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Abstract:

The synthesis of a bismuth system co-doped with neodymium (Nd**) and yttrium (Y3*) was at
the core of this project. The focus was placed on the synthesis of the rhombohedral phase of
bismuth oxide, which has not been observed in pure bismuth oxide. Neodymium was selected
as the main dopant (the one used in highest dopant concentration), due to its Shannon ionic
radii. Upon doping with Nd** as a single dopant, it is observed that a mixture of the
rhombohedral and monoclinic phases is obtained, thus noting that the single dopant system

using Nd** does not stabilise the rhombohedral phase.

When using a co-doped system of 15 mol % Nd** and 5 mol % Y3* (15Nd5YSB), it is observed
that we are able to obtain a stable phase pure rhombohedral phase, with a total dopant
concentration of 20 mol%. The total dopant concentration % ranges selected ranged between
8.5-10 mol %, 20 mol % and 22.5 mol %. The Rietveld refinement of the X-ray diffraction
data obtained for both the laboratory and synchrotron-based techniques indicate sample phase
purity and phase stability for the samples under investigation. The refinements obtained for the
samples indicated that not only one structure model was used to fit the experimental data. The
structural models which fit the Rietveld refinements of the experimental data resulted in the
observation of pure phase and mixed phase rhombohedral samples being observed. The
Ndo.15Y0.05-Bi203 (15Nd5Y SB) sample resulted in a phase pure rhombohedral structural model.

Hereafter all samples will be referred to with the shorthand notation.

The thermal analysis techniques are used to indicate the thermal dependence of the samples,
this analysis also indicated phase stability across the temperature range of investigation as no
phase transitions occurred throughout the heating and cooling cycles, and minimal weight loss

is observed.

The samples of importance in this study were the 12.5Nd10YSB sample which obtained a
conductivity of 2.4511x10° S.cm™ at 500 °C, and the 15Nd5Y2.5TbSB sample which obtained
a conductivity of 2.1725x10° S.cm™ at 500 °C. The Arrhenius plots obtained indicated stability



of these samples across the 200-500 °C temperature range with no discontinuities, which

suggests no phase transitions, or order-to-disorder transitions.

Variable temperature Raman spectroscopy indicated that the behaviour for all the samples
analysed using Raman spectroscopy is consistent, however, a deviation was observed for the
15Nd5Y2.5ScSB sample which has a distinctive spot which exhibits different Raman shift
behaviour as compared to all other samples. The VT-Raman spectroscopy spectra indicate a
distinctive signature Raman peak at ~250 cm™*, which can be concluded to be the Raman peak
which is indicative of the rhombohedral Bi, 05, this peak also appears in the low cubic phase
% sample after cooling back to room temperature. This assignment of the Raman spectral peak
is confirmed through this peak being evident throughout all the spectra obtained and it being

consistent throughout all the spectra observed.
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Chapter 1

Introduction:

The worldwide energy crisis emerges from a convergence of intricate factors affecting energy
production, distribution, and consumption globally. These factors encompass escalating energy
demand due to population growth and urbanization, finite fossil fuel reserves, environmental
apprehensions, and geopolitical complexities. This complex situation underscores the need for
innovative solutions to ensure sustainable and equitable energy provisions for the future.

(International Energy Agency, 2022)

The expanding global population, urbanization, and industrialization collectively drive an ever-
mounting need for energy. This demand is fuelled by modern lifestyles, technological progress,
and the growth of various industries. Conventional fossil fuels such as coal, oil, and natural gas
have long been the cornerstones of the global energy supply. However, their finite nature and
the environmental repercussions associated with their extraction and consumption pose
significant challenges. Dependence on a limited range of energy sources and the complexities
of energy-rich regions can instigate concerns about energy security. Disruptions in energy
supply due to conflicts or political instability can trigger substantial economic and social
consequences. The combustion of fossil fuels releases greenhouse gases like carbon dioxide,
which contribute to climate change. The energy sector's substantial greenhouse gas emissions
necessitate a shift to cleaner energy alternatives. Effective energy infrastructure is vital for
ensuring reliable energy production, transmission, and distribution. Aging infrastructure and
insufficient investment can lead to energy inefficiencies and interruptions. A significant portion
of the global population lacks access to reliable and affordable energy. This energy poverty
obstructs socioeconomic progress, restricts educational opportunities, and diminishes overall

living standards. (International Energy Agency, 2022)

Particularly in sub-Saharan Africa, the struggle with energy-related issues encompasses
challenges such as constrained access to electricity, reliance on biomass-intensive cooking
methods, and insufficient infrastructure. These hurdles impede fundamental services, hinder

economic progress, limit educational opportunities, and adversely affect overall living

18



conditions. (Bougrea et al., 2008)

The transitioning to sustainable alternative energy sources becomes more apparent by the day.
The global energy landscape is constantly evolving in order to combat the challenges addressed
above, at the core of all the challenges is the transformation towards more sustainable energy
sources and energy practices. These include but are not limited to the transition towards more
renewable energy sources, focusing on energy efficiency, the employment of advanced
technologies, energy decentralisation and electrification in sectors of key importance. (Bougrea
et al., 2008)

The transition towards renewable energy sources, such as solar, wind, hydroelectric,
geothermal, and ocean energy, to name but a few, are processes which harness natural
processes to generate power without emitting greenhouse gasses as well as depleting resources.
The process of enhancing energy efficiency in various industries, transportation as well as
buildings results in the reduction of the overall energy demand, while economic activities are
maintained. The integration of renewable energy sources into the existing energy infrastructure
can be enhanced through employing research and development in energy storage, smart grids,
as well as energy management systems, thus driving the use of advanced technologies to drive
renewable energy generation. The decentralisation of the energy generation through distributed
energy generation and microgrids is at the forefront in driving energy resilience through the
enablement of local communities generating their own power and managing it as well.
Electrification within sectors such as transportation and heat generation are also at the centre
of reduction of fossil fuel reliance, and drives the use of clean energy.(International Energy
Agency, 2022)(Bougrea et al., 2008)

The solid oxide fuel cells (SOFCs) are an area of the fuel cells which are currently attracting
great interest in combating the global energy crisis which has become very evident mainly due
to the imbalance observed in the current global energy demand versus global energy supply. It
is projected that the global primary energy demand in 2050 will be within the range of 600-
1000 EJ, when placed in comparison to that in 2008 which was about 500 EJ (Bauen et al.,
2009). However, most of the global energy demands in the present day are still met by fossil
fuels, which has its own limitations. The move to more renewable and environmentally friendly

energy sources has been of key interest (Singh et al., 2017).
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This need for more environmentally friendly and renewable energy sources has led to one of
the focuses being placed on fuel cells. Fuel cells have a range of beneficial properties such as
energy efficiency, fuel flexibility, and cleanliness, which leads them to be a suitable alternative
to the conventional power sources still widely used today (Yamamoto, 2000). Fuel cells are
thus key in their potential to act as power sources in stationary, portable and transport
applications (Ormerod, 2003).

The conversion that occurs in a fuel cell is the conversion of the chemical energy in a fuel, such
as H,, hydrocarbons, directly into electricity. Fuel cell operations are comparable to that of
batteries, however, fuel cells have gaseous electrodes, they also do not require recharging and
run as long as the oxidant and fuel are being supplied to the electrodes (Kirubakaran et al.,
2009)(Mahato et al., 2015). The efficiency of fuel cells unlike heat engines, are not limited to
the Carrot cycle (Abdalla et al., 2018). The electrolyte characteristics are crucial in the
determination of the category to which a fuel cell is grouped, there are six main groups. The
six main groups are as follows: polymer electrolyte membrane (PEM), direct methanol
(DMFC), phosphoric acid (PAFC), alkaline (AFC), solid oxide (SOFC), and molten carbonate
(MCFC) (Zarabi Golkhatmi et al., 2022).

A Solid Oxide Fuel Cell (SOFC) is an electrochemical device that generates electricity through
the electrochemical reaction of oxygen and a fuel source, typically hydrogen or hydrocarbons.
SOFCs belong to the family of high-temperature fuel cells and operate at elevated
temperatures. The solid oxide fuel cell (SOFC) is one of the most efficient fuel cells among all
the different fuel cells. This is due to the SOFC having a great flexibility in the fuel choice
used, it is noiseless, has a potential long lifetime of 40000-80000h, as well as shows low CO,

emissions (Stambouli & Traversa, 2002).

In 1899 Nernst was the first to discover the solid oxide electrolytes, which eventually lead to
the discovery of what is known today as the solid oxide fuel cell. Nernst noted that the

conductivity for pure metal oxides increased relatively slowly with temperature and was
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observed to remain only relatively low in comparison to mixed metal oxides which had higher
conductivities (Nernst, 1899).

The solid oxide fuel cell (SOFC) is defined by it having a solid ceramic electrolyte which is a
metal oxide. A SOFC can be broken down into its various components which all have a role in
the overall functionality of the cell, namely, the anode where the fuel and oxide ions react, the
electrolyte where the oxide ions pass through from the cathode to the anode, and the cathode
which is key for the reduction of oxygen into oxide ions. These SOFC’s, however, have a
disadvantage, which is their relatively high operating temperatures. The required operating
range falls within the range of 800-1000 °C (Ormerod, 2003). Figure 1.1 shows a schematic

representation of a solid oxide fuel cell and its various components.

SOFCs have high working temperatures, these high working temperatures are required for
adequate ionic conductivity to be obtained, these temperatures also provide excellent heat by-
products which can be used for co-generation of energy or in combined cycle operations. The
solid-state electrolyte is a merit of the SOFC, as it is manageable, has no handling issues, as
well as does not result in the corrosion of the cell. SOFCs do not require expensive noble

metals, and thus are considered as cost effective for mass production (Zakaria et al., 2020).

The harsh operating conditions of SOFCs also need to be taken into consideration, namely; the
redox and thermal cycling, the poisonous atmosphere as well as high working temperatures
(Price et al., 2021), several properties for components (sealant, interconnect, anode, cathode,
electrolyte) of the SOFC need to be met. These properties, include but are not limited to the
following (Fergus, 2006; Kendall & Kendall, 2015):

-Good chemical, thermal and mechanical compatibility with other components

-Adequate and appropriate conductivity (Electronic insulation and ability to provide good ionic
conductivity are requirements for the electrolyte, and the electrodes are required to have

promising ionic and electronic conductivity)

-High electrical conductivity, high resistivity against oxidation, sulfation and carbon deposition

for interconnects, as well as perfect gas tightness
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-Acceptable chemical, thermal, mechanical, and morphological stability

-Insulating and hermeticity sealant nature

All these requirements are to be achieved in an easy-to-fabricate as well as cost-effective
manner (Zarabi Golkhatmi et al., 2022).

Fuel In

Anode reaction: Fuel + 02- — Excess fuel + water +C02 +4e”

Anode

Cathode

Cathode reaction: Oy+4e — 207+ excess oxygen (air)

Oxygen (Air) In

Figure 1.1.1: A schematic diagram of a solid oxide fuel cell and its components.

One of the greatest challenges which have been a crucial area of focus has been the attempt to
reduce the operating temperature of the SOFCs, and thus the development of low temperature-
solid oxide fuel cells (LT-SOFCs). The development of LT-SOFCs not only results in lower
operation temperatures, but also provides various advantageous properties, namely, increasing
the range of materials which can be used in SOFCs for each component, long term reliability
with regards to robustness and strength of the materials used, a reduction in the required start

up time, a reduction in system costs, higher overall cell reliability, as well as an increase in the
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efficiency of these SOFCs when considered for commercial applications (Kilner & Burriel,
2014).

The core component of the SOFC is the electrolyte, which is defined as the component at which
the oxide ions undergo conduction from the cathode to the anode. These ions then undergo a
reaction with the hydrocarbon fuels to form H,0, and CO,, which is crucial in the completion
of the overall electrochemical reaction which is occurring. The oxygen vacancy hopping
mechanism is the model by which the conduction process of the oxide ions occurs, and this

mechanism is considered to be a thermally activated process (Mahato et al., 2015).

Thus, one of the properties of great interest with regards to these electrolyte materials is
conductivity. In the search to obtain greater ionic conductivity for these electrolyte materials
(with the interest of this project being not only on obtaining high ionic conductivity but also
on observing if these ionic conductivity capabilities are exhibited at lower operating
temperatures), a key focus area has become the crystal structure of the materials under
consideration. In order for these materials to obtain a sufficiently high ionic conductivity, the
crystal structure needs to exhibit conduction pathways and oxide vacancies, resulting in the
low migration enthalpy and a high level of point defect disorder being observed (Xia et al.,
2017).

As a consequence of the severe working conditions of the SOFCs, a number of degradation
processes that are diverse in nature can occur, these can arise from each component and their
interactions, this thus hinders the long-term stability requirements. The commonly used
characteristic that defines degradation is the loss of performance, with the rate of degradation
being generally stated in voltage loss per 1000 h, which is especially crucial in stacks. The
degradation of single cells can be measured by the change in area specific resistance (ASR)
(Slodczyk et al., 2018). The degradation process in SOFCs is very complicated to study as this
would require long-term studies, the operation factors, such as, current density, temperature,

fuel impurities, etc., also affect the procedure (Batfalsky et al., 2016).

The SOFC electrolyte undergoes degradation due to various mechanisms, which are as follows
(Skafte et al., 2016):

-Mechanical failures
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-Dopant diffusion, phase transition, impurities

When the SOFC operates in harsh atmosphere as well as high temperatures, the electrolyte
layer is susceptible to a phase change which can affect the performance of the SOFC, as a
result of the reduction of ionic conductivity, and phase stability, which overall results in
degradation (Zarabi Golkhatmi et al., 2022).

Yttria stabilised zirconia (YSZ) is one of the most commonly used electrolytes in SOFC’s. YSZ
has properties such as good stability under harsh operating conditions, competitive ionic
conductivity across a vast range of partial oxygen pressures, as well as mechanical properties
which are good under elevated temperature conditions. These properties however are hampered
due to the degradation that occurs as a result of long exposure of the electrolyte to elevated
temperature, namely at 1000°C, which result in microstructural changes, and thus impedes
SOFC performance. The phase transition, which is the most notable phenomenon, is the phase
change from cubic to tetragonal zirconia. This transition is strongly dependant on the Y,04
concentration which is present in ZrO, (Butz et al., 2006)(Hattori et al., 2004). It us indicated
that the optimised electrolyte dopant concentrations for the YSZ electrolyte is 9.5YSZ (Zakaria
& Kamarudin, 2021). The defect mobility is lowered with an increase in the dopant

concentration, as this causes the emergence of point defects (Fergus, 2006).

The scandium oxide stabilised zirconia (ScSZ) electrolyte also encounters the challenge of the
phase transition, the ScSz electrolyte is a promising candidate for low-to-intermediate
operating temperatures, the phase transition experienced is the cubic-rhombohedral-cubic
phase transition that occurs at lower temperatures (Gao et al., 2017). The rhombohedral phase
exhibits weaker ionic conductivity, and thus the cell faces an increase in the ASR, this then
causes lower performance (Fergus, 2006). Consequently, the transition results in residual stress
in the SOFC stack which is unwanted (Y. Sun et al., 2021).

An additional source of degradation is the chemical interactions that occur between the
electrolyte and other components of the cell, the chemical interactions that occur between the
electrolyte and the cathode has to especially be noted. This chemical reaction results in the
formation of secondary insulating phases as well as an interface (Brandon et al., 2017)(Jang et
al., 2019).
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Degradation in both the electrolyte and the cathode performance is caused by extreme
interdiffusion, as well as the formation of insulating layer. The chemical interaction between
the electrolyte and anode, is less severe as compared to that which occurs between the
electrolyte and cathode. The most common anode material is Ni-YSZ, and has no problem with
the YSZ electrolyte. The formation of a resistive layer can however occur between Ni-based
anodes and lanthanum strontium cerium manganese oxide (LSCM) which is an electrolyte
material, and thus results in the degradation of the SOFC (Fergus, 2006).

The second mechanism which is responsible for SOFC electrolyte degradation is mechanical
failure, which occurs due to chemical and thermal stresses. At high temperatures, SOFC’s
experience almost close to negligible stress at high working temperatures, however, as the
cooling down from high temperatures to room temperature occurs, residual stresses build up
as a result of the thermal expansion coefficients (TEC’s) of the interactions of the electrolyte
and cathode or the electrode and anode (Jang et al., 2019). Subsequently, the residual stress
results in the introduction of delamination or crack initiation, which in turn leads to mechanical
failure (Selguk et al., 2001). Residual stresses are also introduced due to phase transformations,
an example is the phase change which occurs in ScSZ, which experiences a phase
transformation of a partial cubic to rhombohedral and back to cubic transformation within the
300°C-500°C heating range (Y. Sun et al., 2021).

Chemical stress is also a source of the mechanical failure in the SOFC electrolyte, this chemical
stress is influenced by the chemical environment shaped by the operational conditions of the
SOFC. A crucial example is when Ni-based anode materials undergo an oxidation process
which results in volume change. The irreversible expansion of the Ni-based anode occurs, due
to either uncontrolled fuel utilization, or system leakage which causes the penetration of
unwanted oxygen to the anode. Ni and NiO volumes exhibit differences which are very
significant, this causes tension in the electrolyte, internal stress, and overall system failure. The
other degradation mechanism is thus also sped up due to the gas permeation which occurs
through the cracks formed (Wang et al., 2019).
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Aims and Objectives:

The project focuses on the synthesis of the rhombohedral phase of Bi-Oz (space group R-3m)
for the application as a solid oxide electrolyte material. This phase can only be achieved by
doping of the Bi sites in the structure of Bi»Os, and elements such as neodymium (Nd), yttrium
(YY), samarium (Sm), scandium (Sc), and terbium (Tb) as potential dopant will be considered.
These dopant elements were chosen upon consideration on various factors, namely, the
Shannon ionic radii and the stable oxidation state of these elements. The dopant elements under
consideration all have Shannon ionic radii which are very close to that for lanthanum (La)
(where lanthanum is the cation which has a sufficiently large cationic radius which is essential
for the formation of the rhombohedral phase); they are all also have the same 3+ oxidation state

as La and thus aliovalent doping is not considered.

The co-doping of these elements in the correct dopant concentration percentages (with possible
considerations in the range of 7-10% total dopant concentration as per the article by Jolley,
Jayathilake, and Wachsman (Jolley et al., 2019), however initially a higher total dopant
concentration range of 10-20% was investigated as this dopant concentration range could
possibly result in the product formed having a phase transition between the rhombohedral and
cubic phases being observed) is expected to result in the synthesised material sitting within the
cubic-rhombohedral phase transition window. The dopant range concentration range was then
further extended to 22.5%.

The Bi2Os based solid oxide electrolyte material systems are of interest due to the high oxide-
ion conductivity which they exhibit, with the fluorite-like 5-Bi>.O3 high temperature structure
in particular exhibiting this attractive property (Harwig & Gerards, 1979). Bi»Os has been
reported to have six naturally occurring polymorphs, namely the stable phases; the
monoclinica-phase, and the cubic 5-phase, and the metastable phases; the tetragonal p-phase,
the body centred cubic (bcc) y-phase, the orthorhombic e-phase, and the triclinic o-phase
(Michel Drache et al., 2007).
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Other phases, such as the rhombohedral phase can only be formed when the crystal lattice is
doped with a sufficiently large cation, or multiple sufficiently large cations (by means of co-
doping) (lwahara et al., 1981). The rhombohedral phase of Bi.Os has, however, not been
evaluated as an electrolyte material for SOFC’s as extensively as the highly conductive
cubic §-phase of Bi2Os (Jolley et al., 2019), and thus this project will focus on trying to further
study the rhombohedral phase. Thus far lanthanum (La) and yttrium (Y) have been the
commonly used dopants in the rhombohedral phase of Bi-O3 due to their similar ionic radii as

compared to Bi (i.e., La3* = 1.16 A, Bi®* = 1.17 A, Y3* = 1.109 A) (Jolley et al., 2019).

Although the rhombohedral phase results in oxide-ion conductivity which is about ten times
less when compared to that for the cubic &-phase, the rhombohedral phase exhibits a greater
phase stability at lower temperatures as compared to that obtained for the cubic & -phase (thus
also enabling the possibility of studying thermal expansion properties of this phase, although
phase stability is not a prerequisite for these studies). When doping with Nd, it was noted that
a secondary tetragonal phase is observed at dopant concentrations higher than 10% Nd and thus
the ideal dopant range is 7-10%, as this results in the formation of a pure rhombohedral phase
product exhibiting the property phase stability not only at low temperatures but also under
aging conditions (where samples are left for a period of time under room temperature
conditions or typical operating temperatures of the SOFCs, and characterised once again after
a period of time) (Jolley et al., 2019). The co-doping of the material with the dopant elements
considered, when doped in the right ratio is thus crucial in the stabilisation of the rhombohedral
phase of Bi»Os and this needs to be investigated. Figure 1.2 is a unit cell diagram of neodymium
yttrium stabilised Bi2Os (NdYSB) in the rhombohedral phase. Observing the diagram, it can
be seen that the unit cell consists of multiple stacked segments, we also observe an inversion
and rotation of each sub-segment of the unit cell, thus indicating multiple points through which
oxygen diffusion, or oxygen hopping can occur. The rhombohedral Bi»Os has its cations which
occupy two sites, namely, the 3a (0, 0, 0), and 6c (0, 0, 0.2252) sites. The oxygen anions occupy
three sites, namely, 6¢ (0, 0, 0.299), 6¢ (0, 0, 0.091), and 6c¢ (0, 0, 446) sites.
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Figure 1.1.2: Unit cell diagram of neodymium yttrium stabilised bismuth (NdYSB) R-3m

The overall aims of the project are as follows:

To synthesise phase pure rhombohedral Bi, 05 with the use of Nd, Y, Sc, Sm and Tb as dopants
(using the co-doping technique with a varying dopant concentration range), using the sol-gel
synthesis method, single-doped, double-doped and triple-doped samples were synthesised. The
total dopant mol concentration % samples synthesised, ranged between 8.5-10 mol%, 20 mol
% and 22.5 mol %.

To characterise and determine the properties (i.e., physical, electrochemical, thermal etc.) of
the pure rhombohedral phase Bi.Os samples as prepared using various characterisation
techniques. The use of simultaneous thermal analysis (STA) techniques which use a
combination of differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA)

to study heat curves and weight loss observed in samples.
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To investigate of the structure-property relationship of the synthesized rhombohedral Bi>Os.
X-ray diffraction analysis, coupled with the STA as well as variable temperature Raman
spectroscopy techniques are used to obtain structural information and relate this to various
properties of the samples.

To investigating the electrochemical properties of the synthesized rhombohedral Bi,O3, in
terms of oxide and electronic conduction. The variable temperature electrochemical impedance
spectroscopy (EIS) technique is used to investigate the ionic conductivity of the synthesised

samples within the low temperature range.

This dissertation is structured as follows:

Chapter 1 provides an introduction to the energy crisis, why the research into solid oxide fuel
cells (SOFCs) is important as a source of environmentally friendly renewable energy, as well
as provides an overview of the various types of materials and compositions used in SOFC
electrolytes, and the benefits of the exploration into the rhombohedral phased bismuth oxide

materials. Additionally, the aims and objectives of the work is also highlighted in this chapter.

Chapter 2 serves as a high-level comprehensive literature review which focuses on SOFCs,
their use, the different components of the SOFCs, as well as a number of anode, cathode, and
electrolyte materials used historically. Due to the limited literature that focuses on the
rhombohedral phase of bismuth oxide, the literature review focuses a large part on the literature

that is there based on all the relevant bismuth oxide materials recorded historically.

Chapter 3 provides information on the sample synthesis procedure, as well as indicates the
steps taken for sample preparation prior to characterisation. A table of all the samples
synthesised and all the required information is also provided in the chapter.
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Chapter 4 of the work highlights the theoretical principles and background related to the
various characterisation techniques used for sample analysis. This chapter includes detail
descriptions on the techniques and the theory which inform the techniques, the laws which are
important in these techniques, as well as highlight the fundamentals behind each technique and
the importance of the information provided using each of the characterisation techniques,
namely, X-ray diffraction, simultaneous thermal analysis, Raman spectroscopy, and
electrochemical impedance spectroscopy. This chapter also provides the instrumental
parameters for the instrumentation used to carry out these complementary characterisation

techniques.

Chapter 5 in this study presents the experimental results obtained through sample
characterisation using X-ray diffraction. This chapter provides detailed analysis and discussion
of the results obtained from the laboratory and synchrotron experiments, to provide a
comprehensive understanding of the technique and the information provided by the results and

how these shapes understanding the properties and behaviour of the synthesised materials.

Chapter 6 of this study presents the experimental results obtained through the sample
characterisation using simultaneous thermal analysis (STA) which compromises of the
combination of differential thermal analysis (DTA) and thermogravimetric analysis (TGA),
used to provide a comprehensive understanding of the thermal properties of the synthesised

materials.

Chapter 7 of this study presents the experimental results obtained through sample
characterisation using variable temperature Raman spectroscopy and provided insights on the

sample properties and behaviour of the synthesised material.

Chapter 8 in presents the experimental results obtained through the sample characterisation
using variable temperature electrochemical impedance spectroscopy and provided insights on
the sample conductivity as a result of the variable temperature experiments and thus provides

a comprehensive understanding of the sample properties and behaviour of the synthesised
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materials.

Chapter 9 provides an overall discussion and conclusion for the study, as well as indicates the
future work that needs to be done. This chapter draws all the insights provided in the previous
chapters and summarises the key findings of the study, these insights are inclusive of the
synthesis of the novel synthesised materials, the characterisation techniques and the
information provided by all these techniques. This chapter then also highlights the
complementary information that is provided through the characterisation techniques and how
the information shapes the overall understanding of the properties and behaviour of the

synthesised materials.

The supplementary materials section right at the end of this study provides additional
information on data plots and other information that was not provided in the main text of this
study. This is the inclusion of additional experimental results and futher detailed analysis

information.
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Chapter 2

Literature Review

Solid Oxide Fuel Cells (SOFCs):

Solid oxide fuel cells (SOFCs) have become an area of great interest, namely, due to the
possibility of SOFC’s to alleviate the global energy crisis. SOFCs are defined as
electrochemical conversion devices which show great promise in the energy conversion device
sector due to their high efficiency. However, as with any system these devices offer both pro’s
and con’s, the pro’s being that they are: considered to be low pollution technology, have high
fuel flexibility, high efficiency, high reliability and great durability, with con’s namely being:
they require high operating temperatures in order to eliminate ohmic loss, and the reduction of
the operating temperatures result in reduced ionic conductivity (Jolley et al., 2019).

The production of electricity in a SOFC occurs by mean of an electrochemical reaction in which
the fuel is oxidized by oxide ions which diffuse through a solid-electrolyte which allows for
the diffusion of oxide ions (Minh, 2004). SOFC’s have the general structure of an electrolyte
layer which is located in between a cathode and anode (electrodes) and contains a number of
interconnects and sealants which are crucial to the functionality of the SOFC. SOFC’s function
mainly by two mechanisms of action namely the use of protons or the use of oxide ions for
conduction (Mahato et al., 2015). The external circuit of a SOFC is completed when the
electrons which are generated at the anode (as a result of the oxidation of the fuel) is accepted
for reduction (oxygen reduction) at the cathode, and thus the electrochemical conversion occurs
and produces electricity by means of the flow of the electrons which occurs in the external
circuit (Lee et al., 2011). The high ionic conductivity of SOFC occurs as a result of the high
operating temperatures of approximately 800-1000°C which is imperative for the reduction or

elimination of ohmic loss (Stambouli & Traversa, 2002).

The high operating temperature, however, imparts a large number of challenges on the SOFC
system, such as, interfacial diffusion which is observed between electrode and electrolyte
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materials, electrode sintering, poisoning of the catalyst material, mechanical as well as thermal
stresses which occurs mainly caused by the difference in the coefficients of thermal expansion
(CTE) of cell components in the SOFC, as well as the thermal instability of the materials used
(YYamamoto, 2000). Due to these challenges, the main goal of current research with regards to
SOFC’s are based on the possible reduction of the high operating temperatures, to temperatures
as low as 300-400°C, while maintaining the phase and thermal stability as well as high levels

of ionic conductivity (Singhal, 2002).

In the search to reduce the operating temperatures of these SOFC’s, it has been noted that for
improvement of the overall performance of the SOFC’s, the greatest challenge has been the
choice of material, and thus the material properties of the material. These material properties
are namely, low ionic resistance of the electrolytes, low electronic resistance of the electrodes,
catalysts, interconnects, and sealants. It should also be noted that at lower operating
temperatures, lower polarization loss is expected, due to the high electrochemical activity and
thus rapid kinetics which occur at lower temperatures (Shao et al., 2012).

One of the key issues when it comes to the introduction of any new system into society, is the
question of economic viability. Many solutions have been proposed for the improvement of the
economic viability of SOFC’s, as well as the reduction of system costs. One of the solutions
proposed is the introduction of low-cost stainless steel into the stack designs, but this imparts
an additional step, which is the coating of these steel parts in order to prevent high-temperature
oxidation of air-facing steel surfaces. Minimization of the volatilization of chromium from the
alloy is also necessary, in order to eliminate the degradation of the cell’s overall performance

due to the poisoning of the cathode material by chromium vapours (B. Zhu et al., 2018).

Another solution is the use of less expensive metallic interconnects, as well as low operating
temperatures, which result in the reduction of maintenance costs, however this solution brings
a challenge which is the increase of the ohmic losses observed at the electrolyte, thus reduced
ionic conductivity, and a decrease in the catalytic activity observed at the electrodes, and thus
result in an overall decrease in the cell performance observed. Thus, in order for the

performance at low temperatures to be improved, these challenges need to be overcome. The
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possible alternatives which allow for these challenges to be overcome, are namely; the use of
thin electrolyte materials, and the introduction of nanoscale materials for both the electrolytes
and the electrode materials (B. Zhu et al., 2018).

Many of the issues observed due to the high operating temperatures can be resolved when there
is a reduction in the overall operating temperatures to a temperature around 500°C. One of the
most beneficial properties which occur as a result of the decrease in operating temperature, is
the elimination of the need for reforming fuel, as the lower operating temperatures result in the
reduction of carbon deposition as a result of the direct and clean oxidation of the methane fuel.
Although the reduction of the operating temperature has a large number of benefits for the
SOFC, based on performance, economic viability and environmental friendliness, it still
however exhibits a large number of constraints which need to be overcome. The key to
understanding and potentially overcoming these constraints are based on not only
understanding the reactions which occur in the components of the SOFC and the construction
of the SOFC, but also understanding the complex electrochemistry and thermodynamics which
are crucial to the various reactions which enable for the conversion of fuel into electrical energy
(Baertsch et al., 2004).

Solid Oxide Fuel Cell (SOFC) components:

A SOFC is composed of various components which constitute what we know as a SOFC, each
of these components are of crucial importance to the overall performance of the SOFC, as the
reactions, oxide diffusion, electrical current conduction and separation of the fuel and oxidizer

in the SOFC is dependent on each of these components (Mahato et al., 2015).

2.1.1 Anode materials:

The anode can be described as the component of a SOFC, where the fuel undergoes
electrochemical oxidation. The electrochemical oxidation of the fuel occurs at specific surface
sites, which are referred to as the triple-phase boundaries (TPB’s). The TPB’s are an interface
between the electrode, electrolyte and the gas. The anodic polarization is largely impacted by

a number of factors, such as; morphology of anode, anode microstructure, porosity content,
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active anodic area, the distribution of porosity as well as the size of the pores which are crucial
for the gas transportation efficiency which is obtained in the high temperature reducing
environments, as well as the catalytic activities which occur on the surface of the materials (S.
P. Jiang & Chan, 2004).

The most crucial requirements for any anode material used in a SOFC is; a) its ability to have
high ionic conductivity and for the electrocatalytic activity which it possesses to be sufficient,
these are mainly required in order to result in the minimization of the polarization losses which
occur when the H, oxidation reaction occurs, and thus complete fuel oxidation is observed, b)
its ability to have great thermal and chemical stability, paired with a minimization of the CTE
mismatch which occurs between the anode and other cell components, and also mechanical
strength which is sufficient enough to overcome mechanical stress and physical weight
constraints, and c) the anode material needs to be compatible with the wide fuel flexibility of
the fuel gases, such that the anode material should avoid reacting with the fuel supplied, as well
as tolerate the carbon deposition, reoxidation and possible sulphur poisoning which can occur
(Minh, 1993).

The development of the anode component (anode material) of a SOFC has had one great
challenge to overcome, which is the understanding and ability to engineer anode materials
which has result in charge-transfer as well as mass-transfer through the bulk of the material,
surfaces of the materials, as well as at the interfaces of the materials, thus increasing the
convenience, efficiency, economic processing methodology as well as fabrication technologies
of these materials (Mahato et al., 2015).

Various materials are used as anodic materials, mainly as a result of their respective properties.
Materials such as carbon were conventionally used as both anodic and cathodic materials, these
materials include platinum, cobalt, iron, graphite, as well as nickel. They were mainly used due
to their good chemical stability, low cost, and overall, the great catalytic activity that they
exhibit when reactions such as the oxidation of hydrogen, as well as the hydrocarbon fuel
reformation, and thus Ni, was used for a number of years as the key anode material. It is

however observed that pure Ni results in a CTE mismatch being observed between the Ni anode
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material and more commonly used electrolyte materials such as yttria-stabilised zirconia
(YSZ), this then results in the weakening of the Ni interface with the electrolyte material. The
introduction of cermets (ceramic-metallic composites, e.g. Ni-YSZ) as well as metal oxides
occurred as a result of the optimization of electrode materials, it should however be noted that
the metal oxides have a greater advantage as compared to the cermets, mainly due to the
extended lengths of the TPB observed. The Ni-YSZ cermet has a number of benefits, namely,
it has the capability to result in the overall increase in the efficiency of the SOFC due to its
high electronic conductivity, ionic conductivity as well as good catalytic activity for the

hydrogen oxidation process (Mahato et al., 2015).

Various materials have been considered as anode materials, these materials and a brief

description of each material is listed below:

Nickel metal anode material:

Nickel (Ni) and platinum (Pt) electrodes are always placed in comparison, mainly due to the
similarity in the behaviours of Ni and Pt electrodes. It is however noted that when
electrochemical analysis is done on these materials as electrodes, it can be seen that the Ni
electrodes are more electrochemically active as compared to the Pt electrodes. This is observed
by comparison of the value of polarization resistance, it is observed that the value obtained for
the Pt electrode is always noted to be higher than that of the Ni electrode. The controlled
microstructure of the anode material is one of the most crucial factors in understanding the
reactions and thus reaction mechanisms which occur at the electrode (anode) in the SOFC (T.
Kawada et al., 1990). The greatest disadvantage experienced with the Ni anode materials is
observed in the difficulty in the determination of the pathways of the reactions which take
place, and hence determination of the rate-determining step for the Ni anode is difficult (T.
Kawada et al., 1990).

Nickel/YSZ cermet:
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Upon the introduction of the cermet type anode materials, a number of advantages were
observed, namely, the increase in stability, the improvement of the anchorage and adhesion
between electrolyte and anode materials, as well as the increase in the area of the reaction sites
in the form of TBP present on the electrode material (anode material). The establishment of the
quantitative description of the microstructure of the cermet anodes (i.e., Ni/YSZ) (which has
been defined as a complex microstructure), as well as obtaining an explanation for the complex
impedance spectra obtained still remains a crucial challenge which needs to be understood and
overcome (de Boer, 1998). Due to their less complex and complicated microstructure Ni metal
electrodes have been employed in SOFC’s as anode materials as compared to that of Ni/YSZ
cermet electrodes, although the pure metal electrode materials allow for tailoring for fabrication
purposes, as well as have the ability to avoid structural limitations and the ability for
measurements to be done on purely chemical parameters which can be related to their
microstructural properties, they still have more disadvantages as compared to the Ni/YSZ
cermet electrode materials (Mahato et al., 2015). When considering the cermet anode materials,
it is observed that they not only have the advantage of offering enough pores for the diffusion
of the fuel gases, but also allow for the adequate transportation of 02~ ions through the
electrochemically active region present on the anode material (H. Zhu et al., 2005). As a result
of the introduction of the porous anode materials, the implementation of the direct utilization
of hydrocarbons into SOFC’s has become more convenient (Coutelieris et al., 2003). It is
however important to note that upon the introduction of hydrocarbons into the SOFC, the
amount of carbon atoms is important as with the Ni/YSZ cermet anodes, the amount of carbon
atoms present in the fuel has the ability to result in the significant reduction of the output
voltage and conversion efficiency of the SOFC. Due to this, numerous SOFC’s have been
developed with the preference of using hydrocarbons in conjunction with an external reformer,
which can be accompanied with partial oxidation as well as steam reformation, and this
preferential SOFC design is employed for long-term SOFC operations (Liese & Gemmen,
2005).

Noble metal and copper cermet’s:
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One of the metals which has been discovered to be inactive towards carbon deposition which
occurs during the reformation of hydrocarbon fuels, is copper (Cu) (Costa-Nunes et al., 2005).
A disadvantage however arises when considering Cu as an anode material, this disadvantage
is that due to Cu having a lower melting point as compared to Ni, high temperature sintering
becomes impractical. In order to combat this disadvantage, a new fabrication method called the
wet impregnation method was introduced in order to fabricate Cu anode materials (Gorte et al.,
2004). It was however also noted that no catalytic activity was rendered by Cu when
considerations were done on the breaking of hydrocarbons. Thus, Cu can be considered as a
poor catalyst for the bond-breaking of the C-C and C-H bonds of hydrocarbons, and this overall
results in Cu being very stable in the hydrocarbon environment. This stability imparts an
increase in the polarization activation of the cell. In order to combat the disadvantage which
comes with the use of Cu as an anodic material, a combination of Cu with materials such as
ceria which offers a higher catalytic activity, results in an increase in the catalytic activity and
stability of the anodic material. When placed in combination with ceria, Cu provides the

electronic conductivity, while ceria is an excellent oxidation catalyst (Lu et al., 2003).

Ceria and various other compounds:

When considerations on obtaining materials, which assist in the expansion of reaction zones
beyond the triple phase boundary, a material of interest is cerium oxide (Ce0O,) which is
considered to be a mixed ionic-electronic conductor when placed in reducing atmospheres. One
of the reasons this material is of great interest is due to it possessing an electronic conductivity
which is significantly larger as compared to that of YSZ. This material also offers the ability
to have its ionic conductivity controlled by the introduction of acceptor dopant oxides to the

material, namely, Sm, 05, Y,05, GdOs, as well as CaO (Perry Murray et al., 1999).

Another advantage is that this material has the catalytic ability with regards to the direct
oxidation reaction or process of hydrocarbons which contain various fuels, namely, methane,
ethane, toluene, 1-butene, and n-butane. The material offers an additional benefit as it provides
great compatibility with adjoining component materials of the cell (Mahato et al., 2015).
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Perovskite and double perovskites:

Sulphur tolerance has been of key importance when considering electrode materials, and in the
search for obtaining sulphur tolerant electrode materials, when considering anode materials
which are Ni-free, nickel free conductive metal oxides were produced (Gong et al., 2007).
Examples of these materials are as follows, Sr;_,La,TiO; (x=0.3-0.4), Y-doped SrTiO;,
Lay_S1 V05 (X=0.5), CeqoS191V 0, (x=3,4), its doped variants La;_,S7.Cry_,Mn, 05
(x=0.25, y=0.5), as well as the double perovskites, namely, Sr,Mg,_,Mo00, (X=1),
SryFe, ;3Mo,,306, and the pyrochlore type material Gd,Ti,_,Mo,0; (x=0.6). Although these
conductive oxide materials provided an increase in the sulphur tolerance which it exhibits, there
are a few drawbacks, namely, although the materials show an increase in sulphur tolerance,
they exhibit lower electronic conductivity as compared to the Ni-cermets thus resulting in
decreased anode performance, they also show poor oxidation of fuels, a reduction in the
catalytic activity, as well as a significant incompatibility with adjoining components of the cell

especially at high temperatures (Mahato et al., 2015).

2.1.2 Cathode Materials:

The cathode can be defined as the SOFC component at which the reduction of molecular
oxygen occurs. The mechanism of action by which this process occurs is as follows; when air
flows through the SOFC, this air acts as an oxygen supply, this oxygen then undergoes
adsorption onto the porous cathodic electrode, and this oxygen is then reduced to oxide ions as
a result of the acceptance of electrons which are incoming from the current collector. The
specific site of reaction is highly dependent on the nature of the cathodic material, such that
the reduction reaction of the molecular oxygen can either occur at the electrode/electrolyte/gas
interface or the electrode/gas interface. Upon either the partial or full reduction of the oxide
ions or atomic species, these ions or species are then transported to the electrolyte/electrode/gas
interface by means of transportation through the surface or bulk pathways where they are then
subjected to complete reduction. Subsequent transportation of the oxide ions to the anode is

observed and thus oxidation of the fuel occurs (Mahato et al., 2015).
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The crucial requirements for a material which can be considered as a cathode material in the
SOFC, are as follows; a) electronic conductivity which is relatively high, b) cost effectivity, c)
relatively high oxide ion conductivity, d) excellent chemical compatibility of the cathode
material with the electrolyte materials, as well as the interconnect materials, e) great catalytic
activity mainly during the oxygen reduction reaction, f) great material stability when exposed
to environments which promote oxidation (with the focus placed on both the operational and
fabrication processes), g) the elimination, reduction, and minimalization of the mismatch of
CTE values for the cathode materials as well as that of the other component materials in the
SOFC, h) porosity which is sufficient, such that it allows for the fast rate of diffusion of oxygen
gas from the cathode to the cathode-electrolyte interface (Corbel et al., 2005).

The starting point when it comes to understanding the kinetic and mechanism of action of the
working cathode was first reported over 100 years ago, with the material of interest being a
porous platinum electrode on YSZ which was used for the oxygen reduction process (Mabius,
1997). The oxygen reduction reaction is defined as the electrochemical reaction in which a
charge transfer process is observed, and this process is believed to take place at the TPB’s
(Mahato et al., 2015). When consideration is placed on the oxygen reduction process it is noted

that the process obeys Tafel kinetics in the range of moderate to high overpotential values.

Numerous materials have been considered as cathode materials, these materials and a brief

description of each material is listed below:

Perovskite materials:

When considerations are done on the cathode materials of a SOFC, perovskite oxides have
been of a great importance (Mahato et al., 2015). The first perovskite material reported for use
as a cathode material in a SOFC was La; _,S1,Co05_s (LSC), and this material was introduced
in 1966 by Button and Archer (Mdbius, 1997), thereafter several perovskite materials were
synthesised and their applicability and usage were tested subsequently. To date the most
investigated cathode material for a SOFC cathode is La,_,Sr,Mn0O5_s (LSM), which was

noted in 1973 and then exclusively used for cathode application (Mahato et al., 2015).
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Perovskites are defined as oxide which have the general formula of ABO5, where A and B are
cations which have a combined net charge of +6. When consideration is done on the
differentiation between the A and B sites, it is noted that the A site is the site which is occupied
by the lower valance cations (rare earth and alkaline earth metals), they thus have the cations
with the larger ionic radius as compared to the B site and thus are also coordinated to 12 oxide
ions (12 coordinate). When considering the B site, it is noted that the B site is occupied by the
higher valance reducible transition metal cations (they occupy the B site either in mixtures or
alone), they thus have the cations with the smaller ionic radius as compared to the A site and
are thus coordinated to 6 oxide ions (6 coordinate) (S. P. Jiang, 2008). Due to high temperature
operation of these materials, it becomes evident that the octahedral symmetry of the material
around the transitional metal cations result in the formation of a semi-conducting band structure
and thus results in the observation of high electronic conductivity for these materials, and this
then indicated that the B-site cations thus partake in a redox catalytic mechanism (Mahato et
al., 2015).

When considering the perovskite materials, it is noted that the undoped perovskite materials
have characteristically poor oxide ion conductivity in air, and thus when the material is doped
and undergoes partial substitution of either the A-site cation, or B-site cation, with acceptor
cations (i.e. Ca?*, Ba?*, and Sr?*), or the reduction of Co3*/Mn3* to Co?*/Mn?*, which thus
leads to the formation of oxygen deficient perovskite materials such as
La,_,Sr,Co,Co._,,05_s. It is then noted that the oxygen vacancy defects which form as the
basis of the oxide ion conduction in these perovskite materials result in conductivity values
being observed for these materials which are as high as the conductivity values of solid

electrolyte materials (C. Sun et al., 2010).

2.1.3 Electrolyte materials:

The electrolyte is considered as the core of the SOFC, as it is the component at which the oxide
ions undergo conduction from the cathode to the anode where these ions then undergo a

reaction with the hydrocarbon fuels to form H,0, and CO,, and thus this process is crucial in
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the completion of the overall electrochemical reaction which is occurring. The conduction
process of these oxide ions are as a result of the oxygen vacancy hopping mechanism, and this

mechanism is considered to be a thermally activated process (Mahato et al., 2015).

When considerations are placed on obtaining high ionic conductivity for these electrolyte
materials, the focus is placed on the materials crystal structure, such that in order for the high
ionic conductivity property to be evident, the material crystal structure is required to have large
interionic open spaces which thus allow for a high level of point defect disorder and low
migration enthalpy. It is also noted that upon looking at the crystal lattice of these electrolyte
materials (i.e., metal oxides), there is a size variation in the size of the oxide ions and the metal
cations, namely, the oxide ions are larger when place in comparison with the metal cations (Xia
et al., 2017). Due to the size variation observed, it is expected for the metal cations with small
size to possess mobility in the lattice, however, it can also be noted that the metal cations
although being smaller in size, also have large valance charges and this thus restricts the free
mobility of the metal cations in the lattice. This, thus results in the formation of oxygen vacancy
defects within the lattice which results in the diffusion of oxide ions inside the lattice with the
application of a sufficient driving force which facilitates this diffusion (Mahato et al., 2015).

The crucial requirements for a material to be used as an electrolyte material, are as follows; a)
the chemical inertness with relation to the electrode materials during the processing and service
processes, b) the chemical and thermodynamic stability of the material over a vast range of
temperatures at a variation of oxygen activities, c) sufficiently high oxide ion conductivity, d)
volatilization which is negligible, e) reliable mechanical properties, f) electronic transference
numbers which are low, g) possessing compatibility of the CTE with adjoining SOFC cell

components (Basu et al., 2019).

A large variety of materials have been considered for electrolyte materials, these materials as
well as a brief description of each of these materials are as follows:

Fluorite structure oxide materials:
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The fluorite structure oxides are one of the materials considered as electrolyte materials, these
oxides have face centred cubic arrangement of the cations with the anions taking occupancy of
all the tetrahedral sites. A few examples of the materials of MO, oxides crystallizing with the
fluorite structure are namely, UO,, Hf0,, Ce0O,, ThO,, and Zr0,, with only CeO,, Zr0,, and
other oxides which exhibit the defect fluorite structure such as Bi,0; (two unoccupied
tetrahedral sites) are of great interest in the field of application as electrolyte materials in SOFC
(Mahato et al., 2015).

The Ce0, cubic fluorite structured material exhibits great stability from temperatures such as
room temperature, up to temperatures as high as the materials melting point of ~2400 °C at 1
atm ambient pressure. When considering the structure of Ce0O,, it is noted that this structure
contains 4 large unoccupied octahedral sites which result in a path for the rapid oxide ion
diffusion to be created and the ionic conduction in these oxides only occur via the mechanism
of vacancy diffusion, it is also noted that within the structure, the Ce** and 0%~ ions are located
at the 4a (i.e. 0,0,0) and 8c (i.e. 1/4 , 1/4,1/4) Wyckoff positions, respectively. When
observations are done on pure CeO,, we observe that it does not have a sufficient amount of
oxygen vacancies in order to have appreciable ionic conductivity, and thus in order to obtain a
higher ionic conductivity, the introduction of oxygen vacancies occur via the substitution of
the Ce** by acceptor cations, such as, Y3*, Gd3*, or Sm3* (Etsell & Flengas, 1970).

Although the doped Ce0, exhibits a sufficient amount of phase stability while operational at
intermediate temperatures (~500-700 °C), it is observed that the Ce** have the tendency to
undergo reduction to formation of Ce3* in the fuel environment. This however results in a
number of disadvantages being observed, namely, high electronic conductivity, inferior

mechanical properties, and chemical expansion (Mahato et al., 2015).

When considering pure Zr0,, it is important to note that there are three polymorphs, namely,
monoclinic (room temperature stable) which undergoes a transformation to the tetragonal form
(above 1170°C), with the final transition to the cubic fluorite structure (at a temperature of
2370°C), and remains stable until it reaches the melting point temperature of 2680°C (Taylor et

al., 2005). However, a disadvantage arises when observing the cooling of these materials, this
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disadvantage is that upon cooling of these structures, cracks are formed and this results in low
thermal shock resistance, and is as a result of the martensitic nature of all the transformations
which result in the reverse being true for the cooling process and thus during cooling a large
volume change is also observed (Mahato et al., 2015).

In an attempt to combat this disadvantage, the high tetragonal or cubic phase of Zr0, has been
noted to have the ability of being stabilized at room temperature by the substitution of Zr**
with relatively low amounts of acceptor dopant cations, with the key focus being placed on Y
(Y,03) (Mahato et al., 2015). When the Y, 05 stabilised Zr0, (YSZ) is observed, it is noted that
YSZ is a very crucial potential electrolyte material, mainly due to the high oxide ion
conductivity that they exhibit, first recognised by Nernst in the 1890’s. When considering the
mechanism of action of ionic conductivity of YSZ, it is observed that it is similar to the
mechanism of action for acceptor doped Ce0,. It is thus noted that the oxygen vacancies, which
are generated by the addition of acceptor dopant cations, not only result in the stability of the
cubic phase of the crystal lattice of Zr0,, but it also results in the increase of the oxide ion
conductivity (Minh, 1993).

When considering the other doped systems of Zr0,, it is noted that another doped system has
been of key research interest for its applications in the electrolyte of the SOFC’s, and this is
the Sc,04 doped Zr0, (ScSZ) (Badwal & Ciacchi, 2000). Another system of interest is the
high temperature fluorite structure of bismuth oxide (§-Bi,03) polymorph which displays
intrinsic oxygen vacancies concentrations (25% of the oxygen sublattice sites) (Naixiong Jiang
& Wachsman, 1999), and this thus results in the high ionic conductivity which is observed for
&-Bi, 05, with §-Bi, 04 being the oxide ion conductor which has the highest ionic conductivity
to date (Mahato et al., 2015).

Pyrochlore electrolyte materials:

When considering the pyrochlore structured materials, it is noted that these materials have a
general formula of 4,°*B,** 0., and this structure has been of key importance since 1960 due

to its ionic conductivity (Mori et al., 2003). The pyrochlore structure is considered to be a
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superstructure of the fluorite structure of general form AX,, where the A-site and B-site cations
have order and where an eighth of the anion sites are vacant (Lian et al., 2003). When
considering the A-sites, it is noted that the large A3* cations are situated at the 16d sites of the
lattice and has a coordination number of 8, while the for the B-sites, it is noted that the B**
cations are situated at the 16c¢ sites, with the B-site cations having a coordination number of 6
and being located at the centre of a distorted octahedron. The oxide ions that are situated at the
48f sites are coordinated to two A3* and two B** cations, as compared to the oxide ions situated
at the 8b sites which have a tetrahedral coordination with only the A3* cation, and the vacant
8a interstitial site is thus coordinated to four B** cations. Upon the reduction of the size of the
A-site cations, it is reported that a transition from pyrochlore to fluorite structure is observed
(Vladislav V. Kharton et al., 2010).

The reduction in the cation size results in a structure transformation from the ordered
pyrochlore lattice of form A,B,0, to a fluorite structure that is completely disordered and
exhibits anion deficiency defects and is of the structural form M,0, (with M=A or B). An
example of a pyrochlore structure material is Gd,Zr, 0, which sits at the boundary which exists
between the ordered pyrochlore structure and defective fluorite structure; however, it is
important to note that this is only observed when the ionic radius ratio (r4/75)=1.46 (Lian et
al., 2003).

Placing the consideration on the oxide ion conductivity of Gd,Zr,0, (and other examples of
pyrochlore based oxides), it is noted that the oxide ion conductivity observed for these materials
are comparative to that of the YSZ (Mahato et al., 2015). It can also be noted that the ionic
conductivity of these materials can be enhanced when either thermal treatment (Wuensch &
Eberman, 2000) or chemical substitution (S. A. Kramer & Tuller, 1995) occurs. When the
substitution of Zr** with Ti** from Gd,Zr,0, t0 Gd,(Zry5Tiy,)0; and Gd,(Ti,_,Z1,) 05, it
is observed that there is an enhancement that is observed in the conductivity (Subramanian et
al., 1983). When further consideration is placed on the chemical substitution it is noted that
when Gd3* is substituted with Ca?* inthe Gd,Ti,0,_s materials, there is an increase observed
in the p-type conductivity which results in an overall decrease in the n-type electronic

conductivity of the material (S. Kramer et al., 1994).
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Perovskite-structure based electrolyte materials:

Perovskite-based electrolyte materials:

Perovskite structure-type oxide materials of chemical formula ABO;, has been of key focus
with relation to ionic conductors (Ishihara et al., 1994) due to the high ionic conductivity which
it exhibits (Mahato et al., 2015). An example of the perovskite structure oxide materials
considered for electrolyte application in SOFC’s is LaGa0O5; (Mahato et al., 2015). When
considerations are placed on the mechanisms by which the oxide ion diffusion in the perovskite
material occurs has resulted in investigations being done, and from these investigations, it was
noted that the mechanism of oxide ion migration is based on a saddle point configuration, in
which the migrating ion is expected to undergo migration through the centre of the triangle
which forms due to two La3* A-site cations and one Ga3* B-site cation. This mechanism thus
indicates that due to the high energy barrier of the perovskite lattice, the ionic diffusion in the
perovskite material lattice thus has to take place with the migration of the oxide ions jumping
into the adjacent vacant sites which are situated along the (110) edges of the octahedra formed
by the BO, (Cherry et al., 1995). The ionic conductivity and catalytic activity of the LaB0;
oxide materials have also been noted to increase with the addition of various acceptor donors,
namely, Ba?*, Sr2*, Mg?*, or Ca®*, which undergo substitution at the La3* A-sites (Ishihara
etal., 1995).

Perovskite-based electrolyte materials of the form LnB0- (where B=Al, In, Sc, Y):

The perovskite materials of the form LnBOs, namely, LaAlO5 are termed the perovskite
aluminates and have been of key interest in investigations since the 1970’s. When placed in
comparison with the other perovskite structure forms, such as, LaGd0O5;_s and Ce0O,_gs, the
LnBO4 perovskite structure oxide materials show a greater stability towards volatilization and
reduction (Mahato et al., 2015).
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These materials also exhibit a mechanical computability of good standard during the
fabrication process, and this is as a result of the moderate CTE values which they have. A few
disadvantages however arises, these materials show relatively low magnitudes of ionic
conductivity with high levels of p-type electronic conductivity when considering oxidising
atmospheres, these materials are also limited when it comes to their relatively high grain

boundary resistance and poor sinterability (Mahato et al., 2015).

These perovskite aluminate materials have exhibited the ability to act as protective layers at
the anode side of LaGa05 based materials, and they have also been considered as isomorphic

additives of composite solid electrolyte materials (Yasuda et al., 2000).

La,Mo,0, (LAMOX) electrolyte materials:

The LAMOX family or better referred to as materials based one the La, Mo, 0, compound have
been of great interest due to their fast oxide ion conductivity (Lacorre, 2000). When
considerations are placed on the LAMOX compounds, it is noted that when comparing the
oxide ion conductivity of the LAMOX compounds, it is observed that the oxide ion
conductivity of these materials are comparative to that of the stabilised Zr0, at a temperature
of 800°C (Mahato et al., 2015).

When considerations are placed on these materials and the phase transitions of these materials,
it is noted that they undergo a phase transition from the a-form (monoclinic) at room
temperature, to the g-form (cubic) at a temperature of approximately 580°C, and this transition

results in an increase in the conductivity observed (Mahato et al., 2015).

The doping of the LAMOX family materials has been considered and has been a great field of
research interest due to the predisposition with relation to not only the phase transition but also
molybdenum reduction in a fuel environment, this research has been mainly focused on the
doping of both the molybdenum and lanthanum sites. When the focus is placed on the doping
at lanthanum sites, it is observed that the main dopant elements are Gd, Nd, and Y, which result
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in the reduction of the susceptibility for the cubic to monoclinic phase transition when cooling

occurs (Georges et al., 2003).

Apatite structure-based electrolyte materials:

The apatite structure-based electrolyte materials are defined as the materials with a general
formula of A1o(M0,)¢X,+s, mainly where A is defined as an alkaline earth or rare earth cation
element or Pb, where M is defined as an element from the p-block of the periodic table (i.e. P,
V, Si, Ge), and where X is defined as halides, 02~, 0H~ (Kendrick et al., 2007).

When noting the most common chemical formula of the apatite-based oxide ion conductor
family, it is noted that the typical formula is Lng 33, (Si/Ge04)602 435 /2, With the structure of
these materials having an isolated MO, tetrahedra which are arranged in such a way that distinct
anion and La channels are formed which are located parallel to the c-axis, and thus due to the
oxide ion channels being centrally located they participate in ionic conductivity (Kendrick et
al., 2007). The high ionic conductivity which are observed in this materials are exhibited as a
result of these rare earth cations in the materials being situated in the 7- and 9-coordinated
cavity sites, as well as there being additional oxide ions which are present in channels which
run through the structure (Mahato et al., 2015).

When comparison is placed on the apatite family materials, it is seen that when observing that
lanthanum silicate apatite materials offer greater ionic conductivity as compared to the
lanthanum germinate apatite materials, with the ionic conductivity of the Lag335(Si04)¢0,
compound being higher as compared to the ionic conductivity of the LagSr,(5i0,)¢0,
compound (V. V. Kharton et al., 2004). The differences observed in the ionic conductivity
obtained for these two compounds is mainly due to the Laqg35(S5i0,)0, having La vacancies
which result in the differences in the ionic conductivity between the compounds, although the

content of the oxide ions is the same in both compounds (Sansom et al., 2001).
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Investigations were also done to observe the effect that dopants would have on the conductivity
obtained when dopants are used for the La-sites and the Si-sites. A large variety of dopants are
used namely for the La-sites (Sr, Ba, Mn, Cu, Ca, Bi, Mg, Co, Ni) and for the Si-sites (P, Al,
Mn, Mg, B, Co, Cu, Ti, Ge, Ni, Zn, Ga, Fe), some dopants have the ability to occupy both the
La-sites and the Si-sites and are referred to as ‘ambi-site’ dopants (Mahato et al., 2015). When
the dopant cation used for substitution at the La-site is small in size, the conductivity observed
decreases (Kendrick et al., 2007). The isovalent dopant elements are however reported to

result in higher conductivity being observed (Sansom & Slater, 2004).

The low ionic conductivity observed at low temperatures for the germanate based apatite
compounds are as a result of the high activation energy which these compounds exhibit at low
temperatures (Kendrick et al., 2007).

The brownmillerite-like electrolyte material phases:

The brownmillerite structure type oxide materials are defined by these materials having a
general chemical formula of A,B,0s, and these materials have alternating perovskite layers
which exhibit corner sharing between the B0, tetrahedra and the BO¢ octahedra (Ferguson et
al., 2011).

Materials of this structure type have been defined as perovskite materials which are oxygen
deficient, and it is noted the oxygen vacancies are observed to order along the planes with (0 1
0) hkl, and this thus results in a contribution towards the ionic transport in the structure. This
results in the formation of 1-D pathways, and thus allowing for migration of the oxide ions

along the tetrahedral layers (Mancini et al., 2012).

Due to the large number of oxygen vacancies which are present in the structure, it is observed
that these oxygen vacancies are in an ordered fashion. It is also noted that upon an increase in

the temperature of the material, various phase transitions occur, namely, when increasing the

49



temperature from room temperature to a temperature within the range of 925°C-930°C, a phase
transition is observed from the orthorhombic phase at room temperature, to the tetragonal phase
in the abovementioned temperature range, when the temperature is further increased to
approximately 1040°C a phase transition from the tetragonal phase to a highly disordered cubic
phase is observed (Berastegui et al., 2002).

The disordered cubic phase exhibits the ability to enable fast oxide ion conduction to occur, as
a result of the amount of oxygen vacancies which are evident in the structure, however, a

disadvantage becomes evident as the materials are humidity sensitive (Schober et al., 1997).

A compound with this structure type is Ba,In,0s, this material is known to have properties of
mixed conductivity, and it is also noted that the total conductivity in dry air obtained for this
material is dominated by the oxide ion conductivity. As the temperature increases, it is
observed that there is a phase transition which occurs at a temperature of approximately 930°C
to result in the formation of a disordered perovskite phased material with an increased ionic
conductivity (J. B. Goodenough et al., 1990).

In an attempt to stabilise the disordered cubic perovskite phase, substitution at the In-sites in
the crystal lattice with cation dopants of higher-valance is used, this also results in the
enhancement of the ionic conductivity obtained at intermediate temperatures. The dopant
cations of interest are namely, Hf **, Zr**, Sn** and Ce** (Schober & Friedrich, 1998), other
dopant cations such as Ga3*, Y3*, and Yb3* are also of key interest (Yao et al.,
2000)(Yamamura et al., 2002).

The 6§ — Bi,0, and Bi,V,0,4 structure based ceramic electrolyte materials:

The fluorite structure type-based oxide electrolyte material § — Bi,05is defined as one of the
best oxide ion conductors to date (Vladislav V. Kharton et al., 2001)(Mahato et al., 2015).
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These materials not only offer an advantage of their high ionic conductivity, but exhibit a wide
variety of additional advantages, such as, the increased electrocatalytic activity observed for
the interconversion of 0, and 0%~ which occur at the low temperature range of approximately
300°C-350°C (Mahato et al., 2015).

Bi,04 is found in six naturally occurring polymorphs, namely, the stable phases; the
monoclinic a-phase, and the cubic §-phase, and the metastable phases; the tetragonal S-phase,
the body centred cubic (bcc) y-phase, the orthorhombic e-phase, and the triclinic w-phase
(Michel Drache et al., 2007), and a rhombohedral phase which is not naturally occurring (Jolley
etal., 2019).

It is noted that the cubic §-phase has the highest conductivity recorded, as well as exhibits
stability in the temperature range of 730°C-804°C, where 804°C is defined as the melting point
of this phase, it is also further observed that this phase exhibits oxide ion conductivity values
which range about 1-2 magnitudes greater than that obtained for the stabilised Zr0, (Shuk et
al., 1996). The stabilisation of this phase up to room temperature is possible when consideration
is placed on the doping of this phase with dopant cations such as La3*, Y3*, Er3*, and many

more (Boyapati, Wachsman, & Chakoumakos, 2001).

When the cooling process of these materials are observed, it can be seen that when these
materials are cooled below a temperature of 600°C, a transition takes place, this transition is
describes as a first order vacancy order-disorder transition, and the overall result of this
transition is the reduction of the obtained ionic conductivity by approximately 3 orders of

magnitude (Boyapati, Wachsman, & Jiang, 2001).

When considerations are placed on the basic structure of the cubic §-phase of Bi,04, it is
observed that the structure consist of two partially occupied O sites, namely the 8c site with
hkl (1/4, 1/4, 1/4) and the 32f site with hkl (X, X, X) where x is approximately 0.3 (Battle et al.,
1983). It is also noted that as aging of the materials occur, the 32f site occupancy increases and
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thus results in an increase in the local vacancy ordering observed in these materials (N. Jiang
et al., 1995). The room temperature stabilisation of this phase is achieved by the use of small
cation sized elements which thus result in the contraction of the overall crystal structure of the
material (Verkerk & Burggraaf, 1981).

The size mismatch of the cations play a crucial role in the stabilisation of this phase when the
addition of dopant cations are considered, namely, when a large ionic radii mismatch is
observed between the dopant cation and the Bi3* cations is observed, lower dopant
concentrations are required, and when there is a small ionic radii mismatch, a larger dopant
concentration is required (Mahato et al., 2015). At low temperatures, the doping of the parent
compound results in lower overall ionic conductivity being observed, however, at fixed dopant
concentrations, it is noted that the oxide ion conduction increases as an increase is observed in
the size of the dopant Ln3* cation, which occurs as a result of the overall size of the Bi3* cation
(Vladislav V. Kharton et al., 2010).

Many disadvantages however arise when considering Bi, 05, namely, when trying to stabilise
the Bi, 05 it should be noted that these materials are highly susceptible to the reduction of the
Bi metal when placed under reducing conditions (Yaremchenko et al., 2000), corrosion,
reduced mechanical strength, as well as the volatilization of Bi,0; which occurs at moderate
temperatures. These disadvantages result in the reduced applicability of these materials for
practical applications, however, in an attempt to combat these challenges, the cathode side of
the SOFC adopted a bilayer structure with Bi, 05, and a more stable electrolyte layer on the
anode side (Park et al., 2005).

Another class or family of bismuth oxide-based electrolyte materials which has gained interest
is the y — Bi,V,0,,; materials, which stem from the BIMEVOX materials, and belong to the
Aurivillius series. These BIMEVOX family materials (Bi-Bismuth, Me-additional metal
additive, V-Vanadium, Ox-Oxygen) are defined as the new generation of the Bi,05 based
electrolyte materials (Mahato et al., 2015). These compounds exhibit relatively high ionic

conductivity, it is also observed that at low temperatures, the stabilisation of the tetragonal y —
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Bi,VOs ¢ structure can undergo partial substitution at the V-sites with metal cations such as,
Mg, Cu, Zn, Co, Fe, and Ni (Pirovano et al., 2003).

53



Chapter 3:

Synthesis process & Sample Preparation

Introduction to sol-gel synthesis:

In order to synthesis the Bi,05-Nd,05-Y,05 as well as the Bi,05-Nd,05-Y,05-X,05 (where
X=Thb, Sm, Sc) systems, the starting compounds used in the sol-gel synthesis process were as
follows: Bi(NO3);-5H,0, Nd(NO3);:6H,0, Y(NO3)s;-6H,0, Tb(NO3);-6H,0,
Sm(NO3); - 6H,0, and Sc(NO3)5 - 6H,0, which were all high purity powders (=99.99%
Aldrich).

The sol-gel synthesis method is one of the two methods which will be considered for the
synthesis of rhombohedral Bi,05. In the sol-gel synthesis method, where X mol of Bi(NO3)5 -
5H,0, Y mol of Ln(NO3)5 - 6H,0, and Z mol of a different Ln(NO3)5 - 6H,0 (where Ln =
Nd, Y, Sm, Sc and Tb), are dissolved in approximately 250ml of acetic acid (99.99%, Sigma-
Aldrich) in a 600ml beaker under constant stirring (with the use of magnetic stirring) and
heating conditions on a hot plate, and once dissolved approximately 5(X+Y+Z) mol % of citric
acid for the doubled doped systems, and 5(X+Y+Z+B) mol % of citric acid for the triple doped
systems (99.5%, Sigma-Aldrich), was added to the solution and allowed to stir under constant

heating at 55°C until a white/cream gel is formed (approximately 2.5-3 hours).

This gel was then calcined in a furnace at 500°C for 12 hours in the beaker. Once the calcination
is completed, the light orange/slightly yellow calcined powder was then transferred into a agate
mortar where it was ground for 10 mins to obtain a homogenous powder mixture, after which
it was transferred into a crucible and then further annealed in a furnace at 750°C for 7 hours,
after which the resulting light/pale yellow powder sample is then transferred into the mortar
once more, ground until a homogenous powder mixture is obtained, and then it was transferred

into a sample vial and stored for characterisation.

Initially, a total mol dopant concentration of 20 mol % was selected for the co-doped system,

with the mol % of X mol of Bi(NO3)5 - 5H,0, kept at 80 mol %. Variations occurred between
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the mol % of the dopants, namely, Nd(NO3); - 6H,0, Y(NO3)5 - 6H,0. The dopant mol %
was then also varied comparatively to those presented by Jolley et al. in Optimizing
rhombohedral Bi.O3 conductivity for low temperature SOFC electrolytes, thus optimizing the
total mol dopant % to around 8.5-10% (Jolley et al., 2019). The mol dopant concentration %
was also increased from 20 mol% to 22.5 mol % for stability studies, and triple dopant systems
were also synthesised using the following dopants Th(NO3)5 - 6H,0, Sm(NO3)5 - 6H,0, and
Sc(NO3);-6H,0. Table 1 below indicates the samples synthesis, their shorthand
compositions, sample compositions (mol % atoms), as well as the actual mass and mol % of

the various starting materials in grams and % respectively.

Post sample synthesis, each sample was characterised initially using x-ray diffraction (XRD)
at room temperature, to identify the phases present in the samples. The samples were then
characterised using simultaneous thermal analysis (STA) which uses differential thermal
analysis (DTA) coupled with thermogravimetric analysis (TGA) as an attempt to understand
the thermal characteristics of the samples. Variable-temperature (VT) Raman spectroscopy was
employed due to its sensitivity to the local structure, and hence identify any other phases
present in samples that are not identified by XRD. VT-electrochemical impedance
spectroscopy (VT-EIS) was then also employed for the determination of the temperature at
which the most optimal ionic conductivity in the samples is observed.

Sample Preparations:

3.1: Powder X-ray Diffraction (PXRD):

Post-synthesis sample preparation was done for characterisation using powder X-ray

diffraction (PXRD). Using a spatula, ~0.1 g (a spatula tip) of sample was transferred to a zero-
background sample holder and used for the laboratory experimental analysis. The zero-
background sample holder uses a monocrystalline silicon wafer which is sliced on a plane that
will not diffract through normal angular and energy ranges of laboratory XRD equipment. The
sample was then pressed down using a glass slide, ensuring that the sample was packed tightly

enough, but also ensuring that preferred orientation was avoided.

For the synchrotron samples sent to the Brookhaven National Laboratory (BLN) National
Synchrotron Light Source 1l (NSLS-I1), the samples were transferred into Kapton capillary

containers, which were sealed on each side using an epoxy resin, ensuring that the samples
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were packed without any disturbances in packing, and ensuring that the samples will not have

their packing disturbed during transit.

3.2: Simultaneous Thermal Analysis (STA)

Approximately, 15 mg of sample was transferred into a small alumina crucible for
simultaneous thermal analysis which comprises of differential thermal analysis (DTA) and

thermogravimetric analysis (TGA)

3.3: Raman Spectroscopy (RS)

Approximately, 50 mg of sample was transferred to a glass slide for analysis. The sample was

pressed down using a spatula tip to ensure that the sample was packed efficiently.

3.4: Electrochemical Impedance Spectroscopy (EIS)

In order for electrochemical impedance spectroscopy (EIS) measurements to be conducted, the
samples needed to be pelletised. In order to form the pellets. ~2 g of each sample was ground
in a mixture with two drops of 1% m/v aqueous polyvinyl alcohol (PVA) binding agent
solution. (The solution was made using 1g of PVA powder dissolved in 100mL of distilled
water, which was near boiling, and was under continuous stirring). This mixture was then left
to air dry, once the drying was completed, the ground mixture was loaded into a 12 mm
diameter die, then using a hydraulic press applying a load of 2.5 tonnes for 15 minutes. After
the 15 minute period had passed, the pressure was slowly reduced, and then the pellets were
gently released from the die.

The pellets were then sintered as follows, in order to result in an increased density and
decreased porosity of the material. The pellets were loaded into alumina boats after being
pressed, and then placed into the tube furnace. Based on knowledge gained from pripr work
done within the research group, it was noted that PVA binding agent decomposition
temperature was optimal at 450 °C at a heating rate of 10 °C/min for an 8 hour duration. After
this, the temperature was then ramped up further to 800 °C at the same heating rate for 12 hours.

The pellets were then left to cool naturally to room temperature.
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Once sintered and cooled to room temperature, the pellets were Sellotaped on the cylindrical
sides, to ensure that short circuiting is prevented during the measurement process. The pellets
were then coated with 10nm of pure gold on each of the flat sides using a turbo evaporate
sputter coater. After coating, the Sellotape was removed, and once again the pellets were placed
into the tube furnace and heated to 800 °C at a heating rate of 10 °C/min and left for 8 hours to
ensure that the gold coat and the pellet had efficient adhesion, once done, the pellets were then
allowed to cool naturally to room temperature. Once this was done, the pellet dimensions were

obtained using a vernier calliper.

Table 3.1: Samples synthesised with actual masses and mol % indicated.

Actual mass

Y(NO
s e | GO 61({ 03)3 L
i . m ]
sample <o 3(3) 6H,0 ( )2 6H0 ** 6H,0 Citric
. 2 g g P .
composition (g) [mol (9) [mol (9) [mol Acid (g)
[mol %] [mol [mol %]
%] %] %]
%]
40682 04578  0.4028
L Nd0.10Y0.1 10Nd10Y ] i ; 22,5000
0-Bi, 05 SB 120 [10] [10]
40032 06779  0.1979
) Nd0.15Y0.0  15Nd5YS ] ] ; 25,0071
D [80] 5] [
40033 0.4016
3 NdO0.10- ) ] ; ; 25.0003
Bi, 05 10NdsB  [90] [10]
4.0056 0.3513
s Y0.10- ) ] i ; 25.0039
Bi, 05 1oysg  [90] [10]
02261 05928
5 Nd0.05Y0.1  5NAI1SYS 4 006 [30] ] ] ; 25.0042
40002 02011 01761
6 Nd0.05Y0.0 ] i ; 25.0019
5-Bi, 05 sNdsyss  [90] [5] [5]
117074  0.9832
; Nd0.085- ) ] ; ; 63.4485
Bi, 05 g5Ndse  [919] &4
108555  1.2265  1.0718
o Nd0.10Y0.1 10Nd10Y ] ) ; 65.7617
0-Bi, 0, SB [80] [10] [10]
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11

12

13

14

15

16

17

18

19

Nd0.15Y0.0
5'Bi2 03

Nd0.125Y0.
lO'BiZ 03

Nd0.10Y0.1
25'Bi2 03

Nd0.175YO0.
05'Bi2 03

Nd0.15Y0.0
75'Bi2 03

Nd0.10Y0.0
75'Bi2 03

Nd0.15Y0.0
5-Bi, 05

Nd0.15Y0.0
5Th0.025-
Bi, 0,

Nd0.15Y0.0
5Sm0.025-

Nd0.15Y0.0
5S¢0.025-

Nd0.15Y0.0
5'Bi2 03

15Nd5YS
B

12.5Nd10
YSB

10Nd12.5
YSB

17.5Nd5Y
SB

15Nd7.5Y
SB

10Nd7.5Y
SB

15Nd5YS
B

15Nd5Y2.
5ThSB

15Nd5Y2.
5SmSB

15Nd5Y2.
5ScSB

15Nd5YS
B

10.7170
[80]

10.5996
[77.5]

10.6748
[77.5]

10.4599
[77.5]

10.5276
[77.5]

11.0403
[82.5]

10.7173
[80]

10.4421
[77.5]

10.4532
[77.5]

10.5817
[77.5]

10.7170
[80]

1.8161
[15]

1.5486
[12.5]

1.2508
[10]

2.1348
[17.5]

1.8423
[15]

1.2102
[10]

1.8167
[15]

1.8266
[15]

1.8290
[15]

1.8514
[15]

1.8159
[15]
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[5]
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[10]

1.3599
[12.5]

0.5336
[5]

0.8055
[7.5]

0.7934
[7.5]

0.5291

[5]

0.5330
[5]

0.5333
[5]

0.5401
[5]

0.5292
[5]

0.3021
[2.5]

0.3024
[2.5]

0.3068
[2.5]

65.3067

66.1081

66.3368

65.6368

65.8659

65.2064

65.3098

65.5216

65.6138

66.3921

65.4303



Chapter 4

Characterisation

Powder X-ray diffraction:

One of the most powerful non-destructive techniques for the characterisation of crystalline
materials, is X-ray diffraction (XRD). XRD is used for studying the atomic spacing as well as
crystal structures of materials. The XRD characterisation technique functions on the basis of
constructive interference with regards to the monochromatic X-rays as well as the crystalline
sample. X-ray generation occurs by the use of a cathode ray tube, they are then filtered to
produce a monochromatic for of radiation, then collimated such that the X-rays are
concentrated and directed towards the sample (Bunaciu et al., 2015).

When the incident X-rays interact with the sample, constructive interference (as well as a
diffracted ray) are produced, namely when the conditions satisfy that of Bragg’s Law, i.e., nd =
2dsind, where the variables are as follows, n is an integer, A is defined as the wavelength of
the X-ray radiation, d refers to the interplanar spacing which generates the diffraction, and

where 9 represents the diffraction angle (Wartak & Fong, 2019).

A key characteristic of powdered samples when considering x-ray diffraction, samples need to
have random orientation. The random orientation of samples enables all the ranges of 29, as
well as all the diffraction directions of the crystal lattice to be obtained. The diffraction peaks
obtained for the sample are then converted to d-spacings to allow for the identification of

compounds based on their unique d-spacing values (Bunaciu et al., 2015).

When considering PXRD, it is important to understand the fundamentals of basic
crystallography, as this is the foundation of all structural analysis, especially when looking at

materials using the x-ray diffraction technique.

Materials have their atoms arranged into either microstructures or crystal structures(Fultz &
Howe, 2008). The arrangement of these atoms in a periodic manner are strongly dependent on

a variety of external factors, including but not limited to, temperature, pressure, as well as the
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heating and cooling rates which occur during the process of solidification (Scherer, 2017).
These factors influence the various classes into which materials can be classified, namely as,
amorphous, polycrystalline, as well as single crystals (single crystalline) materials (Razeghi,
2018).

The various material crystallinities can be described as follows (Ameh, 2019):

I. Amorphous solid materials are defined as materials which exhibit an isotropic
nature. This is nature is as a result of the arrangement of the atoms in the material,
the arrangement is not regular and has the same properties in all directions.

ii. Crystalline materials are materials which are defined as materials which are
anisotropic as a result of the arrangement of their atoms in patterns which are
regular and repeating in nature. It is important to note that their properties however
vary as a result of direction.

iii. Polycrystalline materials are defined as materials which are characteristic of
containing a combination of numerous crystals which differ in size and shape. The
distribution of crystal shapes, sizes, as well as the orientations within the individual
crystals are the characteristics on which the properties of polycrystalline materials

are strongly dependent on.

The technique of x-ray diffraction is based on a number of crucial fundamentals, one of these
fundamentals is the comparative wavelength of x-rays to atomic size. This comparative
behaviour is the foundation on which x-ray diffraction is used as a technique for the
characterisation and the probing of atomic arrangement in each unit cell, the position of atoms,
as well as atomic spacing angles as a result of use of diffraction patterns and intensities (Pappas,
2006). Although x-ray diffraction is one of the most widely used techniques for industrial
application, there is still a large gap in the understanding of the basic conceptualisation of

crystal structures and x-ray crystallography(Ameh, 2019).

In order for one to fully understand and conceptualise crystal structures, and x-ray

crystallography, theoretical understanding is required. In order to understand crystallography,
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especially with our focus being on x-ray crystallography, it is crucial to first understand the

theory being crystal structures.

Understanding crystal structures require the understanding of the fundamental building blocks
of a crystal structure. Crystalline structures are defined as structures which have arrays of atoms
which are arranged in a pattern that is regular and repeated. In this crystal structure, the smallest
repeating element within this crystal is what we refer to as a unit cell. This unit cell is dependent
on the lengths of three major axes (a,b,c), as well as the angles between these axes (R. Sharma

et al., 2012). Figure below is a diagrammatic representation of a three-dimensional unit cell.

Z
A

X

Figure 4.1.3: Diagrammatic representation of a three-dimensional unit cell (Ameh, 2019)

The arrangement of the arrays of atoms by pure translation (transformation), this excludes a
change in rotation or orientation, but includes a change of the atoms position. There are three
possibilities of the translation, namely, one-dimensional, two-dimensional, and three-
dimensional (Putnam et al., 2007). Within a crystal there is also a periodic arrangement of
points or a collection of points which is defined as a lattice. A lattice can either be represented

in two-dimension or three-dimensions by a set of translational vectors (Ameh, 2019).

In 1848, a mathematical concept was introduced by Bravais, this concept called space lattice

was used to describe the arrangement of crystal structures. This mathematical concept defines
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that when considering an infinite number of points in space, such that the point arrangement
around a point is identical around any other points. In the space lattice, the axes system used to
designate point arrangements is the x, y, z system. 14 lattices define all the possible
arrangements of points in lattice space, and these are classified as the 14 Bravais lattices. These
lattices are classified into 7 crystal systems, and this classification is dependent on the length

of the axes, angles between them, as well as symmetry properties (Ameh, 2019).

A certain shape or arrangement of an object is defined as the symmetry of that object. A
symmetrical crystal structure is dependent on whether certain directions of geometry and
physical property of crystals are reproduced by certain operations. Actual crystal structures can
be formed through 230 different patterns of atomic elements (Pierret, 1987). All crystal
structures have been classified into 7 crystal systems, when taking into account the symmetry
operations, such as n-fold rotation, inversion centres, reflections, as well as rotation-inversion
symmetry operations. The combination of the three symmetry operations furthermore result in

32 crystal symmetry class point groups (Ameh, 2019).

The Bravais lattice is defined as a lattice which is composed of a set of lattice points with
relation to a position vector R, and a reciprocal lattice which is a set of vectors resulting in the
Bravais lattice periodicity, vector K. Vector equations for these two lattice position vectors are
defined as follows:

R=n,a,+nya,+n;as
K =hb,+kb,+lbs

When considering the equations above, it can be observed that there are a number of variables,
namely, n; (i= 1, 2, 3), which are integers; h, k, | which are the miller indices of the plane
perpendicular to the reciprocal lattice vectors; a, (x=1, 2, 3) which represents the primitive
lattice vectors for the position vector, and b, (z= 1, 2, 3) which represents the primitive lattice

vectors for the reciprocal vector (Hofmann, 2015).
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The miller indices for planes, is referred to as a set of coordinates which are expressed as h, k,
I, which are defined by a line originating from the origin, which cuts through the axes (a, b, ¢)
or the axial vector (a, (x=1, 2, 3)) which are called miller indices for that specific set of lattice
planes (Wood, 1964). The properties of miller indices allow them to be used to express lattice
planes, as well as to specify orientation of the planes in space and not positionality. Letter h, k,
I, are considered miller indices for planes, and are thus designated in curvilinear bracket, such
as (h, k, I) (Ameh, 2019). When the atomic d-spacing along each plane are the same, the
crystallographic planes are equivalent to each other by symmetry. The cubic crystal symmetry
system has front and back faces which intercept the x-axis and is parallel to the y- and z-axes,
and this yields miller indices (100), the top and bottom faces, intercepting the z-axis and
parallel to the x- and y-axes (001). The left and right faces of this system intercept the y-axis
and parallel to the x- and z-axes have the miller indices (010). A zero-miller index (000) thus
implies that the plane (face) can be considered as parallel to the corresponding unit cell axis
and at infinity (Dekker, 1957)(Hammond, 2002; Hargittai, 2009).

The miller indices for direction are based on the characteristic of single crystals or
polycrystalline materials, in which the crystallographic direction is used to indicate the
orientation. There are a number of properties that are in direct relation to these miller indices,
namely, when considering the magnetic properties of magnetic materials such as iron, to name
but one, these magnetic properties are strongly dependent on the crystallographic direction
(Askeland & Wright, 2016; D. Askeland, P. Fulay, 2006). When considering crystallographic
directions, it should be noted that three indices are used, namely, (u, v, w), which represent the
X, Y, z directions, and are usually represented through a square enclosed bracket as follows, [u,
v, w]. For a cubic crystal symmetry system, it needs to be noted that because all parallel vectors
have the same direction indices, thus the miller indices for the x-axis is [100], y-axis is [010],
and for the z-axis is [001] (Dekker, 1957). It is also of importance to note that upon the
condition that the atomic spacing along each direction are the same, then the direction is
equivalent. This equivalence gives rise to what is defined as form or family indices (Ameh,
2019).

The x-ray diffraction principles are of crucial importance when considering materials analysis.

The principles of x-ray diffraction focus on the use of x-rays, these x-rays are impinging upon
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atoms in a solid sample, upon this impingement, the incident x-rays are scattered by the
electrons in the atoms. Two types of interference can occur as a result of the incident x-rays,
namely constructive or destructive wave interference which occur along a different direction
as compared to the scattered (diffracted) waves, and these are emitted by atoms at different
positions (Fultz & Howe, 2008). When a solid has a very orderly arrangement of its atomic
structure, constructive interference is observed. There exists a very strong relationship between
the periodic atomic structure of crystalline materials (the crystals in materials) and the
diffraction patterns. The angles at which diffraction is evident depends on the atomic
arrangement (periodicity), long repeated distances result in diffraction being observed at small
angles, and short repeated distances result in diffraction being observed at high angles (Ameh,
2019).

The powder X-ray diffraction (PXRD) characterisation technique was used to determine the
phase, phase purity and lattice parameters of the synthesised Bi,0; materials formed. This
information and data obtained was then used to understand the fundamentals of the
crystallographic structures of the materials formed and the effects of the added dopants on the
crystallographic parameters. Variable temperature PXRD was employed to study if phase
transitions occur upon heating and to establish temperature dependent crystallographic
parameters to determine thermal expansion coefficients. Characteristics of diffraction peaks
also provide vital information, namely, peak position is used to determine the shape and size
of the unit cell, while peak intensity determines atomic position within the unit cell, as well as

indicates the atomic number (Zhang et al., 2002).

In order to fully comprehend the principles of the x-ray diffraction technique, the theories that
govern this technique needs to be understood. Three key theories are Bragg’s theory (Bragg’s
Law), Laue theory, and Ewald’s theory (Ameh, 2019).

Bragg’s law is based on the discovery that Bragg made after Laue discovered x-ray diffraction,
this law is founded on the simple alternative explanation and measurement for the diffraction

as a result of monochromatic x-rays from a single crystal (Authier, 2012). A number of
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assumptions are made through the Bragg analysis process, firstly, the assumption is that
crystals are in layers, or atomic planes (lattice plane-hkl) are in layers which have a spacing
distance represented by d, and they produce a reflection when the impingement of the incident
light/x-rays occur on the planes of atoms (Nelson, 2012; Sivia, 2011). The second assumption
that is made is that the incident and diffracted beams have equal angles at the lattice plane. The
consideration of constructive interference, as per Bragg requires specific conditions, namely,
that the Bragg diffraction conditions are satisfied when the path difference lengths are equal to
nA, and follow Pythagorean theorem, the Bragg law equation was derived. Bragg’s law states

that for constructive interference to occur:

AB +BC=n/

Thus, from x-ray diffraction patterns it is noted that, AB=BC, therefore:
nA=2AB

In order to represent AABZ as per the figure shown, using the Pythagoras theorem derivation,

the resulting equation is:

_ H—AB
sinf = —
AB=d -sinf
ni=2d-sinf

Considering the variables, A = wavelength of incident x-ray, n = reflection order, d = spacing

distance, and 8 = diffraction beam angle.
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Figure 4.1.4: Schematic diagram indicating the x-ray diffraction pattern, and the use of
Pythagoras theorem

When noting that n is defined as the order of diffraction (the reflections) from a set of lattice
planes (hkl), we note that this has the interplanar spacing represented by dj;, this then leads
to d being defined as:

d
d: hkl
n

So, when we consider this and rewrite the above equation of Bragg’s law, we obtain the
following equation:

A = 2dpg; Sin Oy

This allows us to obtain the two equations for Bragg’s law(Ameh, 2019) (Nelson, 2012; Sivia,
2011).

Ewald theory set the foundation of the discovery of x-ray diffraction by Laue, however, was
rarely employed in the study of crystal structure (Authier, 2012). The assumption made by
Laue in the Laue analysis process, is that crystals are considered as a build-up of atomic rows
which span along the x-axis, y-axis, and the z-axis in the three-dimensional space. In the figure
below, presume that AB is defined as the incident beam wave crest, and CD is defined as the
diffracted beam wave crest, which are related as they are the wave crests for the constructive
interference for the waves from atoms along the z-axis (Dekker, 1957; Hammond, 2002;
Hargittai, 2009). Putnam et al. (Putnam et al., 2007) stated in an article that if the diffracted
path difference, and the integer (whole) number of incident beam wavelength corresponds, then
the diffracted beam will undergo constructive (in-phase) interference. Conversely, when there

is no correspondence between the incident beams and the wavelengths, then destructive (out-
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of-phase) interference occurs. The figure below also indicates the vector notation that Laue’s
law employs for the incident and diffracted beam directions, as well as the path differences
between the diffracted beams (Ameh, 2019). The first equation of Laue for the path difference
can be described mathematically, for the path AB — CD, which corresponds to the integer
number of wavelength for the constructive interference is as follows:

(AB —-CD) =a(cosa, — cosay) =n,A

Where the variables are defined as follows: a = atom spacing along x-axis (lattice parameter),
a, = diffracted beam to the x-axis angle, a, = incident angle to the x-axis, and n, = order of
diffraction integer (Hammond, 2002; Hargittai, 2009).

Now, when focusing on Ewald’s theory, we note that Ewald postulated a theory which explains
the relationship that exists between the distances of oscillators and the wavelength of light
(Authier, 2012). There is no approximation to this postulated theory, and thus it is valid for any
range and ratio of light wavelength to distancing oscillator. The Ewald sphere (also referred to
as the Ewald construction) is based on a sphere of reflection and the reciprocal lattice, this is
then used in the determination of whether the diffraction conditions for a reciprocal lattice point
is met or not (Hammond, 2002). When placing a diffracting crystal in the centre of the Ewald
sphere of 1/1 with the incident beam, where | passes through the diameter, which is represented
as 10. Observing the incident beam, it is important to define O as the reciprocal lattice origin.
Observing the figure illustrating the Ewald sphere below, it is noted that in order for Bragg’s
law for diffraction to occur and be obeyed based on the orientation of the crystal, the exit point
of the incident beam O, and the exit point of the diffracted beam B, results in a vector OB
(Hammond, 2002; Wood, 1964). Then, the vector length for the vector OB is equivalent to
1/dy;,; (Paul F. Fewster, 2018).
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Figure 4.1.5: Diagrammatical representation of the Ewald sphere indicating a set of planes as

well as diffraction positions (Hammond, 2002)

Bragg’s law is fulfilled when there is correspondence between the reflecting planes (hkl) that
intersect the Ewald sphere and the reciprocal lattice point which id defined by the reciprocal
lattice vector d*p,; (P. F. Fewster, 1999). When considering the triangle AOC, the following is

noted:

1 1
|OC| = ESIHH = Eld hkll =

2dhkl

Thus, with the understanding of these three crucial theories, it is now possible to try and focus
on the application of the x-ray diffraction technique. This analysis technique is widely
employed in the study and structural determination of solid crystal structures, and thus is a very
powerful technique. There are a vast range of applications for this analysis technigue, which
encompasses but is not limited to, phase identification, crystal size, crystal structure, lattice
parameter determination, residual stress/strain, phase transformation, thermal expansion

coefficient determination, as well as crystallographic orientation (Ameh, 2019) (Winter, 2000).

The phase quantification and phase identification of solid crystal samples is one of the
applications of x-ray diffraction. Each crystalline solid has its own unique fingerprint, namely,
the possess their own unique x-ray diffraction patterns, relative intensities, as well as set of
interplanar spacing (R. Sharma et al., 2012). Bragg’s law is used to calculate the interplanar
spacings which correspond to the determined peak positions and peak intensities of the

diffraction of a specimen (Ameh, 2019).
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When considering phase identification of constituent phases present in an unknown sample,
they can be identified using a computerised search and match function based on a powder
diffraction standard database, that match interplanar spacing values that are recorded in the
database, to the interplanar spacing values of the strongest peak intensity lines. When
considering phase quantification of these unknown samples, determination can be done by
employing the peak intensities of the strongest line, and using it as a function of the weight
fractions of the phases which are present in a mixture (Gilmore et al., 2004).

The determination of crystalline size or grain size stems from the principle that as an increase
in the width of diffraction, also referred to as peak broadening, is observed, this corresponds to
a decrease in the crystallite size. This increase indicates the lack of sufficient planes in small
crystallites to result in complete destructive interference (Barman & Sarma, 2012; Jacob et al.,
2015). An equation for estimating particle size was formulated by Debye Scherrer, which is as
follows (Dollase, 1985; A. West, 2014; A. R. West, 2014):

KA
" Bcosf

Where the variables are defined as: D = particle size, 6 = the diffraction angle, K = Scherrer
constant (=0.9), A= wavelength of the x-ray, B = full width at half maximum (FWHM)

specifically measured in radians (Ameh, 2019). There are specific instrumental parameters
that contribute to total peak broadening, namely, detector slit width as well as specimen
properties, namely due to the reduction of crystallite strain and size. Specimen broadening
FW(s) can thus be defined as (Jacob et al., 2015):

KA
FW (s)cos@ = —— + 4esinf
Size

The total peak broadening, B;, as a result of instrument and specimens can be defined by (Jacob
etal., 2015):
2 [ KA
2=

D cos 6
Where the variables are defined as: B, = broadening as a result of the instrument, and & = strain.

] + [4etan 8]% + B,>

A method for the deconvolution of size and strain broadening into separate equations based on
the assumption of peak width as a function of 26 was proposed by Williamson and Hall
(Williamson & Hall, 1953):
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B — kA
L™ Dcoso

B, = Cstan 6

Where the variables are defined as: C = constant, B; =size broadening, B, = strain broadening.

The crystal structure determination is founded in the identification of the crystal structure being
based on lattice parameters of the unit cell of the crystal structure, lattice points, packing factor
of atoms in unit cell, number of atoms per unit cell, as well as the coordinate number of atoms
in the unit cell (Askeland & Wright, 2016). An face centred cubic (FCC) crystal structure is
defined by principle diffracting planes with miller indices (hkl) of either all odd or even
numbers, whereas, when the principle diffracting places with the sum of miller indices (h+k+I)
equalling an even number is defined as a body centred cubic (BCC) crystal structure (Tilley,
2004).

Placing focus on the residual stress and strain, it is noted that residual stress is defined as stress
that is left in the crystal structure after the removal of external force. In order for stress to be
analysed with x-ray diffraction techniques, the measurement of angular lattice strain
distribution is required, and this is obtained by measuring the interplanar spacing with high
diffraction peaks of a sample (R. Sharma et al., 2012). Hook’s law is used to compute the
average internal stress using values of strain obtained from the Williamson-Hall plot or
equation (Ameh, 2019).

Dislocation density also needs to be considered, as an irregularity is formed within a crystal as
a result of x-ray diffraction peaks getting equally broadened by the lattice defect that results
from dislocation (Ungér, 1998). Dislocation density is defined as the length if dislocation lines
per unit volume of a crystal. Weertman notes that dislocation density is inversely proportional
to grain size, and directly proportional to strain (Weertman, 1993). An estimation of the
dislocation density of a crystalline sample is done as follows (Subbaiah et al., 2006):

15B cos 6
4aD

Critical variables used in the establishment of chemical and physical properties that influence
crystalline materials’ states of stress and strain are the lattice parameters (P. F. Fewster, 1999).

There are six parameters used to express the size, and shape of crystals, are called lattice
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parameters or unit cell parameters are the length of the three axes, a, b, c, as well as the
corresponding angles between them, «, 8,y (Jesche et al., 2016)(Toraya, 2016). Diffraction
peak position is a function of the size and shape of the unit cell parameters, an diffraction peak
intensities are as a function of atomic positions in the crystals. Thus, the determination of lattice
parameters is obtained by the measurement of peak positions over a range of 26 from an
observed powder diffraction pattern which can be expressed mathematically with Bragg’s law

(Toraya, 2016).

The thermal expansion coefficient strongly influences electronic, optical and mechanical
properties of materials at high temperatures (Hummer & Heaney, 2007)(Huang et al., 2006).
The estimation of the thermal expansion coefficient of materials using Rietveld analysis of
powder x-ray diffraction pattern obtained for a material, is best achieved through the use of the
high temperature x-ray diffraction technique, as this is the most reliable technique (Nagash et
al., 2018). Temperature and diffraction beam intensities are inversely proportional, and thus as
the temperatures increase, the intensities of the diffraction beams decrease. This is because as
the temperature increases, the atoms undergo an increase in the vibrations around their mean
position (Nagash et al., 2018)(Pathak & Vasavada, 1970). As a result the values of the lattice
parameters are dependent on temperature as they vary with temperature, thus the diffraction
pattern of samples can be recorded during both the heating and cooling cycles at every given
temperature. Polynomial models are thus used to express lattice parameters as a function of

temperature to estimate the materials thermal coefficient (Jagtap et al., 2005).

Various analysis techniques can be used to observe phase transformation and outline the phase
diagram, these are, transmission electron microscopy, nuclear magnetic resonance, scanning
calorimetry, electrical resistivity as well as x-ray diffraction (Lekston & Zubko, 2016). The x-
ray diffraction technique provides phase identity on both sides of the phase boundary. The
compositional phase and the quantity present on the phase diagram is dependent on the timing,
heat treatment temperature, and alloying content for alloyed materials (Pederson, 2002). X-ray
diffraction is widely used in the study of phase transformation and use the mapping out of
regions consisting of various crystal phases for the construction of temperature-compositional
phase diagrams of compounds or alloying compositions (Caffrey & Hing, 1987). Identification
of any shift of peak positions as a result of the change in lattice constant values which is a
function and compositional phases is made possible through the continuous recording of the x-

ray diffraction patterns obtained during the heating and cooling cycles of a samples
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analysis(Caffrey & Hing, 1987)(Connolly, 2007). The changes in the peak positions or the
diffraction pattern which corresponds to the phase boundary as well as the phases present at a

given temperature are recorded accordingly (Pederson, 2002).

The spherical distribution of crystals in polycrystalline aggregates are defined as the
crystallographic orientation, and this may be quantified by the calculation of the orientation
distribution function, giving orientation density as a function of the rotation angle (Jia & Raabe,
2006). Series expansion or direct inversion is used to calculate the orientation distribution
function (ODF) from pole figures (Cléton et al., 1999). The physical and mechanical properties
of materials are affected by the crystallographic distribution as well as orientation. Various
engineering materials have what is known as preferred crystallographic orientation due to the
required or characteristic mechanical and physical properties of these materials (Connolly,
2007). Rotating x-ray diffraction is used to measure the crystallographic orientation of
materials through the process of calculating pole figures or plotting pole figures as a
stereographic projection (Guo et al., 2000). An integration approach is required for the
measurement of the crystallographic orientation as this will result in the sum of total diffracted
intensities over the entire pole sphere as well as in the three-dimensional diffraction pattern
(Jia & Raabe, 2006). The random orientation of crystals within a crystalline material produces
diffraction patterns which consist of concentric rings referred to as Debye-Scherrer rings if the
crystals have a set of crystallographic planes (h, k, I) which are orientated in such a way that
Bragg’s diffraction conditions are adhered to. Preferential orientation of crystals prevent

diffraction of some crystallographic planes due to the orientation of the crystals (Ameh, 2019).

The PXRD measurements for the samples were characterised both using laboratory
instrumentation, as well as the use of the National Synchrotron Light Source 1l (NSLS-11) was

used for high resolution powder diffraction patterns.

The laboratory instrumentation used for sample characterisation were namely:

As a starting point the Bruker D2 phaser was used to analyse and obtain the powder diffraction
patter and thus powder lattice structure, or both the calcined and annealed sample powders.
The D2 Phaser uses the Bragg-Brentano configuration, as well as is equipped with both primary

and secondary soller slits, with a sealed Co K|, radiation tube, and a secondary beam Fe Kg
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filter. The detector which is used in the D2 Phaser is the Bruker Lynxeye PSD detector, which

is employed to obtain the scans used for phase identification at room temperature.

Figure 4.1.6: Image of the D2 Phaser

Figure 4.1.7: Image showing the X-ray source and detector of the D2 Phaser
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In order to obtain better resolution data for the synthesised samples, the Bruker D9 Advance

was used, and it uses a Molybdenum cathode ray tube.
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Figure 4.1.8: Image of the D9 Advance

Material performance is improved through the study of their structure. Modification of the
synthesis and manufacturing processes used in industry is dependent on obtaining information
on the possible structural impurities and formation mechanisms involved in the synthesis
process. Laboratory X-ray diffraction (XRD) and emission spectroscopy are used widely in
this discovery process; however, these laboratory techniques have their limitations. The high-
intensity, brilliance, collimated beams, and monochromatic nature of synchrotron radiation
(SR), it has become one of the components of crucial importance in materials characterisation
for materials within materials science, namely, energy materials, biomaterials, nanomaterials,
to name but a few. SR is robust in the material types which it can be used to characterise,
ranging from thin films, powders, to bulk forms which have complex amorphous or crystalline
structures (Sedigh Rahimabadi et al., 2020).

74



SR and SR facilities can be used to overcome the limitations experience through laboratory
instrumentation for the characterisation of materials. The production of high-flux, highly
collimated, monochromatic X-ray beams characteristic with high brightness which is produced
by SR is what makes it such a crucial role player and solution to challenges aced due to the
laboratory instrumentation constraints. The tuning of the energy of the emitted beams from SR
can contribute to signals with a high signal-to-noise ratio being obtained. These characteristics
offered by SR X-ray techniques are advantageous and allow for the study of complex
structures, crystalline structures, and amorphous structures elaborately. There are many
applications of SR due to its benefits over laboratory instrumentation, namely it is used in
materials characterisation for the investigation of the properties of ceramics, polymers, metals,
biomaterials and nanomaterials (Sedigh Rahimabadi et al., 2020).

The electromagnetic radiation which is emitted by accelerated electrons close to the speed of
light is defined as synchrotron radiation (SR). SR facilities are equipped with many sectors
which are important for the production of SR X-rays, these are as follows, an electron
accelerator (gun) which is used for the acceleration of electrons to the given energy (namely in
the order of hundreds of MeV to multi-GeV); the injection source for these accelerated
electrons which is a high vacuum storage ring, the electrons which are accelerated are injected
into the ring in bunches, also referred to as pulses; as well as devices used to induce a magnetic
field, such as wigglers, bending magnets, and undulators, these are used to result in the tuning
of the emission light, and to conduct it to the beamlines. Slits, mirrors and monochromators are
used in SR facilities to enable wavelength and sample spot selection (Khodaei & Petaccia,
2017).

A continuous spectrum of wavelengths is emitted as the electromagnetic radiation which occurs
through bending magnets, and this spectrum ranges from infrared to hard X-rays. Insertion
devices (IDs), namely wigglers and undulators result in the production of radiation, which is
high in energy, with the distinguishing character being their wavelength difference. Undulators
produce intense pseudomonochromatic light, and wigglers demonstrate spectra which have

similar characteristics to that obtained by bending magnets (Awaji et al., 2010)(Balerna &
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Mobilio, 2015). Wiggers have the flux distributed in a larger angle. Undulators have the flux

distributed at a smaller distribution angle, which results in higher brilliance being observed,

and thus enables beam suitability specifically for the probing of smaller sample areas (Sedigh
Rahimabadi et al., 2020).
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Figure 4.1.9: The various components that constitute the synchrotron radiation facility (Sedigh
Rahimabadi et al., 2020)
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Figure 4.1.10: Insertion devices and optics configuration which run through beamlines (Sedigh
Rahimabadi et al., 2020)
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X-ray powder diffraction (XRPD also referred to as PXRD) is used to analyse the structure of
polycrystalline materials and determine their properties. For higher resolution powder
diffraction patterns, synchrotron radiation was used, namely the National Synchrotron Light
Source 1l (NSLS-I11) beamline 28-ID | (for pair distribution function (PDF) characterisation)
and 28-ID |1 (for PXRD characterisation).

The brilliance and high flux which results from SR caused high signal-to-noise ratio diffraction
patterns to be obtained, which also have distinct peaks. Studying complex structures can
simultaneously be done with the use of Rietveld refinement. The Rietveld refinement method
allows for the lattice parameters, phase composition, crystal structure, residual strain, and more
information to be obtained. A combination of Rietveld refinement and the maximum entropy
method (MEM) can also result in high-resolution electron density distribution data being
obtained for the data obtained. The investigation of nanostructured materials makes use of this
method (Sedigh Rahimabadi et al., 2020).

Using laboratory (conventional) PXRD analysis, Adachi et al. (Adachi et al., 1997)., studied
the structural properties of a cuprate superconductor, and coupled this with Rietveld
refinement. A key discussion are in this study was the relationship which existed between the
structural layers and the superconductivity of the material investigated (Sedigh Rahimabadi et
al., 2020) (Adachi et al., 1997).. The determination of oxygen occupancy is one of the most
difficult properties to study in materials, as in noticeable in various literature studies conducted
(Tatsuki et al., 1995). The use of laboratory XRD techniques to study the oxygen occupancy,
however, not impossible, did prove very challenging (Dann & Weller, 1995). SR is thus a
possible alternative to the conventional XRD technique to obtain valid O occupancy data which

contains a high signal-to-noise ratio.

An XRD study by Takata et al. (Takata et al., 1996) to study fullerenes, which used SR as well
as made use of the combination of the Rietveld refinement and MEM methods is another
example. The use of this combined technique provided information which resulted in the
determination that the Cg, cage has a metal atom within it. The use of this combined technique

enables the possibilities of studying the oxygen molecule arrangement within nanoporous
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materials, with the use of the brilliant beams of SR to recognise the position of hydrogen atoms,

and thus study metal atoms present within nanospaces (Takata et al., 1996).

The investigation of the structure of some oxide using SR-PXRD by Przenioslo et al.
(Przenioslo et al., 1999), which also explains the function of full width at half maximum,
provided the proof that XRD has greater sensitivity to grain size, distortions, grain shape and

strain effects analysis as compared to that by neutron diffraction (Przenioslo et al., 1999).

The use of SR peculiarities, mainly its high brightness, results in the determination of more
elaborative information related to the atomic occupancy, structure, and types of bonding which

exist in powdered samples (Sedigh Rahimabadi et al., 2020).

Superficial phenomena, as well as the investigation of the surface structure and the crystalline
region interface which has a different structure from the bulk of the material is studied using
surface XRD techniques. One of the surface-sensitive techniques of great interest is grazing-
incidence XRD (GIXRD), where the sample under investigation is positioned in such a way as
to result in a small angle being present between the sample surface and the incident beam (the
angle ranges between 1-3°). In-plane methods can be used to study material surface levels for
materials with preferred orientation. A high-intensity diffraction within the reciprocal lattice
and between two peaks are referred to as crystal truncation rods and can be used to reveal
surface structure. This has dependency on arrangements like high-flux incident beams, a
detector which has a high dynamic range, a controlled vacuum, as well as on the surface
roughness (Sedigh Rahimabadi et al., 2020).
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Detector

Figure 4.1.11: Data detection mechanism employed by grazing-incidence X-ray diffraction

Surface-sensitive analysing techniques are required for the study of complex systems, such as
electrochemical cells. This is as a result of the charge transfer nature which occurs between
and among ionic and electrical phases. The surface structure can be transformed or altered due
to these charge transfers, and hence need to be studied at a surface level (Sedigh Rahimabadi
et al., 2020).

A study was done by Etgens et al. (Etgens et al., 1999) which employed SR at the ID32 ESRF
beamline, to investigate the growth of copper on an Au substrate in an electrochemical cell.
The dense reconstruction of Au in top layers and the deposition mechanism were both
indicated. The determination of the Cu structure on Au at various potentials and environmental
conditions was carried out. A two-dimensional charge-coupled detector was employed in order
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to investigate the electrodeposition of Cu, with its functioning comparative to reflection high-
energy electron diffraction which occurs under ultrahigh vacuum (Etgens et al., 1999). The use
of SR-based GIXRD, allowed for the in-situ study of the electrochemical reactions with the
elimination of the limitations caused by the scattering of electrolyte elements and photon
absorption (Brossard et al., 1997).

The surface hardened Ti-6Al-4V was studied by Berberich et al. (Berberich et al., 2000) using
the ROBL station at ESRF. After the annealing of Ti-6Al-4V observed a decrease in hardness
through the nitridation by ion implantation process, which is converse to what is expected, as
an increase in hardness is expected and observed for Ti-6Al-4V prior to the annealing. The
structural change mechanisms after the annealing heat treatment at 700°C was investigated in
this study. The GIXRD data obtained at a variety of angles revealed through the depth
distribution of phases, the formation of nitride grains in the alloy was observed, and this is the
main mechanism of hardening degradation. There was also a change in lattice parameters of
phases observed and this was noted to be independent of thermal expansion (Berberich et al.,
2000).

The above studies thus indicate how important the studying of material surfaces is, as this is
defined as the area where the chemical reactions are triggered. The energy materials and surface
engineering fields focus on the surface structure modification, and thus are a key area of study
for advanced methods to provide detailed information about the material surface (Sedigh
Rahimabadi et al., 2020).

One of the most critical areas of interest in the manufacturing and designing processes is
residual stress, and hence stress analysis is crucial. Stresses at a microscopic and a macroscopic
level are induced in materials through the manufacturing, coating, mechanical and thermal
treatment, and all other processes. The residual stress of the macroscopic level is commonly
studied, the microscopic residual stresses which exist between the single-phase alloy grains,
and that existing in composites are often neglected. The residual stress analysis is often tackled
by XRD techniques (Sedigh Rahimabadi et al., 2020). A study conducted by Fernandez et al.

(Fernandez et al., 2018) was aimed at the investigation of residual stress that is present in
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Al2014 which is cylindrical quenched and extruded, which at the macroscale and microscale
have a texture with four different crystallographic orientations. The EDDI station at the BESSY
SR facility which is specifically designed for stress analysis was used for this investigation. In
the condition of the experiment, resulted in the conclusion that the macroscopic residual stress
obeys a parabolic equation. The anisotropic nature of crystal plasticity result in the
intergranular microscopic residual stress. The lattice spacing values obtained through the SR
data were plotted as a function of distance from axes. The existence of microstresses becomes
evident through the different fits for different reflections (Fernandez et al., 2018).

Another field of interest for researchers is thin films, with the focus mainly on perovskite
oxides due to their vast application potential. Coating and deposition processes are processes
which could result in an amount of stress being induced within the thin film and substrate, and
hence the studying of these structures and the determination of already existing residual stress
within them are crucial (Sedigh Rahimabadi et al., 2020).

Shiman et al. (Shiman et al., 2012) studied the strain state of a hybridised zirconium alloy
during the process of temperature fluctuation. The mechanical behaviour of this material is
profoundly impacted by the existence of brittle hybrids. Hence, the thermal induction to these
strains within the bulk and the grains of the material are of key importance. SR-based XRD
was used to overcome the limitations of XRD from laboratory-based instrumentation. This
method has stress evaluation planes which are two-dimensional, these are, axial-hoop, hoop-
radial, and axial radial, which enable this technique to be used practically for the investigation
of materials which have grains of differing orientations (Shiman et al., 2012).

Small-angle X-ray scattering (SAXS) is a technique which is employed for the characterisation
of the constituents present within systems which are governed by the microscale and nanoscale
dimensions and lack long-range order. Electron density is what is used to achieve SAXS
curves. SAXS data provides information with relation to surface, dimensions, and interfaces.
SAXS is also crucial for the study of biological systems, as it can be used to investigate samples
in liquid environments. Two laws, namely, Porod’s law and Guiner’s law can be used to
determine surface details (interface between two materials, and particle size), as well as the

gyration radius (macromolecular size measurements). SR of the third generation overcome the

81



constrains of this technique in conventional X-ray analysis due to their monochromatic

properties and the low-divergence beams (Willmott, 2011).
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Figure 4.1.12: Small-angle X-ray scattering detection mechanism (Sedigh Rahimabadi et al.,
2020)

Nanostructured superficial regions can be investigated through the combination of SAXS and
grazing-incidence X-ray diffraction, namely referred to as grazing-incidence SAXS
(GISAXS), which is non-destructive and intrinsic. Catalysts, quantum dots (QDs), and
biological systems as the systems most often studied using GISAXS. This technique is
achieved in reflection geometry rather than transition geometry and the incident angle thus

results in normal scattering as well as a reflection being observed (Muller-Buschbaum, 2009).

The high surface area to volume ratio of QDs, impact the adjacent area around them, and result
in a difference in their behaviour being observed. The properties of QDs, namely, their
electrical, optical and vibrational properties allow them to be considered as key in the
production of silicon film solar cells. In a study by Jurai¢ et al. (Jurai¢ et al., 2010), the
properties of QDs were studied as well as the properties of its surrounding, using the GISAXS
technique as well as grazing-incidence wide-angle X-ray scattering (GIWAXS). The
experiment was conducted at the ELETTRA beamline in Australia. Various QD fractions of

nanocrystalline Si were deposited on a class substrate using the plasma-enhanced chemical
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vapour deposition technique. A domain size ranging from 2-6nm were observed for the
nanostructures, demonstrating that the use of GISAXS of high energy SR allows for QDs to be
observed in an amorphous matrix. Investigating the structure of nanostructure materials and
optimizing them through the use of various treatments are essential as their properties are

dependent in the particle distribution, particle shape, and particle size (Jurai¢ et al., 2010).

The wide-angle X-ray scattering (WAXS) technique is similar to that of the SAXS, however,
the detector distance used is much greater than that that for the SAXS. The investigation of the
polymer structures which have nano-sized membranes can be done using the WAXS technique.
The SAXS and WAXS are used in combination to extract as much information about the phase
composition, structure and other characteristics of the materials under investigation (Sedigh
Rahimabadi et al., 2020).
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Figure 4.1.13: A diagram indicating the WAXS and the SAXS detection mechanisms (Sedigh
Rahimabadi et al., 2020)

Titanium oxide nanoparticles have three differing morphologies, and thus result in it having
wide range of applications in hydrogen fuel production, as catalysts in solar cells. As well in
geochemical processes. It is crucial to study the crystallisation processes of titanium oxide as
the crystallisation pathways impact its phase composition, size and material morphology. The
investigation of Ti0, evolution from aqueous TiCl, solution at 100°C using WAXS was done
by Hummer et al. (Hummer & Heaney, 2007). The study revealed that initially the formation
of an anatase metastable phase occurred which had an average particle size of 7 nm, this phase

then underwent a transformation to the rutile phase which experience a growth from less than
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3 to 10 nm. The energy of the system increases due to the critical size of the anatase
nanoparticles being 7nm, however, due to the transformation to the rutile phase, a decrease in
the system total energy is observed, and thus the system becomes more stable (Hummer &
Heaney, 2007).

The emergence of diffraction peaks within the scattering profile are determined through the
crystalline structure. Statistical fluctuations that result in the microstructural and structural
properties of a sample has an impact on the areas, shape and positions of peaks, and any
underlying diffuse scattering (Peter Debye & Scherrer, 1916)(Patterson, 1939).

The microstructural properties of materials are very crucial and are thus a key area of
investigation. Two different line-profile analysis techniques are used for the interpretation of
two reciprocal representations which can be observed for powder-scattering data, namely,
traditional diffraction profiles, which as the scattered intensity as a function of the scattering
angel, and the pair distribution function (PDF) which is the Fourier transform of the scattering
data. The Fourier transform and the diffraction profile provide the same information, the PDF
analysis is more sensitive to short-range information, whereas diffraction profile analysis is
more sensitive to long-range information. The current range of study which is crucial with
regards to the length scale in the crystal structure is a few nanometres and this achieved through

PDF which resolves the crystal to a length scale of a few nanometres (Usher et al., 2018).

The limitation placed on the experimental resolution for the PDF analysis technique, results in
longer range distance structural distortions are not easily extracted as PDF is more sensitive to
the short-range information, and thus lack the required information for these longer ranges.
PDF due to it’s focus on short-range information, has the ability to resolve the local features
which are challenging to determine with the use of powder-scattering intensity profiles. The
PDF peaks easily reveal the signal of a secondary phase which is possibly hidden in the diffuse
scattering, this includes but is not limited to the adsorption of molecules to the surface of the
particles under investigation. The distinct source of the disorder is responsible for the
dependence of the profile broadening on the scattering angle or pair distances (Brandstetter et
al., 2005)(Ungar et al., 1998).
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Bragg theory no longer becomes strictly applicable when complex disorder scenarios need to
be dealt with, this also includes situations where the variation of the structure factor is
significant across peaks, due to the scattering profile changes not conforming to a peak-by-
peak treatment (Rebuffi et al., 2016)(Leonardi & Bish, 2017).

In 1915 the scattering of an ideally disordered amorphous phase was tackled by Debye,
resulting in the emergence of PDF through the solutions obtained for the Debye scattering
equation (DSE) (P. Debye, 1915). The crystal structure of complex molecules or the local
distortions present in crystalline materials can determined through the Debye theory (Billinge
& Egami, 1993)(David A. Keen, 2001)(McGreevy, 1995). Debye theory results in the ability
to estimate explicitly the atomistic model of a crystal, which also takes into account the
presence of defects as well as structure discontinuities which are symmetry-dependent or

chemical inhomogeneities.

The computational time required for a PDF solution in the powdered sample, is minimised
through the use of a single or a limited number of atomistic models being used. Although this
minimising technique is employed, the PDF computation, for a single model is much slower
as compared to that of the modelling done using Bragg’s law through the modelling of the
reciprocal scattering profile. Resulting model reliability is dependent on the uniformity of the
crystals in the sample. The structural and microstructural property dispersions are present
within the limited set of atomistic models analysed. The PDF technique does not accurately
resolve long-range information, and is thus limited when it comes to the analysis of the property
dispersions across the entire powder sampled, with the short-range pair distances being most

affected through crystals which are large in size (Leonardi, 2021).

The whole pair distribution function modelling (WPDFM) technique is a technique which can
be used to target the intermediate regime between the short-range and long-range regions. The
model is based on Bragg’s law and is used to simplify the computation of an entire PDF, and
overall has the modelling of the scattering data done via the DSE. Bragg’s law-based models

result in solutions of the dispersion of crystal properties in powdered samples which have
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statistical significance and are also efficient. The PDF mean results in the exploitation of Debye
theory’s flexibility. Thus, it can be observed that Bragg’s law approaches do not provide
information which is suitable for the local structure, whereas PDF does not provide accurate
and good statistical properties. This technique uses the combination of every independent
crystallographic direction contribution which is calculated through directional PDF’s (D-
PDF’s) and the solutions obtained from the DSE and uses this to obtain the intensity profile.
The need for an atomistic model of the materials under investigation is thus voided (Leonardi,
2021).

The Fourier transformation of the data from the scattering profile to result in the PDF being
obtained, it needs to be noted that the diffraction pattern has to have a large Q,,,4, Value, as
well as good statistical values (Bordet, 2018), where Q,,4, iS the maximum measured value. Q

can be defined as follows:

= 417 sin—
Q nsm)L

The G (r) function used for PDF is defined by the following equation:

G(r)= %Zizj [Z;I;]z 8(r —rij)| — 4mrp

The variables can be defined as indicated, r;; = distance, b; = atom i scattering power which is

either the electron scattering factor or the X-ray scattering factor, p, = numerical density
(number of atoms per unit volume), (b) = average sample scattering power, as well as the sum
which is distributed through the structural model atoms. Peaks that occur are as a result of
peaks at r values which correspond to the interatomic distances of the model, with the peak
intensity being related to the product of the atoms which result due to the scattering factors of
the pairs (Olaj & Pelinka, 1976).

For a given coordination number or atom, the G (r) function gives details relating to how many
atoms occupy the spherical distance (). This enables information to be obtained with regards
to the local disorders which are prevalent in the systems under investigation, also allowing for

the quantification of the atom pair distances. The PDF can also be used to extract atom-to-atom
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distances as well as coordination numbers, in cases where the structure of a sample is
undistinguishable (Davis et al., 2013).

The distance distribution within a material is thus indicated through PDF peak position, thus
when the PDF observed is a flat plot, G (r) = 0 at any given r and there is a total random
distribution of atoms. The normalisation term 4mrp, is used to compensate the increase in p,
due to the increase in the number of atomic pairs. Nearest atomic neighbours are indicated
through short distances, and isolated peaks can be obtained. Statistical distribution and thermal
vibrations have an influence on the peak with observed as this is dependent on the distance
distribution around their average value, and thus is related to structural disorder (Dykhne et al.,
2011).

The periodicity of the unit cell, atom coordinates, and atomic displacement parameters are
crucial for the interatomic distribution in crystalline solids, with a peak being produced at each
distance, and peak width of this peak is related to the relative atomic displacement parameters

of the atomic pairs (Kaban et al., 2007).

PDF is required to provide an estimate of particle size which is precise and is representative of
the interatomic distance distribution within the particles. Amorphous compounds, obtain
similar PDF effects as that observed when investigating nanoparticles, where upon
normalisation, the PDF peaks disappear due to the fact that the scattering atoms in nanoparticles
are governed by the volume of each individual particle as no peak in the PDF will be obtained
above the maximum interatomic difference which is described within the particles. In the
amorphous compounds the PDF peaks vanish as a result of the loss of structural coherence

which is caused due to disorder (Kaban et al., 2007).

The G (r) function now becomes:

2 oo
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Where the variables are as follows: p(r) = microscopic pair density, S(Q) = total structure
function (normalised coherent scattered intensity). G (r) obtains the entire diffraction pattern.
Using S(Q) to generate G (r), with the use of a sinus Fourier transform, taking into account
the normalised scattering intensity = I (Q), the total scattering factor S(Q) can be calculated

through the following equation:

1@ - Salfi@P
S@O=""scror

The variable can be defined as follows: ¢; = atomic concentration, f;(Q) = atomic shape factor

(type i atoms which are based on Q) (Kaban et al., 2007).

A background measurement is done using an empty sample container identical to that used for
the sample, and this measurement is used to do a background subtraction. A background
subtraction is crucial in PDF data where the sample scattering is weakly distributed as
compared to that of the background, and the subtraction results in the diffuse scattering pattern

resulting being only due to the sample under investigation (D. A. Keen et al., 2005).

SR can also be used for processes such as absorption (X-ray absorption spectroscopy such as
X-ray near edge structure (XANES), and extended X-ray absorption fine structure (EXAFS)),
imaging (X-ray imaging through SR-induced X-ray emission (SRIXE)), X-ray photoelectron
spectroscopy (XPS), as well as X-ray microbeam/nanobeam analysis. However, our only area

of interest in this study is the diffraction applications, and hence this was described in detail.

In order to characterise the synthesised samples, after calcination and annealing, the powdered
samples were ground into further such that we could obtain a homogenous mixture, this also
allows for the random orientation within the powdered sample. Approximately, one and a half
spatula tips of the powdered sample were then placed in the centre of a silicon waver disk,
referred to as a zero-background sample holder. A glass slide was then used to press down the
sample, such that a flat and uniform surface was obtained, in order to preserve the random

orientation of the lattice (this is for the laboratory-based sample analysis).
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Simultaneous Thermal Analysis (STA):

Simultaneous thermal analysis will also be used to study thermal properties of the materials.
The simultaneous thermal analysis technique employs the combination of differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) to study the thermal properties of

materials.

Differential scanning calorimetry (DSC) is defined as a thermal analysis technique, which is
used to measure the thermal effects in a temperature programmed process. Thermogravimetric
analysis (TGA) is used to determine mass loss either as a result of gas loss or any other process
which occurs in the material under investigation. DSC is a crucial component in the study of
thermal stabilities and chemical compatibilities of energetic materials through the process of
quantifying the thermal effects in materials. This technique is often employed in materials
where the thermal effects are based on the decomposition of the material, where there is either
no or negligible amounts of gas or sample mass released through the decomposition process.
The sample size requirements are a key reason why these thermal analysis techniques are
crucial, as due to the small sample size required, the analysis can be done efficiently (Liu,
2021).

DSC is a very effective technique which can be used for the investigation of phase transitions
as a result of the thermal effects which occur. DSC and TGA can both be used for the
investigation of the interactions which occur between different components within a system
which consists of a mixed energetic system, where there are different thermal properties for
each component within the system, and this can only be differentiated through the thermal
decomposition processes characteristic of each individual component of the system (Liu,
2021).

TGA is a thermal analysis technique which makes use of the relationship which exists between
a samples weight and that between the temperature of the system or the time (Nikolic et al.,
2000). The process of heating or cooling the sample under investigation through a controlled
process results in a weight change, and this weight change is recorded in relation to the

temperature change. The weight change which is induced as a function of time is referred to as
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the isothermal mode, whereas the weight change induced as a function of temperature is

referred to as the scanning mode (Schmidt et al., 1994).

The properties of the TGA technique thus result in its applicability in a number of fields, such
as the investigation of chemical reaction kinetics through a variety of experimental parameters,
as well as the thermal stability studies of the samples under investigation. A mass shift is
observed through the TGA process, and this is one of the crucial areas of focus when optimising
sample synthesis procedures. Many factors impact the mass shift observed, these are namely,
but are not limited to, the environmental conditions of the analysis process, the weight and
volume of the material under investigation, material physical properties, sample holder
parameters, atmospheric conditions of the investigation, as well as the rate of heating or cooling
employed (Apostolescu, 1995).

The Perkin EImer STA 6000 was used for the thermal analysis procedures in this study. This
instrument simultaneously makes use of the DSC and TGA techniques when a sample is under
investigation. The DSC technique is used to obtain heat flow curves and give data on the heat
flow of the sample, and TGA is used to measure the weight loss within the sample. The
investigation on the materials was carried out using this instrument for the thermal analysis of

samples within the temperature range of 30-800 °C.

Raman Spectroscopy:

One of the very powerful tools for material analysis used to explore a variety of material
properties for a vast range of materials is Raman spectroscopy (Orlando et al., 2021). Process
monitoring of any kind require non-destructive spectroscopic techniques as a top-choice
(Bicchieri et al., 2006).

Raman spectroscopy can be considered as one of the most versatile and solid tools used for the
analysis of a vast number of materials, in both laboratory and in the field conditions (Orlando
et al.,, 2021). The first independent development of Raman spectroscopy was made by the
Nobel laureate Chandrasekhara Venkata Raman and Grigorij Samuilovi'c Landsberg in the
first half of the 20 century (Raman, 1941) (Orlando et al., 2021). Raman spectroscopy was
however only fully established post implementation of laser light equipped spectrometers
which occurred in the second half of the 20" century (P.J. Hendra & Stratton, 1968).
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As Rama spectroscopy was established, the possibility for more detailed material analysis
became prominent, with particular emphasis being on carbonaceous materials (Tuinstra &
Koenig, 1970). The advancement of Raman spectroscopy has also resulted in it being applied
in various industrial sectors such as the textile and food industries (Poornima Parvathi et al.,
2019)(Yang & Ying, 2011).

Raman spectroscopy exhibits a number of features which are advantageous as compared to
other analysis techniques, such as infrared spectroscopy. In Raman spectroscopy, the signal
quality of the collected signal is almost negligibly affected by water presence, thus allowing

for its application for samples where infrared analysis is unreliable (Auer & Skinner, 2008).

Although Raman spectroscopy offers several advantageous, it is also susceptible to a number
of challenges, namely, the development of methods of data analysis which are trustworthy and
quantitatively robust (Rohleder et al., 2005). Another disadvantage is the presence of highly
active Raman species masking the presence of other species within a sample (Jung et al., 2010).
There are a number of principles which govern Raman spectroscopy. A quantum mechanical
approach is used to understand these principles. The interaction between matter and
electromagnetic radiation can occur through a number of phenomena, such as, transmittance,
absorption, as well as scattering. For the absorption process there needs to be a matching
between the energy gap between the two electronic energy levels and the energy of the incident
photon (Born & Wolf, 1999). On the contrary, when considering the scattering process, the
requirement for the presence of adequate energy levels is null, this being due to the fact that
the occurrence of the mechanism being dependent on the interaction of a photon with a crystal
lattice or a molecule, which induces a distortion of the electron cloud, resulting in the

polarization of the species being altered with the involvement of virtual states (Kudelski, 2008).

The virtual state is however a short-lived state, and as it decays, the electron in left in the real
ionic level of the system and the photon departs from the system. Elastic scattering (Rayleigh)
is determined by the matching of the energy of the incoming and scattered photon, with the
electron involved returning to a state with the same energy as the initial one, when this does
not occur, the scattering is inelastic. In inelastic scattering conditions, the photon energy loss
or gain is equal to the energy difference that results between the final and initial electronic

levels. When the outgoing photon energy is lower as compared to the incoming one, the
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scattering is a Stokes one, and conversely, the scattering is an anti-Stokes one when this is not
the case. The Raman shift is defined as the energy difference between the outgoing and

incoming photon energies (Orlando et al., 2021).

When taking a quantum mechanical approach, it is noted that the energy which corresponds to

each vibrational level for a diatomic molecule can be defined as follows:
1
E,=hv(n+ E)

The variables are as follows, v = the vibrational frequency, h = Plank’s constant, n =
vibrational quantum number (integer values). To simplify this, the harmonic approximation
expression is used, however, it is limited. Only the fundamental transitions are allowed (Av =
+1), with the separation between adjacent levels being constant, however this is not true for

real diatomic molecules (Ferraro et al., 2003). It can also be observed from the above equation,
when n = 0, the energy expression becomes E = % which is a direct consequence of the

Heisenberg principle. Stokes and anti-Stokes processes have the same matrix elements which
define the probability of a transition for a single Raman event between two electronic states.
The differences in electron population at thermal equilibrium of the two electronic levels in a
Raman process result in a difference being observed in the number of scattered photons
(Orlando et al., 2021).

The majority of molecules populate the ground state under room temperature conditions,
resulting in anti-Stokes components being less intense as compared to the Stokes components.
The Boltzmann equation is used to describe the different energy level populations.

Nex  gex “Fex—Eg)
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The variables are as follows, N,, = number of molecules in the excited state, N, = number of
molecules in the ground state, g, and g,4is the degeneracy of the energy levels, E., = energy

of the excited state, E, = energy of the ground state (Orlando et al., 2021).
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Figure 4.1.14: The Jablonski diagram for all transitions involved during Rayleigh, infrared

absorption, resonance Raman scattering, Raman Stokes, Raman anti-Stokes (Geraldes, 2020)

Resonant Raman scattering occurs when the incoming photon energy is such that a real
electronic state of the molecule is reached by the electron, resulting in signal intensity
enhancements of up to 10° (Smith & Dent, 2019). Placing a comparison between Rayleigh and
Raman scattering, it is important to note that Raman scattering is a weak phenomenon as
compared to Rayleigh, with only one in 108 scattering photons actually undergoing Raman
scattering. This is crucial as all Raman spectrometers have a notch filter (or other device) which
filters out the Rayleigh component. Raman scattered radiation intensity is defined by the

following expression (Colthup, 2012):
Jda
I Iov“N(@)z

With the variables being defined as, I, = incident light intensity, v = incident light frequency,
N = number of scattering molecules in a given state, a = polarizability, and Q@ = vibrational
coordinate amplitude. Only when a change in polarizability occurs due to the interaction with

the incoming photon, can Raman scattering occur.
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A misleading conclusion can be reached when misinterpreting the above expression, namely,
that the best Raman spectroscopy signal-to-noise ratio is obtainable through the maximisation
of the incident light frequency. Unfortunately, there is a substantial increase in material
photodegradation and/or photon absorption as a result of the beam of light in the sample
becoming more energetic. This leads to visible light lasers commonly being used. Fluorescent
phenomena can however be very intense, significantly leading to an increase in the background
noise (Colthup, 2012) (Orlando et al., 2021).

The presence of metal nanoparticles enhances the Raman signal through exploiting the
plasmonic effects, this technique is known as surface-enhanced Raman spectroscopy (SERS).
SERS, is representative highly specific, powerful, and sensitive technique used for the
investigation of the single-molecular level molecular structure based on Raman scattering
(Orlando et al., 2021).

The interaction between the surface of plasmonic nanostructures and the molecules are the
mechanism through which SERS is exploited. Copper nanoparticles and noble metals are
frequently used as a consequence of their interaction with the electromagnetic waves, this leads
to the induction of the localized surface plasmons which almost cover all the near infrared and
visible wavelength range (Naik et al., 2013)(Naik et al., 2011).
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Figure 4.1.15: Diagrammatical representation of the SERS process (Jeon et al., 2016)

The noble metal nanoparticle optical properties have extinction spectra which are dominating.

The local electromagnetic field can be significantly modified by the intensity of the localised
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surface plasmons (Kooij et al., 2011). Two theories can be used to describe this phenomenon,
the chemical theory and the electromagnetic theory, however the greatest experimental support

is provided for the electromagnetic theory (Tsuneda et al., 2019).

Mie’s theory is used to explain the dynamics of the SERS, by employing the analysis of the
optical response to metal nanoparticles (Duque et al., 2017)(Horvath, 2009). Drude theory is
used to calculate the complex dielectric function of the nanoparticles, which is a crucial
parameter in Mie’s theory (Drude, 1900). Intraband (&;,+-o(w)) and interbrand (&;,ter(w))
electron transitions are major contributors to the dielectric function, and is defined through the

equation that follows (Orlando et al., 2021):

egxp(@) = Eintra(W) + Epter (W)

The electronic transitions at the Fermi level in the bands that are not completely filled are
definitive of the intraband. The electronic transitions which occur from the transition to empty
states sitting in bands separated by an energy cap by occupied states are definitive of the
interband contributions. The Drude model describes the contribution to e(w), an additional
term, the damping term t is included in this model. Considering nanoparticles, the effect of the
nanoparticle surface is what the damping term is related to. The nanoparticle surface alters the
electron motion, as a result of the electron mean free path A, which is related to the lifetime t,
being larger in size or comparable to the particle size. The shape of the particles also influences
the nanoparticle surface effect (Coronado & Schatz, 2003). Accounting for the inclusion of the
surface dispersion in the Drude model, the damping term is added to the intraband contribution.
The dielectric function which is dependent on the nanoparticle structure, as well as includes
the free electron contribution, surface damping, as well as interband transition, has the

following equation (Kreibig, 1974):

2

NP Wp
s(a), a) = ginter(w) + Eintra ((‘)' a) = (eexp ((1)) — Eintra (w)) + 1 1
ww+z+—7=
T t(a)

The variables are defined as follows, % = damping constant (as a result of electron dispersion),

wy, = plasma frequency. The smaller the particles, the more important the surface dispersion

effect.
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When incident light is in resonance with the surface plasmon modes of the nanoparticles or of
a metallic thin film, electromagnetic enhancement occurs. Fine tuning of the spectral positions
of these surface plasmons are essential in ensuring that the resonance condition is achieved.
Strong enhancement of the Raman modes of the absorbed particle on the metal surface under
analysis occurs when there is an induction of the electromagnetic field onto the metal surface.
The equation that follows indicates the average field of the Raman scattered light (Kneipp et
al., 2002):

Ep < agA(v,)E,

Where the variables can be described as follows, A(v,) = field enhancement (averaged over

metal particle surface), oz = Raman scattering component, and E, = incident field magnitude.

SERS has many applications, including but not limited to, sensing and imaging applications,
namely, spectro-electrochemistry, analytical and biological applications, and single molecule
SERS (Abalde-Cela et al., 2010)(Langer et al., 2020). SERS is very powerful as it can be
employed in the identification of chemical species, as well as attain accurate structural
information with regards to materials science, polymer science, biochemistry, catalysis,

biosensing, as well as electrochemistry (B. Sharma et al., 2012)(F. Zhao et al., 2021).

Tip enhanced Raman spectroscopy (TERS) is another technique which is based on the
enhancement of the Raman signal (Stockle et al., 2000). It is a near-field method which is used
to spectroscopically analyse a variety of biological and chemical samples to a spatial resolution
which is of high quality of a few nanometres and is limited by the shape and apex size of the
tip. Fiederling et al. describe that the tip can be considered to be an individual plasmonic
nanostructure which utilises scanning probe microscopy techniques to scan over the sample
(Fiederling et al., 2020). When coming into a few nanometres from the sample, a localised
region of SERS enhancement is provided (Stockle et al., 2000). This technique can possibly
overcome SERS enhancement limitations, as the SERS enhancement is dependent on substrate
penetration. TERS has the ability of Raman signal enhancement and topographical information

attainment simultaneously (Bailo & Deckert, 2008).

Initially Raman spectroscopy utilised non-coherent light sources (Raman, 1941), however, as
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time progressed, all Raman spectrometers now make use of laser sources, which are either
pulsed lasers, or continuous wave lasers. Continuous wave lasers were initially, Kr, Ar, or Kr-
Ar lasers, but lately diode-pumped solid-state lasers are used (Hoehse et al., 2011). Nd:YAG
(1064 nm) are used for pulse lasers or excimer lasers are used for pulse lasers, and these lasers
are characterised by a higher power output (10-100 mW) (Ferraro et al., 2003). The pulse lasers
have a limitation based on the pulse duration, and thus need to be locked in. Gated detectors
and ultrafast lasers can be utilised to exploit the fluorescence and Raman scattering emission
time differences, and thus be employed for the removal of the fluorescence from the spectrum
recorded (Ariese et al., 2009)(Burgess & Shepherd, 1977).

There are differing systems which can be used for the collection of signal spectral intensity in
Raman spectrometers. One of the methods used is the dispersive method, this method has the
requirement of a diffraction grating, which is formed by a series of grooves introduced on a
reflective support. The change in angle of incidence of the polychromatic radiation, which is
scattered, results in frequency selection, enabling for the measurement of intensity in relation
to wavenumber or frequency. The whole spectrum can also be obtained by the use of
interferometric spectral analysers. Once the spectrum is obtained, computational methods can
be used to Fourier transform (FT) the data obtained, which results in the change in domain
from the time domain to the frequency domain, and this is classified as FT-Raman spectroscopy
(Orlando et al., 2021).

Low spatial resolution of approximately 1 nm? is characteristic of Raman spectroscopy, and
thus micro-Raman spectroscopy is the preferred technique for the sample characterisation of
samples which are nanostructured, both inorganic and organic samples. A Raman spectrometer
is combined with a optical microscope to achieve micro-Raman spectroscopy. The use of a
high magnification objective lens allows for the laser beam to be focused on approximately a
1 um area, this thus only introduces limitations caused by the light diffraction limit, and a
scanning sample depth raging from a few hundred nm up to 1 um being reached (Yoo et al.,
2014)(Sekar et al., 2017). Due to the benefits of micro-Raman spectroscopy, it has a wide
variety of applications such as the evaluation of the stresses which occur internally within

various nanocomposite materials (Dietrich & Dombrowski, 1999)(Wermelinger et al.,
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2009)(Q. Zhao & Wagner, 2004), graphene and carbon nanotube structural and electronical
property probing (Ferrari et al.,, 2006)(Anderson et al., 2007), polymer combination
composition and phase mapping (Hashida et al., 2005)(Van Overbeke et al., 2003), as well as
the determination of crystal orientation in nanometric structures (Fan et al., 2008)(Livneh et
al., 2006).

The Raman spectroscopy characterisation technique was used to provide information on the
sample composition or sample phase and will act as a complementary technique to the XRD
characterisation. Raman spectroscopy is also able to detect small concentrations of impurity
phases in some instances. The characterisation will also be carried out under variable
temperature conditions to obtain information of any changes which occur in the sample

composition as a result of temperature change.

The Raman spectroscopy characterisation technique was done using a Horiba LabRam HR
Raman spectrograph, which is coupled with a Lexel Argon ion laser tuned to 514.5 nm, with a
Linkham TS1500 sample stage. In-situ variable temperature Raman spectroscopy analysis was
done on the samples in the temperature range 22-800 °C, with a temperature interval of 50 °C
being used for data analysis from 100-800 °C, where the dwell time was 10 minutes, and a

heating rate of 10°C. min~! being used.
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Figure 4.1.16: Image of the Raman Spectrometer used for room temperature and VT-Raman

Electrochemical Impedance Spectroscopy:

Many applications are based on the field of electrochemistry as this is the foundation thereof
(Bard & Faulkner, 2001). These applications are included but not limited to, energy production
and storage (Placke et al., 2017)(C. Choi et al., 2020)(Chao et al., 2020)(Kwak et al., 2020),
electrocatalysis (Stamenkovic et al., 2016)(Goyal et al., 2020), corrosion (Tallman et al.,
2002)(MacDonald, 2011)(Esmaily et al., 2017)(Ogle, 2019), sensors (Rowley-Neale et al.,
2018)(Manikandan et al.,, 2018), as well as fundamental electrochemistry (Koper,
2011)(Costentin et al., 2012)(Oleinick et al., 2019)(Doblhoff-Dier & Koper, 2021).

Surface analysis and analytical sciences use electrochemistry through the measurement if
current or potential as a method of analysis of the working electrode reactivity, or through the
process of driving the potential or current for the tuning of interfacial properties, from
macroscopic films to atomic or molecular levels. Electrochemical impedance spectroscopy
(EIS) is one of the electrochemical techniques which is used for the analysis of the samples
based on the application of a stimulus to the interface which has small amplitude and uses the

advantageous characteristic of the frequency-resolved measurements which are performed
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under steady-state conditions of the electrochemical system (Watson & Orazem, 2020)(Lasia,
2014)(Barsoukov & Macdonald, 2005).

The variation of the applied perturbation frequency to the millihertz from megahertz domain,
allows for the isolation of the different time constraints which are specific to each elementary
step related to a global mechanism, which include adsorption, mass transport, double-layer

charging, and electrochemical charge transfer (Vivier & Orazem, 2022).

EIS measurements can be done in different atmospheric environments or in a vacuum at a
variety of temperatures, and temperature ranges. Two identical electrodes are used and placed
on the parallel sides of the sample under investigation, these act as two probes. The samples
investigated in EIS measurements are either a rectangular block when solid specimens and
cylindrical pellets for powdered samples, and these measurements are used for the

characterisation of the conductivity of the materials under investigation (Hollins, 1988).

This technique can be used to investigate the degradation mechanisms, failure modes, and
reaction pathways of complex fuel cell samples, using it’s linear electrochemical alternating
current (A.C.) perturbation method (Holze, 2002a)(John B. Goodenough, 2003). The use of
this technique in fuel cell research enables the ability for activation polarization, ohmic, and
concentration contributions (Holze, 2002a). In this study, the EIS technique was used to

investigate the electrolyte material to determine its electrochemical properties.

The data obtained through the ESI analysis technique is plotted in the form of a Nyquist plot
and is studied in detail using the process of equivalent circuit modelling (ECM), where the
equivalent circuit is built up from circuit elements, these elements could be resistors,
capacitors, to name but a few. These circuit models can have these circuit elements in series or
in parallel configurations, and these configurations are selected such that the equivalent circuit
models the behaviour of the material under investigation when the equivalent circuit is fitted
to the experimental data obtained. The fitting procedure makes use of complex non-linear
squares (CNLS), which are coupled to a stochastic error structure assessment, namely, to result

in a simulation process which is valid (Holze, 2002a).

The alternating voltage as a result of impedance (also linked to a complex resistance) is used

in the A.C. impedance spectroscopy measurement, as the response to this alternating voltage
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is measured. This process takes into account the frequency domain of a variation of single-

frequency voltages and their related impedance measurements. The wide range used for the

frequency ranges from 1Hz to 1MHz. The application of an A.C. potential in a sine wave

formation to an electrochemical cell is representative of the electrochemical impedance

process, the current through the cell is then also measured, which is characteristic for high

resistance systems, the response to the applied potential is an A.C. signal, where the sum of the

sinusoidal functions (in a Fourier series) is representative of this current signal. A pseudo-linear

approach is used to represent the cell’s response, and this is characteristic of the use of a small

excitation signal for the electrochemical impedance process. In a linear (or pseudo-linear)

system the response to the sinusoidal potential as a current signal, is a sinusoid which has the

same characteristic frequency but is shifted in phase. The equation used to represent this

excitation signal with regards to time, is indicated below (John B. Goodenough, 2003):

E, = Ej sin(wt)

The variables are as follows: E, = signal amplitude, E, = potential at time t, w = radial

frequency. There exists a relationship between w, the radial frequency which has units of

radians.s~* and the frequency f, with units of hertz is defined as follows:

w =2nf

I, which is represented as the response signal, has a different amplitude as compared to I,, as

there is a shift in phase represented in a linear system by (wt + ¢):

I; = Iy sin(wt + ¢)

The system impedance is measured by the equation below, which is similar to Ohm’s law (4*):
E,  Epsin(wt) sin(wt)

I, ~ Iysin(wt+¢)  ~Osin(wt + ¢)

Using Eulers expression (indicated below) (3*):

exp(jp) = cos ¢ + j sing

The complex function for impedance can be represented, where the potential is:
E, = Ejexp(jwt)

The current response is as follows:

I, = lyexp(jwt + ¢)

Expressing the impedance as a complex number now becomes:

E
Z(w) = 7= Zyexp(jop) = Zy(cos ¢ + j sing)
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Z(w) has a real and an imaginary component. A “Nyquist plot” is formed when the real
component is plotted on the x-axis and when the imaginary component is plotted on the y-axis.
The y-axis is plotted as a negative imaginary impedance, with each point representing the
impedance obtained at a given frequency. The Nyquist lot has low frequencies on the right side
of the plot, and the higher frequencies on the left side of the plot (W. Choi et al., 2020).

A
-ImZ

12|

0=0
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Figure 4.1.17: Nyquist plot also indicating impedance as a vector, and the equivalent circuit

used which has a single time constant (3*)

There are three crucial factors which need to be focused on when measuring EIS data, these

are namely, stability — current response contains minimal to no drift or background noise,
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linearity — a small input amplitude to achieve a linear output, causality — the potential
disturbance is the only factor triggering the current response (L. Zhu et al., 2014). The use of
the Kramer Kronig (K-K) transformation is used to check the validity and quality of the data
obtained, to ensure that the three conditions are met before the circuit model is used for fitting
(Hollins, 1988)(Holze, 2002a).

Understanding the ECM, the circuit elements need to be understood. Ideal behaviour makes
use of three elements which are considered as primary, namely capacitors (C), inductors (L),
as well as idea resistors (R), and when considering non-ideal behaviour, these primary elements
may no longer apply, and thus special circuit elements are utilised, a few examples are, the
Warburg element (W), the constant phase element (CPE), etc (L. Zhu et al., 2014).

The perfect resistor element (R) represents a circuit element which has characteristics of being
independent of frequency as well as independent of an imaginary part. Through a resistor with
voltage across it, the current remains in phase, ¢ = 0 (6*). Thus, the Nyquist plot obtained will
just consist of a single x-axis point, showing that this value will be the same across a range of

frequencies, and thus only a real impedance value is characteristic (L. Zhu et al., 2014).

R

Figure 4.1.18: Symbolic representation of a perfect resistor (L. Zhu et al., 2014)

Perfect capacitors have purely reactive impedance and is characteristic of zero resistance. The
has angle obtained is -90° on the application of an A.C. voltage and is defined as the current
leading the voltage. A capacitor indicates an inverse relationship between its impedance and
frequency, thus there is an increase in impedance as there is a frequency decrease. Only an
imaginary constituent of impedance is observed for real capacitors, where the charge (q) is

represented as follows (7*-64):
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q=CE

The impedance of the capacitor is defined as:

Where j = imaginary unit, w = radial frequency, C = capacitance. Thus, the Nyquist plot

obtained for a capacitor is a vertical line where the Z’ = 0 through the frequency range (7*-64).

C

Figure 4.1.19: Symbolic representation of an ideal capacitor (8*-65)

A constant phase element (CPE) has the symbol Q and is representative of non-ideal
capacitance or a non-ideal capacitor and is used to model solid state systems which deviate
from ideal behaviour. Q in a Nyquist plot indicates a sloped linear plot. A QR circuit in a
Nyquist plot having the circuit placed in parallel indicates a depressed semi-circle (which
deviates from the series CR circuit semi-circle) and has its centre below the actual x-axis. The
impedance can be defined as follows (Kalinin & Bonnell, 2002):

7 1
CT Q)"

The phase is independent of frequency and thus is constant, it is also equal to (-90x n)” with n

being a number between 0 and 1.
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Figure 4.1.20: Symbolic and Nyquist plots obtained for the CPE (8*-65)

The semi-circle has its centre located at an angle which can be defined by (1-n) X 90° in
relation to the origin, where n is the parameter of depression, thus if n = 1, ideal capacitance is
observed. Non-ideal and non-uniform current distribution is an implication of the CPE, which
could be as a result of variations in the thickness or composition of the electrode, highly

distributed reaction rates, or electrode surface roughness (Holze, 2002b).
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The Warburg impedance which has the symbol W, is used to model semi-infinite diffusion,
which is defined by the one-dimensional diffusion which is solely bounded relative to a large
planar electrode on one side (Rodrigues et al., 1999).The equation which is definitive of this

element is indicated below:

Zy = 0w % + jow 05

With the following variables being defined, o = Warburg coefficient (Q.s%°), with the
Warburg impedance being employed to model the low frequency regions, with the slow process
of diffusion dominating (Rodrigues et al., 1999). The Nyquist plot representation of the

Warburg element is a straight line with a slope at a 45° angle to the x-axis, or a slope of 0.5.

W

Figure 4.1.21: Symbolic representation of the Warburg element

Finite diffusion behaviour is observed when the diffusion of the system is further limited by
the experimental constraints, or system constraints, when the system tends away from the semi-
infinite conditions. This type of diffusion contains two main equivalent circuits, defined as the
finite space Warburg (FSW), also referred to as the open Warburg elements, and the finite

length Warburg (FLW) also referred to as the short Warburg element.

106



= FLW
= FSW

_ZII

Z I

Figure 4.1.22: Diagrammatical representation of the Nyquist plots obtained for the FSW and
FLW elements

Electrochemical impedance spectroscopy was used to determine the ionic conductivity of the
Bi, 05 materials formed (as a function of temperature) and check that electronic conductivity
is minimal. These measurements on sintered pellets occurred by using a BioLogic MTZ-35
frequency response analyser which is interfaced with a computer running the MT-Lab software
version 1.21. This was coupled with a BioLogic HTF-1100 furnace as well a HTSH-1100
sample holder. The impedances as a result of the instrumentation were compensated for before
any measurements were done on the sample. The frequency range used was that of 0.1Hz to
1MHz with an amplitude of 10mV. The variable temperature analysis took place in the
temperature range of 150-500 °C with increments of 50 °C being used for measurements, the
150°C data was excluded from the set as it was very noisy. Two platinum discs are present in
the sample holder, and they are of similar diameter to the sample, the pellet is spring-loaded in
between these platinum discs and tightened. A 10nm coating of pure gold was used on the
pellets investigated. The Nyquist plots obtained were modelled using the ECM technique and
employed the EC-Lab version 11.21 software.
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Chapter 5

X-ray Diffraction (XRD)

Initially the total dopant concentration that was of key interest was the 20 mol % dopant
concentration. A total of three different dopant concentration ranges were focused on for
synthesis and PXRD analysis, namely, in the range of 8.5-10 mol%, 20 mol %, as well as 22.5
mol%. The low dopant concentration mol % range was chosen in correlation to a study done
by Jolley et al. (Jolley et al., 2019) who stated that the optimised dopant concentration range
for a purely rhombohedral sample using only Nd as a dopant is achieved at a 7-10 mol% dopant
concentration range using the solid-state synthesis method. The higher dopant concentration
range of 20 mol% was used in correlation to studies done for the cubic phase. The highest
dopant concentration range of 22.5% was used to ensure sample phase stability this also

allowed the introduction of a third dopant to the system.

For the study done by Jolley et al. various dopants were used, however the Nd dopant system
was of importance to us in this study. They determined that phase pure rhombohedral Bi,05
(space group R-3m) for the Nd dopant was achieved within the 7-10 mol % dopant

concentration range using the solid-state synthesis method (Jolley et al., 2019).

Lower total dopant concentration samples were synthesised to be comparative to that of the
study by Jolley et al., although the synthesis methods varied, the results are thought to be
comparitive. The ionic conductivity which was exhibited as the highest conductivity was that
of the lanthinum (La) and yttrium (YY) double-doped Bi,0; system, which exhibited a
conductivity of 3 x 1072 S/cm at 500°C (Jolley et al., 2019).

The 20 mol % total dopant concentration samples were synthesised in comparison to previous
studies of the cubic §-phase Bi, 05 samples, as well as following the disproval of the conclusion
reached by Jolley et al. (Jolley et al., 2019), these samples were used to determine the minimum
total dopant concentration mol % required for co-dopant systems which result in a phase pure
and phase stable rhombohedral Bi, 05 (space group R-3m) samples. The optimal co-dopant

variation of interest which yielded phase stable and phase pure rhombohedral Bi, 05 (space
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group R-3m) was the sample with 15% Nd and 5% Y (15Nd5YSB), with this sample being

used as the template sample for all other samples synthesised.

Using the 15% Nd and 5% Y (15Nd5YSB) sample composition as a template sample
composition for the co-dopant mol %, for the 22.5% double doped samples synthesised, this
was used, while trying to optimize the total dopant concentration mol % to determine whether
the sample composition can be varied to get the major dopant mol % concentration lower and
the other higher, while still maintaining phase purity and stability. For the triple doped samples
synthesised with a total dopant concentration mol % of 22.5%, the 15% Nd and 5% Y
(15Nd5YSB) sample composition as a template sample composition due to this being the ideal
sample, and thus phase stability and phase purity were investigated using 2.5 mol % for three
dopants resulting in a triple dopant system. The nomenclature for the samples indicate ann,

where ann indicates annealed, as the annealed samples were investigated.

Laboratory x-ray experimental data:

5.1.1 Purely rhombohedral sample Rietveld refinement:

—e— 15Nd5YSB
—— 15Nd5Y5SB Calculated
— Difference

Intensity (a.u.)
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Figure 5.1.23: Rietveld refinement obtained for 15Nd5YSB sample.

The above figure, figure 5.1.23 shows the XRD Rietveld refinement pattern obtained for the
15Nd5YSBsample, using the laboratory X-ray diffractometer. The Rietveld refinement plot as
shown above is applicable to all phase pure rhombohedral samples. When observing the

Rietveld refinement results, it is important to firstly understand that the Rietveld method uses
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an iterative approach to minimize the residual by making various but controlled adjustments to
the refinable parameters. Table 2 and table 4, is used to indicate the observed phase
composition percentages, and the Rietveld refinement statistics respectively. Table 3 indicates
the input parameters used for the structure file used in the refinement. The R-factors, for the
15Nd5YSB sample are as follows, R.,, = 3.48%, R,,, = 5.57%, where the R-factors are
indicative of the best fit being modelled between the experimental data and the calculated data
for the XRD diffractograms. The goodness-of-fit (GOF) is used to define the refinement
quality, for the 15Nd5YSB sample, the GOF = 1.598. Slight peak intensity mismatches are
observed between the experimental and calculated diffraction patterns, indicated through the
difference pattern. This mismatch in the peak intensities could be attributed several factors,
however, a more accurate reason being preferred orientation of the sample as a result of sample
packing, as well as the solution being an increase in the count time used for a x-ray diffraction

scan.

5.1.2 Purely cubic sample Rietveld refinement:

—e— 10YSB
—— 10Y5B Calculated
— Difference

Intensity (a.u.}
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Figure 5.1.24: Rietveld refinement obtained for 10YSB sample.

The above figure, figure 5.1.24 shows the XRD Rietveld refinement pattern obtained for the
10YSB sample, using the laboratory X-ray diffractometer, which indicates a phase pure cubic
sample. The R-factors, for the 10YSB sample are as follows, R.,, = 7.02%, R,,, = 13.9%,
where the R-factors are indicative of the best fit being modelled between the experimental data
and the calculated data for the XRD diffractograms. The goodness-of-fit (GOF) is used to
define the refinement quality, for the 10YSB sample, the GOF = 4.371.
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5.1.3 Rhombohedral and cubic sample Rietveld refinement:

10Nd12.5YSB
—— 10Nd12.5YSB Calculated
— Difference

Intensity (a.u.}

=

28 (°) (A=1.788974)

Figure 5.1.25: Rietveld refinement obtained for 10Nd12.5YSB sample.

The above figure, figure 5.1.25 shows the XRD Rietveld refinement pattern obtained for the
10Nd12.5YSB sample, using the laboratory X-ray diffractometer. The Rietveld refinement plot
as shown above is applicable to all mixed phase rhombohedral and cubic samples, where the
rhombohedral phase is the major phase. The R-factors, for the 10Nd12.5YSB sample are as
follows, Ry, = 2.94%, R,,,, = 7.95%. For the 10Nd12.5YSB sample, the GOF = 2.706. There
is a peak intensity mismatch observed in the difference diffractogram, we also notice that there
is slight peak asymmetry, which is as a result of the mixture of phases being observed, the

secondary cubic phase results in peak asymmetry.

5.1.4 Rhombohedral and monoclinic sample Rietveld refinement:

—e— 10NdSB
—— 10NdSB Calculated
—— Difference

Intensity (a.u.}
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Figure 5.1.26: Rietveld refinement obtained for 10NdSB sample.

Figure 5.1.26 shows the XRD Rietveld refinement pattern obtained for the 10NdSB sample,
using the laboratory X-ray diffractometer. The Rietveld refinement plot as shown above is
applicable to all mixed phase rhombohedral and monoclinic samples, where the rhombohedral
phase is the major phase. The R-factors, for the 10NdSB sample are as follows, R, = 3.50%,
Ryp =9.79%. For the 10NdSB sample, the GOF = 2.800. The sample difference diffractogram
indicates peak intensity mismatches, as well as some peak asymmetry. This is as a result of the

secondary monoclinic phase being present.

5.1.5 Rhombohedral, tetragonal, and cubic sample Rietveld refinement:

8.5NdSB
—— B.3Nd5B Calculated
— Difference

Intensity {a.u.)

A
20

T T T T
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20 (°) (A=0.709324)
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Figure 5.1.27: Rietveld refinement obtained for 8.5NdSB sample.

The above figure, figure 5.1.27 shows the XRD Rietveld refinement pattern obtained for the
8.5NdSB sample, using the laboratory X-ray diffractometer. The Rietveld refinement plot as
shown above is applicable to all mixed phase rhombohedral, tetragonal and cubic samples,
where the rhombohedral phase is the major phase. The R-factors, for the 8.5NdSB sample are
as follows, R,,, = 5.28%, R,,, = 10.7%. For the 8.5NdSB sample, the GOF = 2.024. The
difference diffractogram shows peak intensity mismatches, as well as peak asymmetry and
some peak broadening as a result of some overlapping peaks due to the multiple phases present
in the sample. The peak broadening effects observed are as a result of microstructural changes
which result due to the imperfections in crystal structure caused as a consequence of the

multiple phases observed.
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5.1.6 Rhombohedral, monoclinic, and tetragonal sample Rietveld refinement:

—e— 10Nd10YSB
—— 10Nd10YSB Calculated
— Difference

Intensity (a.u.}
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Figure 5.1.28: Rietveld refinement obtained for 10Nd10YSB sample.

Figure 5.1.28 shows the XRD Rietveld refinement pattern obtained for the 10Nd10YSBsample,
using the laboratory X-ray diffractometer. The Rietveld refinement plot as shown above is
applicable to all mixed phase rhombohedral and monoclinic, and tetragonal samples, where the
rhombohedral phase is the major phase. The R-factors, for the 10Nd10YSB sample are as
follows, Ry, = 5.77%, R, = 8.18%. For the 10Nd10YSB sample, the GOF = 1.416. The
difference diffractogram shows peak intensity mismatches, as well as peak asymmetry caused

due to the multiple phases present in the sample.

Table 2: Sample phase presence and percentage after Rietveld refinement

Shortha Shortha Sample Sample Phases Present

nd nd composition (mol

Major Minor  Minor

sample | sample % atoms)
phase (%) phasel phase 2

(%) (%)

composit | composit

ion ion

Nd0.10Y Nd0.10Y 10Nd10Y Bi:32.0,Nd:4.0,Y:4 Rhomboh - -
0.10- 0.10- SB_Ann_( .0,0:60.0 edral
Bi,04 Bi203 1) (100%)
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Nd0.15Y
0.05-
Bi, 04
Ndo0.10-
Bi, 0,

Y0.10-
Bi,0,
Nd0.05Y
0.15-
Bi,0;

Nd0.05Y
0.05-
Bi, 04

Nd0.085-

Nd0.10Y
0.10-
Bi, 04

Nd0.15Y
0.05-
Bi, 0,
Nd0.125
Y0.10-
Bi, 0,

Nd0.15Y
0.05-
Bi203
Nd0.10-
Bi203

Y0.10-
Bi203

Nd0.05Y
0.15-
Bi203

Nd0.05Y
0.05-
Bi203

Nd0.085-
Bi203

Nd0.10Y
0.10-
Bi203

Nd0.15Y
0.05-
Bi203
Nd0.125
Y0.10-
Bi203

15Nd5YS
B_Ann_(3
)
10NdSB_
Ann_(4)

10YSB_A
nn_(5)
5Nd15YS
B_Ann_(6
)

5Nd5YSB
_Ann_(7)

8.5NdSB_
Ann_(8)

10Nd10Y
SB_Ann_(
9)

15Nd5YS
B_Ann (1
0)
12.5Nd10
YSB_Ann
_(11)

Bi:32.0,Nd:6.0,Y:2

.0,0:60.0

Bi:36.0,Nd:4.0.0,0

:60.0

Bi:36.0,Y:4.0,0:60

.0

Bi:32.0,Nd:2.0,Y:6

.0,0:60.0

Bi:36.0,Nd:2.0,Y:2

.0,0:60.0

Bi:36.6,Nd:3.4,0:6

0.0

Bi:32.0,Nd:4.0,Y:4

.0,0:60.0

Bi:32.0,Nd:6.0,Y:4

.0,0:60.0

Bi:31.0,Nd:5.0,Y:4

.0,0:60.0
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Rhomboh
edral
(100%)
Rhomboh
edral
(71.36%)

Cubic
(100%)
Rhomboh
edral
(75.69%)

Rhomboh
edral
(80.57%)

Rhomboh
edral
(69.68%)

Rhomboh
edral
(54.40%)

Rhomboh
edral
(100%)
Rhomboh
edral
(100%)

Monocl
inic
(28.64
%)

Monocl
inic
(16.76
%)
Monocl
inic
(19.43
%)
Tetrago
nal
(15.81
%)
Monocl
inic
(40.97
%)

Cubic
(7.54%)

Cubic
(14.51%)

Tetragona
| (4.62%)



Nd0.10Y Nd0.10Y 10Nd12.5 Bi:31.0,Nd:4.0,Y:5 Rhomboh Cubic -

0.125- 0.125- YSB_Ann .0,0:60.0 edral (8.57%
Bi,04 Bi203 _(12) (91.43%) )
Nd0.175 NdO0.175 17.5Nd5Y Bi:31.0,Nd:7.0,Y:2 Rhomboh - -
Y0.05- Y0.05- SB_Ann_( .0,0:60 edral

Bi, 04 Bi203 16) (100%)

Nd0.15Y Nd0.15Y 15Nd7.5Y Bi:31.0,Nd:6.0,Y:3 Rhomboh - -
0.075- 0.075- SB_Ann_( .0,0:60.0 edral

Bi,04 Bi203 17) (100%)

Nd0.10Y Nd0.10Y 10Nd7.5Y Bi:33.0,Nd:4.0,Y:3 Rhomboh - -
0.075-  0.075-  SB_Ann_( .0,0:60.0 edral

Bi,04 Bi203  18) (100%)

Nd0.15Y Nd0.15Y 15Nd5YS Bi:32.0,Nd:6.0,Y:4 Rhomboh - -
0.05- 0.05- B_Ann_(1 .0,0:60.0 edral

Bi,04 Bi203 9) (100%)

Nd0.15Y Nd0.15Y 15Nd5Y2. Bi:31.0,Nd:6.0,Y:2 Rhomboh - -
0.05Tbh0. 0.05Tb0. 5ThSB_A .0,Th:1.0,0:60.0 edral

025- 025- nn_(20) (100%)

Bi,04 Bi203

Nd0.15Y NdO0.15Y 15Nd5Y2. Bi:31.0,Nd:6.0,Y:2 Rhomboh - -
0.05Sm0. 0.05Sm0. 5SmSB_A .0,Sm:1.0,0:60.0  edral

025- 025- nn_(21) (100%)

Bi, 04 Bi203

Nd0.15Y Nd0.15Y 15Nd5Y2. Bi:31.0,Nd:6.0,Y:2 Rhomboh Cubic -
0.05Sc0. 0.05Sc0. 5Sc_Ann_ .0,Sc:1.0,0:60.0 edral (2.63%
025- 025- (22) (97.37%) )

Bi, 04 Bi203

Nd0.15Y Nd0.15Y 15Nd5YS Bi:32.0,Nd:6.0,Y:4 Rhomboh - -
0.05- 0.05- B_Ann_(2 .0,060.0 edral

Bi, 04 Bi203 3) (100%)

For each Rietveld refinement, a rhombohedral phase structure file is used, namely, the starting
model for Bismuth lanthanum oxide (0.78/0.23/1.5) (ICSD 50637)(M. Drache et al., 1999).
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This structure file is based on the space group R-3m. The cation sites which are occupied are
the 3a (0, 0, 0) and 6¢ (0, 0, z) sites, followed by the three oxygen sites which all occupy the
6¢ (0, 0, z) site. The site occupancy, position, scale factor and temperature factors were all
refined for both the cation and anion sites, to result in the measured and calculated profiles

having a good statistical fit.

Table 3: The input values which were used as a starting model for the Rietveld refinement

analysis of all samples (where the fractional occupancy is dependent on the dopant mol % -

using the 15Nd5YSB as an example)

Atom Site Fractional Thermal

symmetry occupancy parameter

o O O O o o o o o

o O O O o o o o o

L
o
R
sz [
L
e
o I
-
-

Prior to any sample refinements, the determination of the instrument resolution function (IRF)
(Dinnebier et al., 2018) was done using the NIST 660a (LaBe) standard, and the calibration for
all instrumentation was done using the IRF as defined by the Thompson Cox Hastings (TCHZ)
Psuedo-Voight function (Thompson et al., 1987).

The Rietveld refinement analysis process for all samples was done by using a whole profile
fitting, through the use of DIFFRAC.TOPAS suite. The background matching for each XRD
profile was done by using a polynomial function of degree eight, crystallite size and strain
broadening for each experimental profile were carried out using the Pseudo-Voight (pV)
(TCHZ) function and allowed for them to be carried out individually. The statistical parameters
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employed to observe the minimization are namely the expected error (R.,,) as well as the

weighted residual error (R,,).

Table 4: The refined structural parameters for all samples at room temperature using the

rhombohedral structural model of space group R-3m. R,., is defined as the minimum

achievable pattern residual, whereas R,,,, is defined as the weighted pattern residual

Sample Laboratory data refinements Synchrotron data refinements

a(d) c(@) Rexp Rup G0 a() c(A) Rexp Rup GO

% (% F (% (% F
) ) ) )
Nd0.10Y0.10- 3.970 27.36 3.3 56 | 1.68 | - - - - -
Bi,0, 7 23 3 2 |6
Nd0.15Y0.05- 3.964 2734 34 55 159 - - N
Bi,0, 5 15 8 7 8

3.969 27.96 |35 9.7 280 - - A
Nd0.10-Bi, 05 0 11 0 9 0

5.524 - 70 13. 437 - - N
Y0.10-Bi, 05 2 |9 |1
Nd0.05Y0.15- 3.964 2738 |28 |73 258 - - - |- -
Bi,0, 7 82 6 7 |1
Nd0.05Y0.05- 3961 2784 31 78 249 - - N
Bi,0, 0 92 2 0 9

3.961 27.94 |52 |10. 202 - - S B
Nd0.085-Bi,05 7 36 8 7 4

Nd0.10Y0.10- 3961 2731 57 81 141 - - - -
Bi,0, 9 19 7 8 6

Nd0.15Y0.05- 3.979 27.43 51 |85 |1.653.958 27.29 45 11.  2.60
Bi,0, 2 83 7 4 1 9 48 4 '8 |6
Nd0.125Y0.10-  3.968 27.33 4.8 7.9 163 3.950 2720 4.6 11. 2.38
Bi,0, 0 51 8 |7 [3 |1 70 5 1 5
Nd0.10Y0.125-  3.966 27.32 29 7.9 270 - - - |- -
Bi,0, 2 28 4 |5 |6
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Nd0.175Y0.05- 3982 2741 27 9.0 328 - - - - -

Bi,0; 3 20 5 5 6
Nd0.15Y0.075- - - - - - - - - - -
Bi,0;

Nd0.10Y0.075- - - e - - - -
Bi,0;

Nd0.15Y0.05- 3.983 27.46 2.8 7.8 273 - - - - -
Bi,0; 7 09 6 2 5

Nd0.15Y0.05Tb0. 3.977 27.38 28 89 312 - - - - -
025-Bi, 05 2 61 6 3 6

Nd0.15Y0.05Sm0.  3.983 27.42 2.7 11. 4.08 - - - - -
025-Bi, 05 9 20 5 3 8

Nd0.15Y0.055c0.0 3.984 27.44 2.8 69 243 - - - |-
25-Bi, 05 1 89 4 0 1

Nd0.15Y0.05- 3.987 | 2739 (29 82 223 - - - - -
Bi,0, 0 10 1 0 5

Synchrotron x-ray experimental data (BNL):

A total of 10 samples were sent for X-ray diffraction (XRD) characterisation at the National
Synchrotron Light Source 1l (NSLS-11) beamline 28-1D at Brookhaven National Laboratory
(BNL). The powder XRD characterisation was done at beamline 28-ID-I1 (far-field), and the
X-ray pair distribution function (xPDF) characterisation was done at beamline 28-ID-II (near-
field). Due to a limited number of samples allowed to be analysed for techniques such as Raman
spectroscopy as electrochemical impedance spectroscopy (EIS) as a result of instrumentation
availability and access, only two samples were fully characterised and interpreted from all the
data obtained from the synchrotron, the samples are namely, 15Nd5YSB and 12.5Nd10YSB.

118



X-ray diffraction:

5.3.1 15Nd5YSB:

—s— 15Nd5YSB
—— 15Nd5YSB Calculated
—— Difference

Intensity (a.u.)
=

T T T r T T
2 4 6 8 10 12
26 (A=0.16714)

Figure 5.1.29: The Rietveld refinement of the 15Nd5YSB sample obtained from the BNL
synchrotron beamline 28-1D-11
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=e— 15Nd5YSB
—— 15Nd5Y5B Calculated

Intensity (a.u.)

2 4 6 8 10 12
26 (A=0.16714)

Figure 5.1.30: The Rietveld refinement of the 15Nd5YSB sample obtained from the BNL
synchrotron beamline 28-1D-I with the y axis in Iny

The above figures, figures 5.1.29,and 5.1.30 shows the XRD pattern obtained for a double
doped sample using the synchrotron X-ray diffractometer. The diffractogram obtained in 5.1.92
for the 15Nd5YSB sample existed as pure rhombohedral phase sample, this is in agreement
with the laboratory diffraction pattern measured on the D9 advance (see supplementary
information), and thus indicates that the rhombohedral phase of Bi,05; was stabilised at the

ambient temperature conditions for the 20 mol % total dopant concentration.

The Rietveld refinement data indicates slight peak intensity mismatches being observed, this
could be as a result of the calculated diffraction pattern underestimating as well as possibly
overestimating peak intensities. No peak asymmetry is observed in any of the peaks, this is
confirmed when looking at the Iny diffractogram, thus no secondary phase is present, and no
microstructural defects are observed. The Iny offset on the y-axis (intensity axis) shows a
clearer view of the peaks in the diffractogram, as the In y plot highlights peaks which are not

usually visible under normal y (intensity), and thus reveals peaks which are not identified for.
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5.3.2 12.5Nd10Y-Bi20s:

—e— 12.5Nd10¥SB
—— 12.5Nd10YSB Calculated
—— Difference

Intensity (a.u.)
e

%MMA-«WW

T T T T T T
2 4 6 8 10 12
28 (A=0.16714)

Figure 5.1.30: The Rietveld refinement of the 12.5Nd10Y SB sample obtained from the BNL
synchrotron beamline 28-ID-11Figures 5.1.32, and 5.1.343is representative of the XRD pattern
obtained for a double doped sample using the synchrotron X-ray diffractometer. The
diffractogram obtained in 5.1.93for the 12.5Nd10YSB sample existed as pure rhombohedral
phase sample, this is in agreement with the laboratory diffraction pattern measured on the D9
advance (see supplementary information), and thus indicates that the rhombohedral phase of
Bi, 05 was stabilised at the ambient temperature conditions for the 22.5 mol % total dopant

concentration.
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== 12.5Nd10YSB
—— 12.5Nd10YSB Calculated

1'7'.

Intensity (a.u.)

2 4 6 8 10 12
26 (A=0.16714)

Figure 5.1.33: The Rietveld refinement of the 12.5Nd10YSB sample obtained from the BNL
synchrotron beamline 28-1D-I1 with the y axis in Iny

Slight peak intensity mismatches are also observed in the Rietveld refinement and could be as
a result of the calculated diffraction pattern underestimating as well as possibly overestimating
peak intensities. Peak asymmetry is not observed in any of the peaks, this is confirmed when
looking at the Iny diffractogram, thus no secondary phase is present, and no microstructural
defects are observed. The Iny offset on the y-axis (intensity axis) shows a clearer view of the
peaks in the diffractogram, as the Iny plot highlights peaks which are not usually visible under

normal y (intensity), and thus reveals peaks which are not identified for.

XPDF:

The xPDF done on the two samples used the same Rietveld refinement rhombohedral phase
structure file as the starting structure model. The refinement was done using the Philip Chater
method, as compared to the John Evans method of XPDF refinements. The difference being
that the Philip Chater method uses dQ convergence and thus allows the refinement to continue
after convergence to obtain the best fit even after stop criteria is met.
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54.1 15Nd5YSB:

—=— 15Nd5YSB
6 —— 15Nd5YSB Calculated
—— Difference

G(A~-2)

IS v—

T T . T
10 20 30 40 50
r(4)

Figure 5.1.31: The xPDF refinement of the 15Nd5YSB sample obtained from the BNL

synchrotron beamline 28-1D-11
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5.4.2 12.5Nd10YSB

—— 12.5Nd10YSB
—— 12.5Nd10YSB Calculated
—— Difference

G (A~-2)

rd)

Figure 5.1.32: The xPDF refinement of the 12.5Nd10YSB sample obtained from the BNL

synchrotron beamline 28-1D-11

Figures 5.1.35, and 5.1.36 correspond to the XxPDF patterns obtained for a double doped sample
using the synchrotron X-ray diffractometer. The data used for the PDF refinement was obtained
at room temperature. When fitting the experimental G(r) data across the G(r) range of 0-50 A,
it can be observed that the average structure model fits very well with no substantive difference
between the average and local structure models. This observation indicated that the average
and the local structure are the same. This is seen when looking at the refinement in two
segments, namely, the segment in the 8< r < 50 A range (the range which corresponds to the
average structure), and the 0< r < 8 A range (the range which corresponds to the local
structure). The average structure model best interprets the peak intensity, peak shape, and peak
position of the experimental data G(r) peaks within the 8< r < 50 A range, where the fit quality
is much better as compared to the fit quality observed in the 0< r < 8 A range. A possible
explanation for this decrease in the fit quality, and hence mismatch of peak intensity, peak
shape, and peak position, is due to a distortion being observed in the local structure, hence a

local disorder within the 0< r < 8 A range.
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The 15Nd5YSB sample refined for in figure 5.1.35, obtained a R,,,, of 17.039 across the entire
rrange. The 12.5Nd10YSB sample refined for in figure 5.1.36, obtained a R,,,, of 18.218 across
the entire r range. Both refinements show a deviation when it comes to the fit quality observed

within the 0< r < 8 A range
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Chapter 6:

Simultaneous Thermal Analysis (STA)

Differential Thermal Analysis (DTA) & Thermogravimetric Analysis (TGA):

The samples were analysed using a PerkinElmer STA 6000, all the samples investigated were
analysed at a heating and cooling rate of 10 °C/min over the temperature range of 30 °C to 800
°C. The results obtained for the simultaneous thermal analysis (STA) of the samples using
differential thermal analysis (DTA) and thermogravimetric analysis (TGA) are presented in the
figures below.

DTA:
6.1.1 12.5Nd10YSB:

30 4

—— 12.5Nd10YSB Empty Crucible
—— 12.5Nd10YSB

20 1

10

Heat flow {mW)
o

—20 -

—-30 4

T T T T T T T T T
0 100 200 300 400 500 600 700 800
Termperature (°C)

Figure 6.1.33: The DTA scan obtained for 12.5Nd10YSB for the empty crucible and sample

over the 30-800 °C temperature range.
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—— 12.5Nd10YSB Heating
—— 12.5Nd10YSB Cooling

Heat flaw (mW)

T T T T T T T T T
a 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6.1.34: The DTA scan obtained for 12.5Nd10Y SB over the 30-800 °C temperature range
showing the heating and cooling curves.
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6.1.2 15Nd5YSB:

30 4 —— 15NdSYSB Empty Crucible
A 15Nd5YSB
20 \
10 4
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T
@
T
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20 4
30
0 100 200 300 400 500 600 700 500

Temperature (°C)

Figure 6.1.35: The DTA scan obtained for 15Nd5Y SB for the empty crucible and sample over
the 30-800 °C temperature range.
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Figure 6.1.36: The DTA scan obtained for 15Nd5YSB over the 30-800 °C temperature range

showing the heating and cooling curves.
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6.1.3 15Nd5Y2.5ThSB:

30 o 15Nd5Y2.5TbSB Empty Crucible
15Nd5Y2.5ThSB

Heat flaw (W)
)

T T T T T T T T T
Q 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6.1.37: The DTA scan obtained for 15Nd5Y2.5ThSB for the empty crucible and sample
over the 30-800 °C temperature range.
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15Nd5Y2.5TbSB Heating
15Nd5Y2.5TbSB Cooling

Heat flaw (mW)
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T T T T T T T T T
a 100 200 300 400 500 600 700 800
Temperature (°C)

Figure 6.1.38: The DTA scan obtained for 15Nd5Y2.5ThSB over the 30-800 °C temperature
range showing the heating and cooling curves.
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6.1.4 15Nd5YSmSB:

30 4 15Nd5Y2.55mSB Empty Crucible
15Nd5Y2.55mSB

Heat flaw (W)

T T T T T T T T T
Q 100 200 300 400 500 6800 700 800
Temperature (°C)

Figure 6.1.39: The DTA scan obtained for 15Nd5Y2.5SmSB for the empty crucible and sample
over the 30-800 °C temperature range.
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Figure 6.1.40: The DTA scan obtained for 15Nd5Y2.5SmSB over the 30-800 °C temperature

range showing the heating and cooling curves.
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6.1.5 15Nd5Y2.5ScSB:

30 15Nd5Y2.55c5B Empty Crucible
15Nd5Y2.55¢58
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Figure 6.1.41: The DTA scan obtained for 15Nd5Y2.5ScSB for the empty crucible and sample
over the 30-800 °C temperature range.
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Figure 6.1.42: The DTA scan obtained for 15Nd5Y2.5ScSB over the 30-800 °C temperature

range showing the heating and cooling curves.

The differential thermal analysis (DTA) scans obtained for 12.5Nd10YSB, 15Nd5YSBs3,
15Nd5Y2.5ThSB, 15Nd5Y2.5SmSB, as well as 15Nd5Y2.5ScSB, all indicate thermal stability
through the temperature range of 30-800 °C for both the hearing and cooling curves. However,
with the temperature range of 720-750 °C for all the samples, we notice that there is an
endothermic maximum that is reached in both the heating and cooling curves, this peak could
correspond to a possible phase transition which occurs.

However, this event is short lived as in the cooling curves, it can be observed that the
endothermic maximum, becomes an exothermic minimum. This could either be due to an
order-disorder transition occurring, or the possible short lived phase transition from the

rhombohedral to cubic §-phase, and back to the rnombohedral phase.
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TGA:
6.2.1 12.5Nd10YSB:

Figure 6.1.43: The TGA scan obtained for 12.5Nd10Y SB over the 30-800 °C temperature range

showing the heating and cooling curves.
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6.2.2 15Nd5YSB:

Figure 6.1.44: The TGA scan obtained for 15Nd5YSB over the 30-800 °C temperature range

showing the heating and cooling curves.
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6.2.3 15Nd5Y2.5ThSB:

Figure 6.1.45: The TGA scan obtained for 15Nd5Y2.5ThSB over the 30-800 °C temperature

range showing the heating and cooling curves.
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6.2.4 15Nd5Y2.5SmSB:

Figure 6.1.46: The TGA scan obtained for 15Nd5Y2.5SmSB over the 30-800 °C temperature

range showing the heating and cooling curves.
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6.2.5 15Nd5Y2.5ScSB:

Figure 6.1.47: The TGA scan obtained for 15Nd5Y2.5ScSB over the 30-800 °C temperature

range showing the heating and cooling curves.

The thermogravimetric analysis (TGA) scans obtained for 12.5Nd10YSB, 15Nd5YSB,
15Nd5Y2.5ThSB, 15Nd5Y2.5SmSB, as well as 15Nd5Y2.5ScSB, all indicate exceptional
thermal stability through the temperature range of 30-800 °C, with approximately less than
1.0% weight loss being observed upon heating of samples. Four samples observe weight loss
throughout the temperature range, without any specific weight loss temperature intervals,
however, when observations are done on the 15Nd5Y2.5ScSB sample TGA scan, it is seen that
at ~250 °C weight loss at a specific temperature interval is observed, this weight loss occurs
up to ~480 °C, and continues up to 800 °C. Upon the cooling of all samples, it can be observed

that the total weight loss obtained is less than 0.4%.
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Chapter 7

Raman Spectroscopy

LabRam HR:

Variable temperature Raman Spectroscopy:

Variable temperature Raman spectroscopy was used to analyse small sample sizes of
approximately 50 mg which was placed on a glass slide. The results of thesample
characterisation are presented below

7.1.1 12Nd10YSB:

. 12.5Nd10YSB 22°C

+ 12.5Nd10YSB 100°C

+ 12.5Nd10YSB 150°C

. 12.5Nd10YSE 200°C

12.5Nd10YSB 250°C

« 12.5Nd10YSB 300°C

12.5Nd10YSB 350°C

12.3Nd10YSB 400°C
- 12.5Nd10YSB 450°C
[} i « 12.5Nd10YSB 500°C
4 H 12.5NJ10YSE 550°C
t . 12.5Nd10¥SB 600°C
: 1 H 13 12.5Nd10YSB 650°C
A & 12.5Nd10YSB 700°C
: i \ 12.5NJ10YSB 750°C
i . 12.5Nd10YSB 800°C

RRY

Figure 7.1.48: The stacked VT-Raman spectra plot for 12.5Nd10YSB showing the heating

cycle in the temperature range 22-800 °C as well as the spectra after cooling at 28 °C
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7.1.2 15Nd5YSB:

« 15Nd5YSB 22°C

- 15Nd5Y¥SB 100°C

+ 15Nd5YSB 150°C

. 15Nd5YSB 200°C

15Nd5YSB 250°C

1 -+ 15Nd5YSB 300°C
15Nd5YSB 350°C

. 15Nd5YSB 400°C

" 15NdSYSB 450°C
‘: +  15Nd5YSB 500°C
15Nd5YSE 550°C

H = 13Nd5YSB 600°C
§ 15Nd5YSB 650°C
s + 15Nd5YSB 700°C
15Nd5YSB 750°C

+ 15Nd5YSB BOO*C

15Nd5YSB 28°C-cool
| \/«
B00
700

Figure 7.1.49: The stacked VT-Raman spectra plot for 15Nd5Y SB showing the heating cycle

in the temperature range 22-800 °C as well as the spectra after cooling at 28 °C
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7.1.3 15Nd5Y2.5TbSB:

«  15Nd5Y2.55mSB 22°C

- 15Nd5Y2.55mSB 100°C

«  15Md5Y2.55mSB 150°C

- 15Nd5Y2.55mS8 200°C

15Nd5Y2,55mSB 250°C

3 «  15Nd5Y2.55mSB 300°C

15Nd5Y2.55mS8 350°C

15NdSY2 55mMSB 400°C

15Nd5Y2.55mMS8 450°C

1 - 15Md5Y2.55mSB 500°C

IR i 15Nd5Y2.55mSB 550°C

1.1 : +  15Nd5Y2.5SmSB 600°C

15Nd5Y2,55mSB 650°C

15Nd5Y2.55mSB 700°C

15Nd5Y2.55m58 750°C

- 15Nd5Y2.55mSB B00"C
- 15Nd5Y2.55mSB 35°C-cool

Figure 7.1.50: The stacked VT-Raman spectra plot for 15Nd5Y2.5ThSB showing the heating

cycle in the temperature range 22-800 °C as well as the spectra after cooling at 35 °C
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7.1.4 15Nd5Y2.5SmSB:

« 15Nd5Y2.55m 27°C
< 15Nd5Y2.55m 100°C
+  15Nd5Y2.55m 150°C
«  15Nd5Y2.55m 200°C
15Nd5Y2.55m 250°C
«  15Nd5YZ2.55m 300°C
15Nd5Y2.55m 350°C
15Nd5Y2.55m 400°C
15Nd5Y2.55m 450°C

+ 15Nd5Y2.55m 500°C
15Nd5Y2.55m 550°C

. 15Nd5YZ.55m 600°C

15Nd5Y2,55m 650°C

s | A 15Nd5Y2.55m 700°C

§ \ i1 15N05Y2.55m 750°C

1} + 15Nd5Y2.55m B0O"C
\ \ - 15Nd5Y2.55m 33*C-cool

Figure 7.1.51: The stacked VVT-Raman spectra plot for 15Nd5Y2.5SmSB showing the heating

cycle in the temperature range 27-800 °C as well as the spectra after cooling at 33 °C
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7.1.5 15Nd5Y2.5ScSB:

-« 15Nd5Y2.55¢ 22°C
- 15Nd5Y2.55¢ 100°C
+  15Nd5Y2.55¢ 150°C
+  15Nd5Y2.55¢ 200°C
; 15Nd5Y¥2.55¢ 250°C
- 15Nd5Y2.55¢ 300°C
15Nd5Y2.55¢ 350°C
15Nd5Y2 55¢ 400°C
15Nd5Y2.55¢ 450°C
- 15Nd5Y2.55¢ 500°C
t + 3 15Nd5Y2.55¢ 550°C
Wizl £ - 15Nd5Y2.55¢ 500°C
L4 - 15Nd5Y2.55¢ 650°C
Ferch H 15Nd5Y2.55¢ 700°C

15Nd5Y2.55¢ 750°C
+  15Nd5Y2.55¢ B0O*C
= 15Md5Y2.55¢ 30°C-cool

Figure 7.1.56: The stacked VT-Raman spectra plot for 15Nd5Y2.5ScSB showing the heating
cycle in the temperature range 22-800 °C as well as the spectra after cooling at 30 °C (Spot 2)

The variable temperature Raman spectra obtained for 12.5Nd10YSB, 15Nd5YSB,
15Nd5Y2.5ThSB 15Nd5Y2.5SmSB, as well as 15Nd5Y2.5ScSB (spot 2) samples within the
temperature range of 22-800 °C indicates two significant peaks and slight peaks of negligible
intensity at the shoulder. A weak intensity peak is observed at ~250 cm™1, as well as an intense
peak at 620 cm™1. There is also the presence of a very weak shoulder peak at ~110 cm™1.
Upon the increase in temperature, a decrease in peak intensity is observed, with the weak
shoulder peak completely disappearing, with the weak peak at ~250 cm ™! and the major peak
at 620 cm ™1 also almost completely disappearing at 800 °C. There is also peak broadening for
all peaks, as well as a left shift. When the sample is cooled back to approximately room
temperature, it is observed that the spectrum returns back to the initial spectra observed before
heating occurred, with all the identified peaks present. The broad peak observed at 620 cm ™!
is observed because of the number of oxygen vacancies within the sample, and thus
corresponds to the oxygen vibrational modes (as a result of the oxygen vacancies). When
further investigation was done on literature to identify the peak at ~250 cm™1, no literature

indicates a peak at that Raman shift, and thus the presence of this peak serves as confirmation
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that the 12.5Nd10YSB sample is purely rhombohedral and the peak at ~250 cm™! can be
classified as the identifying peak for the rhombohedral phase Bi2O:s.

+  15Nd5Y2.55¢ 22°C
= 15Md5Y2.55¢ 100*C
»  15Nd5Y2.55¢ 150°C
+  15Nd5Y2.55¢ 200°C
] 15Nd5Y2.55¢ 250°C
g = 15NdS5Y2.58¢ 300°C
n 15Nd5Y2.55¢ 350°C
‘, 15Nd5Y2.55¢ 400°C
H 15Nd5Y2.55¢ 450°C
= 15Nd5Y2.55¢ 500°C
15Nd5Y2.55¢ 550°C

= 15Nd5Y2.55¢ 600°C

i 15Nd5V2.55¢ 650°C
\ \ 15Nd5Y2.55¢ 700°C
15Nd5Y2.55¢ 750°C

+  15Nd5Y2.55c B0O°C
= 15Md5Y2.55¢ 30°C-cool

Figure 7.1.57: The stacked VT-Raman spectra plot for 15Nd5Y2.5ScSB showing the heating

cycle in the temperature range 22-800 °C as well as the spectra after cooling at 30 °C (Spot 1)

The variable temperature Raman spectrum obtained for the 15Nd5Y2.5ScSB (spot 1) within
the temperature range of 22-800 °C indicates two significant peaks and slight peaks of
negligible intensity at the shoulder. As compared to the other samples, it can be observed that
there is an intense peak at 620 cm ™1, a very weak shoulder peak at ~110 cm ™1, and there arises
a new peak at ~310 cm™1. Noting that from the XRD pattern obtained for this sample, there is
approximately 2.63% of the cubic phase present in the sample. Upon the increase in
temperature, we observe a decrease in the intensity of the new apparent peak at ~310 cm™1,
with the greatest peak intensity decreases being observe at the 100 °C temperature increase
increments. This peak completely disappears from the spectrum at 700 °C. Upon the cooling
process, the peak does not reform, and we now observe the formation weak intensity peak
observed at ~250 cm ™1, which corresponds to the spectral behaviour we observed in previous

samples. The peak at ~310 cm™! is characteristic of the metastable tetragonal S-phase of
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Bi,0Os. After the cooling back to room temperature, the Raman peak at ~250 cm™1, which can

be concluded to be the Raman peak which is indicative of the rhombohedral Bi, 05 appears.

The DTA analysis indicates a slight endothermic peak in the temperature range of 720-750 °C,
which could possibly be due to a phase transition occurring, or an order-disorder transition.
From the results obtained from the analysis of our Raman spectroscopy data, it is clear that no
phase transition occurs in all sample, with the exception of the phenomena observed in the
15Nd5Y2.5S5cSB and thus we can conclude that the changes observed in the spectra are as a

result of an order-disorder transition occurring.
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Chapter 8:

Electrochemical Impedance Spectroscopy (EIS)

The electrochemical impedance spectroscopy (EIS) characterisation was conducted at open
circuit voltage, within the 200-500°C temperature range in air atmosphere. As the temperature
changed, slight changes were observed in the impedance spectra obtain, and hence variations

in methodology were used to account for these changes.

Three samples were chosen for characterisation using EIS, however due to experimental
instrumentation faults only two samples could be analysed, namely, the 12.5Nd10YSB, and
15Nd5Y2.5ThSB samples. The samples were chosen based on the information they could
provide, namely the 15Nd5Y SB sample was chosen as this was the sample which provided the
phase pure rhombohedral bismuth oxide composition, however this sample was not analysed
due the instrumentation error. The 12.5Nd10YSB and 15Nd5Y2.5Tb samples were selected as
these provide information which builds up from the 15Nd5YSB parent sample and have
comparable total dopant mol % compositions and provide information on how the triple doped

system behaves as compared to the double doped system.

The EIS characterisation technique was used to investigate whether the rhombohedral phase
Bi, 04 obtained from all the XRD analysis is stable over a temperature range. The temperature
range for this variable temperature study was chosen due to the requirement for operation at
intermediate temperature ranges, as well as the stability of rhombohedral phase Bi,05 in the
temperature range chosen, as reported by Jolley, et al (Jolley et al., 2019). The temperature
intervals chosen was 50 °C. The samples were pressed into pellets, sintered at 800 °C and
subsequently coated with a 10 nm coat of pure gold on each side of the pellet, this coating was
used for better contact between the pellet and the two solid platinum disk electrodes.
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Laboratory experimental data:

Variable temperature EIS:

8.1.1 12.5Nd10YSB:
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Figure 8.1.52: The VT-EIS spectra for 12.5Nd10Y SB between 200-250 °C
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Figure 8.1.53: The VT-EIS spectra for 12.5Nd10YSB between 300-350 °C.
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Figure 8.1.54: The VT-EIS spectra for 12.5Nd10Y SB between 400-500 °C.
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Figure 8.1.55: The VT-EIS spectra for 12.5Nd10YSB at 200 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.56: The VT-EIS spectra for 12.5Nd10YSB at 250 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.57: The circuit model used to fit the EIS data for 12.5Nd10YSB within the 200-

250°C temperature range.

The temperature range of 200-25 0°C yields complex impedance spectra which consist of a
semi-circle and a small ray arc, which is represented in figures 8.1.59 and 8.1.60. The
equivalence circuit model used to describe the various phenomena such as polarisation and
charge migration which occurs within the various frequency ranges is illustrated in figure
8.1.61. The circuit model uses “/”” to describe circuit elements which are in parallel, and “+” to
describe circuit elements which are in series. The equivalence circuit model can then be
described as C1/R1+Q1/R2. The processes which occur in the bulk of the grains is modelled
by the C1/R2 portion, followed by the conduction through the grain boundaries or the

electrolyte/electrode interface polarization resistance (R,;) is modelled by the Q1/R2 portion.

The bulk resistance of the grain’s (R},) is represented by the lower frequency intercept of the
semicircle which represents the grain(C1/R2) with the real axis (Z’). The electrolyte/electrode
interfacial polarization resistance (R.;) or the grain boundaries resistance (Ryp), the total
resistance then becomes the sum of the individual resistances, Ry = R, + R (O Ryp). All
individual resistances, Ry, R.; and Ry, are inversely proportional to temperature, thus as the
temperature increases, the resistances decrease, which indicates a negative temperature
coefficient of resistance. The charge carriers thus observe a decrease in average potential

barrier energies, and/or charge carrier mobility increases are observed.

Observing the Nyquist plot obtained, we observe a semi-circle which has the properties which
are characteristically observed for electrolyte samples as a result of their polycrystallinity.
When an ideal “perfect” semi-circle is obtained as a result, the Cx/Rx circuit (where x indicates
the number of the component) is used to fit the semi-circle. When a non-ideal “depressed”
semi-circle is obtained, a Q = constant phase element (CPE) is introduced to account for the
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non-ideal behaviour of the semi-circle, and thus the Qx/Rx circuit is used to fit the non-ideal

semi-circle.

The use of Q results in the calculation of what is defined as pseudo-capacitance (also referred
to as equivalent capacitance) as compared to capacitance. The circuit fitting of Q/R follows an
equation, which will be defined below, and is used to calculate the C (capacitance) value of the
maximum imaginary component of the Nyquist plot, where C is at an angular frequency (w, =

2nf.). The equation is as follows:

1
1 = 1 —1 C = Ql/aR(a)_l
2n(RQ)Ye  2mRC

Where the variables are as follows, Q = constant phase element, R = resistance, C
capacitance, a = frequency constant (being between 0-1, preferably > 0.5).

The EClab software by BioLogic was used to analyse the impedance plots obtained. The
analysis tool in the software, which was used, is the ZFit tool. ZFit uses the Levenberg-
Marquardt algorithm to fit the function representative of the equivalence circuit model to the
data obtained by the exploitation of a nonlinear least squares regression. When fitting the
experimental data to the function which represents the equivalent circuit model, based on the
equivalence circuit model used, parameters are refined (changed) until the mathematical
function of the circuit model matches that of the experimental data. The y? (chi-squared) value
is a statistical value used to indicate the goodness of fit observed between the experimental
data and the mathematical function represented by the equivalent circuit model used for fitting.
As the x? value is a statistical value, the closer to 0 the value, the better the fit. The equation

below is used to calculate the y2:

N
x* = Z
=1

Zi(f) — Z(f)|°
E

Where the variables are as follows, Z;(f;) = measured impedance at f;, Z(f;) = calculated
impedance at f; , in relation to a given set of parameter values, N = number of points. The x?

values can also be normalised to result in the value being independent of N, and this

normalisation process is expressed as y/vN.
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When observing the equivalence circuit model which is used to fit the EIS spectra (Nyquist
plot) obtained for the analysis in the temperature range of 200-250 °C, it can be observed that
we have C1/R1 + Q1/R1.

For the Nyquist plot (EIS spectral data) observed for 200 °C, when fitting the data to the
equivalence circuit model, we obtain C1 = 23.23x 10712 F, R1 = 41.23x 10° Q, Q1
7.579x 107° F.s% 1 | al = 0.5000, and R2 = 0.4029 x 10° Q. We also obtain y?

0.8093x 105 and y/+/N = 3.642x 10°. We observe a semi-circle followed by a tail.

The Nyquist plot (EIS spectral data) observed for 250 °C also has a semi-circle followed by a
tail, when fitting the data to the equivalence circuit model, we obtain C1 = 20.35x 10712 F,
R1 =4.245x 10° Q, Q1 =31.27x 107? F.s%"1 | al = 0.5518, and R2 = 46.79x 10° Q. We

also obtain y? = 11.76x 102 and y/+/N = 418911. When going from 200 °C to 250 °C, we

observe a drastic decrease in the y? value.
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Figure 8.1.58: The VT-EIS spectra for 12.5Nd10YSB at 300 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.59: The circuit model used to fit the EIS data for 12.5Nd10YSB at 300 °C

To fit semi-infinite diffusion of species through the diffusion layer, the Warburg element (W)
is utilised. The perturbation frequency is a factor on which the oxide diffusion in the electrolyte
is dependant, and this corresponds to the low-frequency region in the EIS spectra, which has a
sloping line. The bulk of the electrolyte to electrode interface represents the area at which the
diffusion occurs, and this is represented by W. The circuit model used to fit the above spectra
is a modification of the Randles circuit model, which involves a Warburg diffusion element

(W) in series with a resistor to describe the charge transfer.

When observing the equivalence circuit model which is used to fit the EIS spectra (Nyquist
plot) obtained for the analysis at 300 °C, we observe a semi-circle, followed by a very depressed
semi-circle and then a tail. The equivalence circuit model used to fit the spectra is as follows,
have C1/R6 + Q1/(R8+W2), where W2 is defined as the Warburg impedance element which is
related to the oxide species mass transfer as a result of diffusion. Q1 is representative of the
depressed capacitance, R8 represents the electrolyte/electrode interfacial polarisation
resistance or the grain boundaries resistance. C1 represents the bulk capacitance, and R6

represents the bulk resistance which is defined as the electrolyte resistance.

For the Nyquist plot (EIS spectral data) observed for 300 °C, when fitting the data to the
equivalence circuit model, we obtain C1 =23.49x 10~ 12 F, R6 =636702 0, Q1 =52.28x 107°

1
F.s%"1 al=0.6251, and R8 = 1.078 x 10° Q, s2 = 1.107x 10° Q.s 2. We also obtain y? =
66.65x 10° and y/vN = 30425.
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Figure 8.1.60: The VT-EIS spectra for 12.5Nd10YSB at 350 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.61: The VT-EIS spectra for 12.5Nd10YSB at 400 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.62: The VT-EIS spectra for 12.5Nd10YSB at 450 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.

157



1) 1)

. Q2 Q4 —
— W
RE R8 W2

Figure 8.1.63: The circuit model used to fit the EIS data for 12.5Nd10YSB within the 350-

450 °C temperature range.

When observing the equivalence circuit model which is used to fit the EIS spectra (Nyquist
plot) obtained for the analysis at 350-450 °C, the equivalence circuit model used to fit the
spectra is as follows, Q2/R6 + Q4/(R8+W2), where W2 is defined as the Warburg impedance
element which is related to the oxide species mass transfer as a result of diffusion. Q4 is
representative of the depressed capacitance, R8 represents the electrolyte/electrode interfacial
polarisation resistance or the grain boundaries resistance. Q2 represents the bulk pseudo-

capacitance, and R6 represents the bulk resistance which is defined as the electrolyte resistance.

For the Nyquist plot (EIS spectral data) observed for 350 °C, we observe a semi-circle, followed
by a very weakly defined depressed semi-circle which combines with the tail. When fitting the
data to the equivalence circuit model, we obtain C2 = 31.36x 10712 F (derived from Q2 =
98.95x 10712 F.s*71), a2 =0.9071, R6 = 135561 0, Q4 =93.90%x 10~° F.s*1  al = 0.6337,

and R8 = 907791 0, s2 = 407500 Q. s 2. We also obtain y? =0.9184x 10° and y/vN = 3759.

The Nyquist plot (EIS spectral data) observed for 400 °C, we observe a semi-circle, followed a
tail. The fitting of the data to the equivalence circuit model, results in the following, C2 =
31.46x 10712 F (derived from Q2 = 0.1377x 107° F.s%"1), a2 = 0.8913 , R6 = 40118 O, Q4

1

=0.6063% 107° F.s*"1 a1 =0.6193, and R8 = 22280 , s2 = 235982 . s 2. We also obtain
x2=0.2124x 10° and y/v/N = 1794.

For 450 °C, the Nyquist plot observed shows a semi-circle followed by a tail. Using the
equivalence circuit model to fit the data, results in the following being obtained, C2 =
31.00x 10712 F (derived from Q2 = 0.1178x 107° F.s%71), a2 =0.9101 , R6 = 11464 Q, Q4
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=13.42x 107° F.s% 1 ' al =0.9962, and R8 = 1989 Q, s2 = 121100 Q.s_%. We also obtain
x?=0.658x 10° and y/+/N = 3158.
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Figure 8.1.64: The VT-EIS spectra for 12.5Nd10YSB at 500 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.65: The circuit model used to fit the EIS data for 12.5Nd10YSB at 500 °C

As the temperature increases to a higher temperature, it is important to note that at this high
temperature, the mobility of the oxide ions is drastically increased. This drastic increase in
oxide ion mobility result in charge carriers at low frequencies being able to move across the
entire sample, reaching the end of the diffusion path prior to that directional switch of the

alternating signal, mainly due to there now being sufficient time for this migration (Bard &

Faulkner, 2001).
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The Warburg semi-infinite diffusion model is no longer applicable due to this increase in
mobility, and thus the Warburg diffusion element of finite length type (W;s) is employed. The
impedance where Wy is employed is only applicable when the diffusion layer has an infinite
thickness, however, this is very often not true, and thus when there is a parameter which results
in the diffusion layer being bound, lower frequency impedances move from obeying the one
formula below, to obeying the next, resulting in the equation which is more general and is

defined as the porous bounded Warburg (Gerischer, 1951).
Zy = 0w % —jow 5 = Zpw = Zo(jwr)" % tan h(jwt) %>

Where the variables are as follows, ¢ = Warburg coefficient (Q.s7%%), Z,, = Warburg
impedance, w = angular (radial) frequency, j = imaginary unit, Z, = impedance approached at

lower frequencies, t = time factor.

For the Nyquist plot (EIS spectral data) observed for 500 °C, we observe a semi-circle, followed
by a tail which curves in such a way that it forms a second semi-circle. This is characteristic of
the bounded diffusion layer and thus we use the finite length Warburg (FLW) element, which
also bases the equation of calculation on the Nernst model approximation which notes that the
variation in concentration of the species present as a result of the electrochemical reactions
which occur, only occur in the diffusion layer and thus not in the bulk (outside the diffusion

layer), with the concentrations within the bulk being constant(Michel & Montella, 2015).

The equivalence circuit model used to fit the spectra is as follows, have Q2/R6 +
Q4/(R8+Ws(Wd1)), where Ws(Wd1) is defined as the finite length Warburg (FLW) impedance
element which is related to the oxide species mass transfer as a result of diffusion (as well as
convection, which is not applicable for our sample as it is solid). Q4 is representative of the
depressed capacitance, R8 represents the electrolyte/electrode interfacial polarisation
resistance or the grain boundaries resistance. Q2 represents the bulk pseudo-capacitance, and

R6 represents the bulk resistance which is defined as the electrolyte resistance.

When fitting the data to the equivalence circuit model, we obtain C2 = 31.37x 10~ 12 F (derived
from Q2 = 94.37x 10712 F.s*"1), a2 = 0.9308 , R6 = 3906 , Q4 = 7.657x 107° F.s*"1  al
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=0.5000, and R8 = 108958 1, Rd1 = 1492 , td1 = 0.05099 s. We also obtain y? =2.366x 10°
and y/v/N = 203.7.

Table 5: Values obtained when the EIS data is fitted using the circuit models described for each

temperature range (T). R,, represents the bulk resistance, g, represents bulk conductivity, a

represents the frequency constant, C,, representing the pseudo capacitance of the bulk, and

0, represents the constant phase element of the bulk.

Sample T R, () oy Cp (F) Q,(F.
(°C) Q@ tem™ s%1)

0.5000

Ndg125Yo 2.3200

-Bi, 04 e e e 12 e ? eld e

(12.5Nd10

YSB) 250 4.245 2.2553 0.5518 20.35 31.27 11.76 41891
o6 o8 o-12 o9 012 1

300 636702 1.5037 0.6251 23.49 52.28  66.65¢° 30425

=7/ —-12

e e e
350 135561 7.0625 0.6337 31.36 93.9 0.9184 3759
o =iz o= 5

400 40118  2.3865 0.6193 31.46 0.6063 0.2124 1794

-6 —12

e e e e
450 11464  8.3513 0.9962 31.00 1342  0.6584 3158
o6 =12 52 52

500 3906 2.4511 0.5000 31.37 7.657  2.366e® 203.7

-5 —-12

e

The bulk electrical conductivity (a;,) first needs to be calculated before the activation energy
(in units of eV) of the conduction process can be determined. The calculation of o;, makes use

of the following equation:

_ 4e
% = md?*R,
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2
Where the variables are defined as follows, R, = bulk resistance, % = area of the sample, e =

sample thickness, d = diameter (but seeing that we have a pellet which is round, d = 2r, where
r = radius), the sample area can thus be calculated by 772 (using mathematical manipulation).
When measuring the data at a maximum frequency of 1 MHz, we still observe the initial semi-
circle which is representative of the bulk impedance at the highest temperature measured. The
conductivity of the electrolyte for both compositions were calculated using the sample
dimensions measured for the pellets, and the bulk resistance determined through the fitting of

the experimental data to the equivalence circuit model.

The activation energy can be calculated using the Arrhenius equation. The equation is defined

as:

E,
7= 0o €XP (_ KbT)

The variables can be described as follows, o, = pre-exponential factor, ¢ = conductivity, K, =
Boltzmann’s constant, T = absolute temperature, and E, = activation energy. The activation

energy, E,, is determined by observing the slope of the plot of In ¢ (as we are observing the
bulk, a;, = bulk conductivity) versus % . lonic conducting ceramics have inherent thermally

activated conductivity mechanisms which give specific behaviour in the Arrhenius plots for
bulk conductivities (Ormerod, 2003). The conductivities of ionic conducting ceramics are
directly proportional to temperature, thus as temperature increases, the conductivities increase,
and as the temperature decreases the conductivities decrease.
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Figure 8.1.66: The Arrhenius plot for 12.5Nd10Y SB within the 200-500 °C temperature range.

Table 6: All the values used for the calculations of the Arrhenius plot parameters for
12.5Nd10YSB

Cycle TEC) | T(K) 1T (K1) 1000/T (K1) Logo
(S.em™)
Heating 200 437.15 0.002113 2.113 -8.634
250 523.15 0.001911 1911 -7.647
300 573.15 0.001744 1.744 -6.823
350 623.15 0.001604 1.604 -6.151
400 673.15 0.001485 1.485 -5.622
450 723.15 0.001382 1.382 -5.078
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500 773.15 0.001293 1.293 -4.611

Cooling 200 437.15 0.002113 2.113 -8.455
250 523.15 0.001911 1.911 -7.487
300 573.15 0.001744 1.744 -6.780
350 623.15 0.001604 1.604 -6.124
400 673.15 0.001485 1.485 -5.525
450 723.15 0.001382 1.382 -5.026
500 773.15 0.001293 1.293 -4.611

Considering the Arrhenius plots obtained from both the heating and cooling cycles for the
12.5Nd10YSB within the 200-500 °C temperature range, it is observed that a linear plot is
obtained for both cycles. This indicates that the sample does not undergo any phase changes or
order to disorder transitions within the temperature range under investigation. The conductivity
measurements and sample behaviour of the 12.5Nd10YSB sample is in agreement with the
conclusions reached through variable temperature Raman spectroscopy. The conductivities
obtained for the 12.5Nd10YSB sample at 200, 300, 400 and 500 °C, were as follows, 200 °C =
2.3200x 1079, 300°C = 1.5037x 1077, 400°C = 2.3865% 107%, and 500°C = 2.4511x 10~°

S.em™1.
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8.1.2 15Nd5Y2.5ThSB:
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Figure 8.1.67: The VT-EIS spectra for 15Nd5Y2.5ThSB between 200-250 °C.
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Figure 8.1.68: The VT-EIS spectra for 15Nd5Y2.5ThSB between 300-350 °C.
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Figure 8.1.69: The VT-EIS spectra for 15Nd5Y2.5ThSB between 400-500 °C.
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Figure 8.1.70: The VT-EIS spectra for 15Nd5Y2.5ThSB at 200 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.71: The VT-EIS spectra for 15Nd5Y2.5TbhSB at 250 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.72: The circuit model used to fit the EIS data for 15Nd5Y2.5ThSB within the 200-
250 °C temperature range.

The equivalence circuit model which is used to fit the EIS spectra (Nyquist plot) obtained for
the analysis in the temperature range of 200-250 °C, it can be observed that we have Q2/R6 +

Q4/RS.

For the Nyquist plot (EIS spectral data) observed for 200 °C, when fitting the data to the
equivalence circuit model, we obtain C2 = 18.80x 10~12 F (derived from Q2 = 30.90x 1012
F.s%1),a2=0.9325, R6 =33.84% 10° 0, Q4 = 16.78x 107° F.s% ! a4 = 0.5000, and R8 =
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0.5896x 10° €. We also obtain y? = 92.60x 102 and y/vN = 1.286x 10°. We observe a

semi-circle followed by a tail.

The Nyquist plot (EIS spectral data) observed for 250 °C also has a semi-circle followed by a
tail, when fitting the data to the equivalence circuit model, we C2 = 19.42x 10712 F (derived
from Q2=40.41x 10712 F.s%71),a2=0.9225,R6 =4.027x 10° Q,Q4=63.17x 107° F.s%"1

, a4 = 0.5543, and R8 = 43.44x 10° (. We also obtain y? = 3.383x 102 and y/+/N = 290808.
We also obtain y? = 0.9184x 10° and y/v/N = 3759.
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Figure 8.1.73: The VT-EIS spectra for 15Nd5Y2.5TbSB at 300 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.74: The VT-EIS spectra for 15Nd5Y2.5TbSB at 350 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.75: The VT-EIS spectra for 15Nd5Y2.5ThSB at 400 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.76: The circuit model used to fit the EIS data for 15Nd5Y2.5TbhSB within the 300-

400 °C temperature range.

When observing the equivalence circuit model which is used to fit the EIS spectra (Nyquist
plot) obtained for the analysis at 300-400 °C, we observe a semi-circle, followed by a very
depressed semi-circle and then a tail. The equivalence circuit model used to fit the spectra is as
follows, have Q2/R6 + Q4/(R8+W?2), where W2 is defined as the Warburg impedance element
which is related to the oxide species mass transfer as a result of diffusion. Q4 is representative
of the depressed capacitance, R8 represents the electrolyte/electrode interfacial polarisation
resistance or the grain boundaries resistance. Q2 represents the bulk pseudo-capacitance, and

R6 represents the bulk resistance which is defined as the electrolyte resistance.

For the Nyquist plot (EIS spectral data) observed for 300 °C, we observe a semi-circle, followed

by a tail. When fitting the data to the equivalence circuit model, we obtain C2 = 20.16x 10~ 12

F (derived from Q2 =52.52x 10712 F.s%1), a2 = 0.9149 , R6 = 643960 Q, Q4 = 20.02x 10~°
1

F.s% 1 al = 0.8809, and R8 = 205242 Q, s2 = 1.012x 10° Q.s 2. We also obtain y? =

7.131x 10° and y/vN = 10994,

The Nyquist plot (EIS spectral data) observed for 350 °C, we observe a semi-circle, followed a
tail. The fitting of the data to the equivalence circuit model, results in the following, C2 =
20.19x 10712 F (derived from Q2 =61.17x 10712 F.s*"1), a2 = 0.9128 , R6 = 149348 (1, Q4

1
=28.31x 107° F.s*"1 al =0.9385, and R8 = 21043 Q, s2 = 288626 Q.s 2. We also obtain
x2=0.3775x 10° and y/v/N = 2596.

For 400 °C, the Nyquist plot observed shows a semi-circle followed by a tail. Using the

equivalence circuit model to fit the data, results in the following being obtained, C2 =
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20.31x 10712 F (derived from Q2 = 59.70x 10~12 F.s?1), a2 = 0.9231 , R6 = 40033 (, Q4

1

=2.146x 107 ° F.s* 1 al =0.5572, and R8 = 40959 Q, s2 = 263859 Q.s z. We also obtain
x2=0.1094% 10° and y/+/N = 1385.
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Figure 8.1.77: The VT-EIS spectra for 15Nd5Y2.5TbSB at 450 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.78: The VT-EIS spectra for 15Nd5Y2.5TbSB at 500 °C indicating the calculated

spectra after fitting the data to a circuit model, where * indicates the calculated spectra.
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Figure 8.1.79: The circuit model used to fit the EIS data for 15Nd5Y2.5ThSB within the 450-

500 °C temperature range.

The equivalence circuit model which is used to fit the EIS spectra (Nyquist plot) obtained for
the analysis in the temperature range of 400-500 °C, it can be observed that we have Q2/R6 +
Q4/R8. The observed spectra indicate a semi-circle followed by a tail that largely starts forming
a second semi-circle. The Warburg element does not fit the experimental data for the diffusion

of the oxide ions at this high temperature.
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For the Nyquist plot (EIS spectral data) observed for 200 °C, when fitting the data to the
equivalence circuit model, we obtain C2 = 20.46x 10~'2 F (derived from Q2 =57.76x 1012
F.s?1), a2 =0.9314 , R6 = 13182 Q, C4 = 7.059x 10~¢ F (derived from Q4 = 6.249% 10

F.s%"1), a4 = 0.5000, and R8 = 407163 .. We also obtain y2 = 14.70x 10° and y/vN = 471.9.

The Nyquist plot (EIS spectral data) observed for 500 °C , using the equivalence circuit model
to fit the data, results in the following being obtained, C2 =20.51x 10~12 F (derived from Q2
=45.72x 10712 F.s%71), a2 = 0.9503 , R6 = 4833 Q, C4 = 7.059% 10~ F (derived from Q4
= 8.677x 107° F.s%71), a4 = 0.5002, and R8 = 93743 . We also obtain y? = 3.383x 102

and y/+/N = 290808. We also obtain y% = 4.457x 10° and y/v/N = 257.9.

Table 7: The values obtained when the EIS data is fitted using the circuit models described for

each temperature range (T). R, represents the bulk resistance, g, represents bulk conductivity,

a represents the frequency constant, C,, representing the pseudo capacitance of the bulk, and

0, represents the constant phase element of the bulk.

Sample Cp, (NF) Q(F.

Sa—l)

Nd0_15Y0.05T 200 3.10003_9 16.783_9

-Bi, 03 e 5 0e~12 el? e®
(NG ZEIN 250 4.027 2.6074e 8 0.922 19.42 63.17e7° 3.383 29080
ThSB) e® 5 e~ 12 el? 8
300 64396 1.6305e~7 0.914 20.16 20.02¢7° 7.131 10994
0 9 e 12 e’
350 14934 7.0304e~7 0.938 20.19 28.31e™° 0.3775 2596
8 5 e 12 e’
400 40033 2.6228e~° 0.923 20.31 2.146e7% 0.1094 1385
1 o—12 9
450 13182 7.9562¢7° 0.931 20.46 15.90e~% 14.70 471.9
4 o—12 06
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Figure 8.1.80: The Arrhenius plot for 12.5Nd10Y SB within the 200-500 °C temperature range.
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Figure 8.1.81: The Arrhenius plot for 15Nd5Y2.5TbSB within the 200-500 °C temperature

range.

Table 8: All the values used for the calculations of the Arrhenius plot parameters for
15Nd5Y2.5ThSB

Cycle | T(C) T(K) | 1T (K1) 1000/T (K~1) Logo (S.cm™)

Heating = 200 437.15 0.002113 2.113 -8.508
250 523.15 1 0.001911 1.911 -7.584
300 573.15 0.001744 1.744 -6.788
350 623.15  0.001604 | 1.604 -6.153
400 673.15 0.001485 @ 1.485 -5.581
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450 723.15 1 0.001382 | 1.382 -5.100

500 773.15 0.001293 | 1.293 -4.663
Cooling | 200 437.15  0.002113 | 2.113 -8.402
250 523.15 0.001911 1.911 -7.500
300 573.15  0.001744 | 1.744 -6.723
350 623.15 0.001604 @ 1.604 -6.087
400 673.15  0.001485 | 1.485 -5.530
450 723.15 0.001382 1.382 -5.055
500 773.15 1 0.001293 | 1.293 -4.663

The Arrhenius plots obtained from both the heating and cooling cycles for the
15Nd5Y2.5TbSB within the 200-500 °C temperature range, indicates a linear plot being
obtained for both cycles. This indicates that the sample does not undergo and phase changes or
order to disorder transitions within the temperature range under investigation. The conductivity
measurements and sample behaviour of the 15Nd5Y2.5TbSB sample is in agreement with the
conclusions reached through variable temperature Raman spectroscopy. The conductivities
obtained for the 15Nd5Y2.5TbSB sample at 200, 300, 400 and 500 °C, were as follows, 200 °C
=3.1000x 102,300 °C = 1.6305% 1077, 400 °C = 2.6228x 10~°, and 500 °C = 2.1725x 107>

S.em™L,

In the study done by Jolley et al. in Optimizing rhombohedral Bi>-O3 conductivity for low
temperature SOFC electrolytes, the composition La5.1Y 1.4 exhibited the highest conductivity,
3x 1072 S.cm™1 at 500 °C (Jolley et al., 2019). However, upon the observation of the XRD
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diffractogram obtained, we observe slight peaks which indicate phase impurities. We also
observe parasitic inductance when observing the Nyquist plots obtained for the samples tested
using the EIS technique, and hence the conductivity value obtained is inaccurate as the relevant
compensation for open circuit and short circuit impedance first needs to be done in order to
eliminate the impact of the parasitic inductance on the experimental data. For the compositions
investigated, for the 12.5Nd10YSB sample at 500°C, the conductivity obtained is
2.4511x 1075 S.em™%, and for the 15Nd5Y2.5ThSB sample at 500 °C, the conductivity
obtained is 2.1725x 10~> S.cm™!. Although the two conductivity values obtained are much
lower as compared to that obtained in the study by Jolley et al. (Jolley et al., 2019), the Nyquist
plots obtained are absent of any parasitic inductance, and also indicate the presence of the bulk
semi-circle present throughout the investigated temperature range and thus are a better

representation of the ionic conductivity of the pure phase rhombohedral Bi,05.

The increase in temperature results in an increase in the 0%~ ions mobility (these 02~ ions can
either be interstitial or any other defect type, depending on the crystallographic arrangement of
the ions in the lattice). The thermal vibration energy ions are directly proportional to the
temperature, and thus as the temperature increases, the thermal vibrational energy increases,
and this results in the oxygen ionic mobility increasing. Theoretically, the oxide anionic
conductivity is defined as indicated below (Gil et al., 2006) :

op = 2neu

The variables are as defined, e = elementary electric charge, n = carrier density, and u = oxide
ion mobility. The number of charge carriers and the mobility impacts the bulk conductivity, in
such away as to improve it. The 0%~ anions thermal energy at low temperatures is not sufficient
enough for the oxygen to hop to the nearest neighbouring vacancy in the structure by means of
the oxygen hopping model, even though there are interstitial 02~ vacancies present within the
crystal structure. At lower temperatures the total random 02~ vacancy distribution is very low,

due to the ordered structure of the 02~ vacancy sublattice (Ozlu Torun et al., 2015).

In the rhombohedral Bi,05 structure, we observe an inverse stacking of the cells, and thus
ordered but also random oxygen vacancies, and oxygen hopping pathways. At elevated

temperature conditions, the thermal vibrations for charge carriers have the ability to briefly aid
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the oxygen hopping model process, through two mechanisms, namely, the extension of the
hopping conduction pathways which occur throughout the crystal lattice, or through the process
of shortening the distances through which the oxygen ions need to hop to the nearest neighbour
vacancy point.

The dopant concentration mol % is inversely proportional to conductivity and polarizability.
The conductivity decreases as a result of the increased dopant concentration mol %, this is due
to the stronger dopant ion and 0%~ ion associations which result in stronger bonding, reducing
the 0%~ ion mobility. The dopant ion Shannon ionic radius also has an impact on the
conductivity (Takahashi et al., 1975).

Most oxide ion conductors’ ionic conductivity, thus in principle is directly proportional to the
concentration of oxygen vacancies. The ionic conductivity is influenced by various other
factors, namely, properties related to microstructure and the crystallography of the samples,

namely, grain sizes and porosities (Takahashi et al., 1975).

The Arrhenius plot obtained from plotting log (a3,) against% is used to calculate E, (eV), is

calculated as follows (Whittingham, 1989):

—slope XxIn10 X R

E =
@~ (1.602177 X 10-19 J.eV-1).N,

Table 9: Electrical parameters derived for the sample compositions under investigation within

the 200-500°C for both the heating and cooling cycles obtained from the Arrhenius plot by from

1000

plotting log (o;,)_against —

Samples Cycles E, (eV)
Ndg125Y010-Bi; 03 Heating 1.7400
(12.5Nd10YSB) Cooling 1.8111
Ndy15Y005Thgo25-Bi, 05 Heating 1.8439
(15Nd5Y2.5TbSB) Cooling 1.8529
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The activation energies for the samples are presented in the table above. It is observed that
there are differences in the heating and cooling cycle values, the differences are however not
that great. This indicates that the relaxation which occurs at the cooling cycle due to relaxation
is non-Debye in nature. The 12.5Nd10YSB sample indicates the greatest change in activation

energies, and this is also expected as this sample is the one with the greatest conductivity value.

Total activation energy for the ionic conductivity can theoretically be represented as follows
(Walker, 1967):

E,=E,+ E;

The variables can be defined as follows, E; = metal-oxygen ionic bond breaking energy, E,,, =
interstitial 02~ migration activation energy (oxygen hopping responsible for hopping of 02~
to appropriate 02~ lattice vacancies). The oxygen-binding energy, as well as the 0%~ anion
migration pathways are crucial in the determination of the activation energy. The activation
energy determination is thus defined by two major factors, namely, it being a representation of
the energy which results due to the mobility of 02~ ions between empty 02~ lattice points and
the filled interstitial points, as well as being defined as the energy which is required to break a
cation-oxygen bond within a lattice (Walker, 1967).
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Chapter 9:

Discussion and Conclusion

Understanding the potential that the rhombohedral phase unlocks as an electrolyte for low and
intermediate temperature SOFC operations, revolves around understanding the rhombohedral
phase bismuthates. Throughout this study, a variety of bismuthate samples were synthesised
using the sol-gel synthesis method. These samples were then investigated using a number of
complementary sample analysis techniques, namely, powder X-ray diffraction, variable
temperature Raman spectroscopy, simultaneous thermal analysis, as well as variable
temperature electrochemical impedance spectroscopy. The use of these analysis techniques
results in the understanding of the properties of the mixed phase and pure phase rhombohedral
bismuthate samples synthesised. A total of 19 samples were synthesised, each yielding a variety
of sample compositions, revealed through the characterisation using the abovementioned
techniques. The number of publications which study the rhombohedral phase bismuthates are
low, and this study finds the investigations and conclusions by these publications inconsistent,

where these inconsistencies are shown by the characterisation of the samples synthesised.

The Rietveld refinement techniques was used to interpret the XRD experimental data obtained.
The refinement of the various experimental diffraction patterns obtained indicated several pure
phase and mixed phase samples, each with their own defining characteristics in the difference

diffractogram patterns.

The refinement of the XRD structure model for the 15Nd5YSB sample resulted in a phase pure
rhombohedral structural model fitting the refinement. The difference diffractogram indicated
peak intensity mismatches which could be as a result of the low count-time of the experimental
data. The overfitting and underfitting of peaks within the diffractograms resulting in the
observed mismatch can also be attributed to preferred orientation of the sample as a result of
sample packing, as well as sample preparation. The zero-background holder used also
attributed to this.
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The 10YSB sample yields a refinement of a structure model which indicates a phase pure cubic
sample. From previous experimental studies done in the laboratory, it should be noted that this
composition is not fully cubic, and in order for this to be correlated with the previous sample
analysis data, higher resolution XRD would need to be done on the sample. The laboratory
XRD data, however, does reveal peak asymmetry and slight peak intensity mismatches, which
can be attributed to the presence of a secondary phase in low quantity that cannot be accounted

for within the refinement.

10Nd12.5YSB yields a refinement which contains a mixed phase structural model with a major
rhombohedral phase, and a minor cubic phase. The cubic phase presence is accounted for by
the observation of slight peak asymmetry in the diffractograms. The 10NdSB sample also
indicates slight peak asymmetry in its refinement, and this is as a result of the sample having a
mixture of phases, with a major rhombohedral phase, and a minor monoclinic phase. The cubic

and monoclinic phases are stable phases, and thus have a great impact on the samples.

A triple phase structural model Rietveld refinement is obtained for the 8.5NdSB sample, which
has a major rhombohedral phase composition, with the two minor phases being the metastable
tetragonal phase, and the stable cubic phase. The refined structural model indicates slight peak
asymmetry as well as slight peak broadening, which is as a result of slight peak overlap between
some of the peaks in the major phase and that in the minor tetragonal phase. The
10Nd10YSBsample also yields a triple phase refinement, with a major rhombohedral phase
composition, and the two minor phases being the metastable tetragonal phase, and the stable
monoclinic phase. As with the 8.5NdSB sample, the refinement shows slight peak broadening
and peak asymmetry, as a result of the overlap between some of the peaks of the major

rhombohedral phase and that in the minor tetragonal phase.

This study focused on the use of co-doping to synthesis the rhombohedral phase of Bi,05. Both
double-doping and triple-doping was used to stabilize bismuth oxides. These double-doped and
triple-doped Bi,0; samples were synthesised and investigated through the use of various
comparative materials characterisation techniques. Three different total dopant mol %
concentration ranges were investigated, with the low dopant mol % range, 8.5-10 mol %

indicating that the rhombohedral phase was in fact not stabilised as reported by (Jolley et al.,
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2019). The higher dopant mol % ranges (20-22.5 mol %) samples, indicates that the
rhombohedral phase of Bi,05 is stabilised at these high dopant mol % ranges, for both the
double-doped and triple-doped samples as per conclusion of the XRD analysis technigque using
the Rietveld refinement technique. The triple-doped samples however indicated the
introduction of a very low cubic phase % as a secondary phase for the 15Nd5Y2.5ScSB sample,
with the secondary cubic phase being observed in the Rietveld refinement of the sample XRD

diffractogram, as well as the deviation observed in the VT-Raman spectroscopy studies.

The STA analysis indicated the same behaviour for all samples in both the DTA and the TGA.
The DTA scans obtained all indicate an endothermic maximum being observed within the 720-
750°C temperature range for all the samples, which could either be due to an order-disorder
transition occurring, or the possible short lived phase transition from the rhombohedral to cubic
&-phase, and back to the rhombohedral phase. The TGA scans obtained all indicate less the
1.0% weight loss observed across the 30-800°C temperature range, with the 15Nd5Y2.5ScSB

sample having defined weight loss intervals.

Variable temperature (VT)- Raman spectroscopy indicates the same behaviour across all
samples, besides the 15Nd5Y2.5ScSB sample as described above which contains a very low
(almost negligible) cubic phase %, which has a distinctive spot which exhibits different Raman
shift behaviour as compared to all other samples. The VT-Raman spectroscopy spectra indicate
a distinctive signature Raman peak at ~250cm ™1, which can be concluded to be the Raman
peak which is indicative of the rhombohedral Bi,0s, this peak also appears in the low cubic

phase % sample after the cooling back to room temperature.

The Arrhenius plot obtained for both the samples investigated using VT-EIS indicated no phase
changes, as well as no order to disorder transitions, as only one linear region is observed.
Between the two samples, the 12.5Nd10YSB sample at showed the greatest conductivity at
500°C. No VT-XRD was done, and hence no coefficient of thermal expansion (CTE) could be
determined, and thus no indication could be made on whether there is a change in oxygen
sublattice through the use of VT-XRD. However, with EIS being more sensitive as compared

to VT-XRD, and no phase changes were observed in the samples analysed.
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The xPDF results also indicated that for the samples investigated, there was no substantive

difference in the average and local structural models, indicating that they behave the same.

The combination of all the information obtained from the various comparative and
complementary analysis techniques indicates that the samples analysed and characterised
subsequently using XRD (both laboratory and synchrotron), STA analysis, VT-Raman
spectroscopy, as well as VT-EIS indicates the phase purity and phase stability of the
rhombohedral phase Bi,05, which is not only maintained at room temperature but across the

temperature ranges investigated.

There is future work required to further investigate the properties of the phase pure

rhombohedral samples, these include but are not limited to:

o Variable temperature powder diffraction measurement, both laboratory and high-
resolution synchrotron experiments, to result in the better understanding and resolution
of the phase content present in the samples. This will enable better evidence for
understanding of phase pure material. This will also provide us with better resolutioned
data to try and resolve peak intensity mismatches and overestimating and
underestimating of the calculated and raw data in the refinements.

o Big box modelling of xPDF experimental data, as well as gathering some EXAFS data
can be used to enable a more conclusive understanding of the sample behaviours at both
the average and local structures.

o Variable temperature EIS can be done on more phase pure rhombohedral and mixed
phase samples, to answer the question as to whether the phase pure samples are more

conductive as compared to the mixed phase samples.
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Supplementary Information

X-ray diffraction

Laboratory experimental data analysis:

5.1.7 8.5 —10 mol % dopant concentration:

—— 10NdSB

— 10YSB

—— 5Nd5YSB
8.5NdSB

Intensity (a.u.)

T T T T
20 40 60 80 100 120
26 (A=1.78897A)

Figure 5.1.82:The XRD patterns obtained for all samples within the 8.5 — 10 mol % dopant
concentration range using the D2 phaser.

The above figure, figure 5.1.86 shows the XRD patterns obtained for both single doped
samples, as well as a double doped sample using the laboratory X-ray diffractometer, the D2
phaser. From the diffractogram obtained, it is observed that the two single doped samples with
Nd as the dopant, namely 8.5NdSB, as well as 10NdSB both indicated a mixture of phases with
the samples, contrary to what was obtained by the study conducted by Jolley et al. (Jolley et
al., 2019). The 8.5NdSB sample co-existed as a majorly rhombohedral sample, with the
presence of minor phases, namely the tetragonal and cubic phases. The 10NdSB sample co-
existed as a majorly rhombohedral sample, with the presence of a minor phase, namely the
monoclinic phase. The 10YSB sample was also studied and yielded a purely cubic sample. A
double doped sample, the 5SNd5YSB sample was also studied and was found to co-existed as a

majorly rhombohedral sample, with the presence of a monoclinic minor phase.
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5.1.8 20 mol % dopant concentration:

—— 10Nd10YSB
—— 15Nd5YSB (1)
—— 5Nd15YSB
15Nd5YSB(3)
—— 15Nd5YSB(4)

Intensity (a.u.)

T
| —
20 40 60 80 100 120

26 (A=1.78897A)

Figure 5.1.83:The XRD patterns obtained for all samples within the 20 mol % dopant

concentration range using the D2 phaser.

Figure 5.1.87 shows the XRD patterns obtained for double doped sample using the laboratory
X-ray diffractometer, the D2 phaser. From the diffractogram obtained, it is observed that the
10Nd10YSB sample co-existed as a majorly rhombohedral sample, with the presence of minor
phases, namely the monoclinic and tetragonal phases. All 15Nd5Y SB samples existed as pure
rhombohedral phase samples, with the labels (1), (3) & (4) different samples synthesised with

the same composition just at different times.

5.1.9 17.5 mol% dopant concentration:

—— 10Nd7.5YSB

Intensity (a.u.)

N

T T T T
20 40 60 80 100 120
26 (A=1.78897A)

Figure 5.1.84: The XRD patterns obtained for all samples within the 17.5 mol % dopant

concentration range for the double-doped samples using the D2 phaser.
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Figure 5.1.88 above is representative of the XRD pattern obtained for a double doped sample
using the laboratory X-ray diffractometer, the D2 phaser. The diffractogram obtained, indicates

that the 10Nd7.5YSB sample existed as a pure rhombohedral phase sample.

5.1.10 22.5 mol % dopant concentration (double-doped):

—— Nd0.10Y0.125-Bi203
—— Nd0.175Y0.05-Bi203
—— Nd0.15Y0.075-Bi203

Intensity (a.u.)

L

T T T T
40 60 80 100 120
26 (A=1.78897A)

2

Figure 5.1.85: The XRD patterns obtained for all samples within the 22.5 mol % dopant

concentration range for the double-doped samples using the D2 phaser.

Figure 5.1.89 shows the XRD patterns obtained for double doped sample using the laboratory
X-ray diffractometer, the D2 phaser. From the diffractogram obtained, it is observed that the
10Nd12.5YSB sample co-existed as a majorly rhombohedral sample, with the presence of a
cubic minor phase. The 17.5Nd5YSB, and 15Nd7.5YSB samples existed as a pure

rhombohedral phase samples.
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5.1.11 22.5 mol % dopant concentration (triple-doped):

—— 15Nd5Y2.5TbSB
—— 15Nd5Y2.55mSB
—— 15Nd5Y2.55cSB

Intensity (a.u.)

T T T T
20 40 60 80 100 120
26 (A=1.78897A)

Figure 5.1.86: The XRD patterns obtained for all samples within the 22.5 mol % dopant

concentration range for the triple-doped samples using the D2 phaser.

The above figure, figure 5.1.90 shows the XRD patterns obtained for the triple doped samples
sample using the laboratory X-ray diffractometer, the D2 phaser. The diffractogram obtained,
indicates that the two triple doped samples are phase pure, with one of the triple doped samples
indicating a mixture of phases. The 15Nd5Y2.5ThSB, and 15Nd5Y2.5SmSB samples existed
as a pure rhombohedral phase samples. However, the 15Nd5Y2.5ScSB sample co-existed as a

majorly rhombohedral sample, with the presence of a cubic minor phase.

5.1.12 Aged samples (various dopant concentrations):

—— 15Nd5YSB (1)
—— 15Nd5YSB (aged)
—— 10NdSB

10NdSB (aged)
—— 10YSB

10YSB (aged)

Intensity (a.u.)

T T T T
20 40 60 80 100 120
26 (A=1.78897A)

Figure 5.1.87: The XRD patterns obtained for aged samples within various dopant

concentration ranges using the D2 phaser.
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Figure 5.1.91 shows the XRD patterns obtained for both single doped samples, as well as a
double doped sample aged over a period of 8 months using the laboratory X-ray diffractometer,
the D2 phaser. From the diffractogram obtained, it is observed that for the two single doped
samples, namely 10NdSB, as well as 10YSB during the aging process do not change drastically
with the L0NdSB sample still co-existing as a majorly rhombohedral sample, with the presence
of a minor phase, namely the monoclinic phase. The 10YSB, however, upon the aging process
starts indicating the presence of a secondary phase, thus moving from initially co-existing as a
phase pure cubic sample, to now having a dibismuth carbonate dioxide (Imm2) minor phase.
The 15Nd5YSB sample existed as pure rhombohedral phase sample even after aging, and thus

indicates phase stability.

D9 Advance diffractometer data analysis:

5.2.1 20 mol % dopant concentration:

—— 10Nd10YSB(1)
—— 15Nd10YSB(1)
—— 10Nd10YSB(2)

15Nd10YSB(2)

Intensity {a.u.)

PO

T T T T T T
10 20 30 40 50 60 70
26 (A=0.70932A)

Figure 5.1.88: The XRD patterns obtained for all samples within the 20 mol % dopant

concentration range using the D9 advance.

The above figure, figure 5.1.92 shows the XRD patterns obtained for a double doped samples
using the laboratory X-ray diffractometer, the D9 advance, which uses a molybdenum cathode
ray tube which allows for better resolution for the data obtained due to the lower wavelength
of the molybdenum. From the diffractogram obtained, the 10Nd10YSB samples co-existed as
a majorly rhombohedral sample, with the presence of minor phases, namely the monoclinic
and tetragonal phases. The 15Nd5YSB samples existed as pure rhombohedral phase samples.
The (1) and (2) labels indicate that the samples were synthesised at different times.
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5.2.2 22.5 mol % dopant concentration:

—— 12.5Nd10YSB

Intensity (a.u.)

T T T T T T
10 20 30 40 50 60 70
26 (A=0.709324)

Figure 5.1.89: The XRD patterns obtained for all samples within the 22.5 mol % dopant

concentration range using the D9 advance.

Figure 5.1.93 shows the XRD patterns obtained for a double doped samples using the
laboratory X-ray diffractometer, the D9 advance. The diffractogram indicates that the

12.5Nd10YSB samples existed as a phase pure rhombohedral sample.
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