had been removed.

4.2.2.2 The synthesis of Bi-2201

To synthesise Bi-2201, two methods were devised: through a biopolymer-mediated synthesis

utilising dextran, and using a natural deep eutectic solvent (NADES) between betaine and

glucose as a solvent. These two syntheses follow methods discussed in Chapter 4, and were used

for similar reasons as discussed there. As discussed, Bi-2212 has been successfully synthesised

through both methods previously, so it was reasoned that Bi-2201 could be similarly synthesised

by adjusting the ratio of metal salts within the precursor solutions.138,159 Both syntheses were

carried out, as they would likely yield different morphologies, which could affect subsequent

nanowire synthesis attempts. From SEM, it is clear that there is a marked difference between

the morphologies of these materials when synthesised by these methods. The sample synthesised

through the NADES was observed to consist of a flakey sample with small combined crystallites.

The sample is also porous, with large chunks of material with voids between them (4.14a).

In contrast, the results from the synthesis with dextran showed no real structural direction,

appearing to show randomly sized chunks of material (Figure 4.14b).
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Figure 4.14: SEM depicting the materials when synthesised by (a) a method utilising NADES
as a solvent, and (b) a biopolymer-mediated method with dextran as the biopolymer. (b) was
synthesised by Sorrel Haughton. Scale bars in both images represent a length of 10µm.

When considering the pXRD of the samples, the NADES synthesis also appeared to show that

when synthesised via. a NADES, the sample was much purer than what was synthesised with

dextran as a biopolymer. It could be that synthesising the material with a lower molecular weight

dextran, as was carried out in Chapter 3 could alter the purity, though this was not carried out in

the present thesis.

4.2.2.3 Bi-2201 and sodium flux nanowire synthesis

As a control experiment, a pellet was made from the Bi-2201 and NaCl with no CaCu(OAc)4 ·6H2O.

Incredibly, the result from this synthesis showed a pellet seemingly made from wires when exam-

ined by SEM (Figure 4.15). The appearance of these wires corresponds to what would be expected

from wires grown with the microcrucible mechanism; a consistent width along the wire and flat

ends. This is intriguing as there should be no reaction during the synthesis as it is merely Bi-2201

and NaCl being heated together. Therefore, the NaCl may be forming a eutectic mixture with

parts of the Bi-2201 pellet, forming sections of molten material which become supersaturated,

followed by wires growing from these molten beds. Alternatively, as the Bi-2201 is not pure,

the impurity phases within the bulk of the material could behave as the microcrucible from

which the Bi-2201 is growing. Whether this mechanism is applicable to other systems is yet

unknown, though the pellet was somewhat reminiscent of the observations of Bi-2212 whiskers

that have been previously reported.263 This would have to be affirmed through an environmental

experiment such as an SEM or TEM with a heating stage.

The pXRD pattern (Figure 4.16) from this sample did not appear to match any of the Bi-2201

phases in the ICSD, but instead, the peaks matched those reported by Bendersky et al. which has

an entry in the International Centre for Diffraction Data (ICDD).91 Unfortunately, this paper

does not report atomic positions, so making a crystal information file (CIF) for the material to

be converted later to a Profex-compatible str file was impossible.91,184 However, Darriet et al.

were able to resolve the specific monoclinic phase by using a combination of electron diffraction,
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Figure 4.15: SEM depicting the results of combining Bi-2201 with NaCl. Scale bars in (a) represent
200µm, in (b) represent 100µm.

X-ray diffraction and neutron diffraction. While this phase is not present on the ICSD, a CIF was

able to be made using the program VESTA, which could then be imported into Profex for analysis

by Rietveld refinement.185 The resulting pXRD pattern (Figure 4.16) appears to show that the

sample primarily consists of the monoclinic polymorph of Bi-2201. Interestingly, this synthesis

often yielded wires that looked melted together when the Bi-2201 had been synthesised from

NADES instead of the dextran. Both the morphology and the purity of the starting material were

different when synthesising the sample from dextran over NADES, indicating that something

about the morphology and ratio of impurity phases of the Bi-2201 phases was promoting the

growth of nanowires in this case.

Figure 4.16: pXRD of the Bi-2201 synthesised by dextran, NADES, and the synthesis with the
NaCl.
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4.2.2.4 The synthesis of Bi-2212 wires with a NaCl flux

Even though wires formed when Bi-2201 was combined with a flux and subsequently calcined, the

proposed synthesis utilising CaCu(OAc)4 ·6H2O was still carried out. It was thought that adding

the Ca-Cu phase in combination with the previous synthesis could allow for the combination

of these phases during the calcination, resulting in Bi-2212 wires. Interestingly, there was a

difference in the product material depending on the synthesis method of the Bi-2201. When

Bi-2201 was synthesised from a NADES sol-gel method, nanowires were not frequently observed.

In contrast, when the samples were synthesised through a dextran-mediated method, wires were

consistently found in abundance throughout the surface of the sample (Figure 4.17). The wires

were measured to consist of an average diameter of 570 ± 1.57 nm, the distribution of nanowire

diameters can be found in Figure 4.17e.

It can be seen that dextran-based synthesis results in the formation of wires. When synthe-

sised with 30 mol % NaCl with respect to bismuth, many wires were observed throughout the

sample. As shown in Figure 4.17, the wires were found throughout the pellet’s surface, appearing

to have grown from within the pellet rather than just being localised to its edges. The wires

ranged in size between 200 nm and 2µm, with a lognormal distribution and mean wire width of

570 nm. Interestingly, this coincides with the size distribution of the smaller CaCu(OAc)4 ·6H2O

particles examined by TEM previously. This agreement in size distribution agrees with the

assessment that the CaCu(OAc)4 ·6H2O could behave as a microcrucible in this reaction. To

further confirm the crystal structure of the nanowires, the wires were cast onto a TEM grid by

sonicating them in ethanol for ca. 10 s and then dropcasting the material onto a copper grid.

From the SAED in Figure 4.18d, it can be seen that the diffraction patterns consists of bright

spots and surrounding satellite spots which are lower in intensity. This occurrence of satellite

spots is characteristic of Bi-2212 because it consists of bismuth-rich and bismuth-poor zones,

creating an incommensurately modulated structure that results in additional diffraction spots

on the SAED.286,287 However, these satellite spots are consistent for all members of the BSCCO

family, and as such their appearance is not proof of the formation of the target phase.

Analysis of the diffraction spot pattern for this sample determined that it was indexable to

the target Bi-2212 phase with a zone axis of [001]. However, when examined with the software

CrysTBox, it was also found to be indexable to Bi-2201 with the same zone axis.186 Upon direct

comparison of the analysis of these two data, it was found that when indexed to Bi-2212, the

standard deviation of the calculation was 0.0014, compared to 0.0016 when indexed to Bi-2201. It

is possible that the sample was an off-stoichiometry sample with a lower amount of calcium than

expected. To further analyse this, EDXA was performed on this sample (Figure 4.19). The sample

was cast on a copper grid, so the data for copper is unreliable in this case. Despite this, it can be

seen that there is a higher concentration of calcium ions on the wire than in the surrounding area.

Analysis of the spectrum in terms of atomic percent (excluding the data for copper, as it could not

be separated from background data from the grid) determined that the sample consisted of 5 %
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Figure 4.17: a and b) SEM of a sample synthesised with Bi-2201 synthesised from a NADES,
compared to (c and d) SEM of a sample synthesised with Bi-2201 synthesised via the biopolymer
dextran. Scale bars in (a) represents 10 ◦C (c) represent 100µm in (b and d) represent 5µm. e)
histogram distribution of the widths of the wires, along with the logaritmic mean of the plot.
Mean wire width was calculated to be 570 nm with a standard deviation of 1.57 nm. f) pXRD data
from the same sample. Sample displayed in (c - f) was synthesised by Sorrel Haughton

calcium compared to 56.4 % strontium and 38.6 % bismuth. Therefore, this material appears to

be abundant in strontium and sparse in calcium. It is likely that neither Bi-2201 nor Bi-2212 are

the exact phase present and that the sample is an off-stoichiometry material.
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Figure 4.18: a) TEM of a wire from the same sample, with b) the corresponding SAED. Spots are
indexed to Bi-2212 with a zone axis of [001].

Figure 4.19: Scanning TEM image of the same grid as in 4.18. Corresponding EDXA maps of
specific energy transitions are shown. The feature behind the wire shown in the O Kα1 energy
map is from the lacey carbon film upon which the wire is suspended. Scale bars indicate a length
of 500 nm.

Additional diffraction data were taken from other wires found within the sample, and a

summarisation of the SAED analysis are given in Table 4.2, which is paired with the SAED data

given in the Appendix (Figure A.3). As can be seen, the vast majority of the diffraction patterns

obtained from this sample consistently obtain a zone axis of [001] and a low standard deviation.
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Table 4.2: Data as obtained from the software CrysTBox when examining the SAED observed for
various wires examined by TEM. Corresponding images are found in Figure A.3.

Image
Bi-2212 Bi-2201

Zone axis Stdev Zone Axis Stdev

a [001] 0.0014 [001] 0.0016
b [001] 0.0019 [001] 0.0021
c [001] 0.0006 [001] 0.0004
d [001] 0.0057 [001] 0.006
e [1̄01] 0.0058 [011] 0.0025
f [001] 0.0013 [001] 0.0008

Furthermore, when applied to both Bi-2212 and Bi-2201, there was very little difference between

the calculated standard deviations, indicating that the diffraction pattern was a good fit for both

crystal structures. This, again, indicates that the wires are likely an off-stoichiometry of BSCCO.

If these wires were Bi-2212, the calculated zone axis of [001] indicates that the wire is growing

along the a or b-axis. This indicates that this material’s intrinsic JJs are actually along the

length of the wire instead of perpendicular to the wire. Of course, this is not ideal for forming

the high-density of intrinsic JJ as desired, but these wires could still find applications in other

superconductor-based microelectronics.

4.2.3 In-situ TEM studies

A heating stage was utilised to attempt to reproduce the observations by Boston et al. for the

Bi-2201 system and fully elucidate the mechanism of nanowire growth. A grid was prepared by

touching a gold grid with a carbon film to a powder made of Bi-2201 and NaCl. The grid was

then loaded into a Jeol 2100. The sample was heated quickly to 500 ◦C and then slowly ramped

up to 850 ◦C while a video was captured. The heating was paused at ca. every 100 ◦C to allow

for videos to be saved and to pan around the sample to determine if any observations had been

missed. Unfortunately, as shown in Figure 4.20, there was no observation of nanowire growth

from this sample. The heating stage used had no way to control the cooling rate and would rapidly

cool without control if a lower temperature was set - regardless of which temperature was set.

Therefore, this attempt likely resulted in rapid quenching of the material, essentially freezing

the sample in place. Despite an attempt to reheat this sample later, nothing happened. Some

data from this attempt is promising, however, as it appears that the lighter NaCl crystallites can

be seen to be melting. The application of a current to the grid, thus enabling it to heat, resulted

in the image drifting throughout the analysis. Therefore, the image had shifted significantly

between the two images given in 4.20; as such, an arrow has been added to the image, which

indicates the same position in both frames.

Some proof-of-concept heating attempts were subsequently made to rule out that the vacuum

102



4.2. RESULTS AND DISCUSSION

Figure 4.20: Bi-2201 and NaCl sample at 511 ◦C and 850 ◦C. Arrows in both micrographs are
pointing to the same feature to accommodate the drift that occurs due to the heating.

was affecting the synthesis. These utilised the solid-state synthesis of Y-123 as initially reported

by Dr. Jason Potticary.264 This involved mixing Y2O3, BaCO3 and CuO combined with 10 wt

% NaCl, which was then added to a carbon-film gold grid by touching it to the powder as with

the Bi-2201/NaCl sample. As this is the same system examined by Boston et al. but with a

solid-state synthesis, it was determined that the vacuum would likely not affect this sample.

This time, the heating rate was controlled by manually adjusting the heating current of the

stage. This experiment was also used as calibration for future experiments, enabling a correlation

between heating current and temperature to be developed. A plot of these data can be found

in the Appendix (Figure A.4). The ramp rate of this experiment was much faster than would

take place during a routine experiment, and no real change was observed during the synthesis.

Unfortunately, the carbon film decomposed during this experiment at about 860 ◦C, which meant

that a complete comparison of the material before and after the synthesis was impossible. Some

areas of material left after the heat and cool appeared to show some small nodules of material that

could indicate wires beginning to grow (Figure 4.21). As such, it was decided that the experiment

would be repeated with a slower ramp rate.

Figure 4.21: Y2O3, CuO, BaCO3 and NaCl sample after the heating run. Arrows in a) and b) are
pointing to sections of material that could be indicative of the beginning of nanowire growth.

The next attempt exploited the knowledge obtained from the previous run to control the
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heating rate to be much slower manually. This was again carried out by manually controlling

the current of the heating stage throughout the attempt. As before, videos were captured at

10 min intervals, and the heating was paused between each video. Overall, this equated to a

heating rate of 4.9 ◦Cmin−1 from 515 to 884 ◦C, including the pauses to save each video. The

individual heating stretches were operated at a ramp rate of 5 ◦Cmin−1. A gold grid without a

carbon film was used to avoid the risk of the decomposition of the carbon film. Therefore, the

material was observed hanging off the grid’s edge instead of suspended on a film. In this attempt,

several transitions were observed throughout the synthesis. The first of note occurred between

the temperatures of 773 - 780 ◦C, which was after the sample had been heating for 61 min, which

is presented in Figure 4.22. This appeared to be some form of melting event, where several

sections of material were observed to disappear quickly, while other sections were observed to

grow. For this figure, t = 0 represents 61 min. Interestingly, it appeared as though a wire was

attempting to grow at t = 17 s, and it continued to grow until it rapidly appeared to melt into

the bulk material at t = 46 s. Unfortunately, the scale bar shown is inaccurate due to a software

glitch.

Figure 4.22: Figure depicting still frames from a video taken during the heating from 710 to
810 ◦C. The images in this figure are a subset from the video between 773 and 780 ◦C. t=0
represents 61 min since the heating of the sample began. Arrows in figure are pointing to sections
of material that have changed between the previous image.
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Another significant event that was observed is displayed in Figure 4.23. Again, the scale bar

in these images is incorrect due to a software glitch. The t = 0 in Figure 4.23 represents 79 min

since the heating began. The clump of material appears to begin to break down at t = 37 s, and

the material around it appears to melt together. There was no evidence of any nanowire growth

observed in the rest of the heating of the sample. Due to the better control of the temperature

throughout this synthesis, it was possible to control the cooling rate of the sample, which had not

been carried out in the previous samples. This was undertaken at a similar rate to the heating

rate (5 ◦Cmin−1), but no further transitions for this sample were observed.

Figure 4.23: Still frames from a video taken during the heating of the sample from 845 to 861 ◦C.
The images in this figure are a subset from the video between 845 and 887 ◦C. t=0 represents
79 min since the heating of the sample began. Arrows in figure are pointing to sections of material
that have changed between the previous image.

Due to the promising observations from this synthesis, the same experiment was repeated.

The lack of observed nanowire growth in the previous experiment could be due to the fact that all

four constituent particles had not been simultaneously present on the grid. Unfortunately, due to

the heating stage holder, the grid was not in an optimum position for EDXA, so it was difficult

to determine if the phases were all present in-situ;. At the same time, although this would be

possible from SAED; it was challenging to solve these patterns before the experiment. The sample

was, therefore, re-run with the same ramp rate but a much faster cooling rate of 26 ◦Cmin−1.

It was thought that this increased cooling rate would better emulate the conditions within the

furnace, as there is no control of the cooling rate with those experiments. During the heating cycle,

there were occasional observations of transformations and features which appeared to be growing

into wires - much like what was observed in the previous synthesis (Figure 4.24). However, these

features consistently degraded and appeared to re-melt back into the bulk material.
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Figure 4.24: Still frames from videos taken during the heating of the sample from room tempera-
ture to 883 ◦C, t = 0 represents the beginning of the controlled heating of the sample from 525 ◦C.

After this heating, the sample was cooled at 27 ◦Cmin−1. Several wires were observed to grow

from the bulk material during this cooling period. The speed of this growth appeared arbitrary,

as some wires grew throughout the entire cooling period, and others grew very quickly. Details of

this are given in Figure 4.25. For Figure 4.25, t= 0 represents the beginning of the cooling period.

In particular the wire shown at t=13 min grew to a length of 620 nm with a width of 12 nm, giving

it an aspect ratio of 52. This wire was shown to be very flexible during its growth and was seen to

bend significantly before it either folded up out of view or broke off completely.

After the cooling, high-resolution TEM could be carried out. From Figure 4.26b, it can be

seen that the base of one of the wires is highly crystalline, with a clear change of direction of the

lattice fringes at the base of the wire. The d-spacing found in the bulk of this growth was 3.1 Å

which could be associated with the d-spacing for the (220) plane in Y-211, which has a d-spacing

of 3.07 Å. SAED from a different section of the material was indexable to Y-211 (Figure 4.26c and

d). While this is not the target phase, Y-123, it is not unexpected that Y-211 formed instead, as

the vacuum of the electron microscope led to an under-oxygenated phase forming. This was also

observed in the initial study by Boston et al.

The sample within its holder was then examined with SEM, as more wires may have grown

vertically out of the grid. However, when the same feature that had been observed from TEM was

found, it appeared as though the wires had disappeared in the transport between the TEM and

the SEM. Additionally, these wires were small enough that they were approaching the limit of

what is observable by SEM. The backscattered electron imaging shows that some sections of the

sample are made of a heavier element than the surrounding material, shown by its lighter colour.

Further examination with EDXA (Figure 4.27) showed that some of these sections gave rise to

a signal from gold. A signal from gold is to be expected due to the grid upon which the sample
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Figure 4.25: Still frames from a video taken during the heating of the sample from 883 to 338 ◦C.
The images in this figure are a subset from the video between 883 and 504 ◦C. t=0 represents the
point at which the cool-down of the sample began. Arrows in figure are pointing to sections of
material that have changed between the previous image.

was mounted; however, it appears that some of the sections from which the nanowire growth had

occurred also contain some signal from gold. While it is possible that this signal is arising from

further within the sample, it is also possible that the grid was degrading during the synthesis of

the sample. It has been shown that in-situ experiments with a TEM can result in the degradation

of the grid, where the heated grid begins to shed nanoparticles upon heating.288 In this work

by Zhang and Su, gold was the most resistant to this effect and no nanoparticles were observed

when the grid had been heated to 850 ◦C. However, in the present work, the sample had been

heated to 883 ◦C, and it is possible that the grid could have shed nanoparticles in this situation.

If nanoparticles had been shed from the grid, the nanoparticles produced could have behaved as

nucleation points during the cooling, upon which the nanowires could have subsequently grown.

Further examinations of the grids in-situ would have to be carried out to determine if this is the

case.
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Figure 4.26: a) The area that was examined prior to any heat had been applied. b) The same area
after both the heat-up and cool-down of the sample. c) A close-up of one of the areas that had
grown during the cool down of the sample. Labelled with an arrow in (b). d) SAED of the section
of (b) which is labelled by a circle.
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Figure 4.27: a) SEM of the the feature observed in Figure 4.26, imaged with secondary electron
imaging b) SEM of the same area but imaged with backscattered electron imaging c) EDXA of
the same area. Scale bars in (a), (b) indicate a length of 1µm.
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4.2.4 Summary

Two different methods were used to manufacture the microcrucible mechanism for synthesising

nanowires of Bi-2212. The first method combined the component metal oxide with a mixed

carbonate nanoparticle with a flux; the second method combined Bi-2201 with CaCu(OAc)4 ·6H2O

and a NaCl flux.

For the first method, the fluxes examined in this were NaCl, Na2CO3 and CaCl2. With all

three of these fluxes, nanowires of an ideal composition were not observed. The least consistent

method was with a NaCl flux, where only a few wires were observed through a range of samples

at four different dwell temperatures. Wires were observed for the samples which utilised a NaCO3

flux. Interestingly, these wires were often observed to be bending during growth. This indicated

some strain on the wires during growth or potentially that the wires were so thin that they could

not support themselves. Despite the observations of wires, the samples synthesised with a CaCl2
flux were highly deficient in bismuth. This indicated that they were formed of a different phase to

Bi2Sr2CaCu2O8+x. In addition, wires were observed for this sample within a very narrow dwell

time, indicating that the wires can form and subsequently melt together. It was realised that this

could occur for all of the synthesised samples.

For the second synthetic technique, a large number of wires spread over the surface of

the sample was observed. These wires exhibited an average width of 570 nm. However, upon

investigation into their composition on the TEM, it was found that they could be indexed to both

Bi-2212 and Bi-2201. Further examination of these wires with EDXA indicated that they were

highly deficient in calcium and abundant in strontium, indicating that these wires were likely

a phase that was somewhere between Bi-2212 and Bi-2201. Further experimentation could be

carried out to examine potential solutions to this deficiency in calcium; for example, by utilising

alternative fluxes or adding excess calcium into the precursor materials.

Finally, in-situ TEM was carried out on the samples to determine if the growth of nanowires

could be observed directly. This would have enabled direct confirmation of the microcrucible

mechanism. Of particular interest was the examination of the Bi-2201 sample when heated with

NaCl, as this would help elucidate the mechanism by which the wires formed. Unfortunately, the

preliminary study with this method was unsuccessful, and no nanowire growth was observed. As

this experiment was completely new, the heating stage was tested with a system where nanowire

growth had already been observed in-situ, that of YBCO. The first test with this system was

utilised to calibrate the current required to reach specific temperatures. However, unfortunately,

no nanowire growth was observed - in part due to the decomposition of the carbon film during the

synthesis. For the next two syntheses, the ramp rate of the heating stage was able to be controlled

to a rate of ∽ 5 ◦Cm−1 as would be observed in the syntheses within the furnace. Nanowire

growth was observed in the second of these syntheses during the cooling period of the sample.

SAED of one of these wires could be indexed to Y-211, which is promising for future studies.
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5
SYNTHESIS OF SPONGE ARCHITECTURES OF HIGH-TEMPERATURE

SUPERCONDUCTORS

Parts of this chapter are published in Nanoscale Advances. All data presented within this chapter

were obtained by me, with the exception of the Brunauer–Emmett–Teller (BET) isotherm data

obtained by Lui R. Skytree and Huan V. Doan and the mercury porosimetry data, which was

obtained by MCA services on behalf of Huan V. Doan. The morphology of the original sponge

analysed by scanning electron microscopy (SEM) was carried out by Jason Potticary.179

When designing novel functional materials, it is essential to consider the nanostructure of

the material along with its chemistry. Nanoscaled features often result in macroscopic

emergent properties, such as structural colour. Indeed, it is often the case that a

propetry of a material is due to the nanostructure of the material and not its chemical makeup.289

Emergent behaviour resulting from nanostructures is very prevalent in natural materials; for

example, the nanotextured surface of a lotus leaf is responsible for its super-hydrophobicity.44

The capability to reliably replicate and synthesise nanostructures of materials is, therefore,

important in the development of novel functional materials. In this chapter, the use of a melamine

formaldehyde sponge as a templating agent for the synthesis of sponge-like architectures of

high-temperature superconductors is explored.

5.1 Introduction

5.1.1 Porous materials

Porous materials can be characterised as materials that contain voids, where the voids can be

filled with a liquid or gas. The International Union of Pure and Applied Chemistry (IUPAC)
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has defined a porous solid as ‘a solid with pores, i.e. cavities, channels or interstices, which are

deeper than they are wide’, and the pores within the materials can be randomly orientated

or ordered.290 The different pore diameters, d, of pores within a porous solid have also been

partitioned into three types by IUPAC: micropores with d < 2nm, mesopores with 2< d < 50nm,

and macropores with d > 50nm. Porous materials have found applications in catalysis, filtration

and in lightweight materials by virtue of their often high surface areas and permeability.291

Additionally, the chemical nature of the pores can drastically alter the applications of the material.

For example, molecular sieves based on silica are hydrophobic and can filter organic molecules

from water; in contrast, molecular sieves based on aluminosilicates are hydrophilic and can

scavenge ions from organic solutions.292,293

The pores in a porous material can be highly ordered, such as those in metal-organic frame-

works (MOFs), and zeolites.294 Alternatively, the pores can be randomly orientated with a wide

range of sizes within the same material, such as those in sea sponges. There are also naturally

occurring porous materials, such as sea sponges. Sea sponges are ocean-dwelling organisms that

have channels and pores throughout their bodies and can be thus considered to be a porous

material. Originally, the sponges used for cleaning were made from sea sponges, but these have

been mostly replaced by synthetic plastic alternatives. These materials exhibit large open frame-

works of solid material with large voids, and can be referred to as three-dimensional reticulated

foams.291 For the purposes of this thesis, porous materials with this structure shall be referred

to as sponge-like or foam-like.

5.1.1.1 Synthesis of porous materials

Porous materials can be synthesised in various ways depending on the desired morphology of

the material. For example, MOFs are self-assembled structures between a metal-ion or cluster

and a multidentate organic linker.295 These individual components chelate to each other in a

3-dimensional (3D) network, with pore sizes dictated by the size of the individual components.

MOFs are typically synthesised through a various methods, from simply mixing the precursor

molecules together to utilising solvothermal techniques.296. In the case of randomly-distributed or

closed pores, they can be induced by ensuring that gas bubbles are given off during the synthesis.

For example, many polyurethane foams are synthesised in this way, where a gelling reaction

is followed by a so-called ‘blowing’ reaction, where carbamic acid is formed and subsequently

decomposes into carbon dioxide bubbles.297 Porous materials can also be synthesised by exploiting

natural self-assembly motifs, for example, by the self-assembly of polymer chains and then the

formation of covalent bonds to lock the polymer in place.298 A similar method to this is to combine

polymerisation with a template. This is the method by which mesoporous silica is synthesised,

where micelles are self-assembled into the desired shape, and a silica source is allowed to

polymerise around this micellar template. The micellar template can subsequently be washed

away, resulting in silica with a well-controlled mesoporous structure.299
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5.1.1.2 Porous superconductors

Controlling the nanostructure of high-temperature superconductors is vital in ensuring that they

have optimal superconductive properties. At grain boundaries, high-temperature superconductors

can exhibit Joule heating, where a section of conducting material heats up due to the resistance

in that section of material. This can create hotspots within the superconductor, resulting in the

destruction of superconductivity in these regions.300 To ensure optimal stability, the formation of

these hotspots is undesirable, as it results in the quenching of the superconductive state. One

route to overcoming the Joule heating arising from grain boundaries would be to create a porous

superconductor that can be fully submerged into the cryogen to allow ample heat dissipation.301

Additionally, cuprate superconductors often require additional heating steps to ensure optimal

oxygenation of the material. These oxygenation steps usually yield higher critical temperature

(Tc)’s and narrower transitions to the superconducting state. The oxygenation steps are material-

dependent - for example, YBa2Cu3O7–δ (Y-123) is annealed at 500 °C under an atmosphere of

100 % oxygen, but for Bi2Sr2CaCu2O8+x (Bi-2212) the oxygenation step can be at 850 °C in an

atmosphere of air or 20 % oxygen and 80 % argon.302,303 Porous superconductors could reduce

the necessity for these oxygenation steps as they are diffusion-based, so the higher surface area

can shorten these diffusion pathways and thus result in shorter reaction times.304

There are several examples of the synthesis of porous Y-Ba-Cu-O (YBCO); for example, Reddy

and Schmitz synthesised sponges of YBCO by first synthesising a sponge of Y2BaCuO5 (Y-211)

and then providing a Y-123 seed in order to convert the Y-211.85 This is possible due to the fact

that Y-211 can be converted to Y-123 through a peritectic melt crystallisation. Additionally, foam-

like structures of Y-123 have also been synthesised using the biopolymer dextran.225 Bi-2212, on

the other hand, has not previously been synthesised in a porous morphology, though nanofabrics

of Bi-2212 have been made successfully.

5.1.2 Melamine formaldehyde

Melamine formaldehyde, MF, is a resin formed between melamine, a trimer of cyanamide, and

formaldehyde (structure shown in 5.1a). These two constituents can undergo a condensation

reaction and form a tough polymer, which has been frequently used as laminates, coatings or

adhesives.305 Melamine by itself is very flame resistant because of its propensity to undergo

condensation reactions which release the flame-diluent gas ammonia. When melamine burns, it

forms melam, melem and melon, which are thermally stable and form a char-layer on top of the

melamine (structures shown in figure 5.1b).306 Similarly, with melamine formaldehyde (MF), its

combustion yields many nitrogen-containing gases, disrupting the atmospheric oxygen around

the burning material and putting out the fire.307 MF has also been shown to form thermally

resistant char layers, similar to melamine, and can also self-extinguish when the source of flame

has been cut off.308 Additional applications of MF includes the formation of so-called aminoplasts,
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Figure 5.1: (A) Schematic showing the condensation reaction between 1 melamine and 2 formalde-
hyde, to eventually form the 3 melamine formaldehyde crosslinked polymer. Initial reaction
scheme for the material reported in reference 309. (B) Schematic showing the structure of 1
melamine, 4 melam, 5 melem, and 6 melon.

which are microcapsules of MF.309 MF can also be formed into a foam, allowing it to be used

for other applications such as soundproofing and fire retardant materials. A commercial form of

this foam is known as the ‘Magic Eraser’ by Flash in the United Kingdom or Mr Clean in the

United States of America. They are useful as abrasive materials for cleaning and are chemically

very similar to the resin melamine formaldehyde but are also a co-polymer with sodium bisulfite.

These sponges are highly porous, with reported porosities of 99% and 100 nm pore sizes.310 MF

sponges have been explored in the scientific community for their capability as flame retardant

materials and as materials for separating oil from water.311,312 A fascinating study explored

the potential of these sponges as filters of uranium ions from seawater.183 In this study by

Wang et al., a MF sponge was coated in sodium alginate so that additional polymers could be

attached to the sodium alginate and thus form a highly porous material that had a high affinity

for uranium ions in solution. This particular study was interesting with respect to the synthesi

of porous superconductors, as sodium alginate has been used priorly to successfully synthesise

YBCO.262 As such, it was thought this could be used as a starting point for synthesising porous

superconductors using MF as a sacrificial template.

To test the viability of melamine formaldehyde as a sacrificial template for complex metal

oxides, three different synthesis methods were devised: using the MF sponge as a templating

agent to the solution of metal nitrates by themselves before calcination; first coating the MF

sponge in sodium alginate, which is then soaked in a solution of metal nitrate salts before
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calcination; or using a modified Pechini method, where the metal nitrates are first dissolved in a

solution of ethylene glycol and citric acid before the sponge is soaked in this solution and then

the sample is gelled before the calcination. By so doing, the templating ability of the sponge by

itself, the effect of combining the sponge with additional biopolymers, and the effect of changing

the solvent of the synthesis were able to be examined.

5.2 Results and discussion

For this work, the commercial form of the sponges as the Flash Magic Eraser were purchased

and used without further treatment. SEM of the sponge (Figure 5.2a) showed that it was a

very open and porous structure, consisting of many thin wires that connect in a reticulated

structure. Interestingly, thermogravimetric analysis (TGA) of the sponge showed that some mass

remained after heating it to 700°C (Figure 5.2b). As was discussed in Section 5.1.2, MF is a very

flame-resistant material, so it is not surprising that there was still some carbonaceous material

left after subjecting it to TGA. However, it was decided that the percentage of product material

that contained carbon would be small in the synthesis of the resultant superconductor, due to its

literature-reported porosity of 99 %. Therefore, the overall percentage of the mass belonging to

the sponge was considered to be insignificant - particularly as the synthesis temperatures for

YBCO and Bi-Sr-Ca-Cu-O (BSCCO) are 900-920 °C and 830-850 °C respectively, which is higher

than what was tested by TGA. It was also thought the structure being so thermally resistant

may allow it to persist in the furnace for longer, providing a scaffold for the metal oxide to grow

around.

(a) (b)

Figure 5.2: (a) SEM of the original MF sponge as purchased. Scale bar indicates a length of 100
µm. (b) TGA of the as-purchased sponge, indicating a sharp drop in mass at 400 °C. There is still
some mass present after heating it to 500 °C.

115



CHAPTER 5. SYNTHESIS OF SPONGE ARCHITECTURES OF HIGH-TEMPERATURE
SUPERCONDUCTORS

5.2.1 YBa2Cu3O7–δ and Bi2Sr2CaCu2O8+x from the melamine formaldehyde
sponge only

Initial attempts at synthesising sponge architectures of Y-123 and Bi-2212 were carried out by

simply soaking the sponge in an aqueous solution of the constituent metal nitrate salts in their

stoichiometric ratios. It was thought that the MF sponge could behave as a chelating agent to

the metal nitrates, similarly to the biopolymer-mediated syntheses discussed in Section 1.3.2.2.

This was attempted for Y-123 and Bi-2212. Due to the poor solubility of Bi(NO3)3 ·5H2O, an

additional chelating agent of ethylenediaminetetraacetic acid (EDTA) was added. This addition

has been shown previously to prevent the formation of bismuth subnitrate, which is poorly

soluble.227 The sponges were cut into ca. 2 x 2 cm sections, submerged in the aqueous solutions

and subjected to a vacuum for roughly 5-10 minutes. After soaking, the sample was allowed to dry.

The sponge did appear to successfully uptake the metal nitrates, as it became blue after soaking

and drying, which was indicative of the blue colour of the solution arising from the copper nitrate

hemi(pentahydrate). The sponges were then calcined without further treatment at 900 ◦C for

Y-123 and 830 ◦C for Bi-2212 with a ramp rate of 5 ◦Cmin−1 and a 2 h dwell time.

By way of a control experiment to determine whether the sponge was acting as a good

chelating agent, the aqueous solutions were also pipetted into a crucible, allowed to dry and

subsequently calcined. The powder X-ray diffraction (pXRD) data in Figure 5.3 show that both

samples do not consist of a majority of the target phase, with 32 % of the Y-123 aqueous control

consisting of the target phase, and 2 % of the Bi-2212 target phase. A full breakdown of the

results of Rietveld refinement from these samples is given in table 5.1 and 5.2.
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Figure 5.3: (a) pXRD data of the calcined aqueous control experiments (a) for the Y-123 sample,
(b) for the Bi-2212.
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5.2.1.1 YBa2Cu3O7–δ

After calcination, the MF only templated synthesis YBCO sample (MF-YBCO) had crumbled

slightly. Additionally, the sample exhibited regions that were green in colour, visibly indicating

the presence of Y-211. Y-211 is often nicknamed the ’green phase’ of YBCO and is not super-

conductive.84 The presence of Y-211 was confirmed later by pXRD, and is shown in figure 5.4.

MF-YBCO did appear to exhibit some sponge-like morphology as shown in the SEM in figure

5.4 b and c. However, the purity of this sample was poor, as can be seen in the pXRD data given

in Figure 5.4. Multiphase Rietveld refinement affirmed this observation, calculating that only

37 % of the sample consisted of the target Y-123 phase. Other YBCO phases detected were the

aforementioned Y-211 phase with 17 % of the sample and another non-superconductive phase,

YBa4Cu3O9, at 9 %.84,313 Additional impurity phases were Ba0.98CuO2.07 representing 18 % of

the sample, Y2Cu2O5 representing 4 % of the sample, BaCO3 representing 4 % of the sample,

and CuO representing 12 % of the sample. The goodness of fit for the refinement was higher

than would be desired, at an Rwp of 6.93 %, yielding a χ2 value of 6.44. Rwp and χ2 are indicators

of how well the calculated pattern matches to the experimental pattern. For an exemplary fit,

one would expect χ2 to be between 1 and 1.5, but this can sometimes be difficult to reach. As it

stands, the noise and slight mismatch of the peak intensities for the sample does raise the χ2

value, but all the peaks in the pXRD pattern are accounted for with some slight mismatches in

intensity between the calculated and the experimental data. These slight deviations between the

calculated and experimental data likely stem from slight parameters that could be changed in

the refinement to account for features such as microstrain in the crystal structure or preferential

orientation of the material. This has been accounted for in the target Y-123 phase but not for all

of the phases within the refinement, as there can be issues with over-fitting the data, and the fact

that the calculation becomes more expensive. While the χ2 of 6.44 is not perfect in this case, it is

enough to gain some qualitative information about the relative abundances of each phase within

the sample. To account for the higher error of the refinement, the phase quantities have been

rounded to the nearest percent for the purposes of discussion. The phase quantities as calculated

are provided in Table 5.1.

Overall, it appears that for Y-123, using the MF sponge as a templating agent alone is

insufficient for optimal purity. It is interesting that the poor purity is combined with a good

replication of nanostructure, as this implies that there is good chelation of the metal ions to

the sponge to enable the nanostructure replication. However, the lack of purity implies that,

despite the good chelation, the target phase is not the most favourable phase to form. In the

case of MF, its high thermal resistance and fire retardancy allows it to persist until the late

stages of the synthesis. This is shown by the fact that when a MF sponge was subject to TGA

up to 500 ◦C in a nitrogen atmosphere, a significant portion of the mass of the sponge remained

(Figure 5.2b). This flame resistance could be enabling a scaffold for the metal oxide phases to
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Figure 5.4: (a) pXRD data of MF-YBCO as given by Rietveld refinement. The tick marks under
the plot indicate the Bravais reflections of the associated phase, also labelled under the plot. The
red line indicates the calculated pattern from the refinement. Rwp –– 6.91% (b)-(c) SEM of the
sponge after calcination. Scale bars in both indicate a length of 200µm.
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form around throughout the synthesis, but the actual chemical make-up of the MF sponge could

be inappropriate for ideal chelation for Y-123. It is likely that the lack of carbonyl groups in the

MF sponge for metal chelation could be leading to this lack of product purity.

5.2.1.2 Bi2Sr2CaCu2O8+x

When synthesised via this method, the resulting MF templated synthesis BSCCO sample (MF-

BSCCO) did not appear to replicate the original sponge morphology. While some sections of

material appeared to be sponge-like in appearance, as shown in Figure 5.5b, the majority of the

material appeared to show no direction of structure, and instead consisted of amorphous lumps of

material as shown in Figure 5.5c. Despite the lack of replication of structure, the sample consisted

of predominantly the target phase, Bi-2212. Multi-phase Rietveld refinement calculated that 86

% of the sample consisted of this target phase, with some additional impurities of Bi2Sr2CuO6

(Bi-2201), 6 %, Sr6.27Ca4.73Bi6O22, 6 %, and CaCO3, 2 %. For the multi-phase Rietveld refinement

in the BSCCO phases in this chapter, structures of Bi2.09Sr1.9CaCu2O8.22 and Bi10Sr10Cu5O29

were used for the refinement for Bi-2212 and Bi-2201 respectively. These provided a better

refinement fit and represent a modulated structure of Bi-2212 and a superlattice of Bi-2201,

respectively.314,315 Both materials are still reported to be superconducting and are instead a

slight off-stoichiometry of the target phase or disordered structure. This sample, with the lack

of adoption of the sponge morphology but good purity, appears to contradict what was observed

for the MF-YBCO sample. The calculated Rwp of this sample was 8.93 %, with a χ2 of 10.39.

MF-BSCCO was combined with an additional chelating agent of EDTA, which contains carbonyl

groups for chelation to the metal ions in solution. That several sections of material did exhibit a

slight sponge-like morphology does indicate that there was some templating to the MF sponge. As

with MF-YBCO, the thermal resistance of the sponge could be aiding in the resulting morphology,

yielding the occasional examples of porous-like material that were observed. It is likely that the

Bi-2212 metal ions are chelating preferentially with the EDTA and resulting in the amorphous

lumps of material.
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Figure 5.5: (a) pXRD data of MF-BSCCO as given by Rietveld refinement. The tick marks under
the plot indicate the Bravais reflections of the associated phase, also labelled under the plot. The
red line indicates the calculated pattern from the refinement. Rwp –– 8.93% (b)-(c) SEM of the
sponge after calcination. Scale bars indicate a length of a) 100µm and b) 50µm.
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5.2.2 YBa2Cu3O7–δ and Bi2Sr2CaCu2O8+x from sodium alginate coated
sponges

This method closely follows the method previously reported by Wang et al., where the sponge was

coated with sodium alginate prior to additional coating steps to tailor the material to capture

uranium ions. Sodium alginate has been used for the synthesis of YBCO previously, so it was

thought that the addition of the MF template may yield some control of structure after the

synthesis.183 It has not been used for Bi-2212 previously, so a control experiment, where the same

procedure as the Y-123 was carried out, but with the Bi-2212 aqueous precursor solution instead

(pXRD data is given in Figure 5.6). In this case, it was found that Na3Ca2BiO6 formed over the

desired Bi-2212 phase. It is likely therefore, that BSCCO is incompatible with sodium alginate

as a biopolymer. An attempt at coating the MF sponge with sodium alginate and subsequent

chelation to the constituent salts of Bi-2212 was attempted regardless, as it was considered that

the small amount of sodium alginate would likely not impact the generation of the target Bi-2212

phase.

5.2.2.1 YBa2Cu3O7–δ

The MF and sodium alginate-templated synthesis YBCO sample (MFA-YBCO) sample did appear

to show a good porosity and much improved purity. The target phase represented a much higher

percentage of this sample, with 65 % of the sample consisting of the target phase. It should be

noted that the refinement was carried out with two separate Y-123 phases in the same calculation.

The difference between the two phases was a slight difference in oxygen stoichiometry. It’s

possible that regions of the sample consist of a higher-oxygentated Y-123, perhaps due to the

decomposition of the MF sponge releasing gases such as NH4 and thus smothering the sample

from oxygen. As the calcination was undertaken in a chamber furnace, there was no active flow

of air within the furnace. This could have lead to a poorly oxygenated atmosphere within the

furnace, thus resulting in insufficient oxygen to form the ideal phase of Y-123. Annealing of YBCO

is a common practice, whereby the sample is heated to 500 ◦C under flowing oxygen.302 As this

is a diffusion-based process, it is also possible that the 2-hour calcination time was insufficient

for the full diffusion though the sample. The increased purity of the sample compared to that of

MF-YBCO, is consistent with what has been observed for both materials so far - the addition of an

additional chelating agent to the MF sponge has enabled a much purer sample to be synthesised.

Other phases present were Y-211 with 13 %, Ba0.98CuO2.07 with 8 %, Y2Cu2O5 with 1 %, CuO

with 9 % and BaCO3 with 4 %. The Rwp of the refinement was 4.01 %, yielding a χ2 of 2.45. A

breakdown of the multiphase refinement results can be found in 5.1.

The morphology of the sample was similarly sponge-like to MF-YBCO (Figure 5.7b and c), but

in this case the sample was much more mechanically fragile. This was qualitatively confirmed, as

the sample tended to collapse upon sputter treatment prior to analysis by SEM. The reasoning

for this increased fragility of sample can be inferred from the SEM, as it can be seen that there
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Figure 5.6: (a) pXRD data of the calcined alginate control experiments (a) for the Y-123 sample,
(b) for the Bi-2212. 123
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Figure 5.7: (a) pXRD data of MFA-YBCO as given by Rietveld refinement. The tick marks under
the plot indicate the Bravais reflections of the associated phase, also labelled under the plot. The
red line indicates the calculated pattern from the refinement. Rwp –– 4.01% (b)-(c) SEM of the
sponge after calcination. Scale bars in (b) indicates a length of 100µm, (c) indicates a length of
50µm.
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Figure 5.8: SEM of the Y-123 samples synthesised with a more concentrated solution of sodium
alginate. These samples appeared to consist of largely no structure direction and are not as
porous as would be expected of a direct template from the MF sponge. Scale bars in (a) indicate
length of 50µm, (b) indicates a length of 10µm.

are thin sections of material connected by thin wires or struts of material. This is likely due to

the MF only being coated by a very thin layer of sodium alginate, resulting in only thin sections

are chelated to the metal ions, thus forming only thin sections of product material. The fact that

the sample appears to be thinner than the MF-YBCO could indicate that, by coating the MF

sponge in sodium alginate, there is little structure direction from the sponge itself. Rather, it

is likely that the thin layer of sodium-alginate on top of the sponge is what is behaving as a

structure-directing agent.

In an attempt to overcome this fragility, a higher concentration of sodium alginate solution

was used for coating the sponge. However, the higher viscosity of the solution likely resulted in

poor coating of the sponge and possibly just filled some of the voids between the struts of the MF

material. The SEM of these higher concentration samples showed a lack of sponge-like structure,

and are found in Figure 5.8.

5.2.2.2 Bi2Sr2CaCu2O8+x

After the synthesis of MF and sodium alginate-templated synthesis BSCCO sample (MFA-

BSCCO), the target phase of Bi-2212 was sucessfully synthesised, but at a lower purity than

MF-BSCCO. pXRD data are given in Figure 5.9. Interestingly, the Na3Ca2BiO6 phase was not

detectable from this synthesis. The sample was found instead to consist of 65 % of the target Bi-

2212 phase, along with impurities of Bi-2201 which made up 17 %, Sr6.27Ca4.73Bi6O22 which made

up 5 % and CaCO3 which made up 14 %. The Rwp of the refinement was 7.72 %, which gave a χ2 of

5.89. A common impurity phase that forms alongside the BSCCO phases is Bi2(Ca1+xSr3– x)O7.138

For multiphase Rietveld refinement using the software Profex, an exact stoichiometry is required,

so Sr6.27Ca4.73Bi6O22 was used for the refinements. This phase was a good fit for the observed

peaks that corresponded to this phase, though it did not exactly match the stoichiometry of

Bi2(Ca1+xSr3– x)O7 (Sr6.27Ca4.73Bi6O22 actually corresponds to Bi2Ca1.58Sr2.09O7.3). To overcome
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Figure 5.9: (a)pXRD data of MFA-YBCO as given by Rietveld refinement. The tick marks under
the plot indicate the Bravais reflections of the associated phase, also labelled under the plot. The
red line indicates the calculated pattern from the refinement. Rwp –– 7.72% (b)-(c) SEM of the
sponge after calcination. Scanning electron micrographs of the sponge after calcination. Scale
bars indicate a length of b) 100µm and c) 50µm.

this slight mismatch, the refinement program was allowed slightly more leniency in calculating

the unit cell dimensions for this phase - enabling it to adjust the unit cell parameters more to

correspond the represented phase.

The SEM from this sample appears to show a porous structure, but not as open as would

be expected if the MF sponge had been a good chelating agent. Rather, the sample exhibited

highly anisotropic crystallites with slight pores throughout, shown in Figure 5.9b and c. Despite

the overall lack of complete replication of structure, the sample did exhibit some good porosity.

However the replication of the structure was, overall not as clear as would be expected for a

126



5.2. RESULTS AND DISCUSSION

Figure 5.10: SEM of the Bi-2212 samples synthesised with a more concentrated solution of
sodium alginate. These samples appeared to consist of largely no structure direction and are
not as porous as would be expected of a direct template from the MF sponge. Scale bars in (a)
indicates a length of 50µm, (b) indicates a length of 10µm.

good templated synthesis. This, combined with the lower purity of the sample meant that further

examination of this sample was not carried out. As with the MFA-YBCO, an additional synthesis

with a more-concentrated solution of sodium alginate was carried out. The resulting sample was

also found not to be porous by SEM, and instead appeared to consist of a largely amorphous

sample. The SEM are found in Figure 5.10

5.2.3 YBa2Cu3O7–δ and Bi2Sr2CaCu2O8+x synthesis from melamine
formaldehyde sponges with a modified Pechini method

5.2.3.1 Optimisation of the ratio of ethylene glycol : citric acid

Initial studies with this method at the conventional ratio of ethylene glycol : citric acid often

lead to the complete dissolution of the sponge, forming a thick gel instead. This meant that any

resulting porous structure could not be attributed to the templating power of the sponge, but

was rather likely caused by the decomposition of the gel forming air bubbles and resulting in a

porous structure. To examine what was happening to cause the dissolution of the sponge, fourier

transform infra-red spectroscopy (FTIR) was carried out. Importantly, when comparing the three

separate components of ethylene glycol, citric acid and the MF sponge to that of them combined

together, the -OH stretching peak was broadened by the addition of citric acid. When metal ions

were added - in this case the metal ions for Bi-2212, the peak was similarly broadened, which

indicated some chelation of the metal ions to the -OH groups. Interestingly, it was difficult to find

a difference between the samples besides that. It is possible that this is due to the sponge being

such a small percentage of both samples, that the peaks arising from its stretching frequencies

are so small that they are obscured by the peaks arising from ethylene glycol and citric acid. It is

likely, however, that the melamine formaldehyde is undergoing a hydrolysis reaction, which is

breaking apart the sponge and resulting in the destruction of its macrostructure.

It was also found that when the sponge was not submerged in excess solution, the sponge
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Figure 5.11: Figure depicting the FTIR data of the sponges containing a 1:8 ratio of ethylene
glycol to citric acid before and after gelling with no metal ions or the metal ions required for
Bi-2212.

did not dissolve. Additionally, without the metal nitrates in the solution, the sponges also did

not dissolve. This indicated that the solution needed to be in excess for the dissolution to occur,

and that if the solution was particularly acidic, the sponge would be dissolved. This would likely

be due to the acidic environment allowing a hydrolysis reaction to occur, thus breaking the

covalent bonds between the formaldehyde and cyanimide units. To prevent accidental dissolution

of the sponge, this synthesis was carried out with 10 % of the literature quantities of citric acid

compared to ethylene glycol, resulting in a ratio of 1 : 80. Control experiments with this ratio

were carried out in the absence of a MF sponge, and the data are shown in Figure 5.12.

5.2.3.2 YBa2Cu3O7–δ

Interestingly, MF and Pechini method-templated synthesis YBCO sample (MFP-YBCO) exhibited

good replication of the macromorphology of the initial sponge, which was evidenced by the

replication of the decorative branding of the original sponge. As can be seen in Figure 5.13f,

the cross-shaped decorative branding of the sample from the MF sponge is present both before

and after calcination of the sample. The sample also shrunk in size by a factor of 4 after the

calcination. SEM and pXRD was carried out to determine the purity of the resultant sample and

its morphology, and these data are given in Figure 5.13. It can be seen from the SEM that the

sample is highly porous, with an open network of thin wires connecting larger sections of material.

These connecting struts appear to be formed of small crystallites, in a reticulated structure.

MFP-YBCO also exhibited good purity, with 69 % of the sample consisting of the target

128



5.2. RESULTS AND DISCUSSION

Figure 5.12: (a) pXRD data of the calcined Pechini control experiments (a) for the Y-123 sample,
(b) for the Bi-2212.
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Figure 5.13: (a) pXRD data of MFP-YBCO as given by Rietveld refinement. The tick marks under
the plot indicate the Bravais reflections of the associated phase, also labelled under the plot. The
red line indicates the calculated pattern from the refinement. Rwp –– 3.37% (b)-(c) SEM of the
sponge after calcination. Photographs of the sponge (d) before and (e) after the calcination step
of the sponge synthesis. Scale bars in (b) indicates a length of 100µm, (c) indicates a length of
10µm, (d and e) indicates a length of 1 mm, (f) indicates a length of 0.5 mm.
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phase. As with MFA-YBCO, two Y-123 phases were input into the refinement. This provided

a much better refinement fit and indicated that two Y-123 phases at different levels of doping

were present. It is possible that there are a wide range of doping levels of the Y-123 within the

sample. As the crystal structures of different doping levels are very similar to each other, with

minor differences in lattice parameters, it is difficult to determine exactly which stoichiometries

are present, as the amount of flexibility that the refinement allows the unit cell to adjust by

masks the exact unit cell. If single crystal X-ray diffraction (scXRD) or selected-area electron

diffraction (SAED) was carried out on a crystal of the sample, the exact level of doping could

possibly be measured. Unfortunately, the polycrystalline nature of the product is unsuitable

for scXRD, and the crystallites for this sample were too thick to be analysed effectively with

transmission electron microscopy (TEM). Other phases present in the sample were Y-211 with

4 %, Ba0.98CuO2.07 with 9 %, Y2Cu2O5 with 8 %, CuO with 7 % and BaCO3 with 3 %. The Rwp

of the refinement was 3.37 %, yielding a χ2 of 2.22. A breakdown of the multiphase refinement

results can be found in 5.1.

5.2.3.3 Bi2Sr2CaCu2O8–x

The MF and Pechini method-templated synthesis BSCCO sample (MFP-BSCCO) was found to

be the least pure of the three samples tested in this chapter, but it appeared to show excellent

replication of both the macrostructure and nanostructure of the original sponge, shown in Figure

5.14. The pXRD data given in Figure 5.14 indicates that the sample consisted of 56 % of the target

phase, with the rest of the material consisting of 3.8 % Bi-2201. 8.6 % Sr6 ·27Ca4 ·73Bi6O22, 8.4

% CuO and 7.3 % CaCO3 as determined by Rietveld refinement. The refinement had a Rwp value

of 7.57 %, which corresponded to a χ2 value of 11.02.

The fact that increasing the amount of citric acid in the synthesis results in the dissolution

of the sponge indicates that the solution is interacting with the chemical makeup of the sponge,

disrupting the covalent bonds in the polymer and chemically breaking it down. This is potentially

a reason for why this Pechini-like synthesis is better at replicating the nanostructure of the

sponge itself, as the metal ions are able to chelate directly to the sponge instead of just to a

biopolymer shell around the sponge.
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Figure 5.14: (a) pXRD data of MFP-BSCCO as given by Rietveld refinement. The tick marks
under the plot indicate the Bravais reflections of the associated phase, also labelled under the
plot. The red line indicates the calculated pattern from the refinement. Rwp –– 7.57% (b)-(c) SEM
of the sponge after calcination. Scale bars in (b) indicates a length of 200µm, (c) indicates a
length of 20µm
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5.2.3.4 Further analysis of the MFP samples

As the MFP-YBCO and MFP-BSCCO samples exhibited the best control of nano- and macrostruc-

ture, further analyses were carried out on these samples. To quantify the porosity, BET was

carried out on both samples at 77 K. For MFP-YBCO, a type-IV isotherm was observed with a

hysteresis between the adsorption and desorption branches of the isotherm, which is presented in

Figure 5.15a. Despite evidence of the Type-IV isotherm, the hysteresis loop was classified as a H4

type, and closed at p/p0 0.4, which suggested that only a small amount of the sample consisted

of slit-like pores with a diameter of 2.2 nm. A pore size distribution was calculated using the

Barrett–Joyner–Halenda (BJH) method, which indicated a broad distribution of mesopores, with

a modal pore size of 4.8±1.3nm. BJH modal pore size distribution is found in Figure 5.15b.

However, this indicated a cumulative pore volume of 0.01 cm3 g−1 and therefore implies that

the majority of the pores in the sample are a result of macropores. Similarly, the MFP-BSCCO

sample exhibited a Type-III isotherm, which indicated little to no interaction with the adsorbate,

or that the sample is mostly formed of macropores (Figure 5.15c). The samples were found to

have surface areas of 4.22 m2 g−1 and 9.62 m2 g−1 for MFP-YBCO and MFP-BSCCO respectively.

The low surface areas can be inferred from the SEM, as there are large voids interspersed

with small connecting struts. These large voids make no contribution to the overall surface area

of the sample, thus resulting in a small surface area. Additionally, BET is best at analysing

samples with micro- to mesopores, and generally has a upper pore size limit of 10µm From the

SEM, the samples looked to be macroporous, so an alternative method at quantifying the porosity

was sought out - Hg-porosimetry. Data is found in Figure 5.16. The Hg-porosimetry cumulative

pore size plot shows that MFP-YBCO was highly porous, with a calculated porosity of 82 %.

The pore size distrubution plot in Figure 5.16b shows the distribution of different pore sizes

throughout the sample, with pore diameters of 2.3µm, 37µm and 104µm. This is consistent with

the BET data, and confirms that MFP-YBCO is predominantly macroporous. For MFP-BSCCO,

the sample was similarly highly porous and was determined to be 78 % porous. This sample

consisted of predominantly larger pore sizes, with pore sizes of 2.2µm, 43µm and 118µm.

Next, to analyse the superconductive properties of the samples, two methods were also

employed - resistance measurements and SQUID magnetometry. For the four-point resistance

measurements, strips of aluminium tape were laid over the sample as a mask, followed by a

brief argon etch of the samples and then 100 nm of gold was evaporated on top of the sample in

four strips. Gold wires were then attached to these gold strips with Dupont silver paint. As the

sponge was an uneven shape, the resistivity was impossible to measure, so characterisation of the

resistance was carried out instead. Images of the MFP-YBCO sample before measurement are

available in Appendix A.5. From the plots in Figure 5.17, it can be seen that for the unannealed

sponges, the MFP-YBCO sponge did eventually reach a resistance of zero, with an apparent onset

Tc (Tc onset) at 92 K. The insulating nature prior to the transition could be due to impurity phases

within the sample which impede the flow of current through the network of thin wires, or due to
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Figure 5.15: (a) BET data from MFP-YBCO, depicting the Type-IV isotherm of MFP-YBCO. (b)
BJH plot depicting the pore-size distribution of MFP-YBCO. (c) BET data from MFP-BSCCO
depicting the Type-III isotherm.

Figure 5.16: Overlay plots for the porosimetry data for MFP-YBCO (purple) and MFP-BSCCO
(purple) (a) Cumulative pore volume plot. The samples were determined to be 82 % and 78 %
porous for YBCO and BSCCO respectively. (b) Pore size distribution plot the two samples.
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Figure 5.17: (a) Resistance data from (black) unannealed MFP-YBCO and (red) annealed MFP-
YBCO. (b) Resistance data from (black) unannealed MFP-BSCCO and (red) annealed MFP-
BSCCO.

the inherent resistance at grain boundaries. As current flows through the path of least resistance,

measuring the resistance of a sample does not necessarily represent the bulk behaviour of the

sample. If there is a path that current can flow down with zero resistance, the current will

flow through that route. It can be seen that, after the transition at 92 K, there is a shoulder in

the resistance behaviour of the sample at 60 K. This indicates that there is residual resistance

within the sample, perhaps due to the reticulated nature of the sponge structure resulting in

resistance between grains of Y-123. In order to sharpen this transition, annealing of the sponge

at 500 ◦C under an atmosphere of flowing oxygen for 48 hours was carried out, and the resistance

measurement re-attempted. Unfortunately, due to the fragile nature of the sponge, this was not

able to be undertaken on the exact sample that had been characterised previously, though the

samples were from the same parent sponge. It can be seen from the resulting resistance plot in

Figure 5.17 that the sample exhibits an insulating nature prior to a superconducting transition at

92 K. Unlike the unannealed sample, the annealed resistance measurement exhibits no shoulder,

and instead just a sharp drop in resistance.

In the case of MFP-BSCCO, it was found that the sample was more fragile than the MFP-

YBCO sample, and it was thus difficult to attach wires to the sample. In the MFP-BSCCO sample,

the resistance measurements show a sharp drop in resistance at 86 K, which is a little higher

than would be expected for Bi-2212 but lower than would be expected for Bi2Sr2Ca2Cu3O10+x

(Bi-2223). It is possible that the phase present is a mix between the two. Despite this, the drop in

resistance is gradual and does not reach zero until about 25 K, indicating residual resistance in

the sample. In an attempt to sharpen the transition, annealing of the sample in air at 830 ◦C
for 24 hours was carried out. Similarly to MFP-YBCO, the annealed sample was not the exact

sample that was analysed for the unannealed sample measurements but was from the same

parent sponge. Also, for this sample, the gold wires were attached directly to the sponge without
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prior evaporation of gold contacts on top of the sample. Interestingly, the annealed sample shows

a decreased onset of Tc of 82 K, and a shoulder in the graph has been observed. This is possibly

due to additional impurity phases forming during the annealing step, which are impeding the

flow of current through the network of connecting struts of the sample.

To further analyse the superconductivity of these MFP samples, Superconducting Quantum

Interference Device (SQUID) magnetometry was carried out on each sample. The resulting data

can be shown in Figure 5.18. The magnetic susceptibilities reported were calculated by using

the crystallographic density of Y-123 and the mass of the sample that has been measured and

applied to equation 1.2.

Where M is the moment in Am2, ρ is the crystal density in gm−3, m is the mass in g and

H is the magnetic field in Am−1. In this case, the magnetic susceptibility χ is dimensionless

and represents the volume susceptibility. Using the density of the unit cell means that the

volume calculated is an estimate of the volume of the sponge material, and does not include

the volume of the voids in the material. A susceptibility using the so-called envelope volume

of the sponge could be estimated from the mercury porosimetry data, by using the value for

the envelope density of the sample, but it was decided that the susceptibility of the material

using its crystal density would allow for a more valuable estimate of the percentage of the actual

material that was superconducting.. From the data presented in Figure 5.18, it can be seen that

MFP-YBCO exhibits an onset superconductive transition at 92 K. Similarly to the resistance

data, it can be seen that this transition is relatively broad. The data shows that the minimum

volume susceptibility reached in the measurement is -0.4 for the annealed compared to -0.3 for

the unannealed sample. This implies that more of the sample is superconducting in the annealed

case.

Interestingly, the SQUID data for MFP-BSCCO indicates a similar trend, with more of the

sample superconducting in the annealed sample compared to the unannealed sample. This

appears to contradict with the resistance data, where the resistance reached zero at a much lower

temperature for the annealed sample compared to the unannealed sample. The data appear to

show that, despite the longer transition as in the case of the resistance measurements, more of

the annealed sample is actually superconducting. Additionally, the onset Tc for this sample is

lower than the onset Tc for the unannealed sample, which is consistent with what was observed

with the resistance measurements. It appears from this additional data, that annealing the

sample has improved the bulk superconductive properties of the sample, despite reducing the

ability for current to flow throughout the sample.
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Figure 5.18: (a) SQUID magnetometry data from (blue) unannealed MFP-YBCO (purple) annealed
MFP-YBCO. (b) SQUID magnetometry data from (blue) unannealed MFP-BSCCO and (purple)
annealed MFP-BSCCO.

5.2.4 Summary

Through this chapter, three different methods of synthesising porous high-temperature supercon-

ductors with MF as a templating agent have been attempted. These three different synthesis

methods have explored the effect of utilising the MF template by itself, the effect of combining it

with additional chelating agents, and the effect of changing the solvent in the synthesis of Y-123

and Bi-2212. In doing so, some intricacies of this synthesis method were discovered, including

the interaction of the sponge with the solvent and metal ions in the solution and the thermal

resistance of the sponge.

When the sponge by itself was used, MF-YBCO was found to exhibit poor purity but did

exhibit some control of the macromorphology of the sample. In contrast, MF-BSCCO presented

excellent purity of 86 %, but with little to no control over the resultant morphology of the sample.

When synthesised by first using sodium alginate as an additional biopolymer, it was found

that there was some replication of nanostructure for YBCO sample, along with a marked increase

in purity of the target phase. The BSCCO sample synthesised by this method was less pure

than the sample synthesised with just the MF sponge, and also yielded little to no replication of

nanostructure. Despite some porosity of this sample, the resulting structure was not consistent

with the starting material.

The final synthesis attempted was that of the sample synthesised by a modified Pechini

method. In this case, the amount of citric acid used was ten times less than the literature reported
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value. This is because it was found that the sponge had the propensity to decompose with addition

of the literature-reported molar amount. Using FTIR it was discovered that this was likely due

to the acidic nature of the solution resulting in a hydrolysis reaction of the MF, thus breaking

the polymer chains into smaller chains, or the monomeric units. These samples synthesised by a

modified Pechini method appeared to show the best compromise between the desired morphology

of the sample and the purity. Both samples exhibited a good replication of the starting material,

combined with a majority of the sample being formed of the target phase. It is possible that the

purity of the Bi-2212 sample could be improved further by adjusting the synthesis parameters,

for example by lengthening the dwell time of the synthesis. Due to the desired morpholgy

being prevalent in both materials, further analysis was undertaken for these samples to probe

their porosity and electronic properties. BET determined that both samples were essentially

macroporous, though a slight mesoporous character was found for MFP-YBCO. Following this,

the macroporosity of both samples was interrogated by Hg-porosimetry, and it was found that

the samples were 82 % and 78 % porous for MFP-YBCO and MFP-BSCCO respectively. Analysis

of the superconductivity for both samples was also carried out, and resistance measurements

determined that the samples were indeed superconducting, though the transitions were broad,

indicative of some residual resistance within the material - possibly due to resistance at grain

boundaries of the crystallites. When annealed, the superconductive transition for MFP-YBCO

was sharpened and SQUID showed that more of the sample was superconducting than in the

unannealed sample. When MFP-BSCCO was examined with the resistance measurements, we

observed a wide transition with a relatively high Tc,onset of 86 K. After annealing the Tc,onset was

lowered, and an additional shoulder to the graph was found, though SQUID data appeared to

show that a higher percentage of the sample was superconducting in the annealed sample case.

While the methods used herein have been aimed at the synthesis of the high-temperature

superconductors, Y-123 and Bi-2212, it is also possible that these syntheses could be applicable to

other metal oxides. Should a reticulated foam ceramic metal oxide be desired, these synthesis

methods could be utilised in the synthesis. These experiments explored the templating power of

MF sponges, but the effect of changing the morphology of the MF can be changed in the future.
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6
CONCLUSIONS AND FUTURE WORK

This work has explored the synthesis of metal oxides primarily through sol-gel methods

with increasing complexity and dimensionality. In the wider space of functional metal

oxides, this work matches with current drives for synthetic control of nanostructures

through a bottom-up approach. Examples of this drive for nanostructural control can be found in

recent reviews on nanostructured supercapacitors, cathode materials for sodium-ion batteries

and nanostructured materials for biosensing applications.316–318 The pressure for ever-shrinking

components for use in small devices compounds this, thus the control of nanostructures are

becoming more important in everyday life. The work presented in this thesis also fits with the

general themes of greener technology, both as a focus of synthesis methods which are less energy-

intensive, and with respect to the applications of the researched materials themselves. These are

themes that are commonly researched in recent functional material research, from the synthesis

of novel green energy sources such as perovskite solar cells, to the reduction of firing time in

ceramic syntheses through sol-gel or bio-templated techniques.319–321 The excellent capabilities

of deep eutectic solvents in the facile synthesis of functional materials is an important current

area of research in the field of functional metal oxides, which can allow the synthesis of functional

metal oxides at lower temperatures, and without the need for harsh organic solvents.322

Throughout this project, several synthetic techniques have been explored, such as the use of a

natural deep eutectic solvent (NADES) or dextran as a biopolymer in a completely new synthesis

of Na3Ni2BiO6 (NNB), and Na3Ca2BiO6 (NCB); a novel solid-state method of nanowire synthesis;

and the use of a melamine formaldehyde (MF) sponge as a new templating agent in the synthesis

of metal oxide materials. All techniques were carried out on a much shorter timescale than

conventional solid-state syntheses, enabling a less energy intensive approach to the synthesis of

functional metal oxides that would ordinarily require many days of high-temperature sintering.
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Research into superconductive materials is also still prevalent, despite being known about for

over 100 years, although the current focus is on high-pressure and low temperature systems,

such as LaH10. Despite this, a drive to the discovery of novel superconductive materials is that

of high-throughput computational techniques, such as those discussed in Chapter 3. Despite

the lack of success at discovering superconductivity in the potential candidates identified by the

machine learning algorithm, there have been many more candidates identified by new algorithms

since that could be explored in the future.323,324

The work herein focussed on the synthesis of superconductors, whether that was the well-

established Y-Ba-Cu-O (YBCO) and Bi-Sr-Ca-Cu-O (BSCCO) families or materials predicted to

be superconductive such as NNB, NCB and KBa6Zn4Ga7O21 (KBZGO). In a broader scope, this

work focuses on synthesis techniques which allow control of the nanostructures of materials.

6.1 Conclusions

6.1.1 Rapid sol-gel syntheses of honeycomb-layered and orthorhombic metal
oxides

Two synthetic techniques were utilised in the synthesis of NNB and NCB and were found to be

successful overall. These techniques aimed to reduce the synthesis time of the materials while

still retaining good purity of the product. This aim was achieved, as both materials only required

a two-hour dwell time to yield a product with at least 70 % purity. A known problem with NNB

is its propensity to develop stacking defects in the crystal structure during its crystallisation,

resulting in a poorly ordered structure. This disorder was found to occur to some degree for all the

samples synthesised and was characterised by an asymmetrical powder X-ray diffraction (pXRD)

peak from the (020) reflection, and, in very disordered samples, a lack of peaks belonging to the

hexagonal superlattice altogether. A sample synthesised from a low molecular weight dextran

exhibited good intensity hexagonal superlattice peaks, with only slight asymmetry to the (020)

reflection. This was interesting, as this ordered sample was synthesised without the necessity

for additional annealing steps, as is typical for the synthesis of this material. Additionally, all

syntheses of NNB and NCB were facile, with standard furnaces and syntheses carried out in

ambient atmospheres. The precursor materials were also benign without needing harmful organic

solvents.

The most effective synthesis of NNB was found to be the low molecular weight, dextran-

mediated synthesis. This synthesis method resulted in both the purest sample of NNB, and

the most ordered sample. Despite this, the NADES synthesis still resulted in good purity of

product (76 % of the sample consisting of the target phase), and the sample was somewhat porous

after the synthesis, which could be applicable as a porous electrode in future applications. The

optimum temperature for both synthesis methods was 800 ◦C, despite the original synthesis

requiring 700 ◦C with a subsequent anneal at 750 ◦C. For the NADES synthesis, it seemed that
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the irreproducibility of generating the ordered polymorph was due to minute details within the

furnace - such as slight differences in the atmosphere inside. A synthesis carried out in an open

tube furnace did result in the ordered polymorph, indicating that preventing the build-up of CO2

within the furnace is key for the formation of the target phase. It was also found that an aqueous

synthesis in the absence of any biopolymer resulted in no target phase, and when 1000 mg of

dextran was used, the target phase also did not form. When 300 mg was used, the disordered

polymorph of NNB formed. This confirms the theory that the synthesis of NNB depends on the

atmospheric conditions within the furnace; too much dextran appears to yield a disordered phase

or none of the target phase whatsoever. However, it also appears that some chelating agent is

required, as, in its absence, the target phase also does not form. A final observation from these

syntheses was the note that a common impurity phase from this synthesis was a rare polymorph

of Bi2O3, R –Bi2O3. The reasons for which this polymorph can form with these reaction conditions

are yet unknown; perhaps it could be due to NiO being a very stable structure, resulting in the

formation of a bismuth oxide over a mixed bismuth-nickel-oxide as what was observed for NCB.

For NCB, the most effective synthesis in terms of phase purity was also the low molecular

weight dextran synthesis, where the sample consisted of 79 % of the target phase when synthe-

sised at 800 ◦C. Interestingly, using the higher molecular weight presented no advantage over

the control synthesis with no dextran at all. The synthesis with NADES was directly comparable,

with a phase purity of 76 %, indicating that there was very little difference between the synthesis

techniques. Again, the synthesis of the NADES resulted in a porous product, consistent with

what was observed for NNB. Typical impurity phases were Ca4Bi6O13 and Ca6Bi6O15, and there

was no evidence of any formation of R –Bi2O3 in contrast to what was observed for the syntheses

of NNB.

Finally, both NNB and NCB were analysed by Superconducting Quantum Interference

Device (SQUID) magnetometry. From these studies, it was confirmed that the NNB was indeed

antiferromagnetic, with a low ordering temperature of 11.9 K, as was observed in its initial

study. The Curie-Weiss temperature of this sample, 0.79 K indicated that the material was indeed

frustrated. However, the overall degree of frustration was low (as was shown by the low magnitude

of the Curie-Weiss temperature). The source of the magnetic signal was also confirmed to be due

to the nickel ions by calculating the effective moment, µe f f , to be 2.90 µB. The analysis of NCB

was less straightforward, as the magnetic susceptibility indicated a paramagnetic material, but

the overall signal was minimal. Following the same Curie-Weiss analysis as was carried out with

NNB, it was determined that the magnetic signal was arising from only 0.18 % of the sample,

which is likely due to impurities within the sample.

Despite attempting several different synthetic techniques, KBZGO was not successfully

synthesised during this work. Instead, most syntheses resulted in the formation of BaGa2O4

instead.
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6.1.2 The synthesis of nanowires of high-temperature superconductors

The prospect of manufacturing the conditions necessary for the microcrucible mechanism of

nanowire growth for the high-temperature superconductor Bi2Sr2CaCu2O8+x (Bi-2212) was in-

vestigated. Because Bi-2212 is a quinternary metal oxide, it was realised that a solid-state method

of nanowire synthesis would require five different elements and the flux to come into contact

simultaneously for a nanowire to grow, resulting in a 6th order reaction. As such, two different

methods were devised that exploited mixed-metal oxide or carbonates to reduce the reaction’s

order. These two methods took inspiration from a previous study into the phase evolution of

Bi-2212, to examine the most important phases by which Bi-2212 forms, thereby identifying

two potential routes for the synthesis. These were: using Bi2O3 and CuO with SrxCa1– xCO3

nanoparticles and a flux; and combining Bi2Sr2CuO6 (Bi-2201) with CaCu(OAc)4 ·6H2O and a

flux.

The first method examined various fluxes, dwell temperatures and dwell times to examine the

final morphology and composition of the samples. The three fluxes examined were NaCl, Na2CO3

and CaCl2. These enabled an examination of the effect of changing both counterions for the

salts used. NaCl was the least successful method, with very few wires observed throughout the

samples. Na2CO3 was more promising and resulted in interesting samples where the wires had

appeared to bent during growth, indicating some strain on the wires as they grew. Interestingly,

this phenomenon was not observed for any of the other wires throughout this work, which

could indicate that the bending was due in part to the Na2CO3 flux. Unfortunately, these wires

were rarely found throughout the sample, so an examination of their exact crystal structure

by transmission electron microscopy (TEM) was not carried out. Finally, using CaCl2 as a flux

yielded samples where wires had grown. However, the wires that were observed were found

to exist within a very short dwell window, where the wires were not observed at all when the

furnace had dwelled for 1 h, and evidence of wires which had grown and subsequently melted

together was observed at 2 h.

The second method was examined with a NaCl flux. Interestingly, a synthesis of Bi-2201

with a NaCl flux also resulted in the synthesis of numerous nanowires, possibly due to NaCl

partially melting the Bi-2201 and enabling wires to grow. The synthesis, which combined Bi-2201,

CaCu(OAc)4 ·6H2O and the NaCl flux, also yielded nanowires. In this sample, it was found that

wires were prevalent throughout the surface of the sample when 30 % NaCl flux was used.

Further examination of these wires with TEM confirmed that they were a BSCCO phase but

could not conclusively state whether the material was Bi-2212 or Bi-2201. The presence of calcium

within the wires was confirmed by energy dispersive X-ray analysis (EDXA). However, the overall

percentage of this was low, and there was also evidence that the wire was abundant in strontium.

It is likely that the wire is a mixed phase and was therefore not conclusively confirmed to be

either stoichiometry. It should also be noted that each wire is not necessarily made from the same

stoichiometry, leading to further uncertainty about these samples.
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The final study carried out in this chapter was the attempt to utilise a heating stage on the

TEM view nanowire growth in-situ. The first was to examine the reaction of Bi-2201 with NaCl.

Unfortunately, no nanowire growth was observed with this experiment, and it became evident

that calibrating the heating stage would be required for future syntheses. Further experiments,

therefore, studied YBa2Cu3O7–δ (Y-123), as nanowires have been observed to grow from this

material previously. After this calibration experiment (where no wire growth was observed),

two further studies were performed with a controlled ramp rate of 5 ◦Cmin−1. The first of these

experiments showed several key events where the substrate moved or where features appeared to

be about to grow out from the bulk before disappearing. The second experiment was interesting,

as minimal transformation was observed during the heating, but the growth of nanowires was

observed during the cooling of the sample. Examination of the final material after the synthesis

indicated that the wires were made from Y2BaCuO5 (Y-211), which is promising as this coincides

with what was observed in work by Boston et al. 143

6.1.3 The synthesis of sponge-architectures of high-temperature
superconductors

A highly porous MF sponge was explored for its ability to behave as a template in the synthesis of

YBCO and BSCCO. Through this work, three different syntheses of increasing complexity were

attempted to utilise a MF sponge as a template.

The first method attempted utilised the sponge alone as a templating agent to the metal

nitrate ions in solution. It was found that this showed good templating for the Y-123 sample

synthesised through this method, but with poor purity. On the other hand, the Bi-2212 sample

exhibited poor templating, and most of the material showed no direction of shape. It exhibited

excellent purity, however, possibly showing the good potential of MF as a phase-directing agent

for Bi-2212.

The second method coated the sponge with sodium alginate prior to metal chelation and

calcination. Despite a good reticulated sponge-like structure being observed for the Y-123 sample

synthesised through this method, it was extremely fragile. In this case, the percentage of the

sample due to the target phase was much better. The Bi-2212 sample was porous but did

not exhibit exact replication of the sponge nanostructure and was less pure than the sample

synthesised from the sponge alone.

The final method was that of the modified Pechini method. It was found that this method

enabled an excellent replication of the nanostructure of the initial sponge. The resulting structures

were highly porous with a reticulated structure for both Y-123 and Bi-2212. However, the

small grain sizes of the products were also likely detrimental to the superconductive properties.

When resistance measurements were carried out, it was found that both samples showed broad

transitions, with the resistance reaching zero at much lower temperatures than at the start of the

transition. SQUID magnetometry also showed that the volume susceptibility reached a minimum
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of -0.4 for both samples, indicating that the whole of the sample was not superconducting.

6.2 Future Work

6.2.1 Rapid sol-gel syntheses of honeycomb-layered and orthorhombic metal
oxides

These materials were chosen to be synthesised due to the prediction by Stanev et al. of their

superconductivity. Unfortunately, from the data, the materials were observed not to be super-

conductive. Nevertheless, there is some potential for superconductivity to be induced into the

sample by doping the materials. A potential idea for alliovalent doping of NNB could be to replace

the Bi5+ with an ion that has a +6 oxidation state, such as Te. This would hopefully push the

oxidation state of some of the nickel ions in the lattice to form the Ni+ oxidation state, which

is an uncommon oxidation state for nickel. This would emulate the d8 electron configuration

found in undoped copper oxides, possibly yielding a material that emulates that of the cuprate

superconductors, thus inducing superconductivity. This phenomenon was observed for a so-called

infinite-layered nickelate in 2019.325

With the ability to synthesise NCB with higher purity and through a more facile synthesis, it

is possible to study its properties further. Examination of its conductivity should be carried out to

determine if there is any interesting behaviour at different temperatures. When synthesising this

material, it was observed that it was orange in colour, which indicates a lack of conductivity due

to the indication of a larger band gap. However, this is merely an observation until conductivity

testing is carried out.

Another potential avenue of exploration is to further simplify the synthetic process by util-

ising sodium alginate as the biopolymer in the synthesis. This would likely result in a more

straightforward synthesis, where sodium salts are not required to be added at all, and would

further examine the process by which these metal oxides form.

With regards to KBZGO, despite the lack of success at its synthesis, there are still plenty of

avenues to explore in the future. One observation from the studies was that many of the syntheses

resulted in little to no potassium phases in the product. A further experiment, therefore, would be

to attempt the synthesis with an excess of potassium salts. This would be similar to the case with

the syntheses of NNB and NCB, where the sodium salt is added at 3 % excess. In the initial study

where KBZGO was synthesised, the potassium oxide was added in a large excess, presumably

to behave as some form of flux during the synthesis. Therefore, adding an excess of potassium

in future synthetic studies should be explored. Other biopolymers and deep eutectic solvent

(DES) could also be tested; for example, potassium alginate could be examined as a potential

biopolymer in a future synthesis. Alternatively, a DES based on malonic acid and choline chloride

has also succeeded in synthesising barium titanate.326 It is likely that a challenge with KBZGO in
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particular is the fact that it is a quinternary metal oxide and thus requires that the quinternary

phase is more energetically favourable to form than other metal oxides.

6.2.2 The synthesis of nanowires of high-temperature superconductors

Both synthesis methods attempted herein could be adjusted for future work to tailor further

the nanowires produced. In particular, the samples synthesised with a Na2CO3 flux and the

first synthetic method could be examined further. The key aim of this further work would be to

increase the density of nanowires formed, allowing the exact crystal structure of the wires to be

elucidated with TEM and selected-area electron diffraction (SAED). Additionally, this would be

an ideal sample to examine with environmental scanning electron microscopy (SEM), as in-situ

examination of the growth of these wires would allow the viewing of the bending of the wires as

they grow as well. It would also be interesting to examine if this choice of flux encourages the

growth of bent wires or if it is another factor that yields them.

The method which combined Bi-2201, NaCl and CaCu(OAc)4 ·6H2O needs to be tailored to

ensure an extreme excess of calcium is present during the synthesis, in the hope that the wires

would therefore contain more calcium and be closer in composition to the desired Bi-2212 phase.

Attempts have already been made to utilise CaCl2 as a flux for these samples by Sorrel Haughton;

however, a similar issue was observed to the mixed metal carbonate method, where the wires

observed were highly deficient in bismuth. Alternatively, instead of using just CaCu(OAc)4 ·6H2O

one could simply include additional calcium acetate or explore its addition as a potential flux

instead of NaCl. The wires that have already been synthesised with this method should also

be examined for their potential as a THz emitter, which could be done by irradiating a wire

with microwave radiation while it is in the superconductive state and measuring the potential

difference across the wire. If the wire consists of intrinsic Josephson-junction (JJ)s, the irradiation

of the wire should induce an alternating current and thus potential difference across the JJs

within the structure, which can be subsequently measured.

Finally, the in-situ TEM experiments should be taken further to enable the observation

of nanowire growth in more systems than just YBCO. Now that reasonable control of the

experimental parameters has been achieved through manual control of the heating current, more

systems can be examined, such as continuing studies of YBCO or initiating studies of La-Ba-Cu-O

(LaBCO) or Bi-2212. These experiments are challenging due to the necessity for all phases to

be present in close proximity, along with the potential for the evaporation or sublimation of the

constituent phases during the heating. As such, many parameters need to be examined further

- such as the behaviour of the phases during heating under a vacuum. Now that some success

has been seen for the YBCO sample, the observation of nanowire growth in this system should

be repeated to ensure that the wires are not growing due to extraneous features such as the

decomposition of the gold grid.
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6.2.3 The synthesis of sponge-architectures of high-temperature
superconductors

Several future avenues could be explored in this work. The modified Pechini method was found to

be excellent in the synthesis of a porous structure. However, the relative purity of the Bi-2212

in particular was not ideal, with only 56 % of the sample consisting of the target phase. This is

reflected in the critical temperature (Tc) of the sponge as well, as the transition is quite broad.

There are several changes to the synthetic method that could be attempted in order to potentially

access better purity of product. The first is to alter the furnace conditions for the synthesis,

potentially by lengthening the dwell time or raising the dwell temperature. This longer synthesis

time could enable all reactions within the furnace to proceed to completion and potentially yield

a more pure product. An alternative method could be to alter the solvent used in the synthesis,

perhaps by utilising the NADES method that was carried out in both Chapter 3 and 4 to dissolve

the metal salts, followed by soaking a MF sponge in this solution.

In the future, the modified Pechini method samples should also be tested to determine

whether these porous structures can shorten the annealing time necessary. As the anneal is

a diffusion-based process, the smaller struts and more porous nature of the high-temperature

superconductor sponges could shorten this process. As such, examining whether the anneal can

be carried out over progressively shorter timeframes would be interesting to attempt. This could

be attempted with MFP-YBCO by affixing electrodes to an unannealed sponge before measuring

its resistance against temperature. This sample can then be annealed for several hours and then

re-analysed for its resistive properties. This can be repeated until no change in the resistance

against temperature graph is observed, indicating the completion of the annealing.

This work also sets up MF as a potential new templating agent for other metal oxide mate-

rials. It is possible, providing the metal salts are soluble in ethylene glycol, that highly porous

reticulated foams of other metal oxides could be synthesised through the modified Pechini method.

Additionally, the MF did behave as a good templating agent, so it is possible that further experi-

ments could be carried out to synthesise YBCO and BSCCO in different morphologies based on

different potential MF morphologies.
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Table A.1: Data of the various superconductors that have been discovered. Used to generate
Figure 1.4.

Material Discovery date Tc Pressure at Tc Type Reference

Hg 1911 4.2 Ambient Conventional 58

Pb 1913 7.2 Ambient Conventional 58

Nb 1930 9.2 Ambient Conventional 58

Nb3Sn 1954 18.1 Ambient Conventional 58

Nb3Ge 1973 23.9 Ambient Conventional 58

MgB2 01/03/2001 39 Ambient Conventional 327

H2S 17/08/2015 203 155 GPa Conventional 61

LaH10 22/05/2019 250 170 GPa Conventional 193

LaBaCuO 02/03/1986 30 Ambient Cuprate 17

YBaCuO 02/03/1987 92 Ambient Cuprate 76

Bi2Sr2CuO6 30/06/1987 22 Ambient Cuprate 88

Bi2Sr2CaCu2O8+x 02/02/1988 105 Ambient Cuprate 89

TlCaBaCuO 10/03/1988 120 Ambient Cuprate 328

HgBa2CuO4+x 18/03/1993 94 Ambient Cuprate 329

HgBa2Ca2Cu3O1+x 04/03/1994 133 Ambient Cuprate 78

HgBaCam –1CumO2 01/08/1994 164 45 GPa Cuprate 79

LaFeAsO 16/07/2006 4 Ambient Iron Pnictide / Chalcogenide 330

LaOFFeAsO 23/02/2008 26 Ambient Iron Pnictide / Chalcogenide 331

Sm[O1– xFx]FeAs 24/04/2008 55 Ambient Iron Pnictide / Chalcogenide 332

FeSe 28/07/2008 8 Ambient Iron Pnictide / Chalcogenide 333

FeSe thin film 24/11/2014 100 Ambient Iron Pnictide / Chalcogenide 334

CeCu2Si2 17/12/1979 0.5 Ambient Heavy fermion 335

UBe13 16/05/1983 0.85 Ambient Heavy fermion 336

UPd2Al3 01/12/1991 2 Ambient Heavy fermion 337

CeCoIn5 29/03/2000 2.3 Ambient Heavy fermion 338

PuCoGa5 21/11/2002 18 Ambient Heavy fermion 339

K3C60 18/04/1991 18 Ambient Organic / doped 340

CsxRbyC60 18/07/1991 33 Ambient Organic / doped 341
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Figure A.1: a) and b) EDXA of two main features observed in the NNB sample synthesised at
600 ◦C, where a) is a flakey material and observed to consist mainly of Bismuth and Oxygen, and
b) is the bulk material observed consist of mainly nickel and oxygen. c)Indexed powder X-ray
diffraction pattern of the NNB sample synthesised at 600 ◦C (bottom) at time of synthesis and
(top) after ageing for 1 year.
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Figure A.2: Indexed powder X-ray diffraction pattern of the NCB samples synthesised with the
‘high fraction’ dextran
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Figure A.3: Additional selected area electron diffraction data from the same sample as presented
in Figure 4.18. The details of the indexed samples are presented in table 4.2.
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(a) (b)

(c)

Figure A.4: a) Plot of temperature against current as a calibration for the heating stage. b) and
c) Plots of temperature against time for the heating stage experiments, where (b) is the sample
where the cooling rate was slow and (c) is the sample with a faster cooling rate.
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(a) (b)

Figure A.5: Photos of the setup for the (a) 2-point resistance measurement for Y-123 sponge. (b)
4-point measurement of the annealed Y-123 sponge.

(a) (b)

Figure A.6: Photos of the setup for the (a) 4-point resistance measurement for Bi-2212 sponge. (b)
4-point measurement of the annealed Bi-2212 sponge
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