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Abstract

This dissertation focuses on the comprehensive characterization of two sample sets
of LaxHf1.xP207, denoted as Group 1 and 2, synthesised through two variations of
the sol-gel method, shedding light on their structural and functional characteristics.
Employing a range of characterisation techniques such as Powder X-ray
Diffraction (PXRD), *'P Magic Angle Spinning Solid-State Nuclear Magnetic
Resonance (*'P MAS ssNMR) spectroscopy, Pair Distribution Function (PDF),
Fourier Transform Infrared (FTIR) Spectroscopy, Transmission Electron
Microscopy (TEM), Simultaneous Thermal Analysis (STA), and Potentiometric
Electrochemical Impedance Spectroscopy (PEIS), this study achieved a thorough

understanding of the materials' composition, structure, and physical properties.

The PXRD analysis suggested that the materials from Group 1 were amorphous,
contrasting with the crystalline behaviour of Group 2's materials. A pre-existing
structure model of HfP207 was fitted to Group 2's PXRD data using the Rietveld
refinement method with satisfactory fits, confirming the composition and structure
of the materials, as well as emphasizing their crystalline nature. The >'P MAS
ssSNMR analysis revealed distinct phosphorous signals for both groups, elucidating

their differing phosphorous environments.

PDF data provided insights into short-range order for Group 1 and refined
structural models for Group 2, enabling qualitative comparisons between the two
groups. FTIR spectra confirmed the presence of pyrophosphate functional groups
in both groups. TEM images substantiated the amorphous and crystalline nature of
Group 1 and Group 2 materials, respectively, with dominant particle sizes in the

20-30 nm range.

STA data highlighted excellent thermal stability in both groups, crucial for high-
temperature applications. PEIS data indicated enhanced ionic conductivity upon

La*" doping, albeit lacking a clear trend with varying dopant concentrations.
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Additionally, distinct synthetic procedures for Group 1 and Group 2 resulted in
materials with different morphologies. Group 1's method led to amorphous
materials, attributed to solvent elimination before calcination, while Group 2's

approach yielded crystalline materials due to evaporation in air before calcination.

These findings underscore the impact of subtle synthetic variations on material
properties, emphasizing the need for precise control in synthesis parameters.
Overall, this research provides valuable insights into LaxHf1.xP,O7 materials for
energy applications, paving the way for further advancements in metal

pyrophosphates and materials science as a whole.
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Chapter 1: Introduction

1.1 Preface

The increasing energy needs of a growing global population is accelerating climate
change and causing other environmental problems. Accordingly, there has been an
increasing amount of effort focusing on finding solutions to these challenges.
Commensurately, there has been an increase drive to move towards
environmentally friendly and sustainable energy storage and energy conversion
devices. These include extensive research efforts in the development of
supercapacitors, fuel cells, and solid-state batteries all of which have been of great

interest in recent years [1].

1.2 Ceramics

Advanced ceramics are crystalline materials of inorganic nature, distinguished by
their strictly controlled composition and microstructure [2]. Advanced ceramics
offer properties such as high thermal stability, low density, wear resistance, and
promising conductive properties, which are highly desirable in energy devices [3].
A few examples of advanced ceramic materials include metal oxides such as
zirconia (ZrOy) [4] and alumina (Al>O3) [5], silicon nitride (Si3N4) [6], and metal
pyrophosphates such as zirconium pyrophosphate (ZrP.O7) [7], titanium
pyrophosphate (TiP>O7) [8], and sodium acid pyrophosphate (Na,H>P>07) [9], to
name a few. Pyrophosphates have shown the potential for many applications,

including catalysis, materials science, and materials engineering [10].

1.3 Overview of Pyrophosphates

Ceramics that contain the pyrophosphate ion (P,O7;*) have been studied
extensively due to their physical properties. These properties include high thermal
stability up to 400 °C as previously recorded [11] and high ionic conductivities,
from 10— 107! S.cm™! in a humidified atmosphere in 100 — 300 °C range [12].



Due to its structure and chemical stability, PO7* features in several different
classes of compounds. P,O7* is comprised of two phosphate groups bound together
by an oxygen atom, forming a P-O-P link [13]. They can be produced via the
hydrolysis of phosphoric acid [14] or biologically by hydrolysing adenosine
triphosphate (ATP) into adenosine monophosphate (AMP) [15]. These compounds
play a vital role in the world of biochemistry and molecular biology, participating
in a broad array of biochemical reactions. Beyond biological applications,
materials that contain the pyrophosphate anion have been reported to have
extensive uses across various scientific and engineering domains. For example,
P>O7* containing materials play an essential role in dental care products, where
they prevent plaque formation [16], and in the food industry, pyrophosphates serve
as preservatives, emulsifiers, and leavening agents [17], [18]. Their effectiveness
in controlling water hardness and preventing scaling has also made them essential
water treatment agents [19]. A large class of pyrophosphates known as metal
pyrophosphates have also been studied extensively. Owing to their structure, metal

pyrophosphates show potential for the use as ionic conductors [1].

1.4 Metal Pyrophosphates

Metal Pyrophosphates have the general formulae of M'"P,0O; M"P,07,
M'M"P,07, MLM"P,07 and M'4P,07 [20]. A few examples of pyrophosphates
include nickel pyrophosphate (Ni2P207), nickel cobalt pyrophosphate (NiCoP207),
titanium pyrophosphate (TiP.O7), which adopts two polymorphs, a low
temperature (LT-TiP2O7) phase and high temperature (HT-TiP.O7) titanium
pyrophosphate phase [20]. More examples are listed in Table 1.1.

Ni2P>0O7 and TiP>O7 have been studied for their unique properties and applications
in various fields. NioP>O7 was investigated for its electrocatalytic activity [21] and
morphology variations [22], which are crucial for applications in supercapacitors
and electrochemical energy storage. On the other hand, titanium pyrophosphate
has garnered attention due to its exceptional proton conductivity properties [23],

making it a promising material for proton conductors and electrolytes in fuel



cells. These studies therefore aimed to explore their potential in enhancing energy

storage technologies and advancing proton conductivity applications.

Table 1.1: Examples of several pyrophosphates listed alongside their structural parameters.

Crystal Unit cell parameters (A) Space
MP:0; B

System a b c Group

NiH:P.07 [24] Monoclinic 9.09600  12.59300 9.59990 106.47 P2y/c
TiP207 [25] Cubic 7.88042  7.88042 7.88042 90 Pa3
ZrP207 [26] Cubic 8.24740  8.24740 8.24740 90 Pa3
SnP207 [27] Cubic 8.25000  8.25000 8.25000 90 Pa3
HfP.07 [28] Orthorhombic ~ 24.652 24.6296 24.651 90 Pbca
HfP.07 [29] _
Cubic 90 Pa3

Tetravalent metal pyrophosphates (M!VP,07,) tend to crystallize with cubic
symmetry while metal acid pyrophosphates such as NiH2P20O7 crystallize with
monoclinic crystal symmetry [24]. With respect to the tetravalent metal
pyrophosphates, the structure is comprised of corner shared oxygen atoms that

form phosphate tetrahedra and metal octahedra (Figure 1.1).



Figure 1.1: Unit cell crystal structure of TiP,O7 (Ti = blue, P = lilac, O =red, Ti
tetrahedra = blue) (CIF file from [30] was opened and captured using the VESTA

program)

Metal pyrophosphates exhibit diverse framework architectures, largely influenced
by the metal ions involved and the conditions under which they are synthesised.
These frameworks can be classified into several types: layered, chain, 3D, and
mixed anion structures. Layered structures are characterised by two-dimensional
sheets of metal ions connected by pyrophosphate groups, which is observed in
compounds such as zinc or iron pyrophosphates [31]. Chain structures consist of
one-dimensional chains where metal cations are linked by pyrophosphate groups,
typical in calcium or strontium pyrophosphates. Three-dimensional frameworks
are fully interconnected networks that may exhibit porosity, as seen in certain
zeolite-like structures [32]. Additionally, mixed anion structures incorporate other

anions, such as hydroxides, adding complexity to the overall framework.

These frameworks can also be classified based on the geometry of the metal
centres. Tetrahedral frameworks involve metal centres in a tetrahedral
arrangement, where the pyrophosphate groups bridge the metal ions [33].

Octahedral frameworks feature metal centres in an octahedral coordination,



connected through pyrophosphate units [34]. Chain-like frameworks describe
linear or zigzag chains of metal ions connected by pyrophosphate units, while
layered frameworks involve stacked layers of metal ions and pyrophosphate groups
held together by weak interactions [35]. These various structures are crucial for

applications in catalysis and the development of functional materials [33].

These pyrophosphates have been found to exhibit desirable physical properties;
TiP207 has shown to exhibit active redox behaviour [36], ZrP>O7 exhibits high
thermal and chemical stability and has also been shown proton conductivity [37].
SnP>07 has been studied for its use as a catalyst in organic synthesis [38]. HfP.O7

has been studied for its UV luminescence properties [39].

1.5 The Role of Dopants in Metal Pyrophosphates

The addition of dopants to metal pyrophosphates have been shown to improve its
electrochemical [10], thermal [40], and optical [15] properties [41]. Doping has
been widely used in semi-conductor materials [42], [43], [44], [45]. The purpose
of doping is to introduce a small quantity of a foreign substance to an existing
material [46] in the hopes of altering its chemical and physical properties [45]. For
semi-conducting materials, the dopant element is often similar in size to the
element being displaced but contains either more or less electrons (Figure 1.2) [47].
This introduces the potential for an increase in charge carriers or holes in the

material (Figure 1.2), which could potentially improve its ionic conductivity [48].



Figure 1.2: Example of a material that was first doped with a dopant carrying one more
electron than the original element, and the second with a dopant carrying one less
electron than the original element [47].

Metal pyrophosphates have been doped with cations of reduced valency to
potentially improve their ionic conductivity by increasing the number of electron

holes making more sites available for proton ‘hopping’ [49], [50] — (Figure 1.3)

Figure 1.3: Unit cell of a cubic metal pyrophosphate (space group: Pa3) demonstrating
the proton 'hopping' mechanism — produced in VESTA, adapted from [44].

While proton conduction can occur in metal pyrophosphates, this is not the only
mechanism by which ionic conduction occurs in metal pyrophosphates. Ionic
conduction, briefly mentioned earlier, can occur via the migration of metal ions
through the material, which is facilitated by the electrostatic forces present in the

material [51]. The electrostatic forces allow for the movement of the metal ions



through the lattice, giving rise to cationic vacancy defects that result in additional
movement of metal ions through the lattice [51]. This movement of metal ions, and
therefore charge, results in a net ionic flow of ions which results in a net ionic
conductivity.

Overall, this study showed no improvement of proton conductivity was achieved
by this method of doping, however, ionic conductivity did improve overall due to
the introduction of interstitial defects from the addition of lower valence cationic

dopants.

1.6 Synthesis and Characterisation of Doped and Undoped Metal
Pyrophosphates

Numerous synthetic methods have been explored in the synthesis of metal
pyrophosphates, including microwave-assisted solid-state method [52], sol-gel
method [53], [54], and the co-precipitation method [55], [56]. The next section
contains a brief description of these synthesis methods as they are applied to metal

pyrophosphates based on an analysis of published literature.

Microwave-assisted solid-state method

The microwave-assisted solid-state method was used for the synthesis of Pb2P>O7.
This synthetic route is highly desirable due to its quick synthesis time of just 10
minutes [52], compared to, for example, the sol-gel method which often requires
many hours of calcination time in the furnace, as stated under the Sol-gel method
section ahead. Microwave-assisted synthesis works by penetrating the material,
generating heat directly through material-microwave interaction. This interaction
involves excitation of microwave electromagnetic radiation aligning the dipoles of
a material in an external field. This causes direct heating of the material and is

therefore a much faster heating process than conventional heating [57].

Sol-gel method
The sol-gel method (Figure 2.1) is a widely used synthetic method for the synthesis
of ceramics [58], [59], [60], and numerous metal pyrophosphates have been

synthesized by this method [53], [54]. The sol-gel process is a chemical reaction



that transforms a system from “sol” — a dispersion of colloidal particles in a liquid
— into a gelatinous network called the “gel”. The gel is then calcined and annealed
to get rid of any organic matter, as well as advance the chemical reaction to
completion [61]. Windarti et al., 2017 showed that the synthesis of 3-CaxP>0O7 is
possible via the sol-gel method with a total reaction time of 21 hours (8 hours
dedicated to calcination) [53]. This study showed a comprehensive overview of
how increasing the calcination temperature increased the degree of crystallinity of

the material.

Co-precipitation method

Co-precipitation is the simultaneous precipitation of two or more compounds from
a solution, followed by solvent removal and calcination. It has also proven to be a
convenient method for the preparation of metal pyrophosphates [36]. Both
Senthilkumar et al. 2015 [62] used the co-precipitation in their studies to synthesise
metal pyrophosphates. Senthilkumar et al. 2015 [62] investigated how the co-
precipitation method can yield Ni2P2O7 and Griesiute et al., 2022 [55] showed how
this method can yield a-, B-, and y- phases of Ca;P,07.

1.7 The Application of Metal Pyrophosphates in Energy Devices

An important application of pyrophosphates, more specifically metal
pyrophosphates, would be their use in energy storage and sensor devices [63]. The
application of pyrophosphates has shown promise for use in supercapacitors [64]
as they display comparably good ionic conductivity and excellent redox behaviour

to existing materials used in supercapacitors [40].

In addition to the electrochemical properties, metal pyrophosphates have also been
shown to possess unusual thermal properties. It was discovered that below a
temperature of 293 °C, ZrP»>O7 exhibited the expected positive thermal expansion.
However, above this temperature, negative thermal expansion occurred [20], i.e.
the material contracts with increasing temperature as opposed to the positive

thermal expansion commonly observed in solids such as metals (e.g. aluminium).



Modelling suggested that the negative thermal expansion occurred as a result of
the bending of P,O7* units away from the ideal angle of 180 ° (Figure 1.4), leading
to a reduction in the overall cell volume [20]. The combination of these physical
properties could prove to be potentially beneficial. For example, while most
supercapacitors are operated at or below 200 °C [65], the high temperature
structural stability of the pyrophosphates could potentially be exploited to access
ionic conductivity at elevated temperatures. Therefore, the applications of metal
pyrophosphates in energy devices play a significant role in enhancing the
efficiency and longevity of various components, thus contributing to the overall

advancement of energy devices.

Figure 1.4: Example of pyrophosphate bridge (P-O—P) bending away from the ideal
angle of 180 ° due to negative thermal expansion.

1.8 Energy Devices

Supercapacitors

Supercapacitors are electrochemical energy storage devices [66] that consist of two
permeable electrodes that are placed in an electrolytic medium where ions flow
from the electrolyte to the porous membrane of the electrodes [67].
Supercapacitors can be categorised into double layer capacitors, hybrid

supercapacitors and pseudo-supercapacitors (Figure 1.5).
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Figure 1.5: Brief overview of the different supercapacitors and their characteristics [68].

EDLC’s are supercapacitors that can be identified by their large surface area
electrodes (nano-structured and nano-porous materials), their large capacitance
and the presence of an electrolyte [69]. The EDLC stores energy electrostatically
by forming a ‘double layer’ of ions at the surface of each electrode creating a
double layer capacitance (Figure 1.6).
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Figure 1.6: Diagram of an EDLC, showing the storage of ions (+ and —) in a

“double layer” and their movement across the electrolyte while operating.

Pseudo-supercapacitors (Figure 1.7), are devices whose electrodes are comprised
of redox active materials, which store charge through a different mechanism

compared to EDLCs [70], which store electrostatic charge. They store energy via
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fast, reversible faradic redox reactions that occur at or near the surface of the
electrodes [71]. The electrochemical charge transfer creates pseudo-capacitance
that stores the energy [72]. Metal oxides, metal nitrides, metal hydroxides, metal

sulphides, and conducting polymers are common pseudocapacitive materials [73].
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Figure 1.7: Diagram of a pseudo-supercapacitor illustrating the
intercalation of ions within their respective electrode materials.

The last category of supercapacitors is that of hybrid supercapacitors (Figure 1.8)
which have been intended to integrate the benefits of both EDLCs and pseudo-
supercapacitors into one system to achieve a balance between high power and
energy density [74]. This was done by merging electrochemical storage of charge
found in, for example, a lithium-ion battery (LIB) and electrostatic storage of

charge.
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Figure 1.8: Diagram of an EDLC/Pseudo-Supercapacitor (PSC) hybrid supercapacitor,
wherein the cathodic side of the cell mimics that of an EDLC, and the anodic side of the

cell mimics that of a PSC.

These hybrid systems often use a combination of carbon-based materials (EDLC-
like behaviour) and conducting polymers or transition metal oxides (pseudo-
capacitive behaviour) to enhance performance, with specific improvement in
energy density [75]. Figure 1.9 depicts a comparison of power and energy density
of different energy devices; it shows that supercapacitors have a broad range of
both power density and energy density, which provides potential to develop and

improve upon these supercapacitors.
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Figure 1.9: Comparison of power and energy densities in different energy storage and

conversion devices.

Several materials have been investigated for use as supercapacitor electrolytic
materials. A few include, LiCl — dry solid polymer electrolyte [76], PVA — gel
polymer electrolyte [77], and LixS-P»Ss — inorganic electrolyte [78]. Liquid
electrolytes usually comprise of lithium salts dissolved in 1onic liquids [79]. These,
however, can pose problems since liquid electrolytes are volatile and flammable,
which is not desirable in devices that may operate at raised temperatures. Solid-

state electrolytes may, therefore, be more durable in these conditions.

Fuel Cells

Fuel cells are electrochemical devices that convert chemical energy (‘fuel’) into
electrical energy via a chemical reaction [80]. They operate based on the principle
of electrochemical reactions involving fuel and oxidizing agents, by way of redox
reactions. The most common type of fuel cell is the proton exchange membrane
fuel cell (PEMFC), which is widely used in various applications, including
transportation and stationary power generation [81]. Fuel cells work by oxidising
hydrogen gas (the fuel) at the anode, releasing electrons and protons. The electrons

then travel through the anode to the electrical load providing it with energy. The
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electrons then travel down the cathode, reacting with oxygen from the air, and the
protons travel through the electrolyte/membrane from the anode to the cathode and

produce water. This reaction is illustrated in Figure 1.10.
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Figure 1.10: Diagram of a fuel cell describing the reactions involved in the conversion of
chemical energy (fuel) into electrical energy and the flow of charge through the device

[82].

Different fuel cells exist and include Proton Exchange Membrane Fuel Cells
(PEMFCs), Alkaline Fuel Cells (AFCs), Solid Oxide Fuel Cells (SOFCs), and
Phosphoric Acid Fuel Cells (PAFCs) which all use hydrogen as their fuel, and
Molten Carbonate Fuel Cells (MCFCs), and Direct Methanol Fuel Cells
(DMFCs) [83]. While hydrogen is the main source of energy, pure hydrogen is not
always available and therefore different sources of hydrogen could be used. These
fuels include methanol, used in DMFCs and hydrocarbons, in addition to hydrogen,
in MCFCs. While these give rise to more fuel options, they also yield CO> as a
byproduct which defeats the purpose of green energy [83]. Figure 1.11 illustrates
how different fuel cells work, all using the same or a similar concept to that

illustrated in Figure 1.10.
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Figure 1.11: Diagram of how different fuel cells run to generate electrical energy [84].

While fuel cells are an incredible leap forward in technology, a huge concern with
most fuel cells is their use of hydrogen as their fuel in conjunction with their
operating temperatures. As illustrated in Figure 1.11, the operating temperature,
depending on the fuel cell, ranges between 20 °C to 1000 °C, which is dangerous
since hydrogen, when mixed with air in certain conditions, for example, elevated
temperatures, forms explosive mixtures. This emphasises the need for components
that retain or enhance the conductivity of the fuel cells at lower temperatures. The
main challenge being faced today is the electrolytic component of the fuel only
being able to operate at much higher temperatures. Not only does this pose a risk
to the use of hydrogen as a fuel, but also introduces the need for a material that
won’t undergo significant thermal transformations. Therefore, optimising the

electrolyte has been of great interest in energy research.

1.9 Components in Energy Devices

Energy devices are made up of three main components: two electrodes (cathode
and anode), and the electrolyte. The energy is usually stored in the electrolyte and
transfers charge to the anode, through which electrons travel to the load, back down

the cathode and recycled back into the electrolyte (Figure 1.12).
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Figure 1.12: Diagram of a typical energy device illustrating the flow of electrons.

Cathodic Materials

In a battery, the cathode is the electrode where reduction occurs during the
discharge cycle. As with all components in a cell, it must be chemically and
structurally compatible with the electrolyte and anode materials to ensure long-
term stability and efficiency. A few cathode materials include lithium cobalt oxide
(LiCo0Oy) [85], lithium iron phosphate (LiFePO4) [86], and lithium manganese
oxide (LiMn2O4) [87] in lithium-ion batteries, and lead (IV) oxide (PbO.) in lead-
acid batteries [88].

Anodic Materials

The anode is the electrode where oxidation occurs during the discharge process.
The choice of the anode material affects the energy density (how much energy the
device can store) and the power density (how quickly the device can deliver
energy). Graphite is often used in lithium-ion batteries as it’s favoured for its
ability to intercalate lithium ions. Metallic lithium has the highest specific capacity,
but they face challenges due to safety concerns and durability issues due to dendrite
formation. Silicon-based anodes have a much higher capacity compared to graphite
but suffers from substantial volume expansion while charging, which can lead to

structural degradation [89].
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Electrolytes

Electrolytes transfer charge in the form of ions between the anode and cathode of
an energy storage or conversion device. This ionic conductivity is essential for the
device's operation as it facilitates the storage of electrochemical energy and the
circulation of charge in energy devices while preventing a short circuit. A good
electrolyte should be chemically stable and inert towards other components of the
cell at operating voltages and temperatures [90]. Electrolytes can take the form of
a liquid, solid or polymeric state, all of which present with have benefits and

drawbacks.

Liquid electrolytes are commonly found in lead-acid and lithium-ion batteries, and
are typically solutions of salts, acids, or bases in organic solvents or water. They
offer high ionic conductivity but often have issues with leakage and flammability

[91].

Solid electrolytes are used in solid-state batteries and fuel cells; they include
ceramics and glassy materials which can withstand high operating temperatures —
a must in elevated temperature operated fuel cells [92]. While they offer improved
safety and potentially higher energy densities, they face challenges with ionic

conductivity and complexity in manufacturing.

Polymer electrolytes are found in gel and some lithium-ion batteries. Polymer
electrolytes are safer than liquid ones and can be shaped into flexible films, but

they usually have lower conductivity [93].

Solid electrolytes could potentially solve existing problems with liquid phase
electrolytes that are currently being used in supercapacitors [94]. Several solid-
state materials that can be used as solid-state electrolytes are already known and
they include various metal oxides [95], borates [96], and sulphides [97]. However,
these chemicals suffer from drawbacks such as, poor chemical stability [94], low
ionic conductivity, and low specific capacitance [98]. To overcome these

drawbacks, novel electrolytic materials must be developed that will reduce the
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frequency of these drawbacks while simultaneously lowering manufacturing costs.
Metal pyrophosphates have shown great potential due to their cost of synthesis,
layered morphology reversibility, and high ionic conductivity which are desirable

characteristics for energy devices [99].

This chapter has highlighted the importance of ceramics, particularly
pyrophosphates, in energy storage and conversion devices. It has explored the
properties and applications of metal pyrophosphates, emphasizing their role in
different scientific and engineering fields. It also investigated how metal
pyrophosphates are synthesised, characterised, and improved through doping for
use in energy devices like supercapacitors and fuel cells. This sets the stage for
further research aimed at using metal pyrophosphates to advance energy storage

technologies and improve energy device efficiency.

1.10 Aims and Objectives

Based on the literature evidence presented here, there are numerous potential
elemental combinations that produce doped metal pyrophosphates that are yet to
be examined. Titanium pyrophosphate (TiP2O7), zirconium pyrophosphate
(ZrP207), and hafnium pyrophosphate (HfP>O7) are all tetravalent metal
pyrophosphates that crystallize in the cubic space group — Pa3 [100]. Cubic-
TiP>0O7, -ZrP>O7 and -HfP,07 are, therefore isostructural and possess similar

chemical and physical properties.

While these three compounds display similar characteristics, we chose to focus our
efforts on a study of the synthesis and characterization of a series of doped H{P>O7
compounds with the general formula LaxHf1.xP2O7. This choice was based on the
relatively unexplored nature of this compound presenting an opportunity to
investigate its unique properties. Two sample sets (Group 1 and 2) of this material
were synthesized via two variations of the sol-gel method with the intention of
increasing the surface area of the resulting samples. While both sample sets were
synthesized using the sol-gel method, the first sample set incorporated an

additional filtering and drying step that preceded the final annealing step.
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Therefore, we investigated the effect of doping HfP,07 with La**, in the doping
range of 1 — 5 wt%. This doping range was chosen to reduce the likelihood of a
different phase or multiple phases arising. La*" was chosen as it is found to the
immediate left of Hf on the periodic table. Doping with an element of similar size
has good potential for compatibility in the material without extensively modifying
the parent crystal structure while still altering its physicochemical properties.
Therefore, to study and test these hypotheses we set out to complete the following

objectives:

1. The synthesis of phase pure and lanthanum-doped hafnium
pyrophosphates (LaxHf1.xP207) by two variations of the sol-gel
method.

2. Following synthesis, the samples will be characterized in terms of their
chemical, structural and electrochemical properties. The
characterization methods used included powder x-ray diffraction
(PXRD), *'P magic angle spinning solid state nuclear magnetic
resonance spectroscopy (*'P MAS ssNMR), pair distribution function
(PDF), differential thermal analysis (DTA), thermal gravimetric
analysis (TGA), Fourier transform infrared spectroscopy (FTIR), high-
resolution transmission electron microscopy (HR-TEM), and

potentiometric electrochemical impedance spectroscopy (PEIS).

3. The information obtained from the various characterization techniques
were used to study and describe the dopant effect on the parent hafhium
pyrophosphate material with regards to its structural, chemical,

thermal, and electrochemical properties.
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Chapter 2: Methodology

2.1 Synthesis
Part 1 — Group 1 and 2

The synthesis of phase pure and lanthanum-doped hafnium pyrophosphates was
carried out using the sol-gel method. 30 m¢ of deionised water was added to
1.7945 g of hafnium (IV) chloride (HfCls) in a 100 m¢ beaker, followed by the
addition of 10 m¢ of isopropanol to the HfCls solution. Subsequently, the
stoichiometric equivalent, 1.671 g of ammonium phosphate ((NH4) 3PO4) was
dissolved in 30 m¢ deionised water in a separate beaker. Both reaction mixtures
were then heated to 80 °C on a hot plate monitored by a thermometer. Following
dissolution of both solutions, the (NH4) 3PO4 solution was then added slowly to the
HfCly solution with continuous stirring using a stirrer bar. For the samples doped
with lanthanum (doping range of 1 — 5 %), stoichiometric amounts of lanthanum
(IIT) nitrate hexahydrate (La(NOs);-6H20) were added to their respective HfCl4
solutions before the addition of the (NH4) 3PO4 solution.

Part 2 — Group 1

Group 1’s samples were then filtered to remove excess solvent. The samples were
placed in a muffle furnace and heated at a rate of 10 °C/min and annealed at

900 °C for 1 hour.
Part 2 — Group 2

Group 2’s samples were left to cool overnight, allowing excess solvent to
evaporate. Once dried, the samples were placed in a muffle furnace and heated at

a rate of 10 °C/min and annealed at 900 °C for 1 hour.

Doping quantities used in both Group 1 and 2’s synthesis are listed in Table 2.1 on
the following page.
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Table 2.1: Mole and mass percentages of HfP>O7 and dopant starting materials.

Sample Doping La(NOz3);:6H20 La added
Sample Name

Number (Wt%) (2) (x10** mol)
Phase Pure HfP,O, N/A N/A N/A
1 Lag.01Hfo.99P207 1 0.03149 0.727
2 Lag.02Hfo.08P207 2 0.06362 1.469
3 Lao.03Hf0.97P207 3 0.09641 2.226
4 Lag.04Hf0.96P207 4 0.1299 3.000
5 Lag.0sHf0.95P207 5 0.1641 3.789

The synthesis of the LaxHf1 xP2O7 series of compounds is summarized in the
following reaction scheme:

HfCly 5 + C3HsOH () + La(NO3)3-6H20 (5) + (NH4)2HPOy4 ) + H20 ()
(Hot plate at 80 °C)

2

LaxHf1.x(PO) (aq) (intermediate)

(Drying oven at 100 °C for 24 hours)
2
LaxHf1-x(PO) (amorphous)

(Furnace at 900 °C for 1 hour)

2
LaxHf1.xP207 s)

A visual depiction of the synthetic procedure is illustrated in Figure 2.1 on the

following page.
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Figure 2.1: Diagram illustrating the method of synthesis of both groups of LaHf\.«<P>O7.

2.2 Characterization

Following synthesis of the materials, PXRD, Pair Distribution Function (PDF), *'P
MAS ssNMR, and FT-IR data were collected. These characterization techniques
provide insight into the chemical composition and crystal structure of the materials
synthesized. Further characterization was then done using HR-TEM to provide
further details on the crystallite size, grain boundaries, and chemical composition
of the materials. Potentiometric electrochemical impedance spectroscopy (PEIS)
was then performed on the materials to test their ionic conductivity. To examine
the temperature stability of the materials, thermal gravimetric analysis (TGA) and

differential thermal analysis (DTA) were measured on these materials.
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Ex situ PXRD: Bruker D2

Ex-situ PXRD data were collected on a Bruker D2 diffractometer. The
diffractometer was equipped with a monochromated Co-Ka radiation source (A =
1.78897 A). PXRD data was collected in the 20 angular range from 5 — 60 °20,
with a step size of 0.026 °20, scan time of 96 sec/step for a total acquisition time
of 28 minutes per dataset. Samples were flat packed onto Si (111) zero x-ray
background single crystal wafers and the surface of the sample smoothed using a

smooth glass slide.

Magic Angle Spinning Solid-state Nuclear Magnetic Resonance (MAS ssNMR)

3P MAS ssNMR spectra were obtained using a BRUKER AVANCE III
spectrometer operating at 7 T and employing a double resonance MAS probe. Each
sample was loaded into a H14355 VL 4/3 106 pul sample rotor. The spectrometer

frequency was set at 5 and 10 kHz with a spectral resolution of + 3 Hz.

Pair Distribution Function
PDF data was collected on the ID11 Beamline at the ESRF Synchrotron. Its energy
range is 18.0 — 140.0 keV, and its minimum and maximum beam size is 0.2 x 0.07

pm? and 1200.0 x 1000 pm?, respectively.

Fourier Transform Infrared Spectroscopy (FT-IR)

FTIR analyses were executed on a Bruker Tensor 27 FT-IR with a spectral range
of 7500 - 370 cm™! using a standard KBr beamsplitter. The instrument resolution
was < 1 cm™! with a wavenumber and photometric accuracy better than 0.01 cm™!
at 2000 cm! and 0.1 % T, respectively. The interferometer used was the
RockSolid™. The instrument’s scan speed lies between 2.3 and 20 kHz, and its
detector was a DigiTect™ detector system with high sensitivity. About 50 mg of
each sample was analysed on the instrument without any prerequisite sample

preparation.
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Transmission Electron Microscopy (TEM)

TEM images were captured on an FEI Tecnai T12 TEM with an operating voltage
range between 20 and 120 kV. Magnifications reach up to 700 000 times. The
instrument uses a Gatan MSC794 CCD camera for imaging, and a video camera
for video recording. It also has an energy dispersive X-ray spectroscopy (EDS)

system.

Differential thermal analysis (DTA) and thermogravimetric analysis (TGA)

DTA and TGA data were measured concurrently using a Perkin Elmer
Simultaneous Thermal Analyzer (STA) 6000. The instrument was calibrated using
an indium reference standard. Data was collected for each sample from 30 °C to
900 °C and while cooling from 900 °C to 30 °C, at a rate of 10 °C.min"' per minute
in nitrogen. The baseline was determined by loading and collecting data on an
empty ceramic crucible using an identical heating profile. The analysis was

performed using between 12 mg and 20 mg of each sample.

Electrochemical Characterisation

Approximately 150 mg of each sample was prepared for potentiometric
electrochemical impedance spectroscopy (PEIS) by pressing them into pellets
using an 8§ mm diameter stainless steel die. Each sample was pressed for 10 minutes
at 1 tonne of pressure. The pellets were then sintered in air at 900 °C for 6 hours.
Finally, the pellets were then coated on both faces with a layer of gold, 10 nm
thick.

Ex-situ PEIS analyses were then performed on a BioLogic VMP-300 with an EIS
board. A frequency range of 1 MHz to 1 kHz was used to collect the data on a
logarithmic scale at open circuit potential (OCP). An amplitude of 20 mV was

established for the signal to reduce noise.
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2.3 Data Reduction and Interpretation

For all PXRD data presented, the crystalline phase identification was done using
DIFFRAC.EVA (Version 4.2. Release 2016) using the crystallography open
database (COD) (Release 2020). Phase analysis was done using the Rietveld
method as implemented in Bruker AXS TOPAS software (Version 5, 2014). Phase
analysis of PDF data was done on pdfGUI. NMR data processing was done using
MestReNova Software (Version 14.3.0). FTIR spectra were processed and
analysed using OPtics User Software (OPUS) (Version 6.5). TEM Images were
analysed using Image] image processing software. STA measurements were
collected on Pyris. PEIS spectra were plotted and analysed using EC Lab (Version
11.3, 2018), and all data were plotted in Python using the matplotlib and numpy

libraries.
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Chapter 3: Structural Analysis

3.1 Powder X-Ray Diffraction

PXRD data collected on all 12 samples of LaxHfi«xP>07, showed a distinct
difference between the samples of Groups 1 and 2 — this difference being the degree

of crystallinity of the materials.

LaxHf1.x<P>O7 materials obtained from group 1 all showed an increased affinity
towards an amorphous nature, with distinguishable peaks only present in the
HfP>07 and Lag.o1Hfo.99P207 samples, with no crystallinity observed in the 2-5%
doped samples (Figure 3.1). This would suggest that the 2% doping concentration
of La*" is the threshold before short-range order is highly prevalent in the materials.
While a Rietveld analysis could be performed on the materials, their lack of
crystallinity would prove useless as there are no Bragg peaks to match to a structure
model. Therefore, since these samples lack crystallinity and therefore lack long
range order, we will instead examine the local order of the materials using a pair

distribution function analysis.
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Figure 3.1: PXRD patterns of La,Hf.\P,O- stacked for a comparative view of Group 1's
materials — crystalline peaks in amorphous phases = ----.

Unlike group 1’s PXRD data, group 2 showed a high degree of crystallinity in all
samples in the series (Figure 3.2). The PXRD data collected on all samples up to
and including the Lao.o4aHfo.96P2O7 showed that there were no apparent changes in
the phase of the materials through to Lag.o4aHfo.96P207. There are slight intensity
differences, which was examined in the Rietveld Refinements (Figure 3.3). The
PXRD data collected on sample Lao.osHfo.9sP2O7, however, showed evidence of
new features arising as small, broad “peaks”. These results that implied a
crystalline nature in Group 2’s materials suggested that the additional filtering and
drying step used for the synthesis of the samples in Group 1, may inhibit the

process of crystallization.
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The data suggested that while filtering the gel removed the solvent, it may have
disturbed the colloidal network formed in the sol-gel process, thus giving rise to
less homogeneity in the remaining gel, especially with the addition of the dopant

— as evident in Group 1’s PXRD patterns (Figure 3.1).
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Figure 3.2: PXRD patterns of LaxHf\.<P.O7 stacked for a comparative view of Group 2's
materials — unidentified phase = *.

To examine the crystallinity and structural parameters of the materials, Group 2’s
samples were analysed via Rietveld refinement (Figure 3.3). The refinements
showed a good fit of the structure model (Figure 3.4 — ICSD code 172201) to the
experimental data, with an average goodness of fit (GoF) of 1.93 and an average

weighted Residual profile factor (Rwp) of 6.645.
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From these refinements, the lattice parameters were determined (Table 3.1). When

compared to that of the original structure model (Figure 3.4), a good correlation of

values was observed as seen by the model’s lattice parameters.

Table 3.1: PXRD Refinement results of Group 2's samples and the orthorhombic structure
model’s arrangement it adopts, comparing lattice parameters, GoF, and Ry, values.

Lattice Parameters (A)

Sample " - -

HfP207 24.6210096 24.6192516 24.6209046
Lao.o1Hfo.99P207 24.6171811 24.6201910 24.6170262
Lao.o2Hfo.9sP207 24.6163842 24.6179673 24.6181731
Lao.o3Hfo.97P207 24.6206313 24.6188393 24.6183744
Lao.osaHfo.96P207 24.6187484 24.6231652 24.6180233
Lao.osHfo.95P207 24.6222188 24.6186920 24.6186384

Pbca model 24.6520000 24.6296000 24.6510000
Average
crystallite size GoF Rwp
(nm)

HfP207 47.2 1.66 5.69
Lao.o1Hfo.99P207 47.8 1.71 5.83
Lao.o2Hfo.9sP207 52.4 1.78 6.08
Lao.o3Hfo.97P207 50.9 1.77 6.13
Lao.oaHfo.96P207 45.9 1.78 6.19
Lao.osHfo.95P207 50.2 2.90 9.95

While the PXRD data does appear similar for each sample in Group 2, the 5%

doped sample appears to give rise to an additional, unidentified phase, hence its

bad GoF value. This implies that the dopant is present in the parent HfP>,O7 crystal,

however, from the 5% doped sample, either substitution had reached its threshold,

or a new phase of LaxHf1.x<P>O7 arose. The possibility of an existing phase like

lanthanum or hafnium oxide, or lanthanum or hafnium phosphate were examined
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by a Rietveld analysis, but no match was found. However, given the lack of detail

in the PXRD data we need to study local order differences to determine the effects

of substitution while also itself providing further evidence of proof of lattice

substitution by La**. Therefore, *'P MAS ssNMR data was collected on all samples

to investigate the changes to the phosphate tetrahedral structure within these

materials.

- .A-"@‘;'- ba 4}

s

Figure 3.4: Orthorhombic structure model of HfP>O7; space group = Pbca; model

is an expansion of the cubic structure (Pa3) but a # b # ¢ — ICSD code 172201.
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3.2 3P MAS ssNMR analysis

3P MAS ssNMR was used to investigate/look for any changes in the spectra that
were associated with a change in the P atom environment corresponding to an
increase in La®" dopant concentration. Data was collected on both samples sets. In
both groups, peaks at -5 ppm (PO4” moiety [101]), -23 ppm (P-O-P moiety [102]),
and -35 ppm (P-O-P moiety [102]) were demarcated by +, +, +, respectively.

Signals were observed between 67.102 and —111.91 ppm in the *'P MAS ssNMR
(Figure 3.5) in Group 1’s sample. Considering the addition of La** in the samples,
as the concentration of the lanthanum increases, the peaks shift downfield from the
2% doped sample onwards. This shift may be a result of the incorporation of the
La** ions inducing a chemical shift perturbation [103] by disrupting the local
electronic environment around the phosphorus atoms. This perturbation can lead
to reduced shielding and, therefore, a downfield shift in the *'P MAS ssNMR peaks
[104], which, although subtle, is observed in Figure 3.5.
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Figure 3.5: *'P MAS ssNMR plots of Group 1 superimposed over one another — spin rate

of 5 kHz; main signals = +, +, +; respective spinning side bands = *, *_ *,
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In addition to the shifting of peaks, the common broadening of peaks in MAS
ssSNMR due to anisotropic effects [105] are seen in all spectra. While broadening
of peaks is expected, the excessive broadening can be attributed to certain
properties of the samples, including inhomogeneities introduced by the increasing
concentration of dopant [106], and, more so the amorphism (established in the
PXRD patterns and PDF analysis). This amorphism is potentially a result of the
filtering step disrupting the colloidal network formed in the gel [107], thereby
reducing the long-range order in the final product, therefore supplementing to the

inhomogeneity in the materials.

In addition to the broadening, the spinning sidebands presented with a “roofing”
effect which is a result of the overlapping of neighbouring signals. It is important
to note that from the 2% doped sample onwards, there is a significant change in
the spectra, showing broader and less resolved signals, resulting in merging of
signals, and a downfield shift in the signals originally observed at ~35 ppm by
approximately 10ppm. This signified that the addition of La** may be causing these
noticeable changes by changing the local electronic environment around the P
atoms [108], either by a direct electron withdrawing effect, or by indirectly making
the O atoms more electron withdrawing, de-shielding the P atoms in this

environment.

Like Group 1’s NMR data, signals between 66.537 and —132.060 ppm were also
observed in Group 2’s *'P MAS ssNMR data (Figure 3.6). A noticeable difference
in the data collected for each sample set was observed; however, this is mainly due
to the difference in spinning speed giving rise to fewer spinning sidebands in
Group 2’s spectra. We also observed that there were no peak shifts in these spectra
set which may be have been due to a higher degree in crystallinity [109]
(established in the PXRD patterns in Figure 3.2), therefore lowering the probability
of chemical shift perturbations from occurring due to its long-range order giving

rise to fewer distinct local environments [103].
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Figure 3.6: *'P MAS ssNMR plots of Group 2 stacked — spin rate of 10 kHz; main
signals = +, +, +; respective spinning side bands = *, * *,

As mentioned previously, a very important aspect of MAS ssNMR is the common
broadening of peaks resulting from anisotropic effects [105] arising from the
varying atomic orientations expected in the solid-state. This was noticeable in
Group 1’s spectra (Figure 3.5), however this was far less pronounced in Group 2’s
spectra (Figure 3.6) — possibly due to its long-range order (fewer orientations,
fewer distinct environments), however more so because of the difference in
spinning speed which gave rise to fewer spinning sidebands, and therefore, less
peak overlap. Different spinning speeds were used due to a miscommunication and
with limited access to the solid-state NMR spectrometer, correction of this could
not be completed in the restricted timeframe with the solid-state probe only being
in use twice a year, one month at a time. Rectification of these results can be part

of future studies.

Unlike in Group 1, further broadening with increasing dopant concentration was

not observed in Group 2’s spectra, supporting the presence of fewer distinct P
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environments in the materials with a higher degree of crystallinity (less

inhomogeneity [106]).

Apart from the discussed line broadening, the presence of spinning sidebands also
complicates the spectra, as previously mentioned. They are not a result of coupling,
but rather due to the samples being spun at a rate less than that of the anisotropic
interactions [110], which is evident when comparing the amorphous samples’
spectra to those of the crystalline samples (see Figure 3.5 and Figure 3.6) whose
spinning rates were 5 kHz and 10 kHz, respectively — faster spin rate, fewer
spinning side bands. In fact, the distance between the spinning sidebands in Figure
3.5 was approximately half that of the spinning sidebands of the data presented in
Figure 3.6, which was to be expected. Spinning sidebands can also be a result of
sample tubing not having perfect symmetry, generally giving rise to a higher
relative intensity of spinning sidebands [111] observed in Group 1’s NMR spectra
(Figure 3.5). While these spinning sidebands did give rise to interpretation
difficulties, they helped identify corresponding signals between Group 1 and 2’s

spectra.

Overall, *'P MAS ssNMR provided some insight into the local chemical
environments relating to the various orientations of the P atoms in LaxHfixP>07,
however, to get a better understanding of the local structure of the materials, more

so for Group 1’s materials, pair distribution function data was collected.
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3.3 Pair Distribution Function (PDF)

Results from the PDF data provide insights into the structural characteristics of
Group 1, characterized by a presumed amorphous nature. The obtained data
(Figure 3.7) revealed a lack of discernible long-range order from its short atomic
range observed, therefore reinforcing the presumed amorphous nature of the

materials in Group 1 [112].
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Figure 3.7: Layered plot of Group 1's PDF data, G(r) vs r, showing the radial distribution
of atoms within Group 1’s materials.

The PDF patterns compared very well with each other suggesting that the atomic
distribution in the materials is analogous regardless of dopant concentration; this
suggested they share local structural similarities. While the patterns are almost
identical, there are slight discrepancies in the intensities of the signals. These are
likely due to the samples being packed in a capillary with milligrams of sample
and, therefore there is no way of ensuring the sample bed of all samples were
consistent; this is an experimental limitation of using a capillary sample holder,

which can subtly impact the intensities of the data.
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Despite rigorous attempts, no structure model could fit Group 1°s PDF data, as the
models were inadequate for the short-range order evident in Group 1’s materials.
The short atomic range observed in the PDF therefore reinforces the presumed
amorphous nature of the materials in Group 1 [112]. Since no structure model
could be fit to Group 1’s data, a direct, qualitative interpretation of the data was

done. But, before this was done, Group 2’s PDF data was interpreted first.

In contrast to Group 1, the PDF analysis of Group 2 (Figure 3.8) presents a different
scenario. The data for this sample set exhibits a significantly higher degree of
crystallinity compared to Group 1, as established by the PXRD data (Figure 3.3).
The atomic pairs in Group 2 extend to a range of approximately 30 A, in stark
contrast to the limited range of around 6 A observed in Group 1. This substantial
difference in the PDF patterns is indicative of a more ordered atomic arrangement
in Group 2, suggesting the presence of well-defined crystallographic structures

within the materials.
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Figure 3.8: Superimposed plot of Group 2's PDF data, G(r) vs r in the range of 0 — 30 A.



To further elucidate the crystalline nature of the materials in Group 2, a structure
model was fitted and refined to the PDF data (Figure 3.9). This modelling process
confirmed the existence of a crystal structure within the materials of Group 2. The
refinement of the structure model not only supports the conclusion that Group 2
exhibits a longer range of order compared to Group 1, where little order was
apparent, but also confirmed the structure refinement performed on the laboratory
PXRD data (Figure 3.3). From these structure refinements, it can be concluded that
the materials in Group 2 does not correspond to space group Phca, but rather Pa3,
with lattice parameters a=b=c =~8.22 A (see Table 3.2 for precise values). While
cubic and orthorhombic structures can be very different, this case seems to prove
that the orthorhombic structure characterised by the PXRD data is just an
expansion of the cubic structure due to the difference in the P-O—P angle. These
findings emphasize the significance of PDF function analysis in characterizing the

structure of a material, particularly in elucidating local structural order.

Table 3.2: pdfGUI refinement results obtained for Group 2 (Figure 3.9).

Refined Unit Cell

Compound Space Group Parameters (A) Ry of Fit

a=b=c
HfP,0O, 8.221154 0.132978
Lao.o1Hfo.99P207 8.221915 0.132966
Lag.02Hfo.08P207 _ 8.220660 0.132483
Lag.o3Hf0.97P207 P 8.226482 0.133722
Lag.04Hf0.06P207 8.221308 0.135010
Lag.osHfo.9sP207 8.219627 0.159436

Average
8,221858 0,137766
Trial Structure _
Pa3 8.18 N/A

Model of HfP,O~
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The atomic pairs were identified (Figure 3.9) and coupled to their corresponding
PDF signals by determining their atomic distances using the structure model

(COD ID —5910283) and associating them with their PDF signals in Table 3.3.

Table 3.3: Identification of atomic pairs from the PDF Signals in Figure 3.9.

r(A)
Atomic Pairs Relative Error %
Model Experimental
Hf - Hf 5.78413(0) 5.80343 0,33
Hf-0O 2.01241(0) 2.03709 1,23
Hf-P 3.43463(0) 3.48881 1,35
P-0O 1.53589(0) 1.47004 4,29

From Table 3.3, the atomic distance, r, for each atomic pair correlates very well to
the original structure model, showing very small relative errors (< 5%) between
the atomic pairs compared to the structure model, suggesting a good structural
match. We also know from the Ry values (Table 3.2) that the difference between
the experimental data and the structure model is very small, at an average of 13.8%,
which, although higher than 10%, is good for a complex structure such as
LaxHf1.xP207. It can also be noted that as the dopant concentration increases, there
is a slight increase in the Ry value, with the most significant increase (~2.4%) from
the 4% to 5% doped sample. This agrees with the Rietveld refinements performed
on the samples, where the 5% doped sample shows the most significant change in
its Rw value. This may be indicative of the threshold between what’s considered
doping and substituting in HfP,O7, or even the threshold between a crystalline and
an amorphous state — encouraged by the filtering step. However, PDF data does
not provide enough information on this topic. *'P MAS ssNMR data was then
collected to gain more insight into the material that PDF and PXRD could not

provide.

Then, as previously mentioned, Group 1’s PDF data was qualitatively analysed by
comparing it to Group 2’s PDF data. This was done by comparing Group 1’s PDF
data to Group 2’s PDF data in the region of 1 — 5.5 A — the maximum comparable

range of Group 1 and 2’s data (Figure 3.10). Any peaks below 1 A are considered
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noise added after the Fourier transform of the data from reciprocal to real space.
This is because most distances between atoms are not below 1 A in length, and

none of the atomic distances in La,HfixP>O7 are below 1 A.

While few atomic pairs were observed in Group 1’s PDF data (Figure 3.7), those

which were observed were identified and tabulated in Table 3.4.

Table 3.4: Identification of atomic pairs from the PDF Signals in Figure 3.7.

r(A)
Atomic Pairs Relative Error %
Model Experimental
Hf — Hf 5.78413(0) 5.80345 0.33
Hf-0O 2.01241(0) 2.03716 1.21
Hf-P 3.43463(0) 3.48872 1.55
P-0O 1.53589(0) 1.51004 1.71

As observed in Figure 3.10, Group 1 and 2’s materials’ local structures match one
another in the range of 1 — 5.5 A, signified by the corresponding signals. This
illustrates that both Group 1 and 2 are made up of samples of the same composition

but different overall structure.
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Figure 3.10: PDF data comparison of Group 1 and Group 2 - atomic pair

correlations = - - -, P — O = distance between P and O atoms, Hf — O = distance between
Hf and O atoms, Hf — P = distance between Hf and P atoms.
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3.4 Fourier transform infrared spectroscopy (FTIR)

FTIR data was collected to identify the functional groups present in the materials.
The FTIR spectra retrieved for both sample sets are not identical (Figure 3.11 and
Figure 3.12), however, they both exhibit the characteristic peaks for the
pyrophosphate functional group.

Group 1’s FTIR exhibited a strong signal representing the asymmetric P — O
stretches in the P-O—P moiety found in the pyrophosphate group, is observed in
all the spectra at ~ 1000 cm™ [113] (Figure 3.11). This is an out of phase stretch
[113] — the P atoms bounce towards and away from the O atom interchangeably.
Although there is no P=O0 in the lattice seen in the structure model (Figure 3.4), it
can be expected in a pyrophosphate functional group [114] and is in fact seen in
the spectra at ~1430 cm™!. This weak signal at ~1430 cm! is representative of this
P=0 stretch [113] — usually this signal is much stronger, however, the strength, or
lack thereof, of the signal may be attributed to the low concentration of this moiety
in the material. Compared to the spectra of the doped samples, there is no
significant shift in the signals, however there is a noticeable change in intensity.
This change in intensity signifies variation in the concentration of the P-O-P
functional group. Since this variation is minimal, it can be concluded that there is
no major change in the functionalisation of the material when doped with

lanthanum (I1II).
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Figure 3.11: Superimposed spectra of Group 1's FTIR data — P-O-P asymmetric stretch at
1000 em™'; P-O symmetric stretch at 900 cm'.

While two distinct signals are usually expected in this region, it should be noted
that the signal has shoulders from overlapping signals. The broadening of signals

alludes, once again, to an amorphous nature exhibited by the samples in Group 1.

The right shoulder at ~900 cm™! of the intense broad signal, suggested the
overlapping of the expected band associated with the symmetric stretch from the
P—O—-P bridge [115]. The left shoulder of this band should correspond to the
asymmetric stretching of the P-O bonds within the PO3 moiety while the centre
signal corresponded to their symmetric stretches [116]. The asymmetric stretch is
observed at a higher wavenumber than the symmetric stretch as the energy required
to shift the dipole moment during an asymmetric stretch is higher than what’s
required for the symmetric stretch [113] of the P-O bonds. The muted bands in the
3800 — 2800 cm™! region, while not present in the compound, suggests the presence

of hydroxyl groups. This suggests that water may adhere to the HfP>O7 particles.
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Group 1’s spectra characteristic signals observed in Figure 3.11 are tabulated in

Table 3.5.

Table 3.5: Group 1’s FTIR characteristic signals and their corresponding functional

group vibrations

Wavenumber (cm™)

Sample P_0 P-O(P) P-O(-P)

(asymmetric) (symmetric)
HfP>0O7 1431,5 1005,2 605,65
Lao.01Hf0.99P207 1430,2 996,76 607,7
Lao.02Hf0.08P207 1433,8 1003,7 611,06
Lao.03Hf0.97P207 1431,5 1007,1 606,6
Lao.04Hf0.96P207 1436,4 1003,1 609,23
Lao.osHf0.05P207 1431,8 1003,3 611,62

The FTIR spectrum corresponding to Group 2 is shown in Figure 3.12. The
symmetric and out-of-phase stretching frequencies of the PO3 moiety in P,O7* are
observed as two intense signals at 1094,1 and 981,18cm™! [116], respectively. A
signal is observed at 746 cm-1, correlating to the symmetric stretching,
experienced by the P-O—P bridge [115]. The frequency of the P-O-P bridge
stretch is anticipated to be lower than that of the P—O stretch in the PO3 as the P—
O bond in the P-O-P bridge is weaker than that of the PO3 group [115]. This can
be supported by the fitted PDF data (Figure 3.9) which reveals shorter bond
distances between the PO3 P—O bonds compared to those within the P-O—P bridge.
Noticeably, the bands found in the 3800 — 2600 cm™ range in Group 1’s FTIR
spectra are absent in Group 2’s FTIR spectra. This may suggest that Group 1’s

materials are hygroscopic, and Group 2’s are not.
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Figure 3.12: Group 2's FTIR spectra superimposed over one another.

Table 3.6: Group 2’s FTIR characteristic signals and their corresponding
functional group vibrations

Wavenumber (cm™)

Sample
Peak 1 Peak 2 Peak 3
HfP,O7 1094,1 981,86 746,06
Lao.o1Hfo.99P207 1094,1 981,86 746,06
Lao.02Hfo.908P207 1092,8 981,26 746,07
Lao.o3Hfo.97P207 1093,2 981,52 746,16
Lao.04Hfo.96P207 1092,6 981,18 746,4
Lag.osHfo.95P207 1092,0 982,74 746,97
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3.5 Transmission electron microscopy analysis (TEM)

To determine crystallite size and analyse the morphological features of the
synthesized LaxHfi«P>O7, TEM images were collected on all the samples. TEM'
was used to also determine the presence of any defects in the crystals [117], grain
boundaries [118], and structural information [119] that could help explain certain
physical properties exhibited by LaxHfixP>O7 such as thermal integrity, ionic
conductivity, and the degree of crystallinity.

Group 1’s TEM images (Figure 3.13) confirmed the materials' amorphous nature,
due to the absence of lattice fringes [119]. Lattice fringes are commonly found in
crystalline materials as they are the visual representation of the d-spacing described
by the space between two atomic planes in a crystal lattice [120]. While weak
lattice fringes may imply weak coherence and weak contrast in the imaging process
[119], no fringes are seen at all, hence the confirmation of amorphous nature of the
materials in Group 1. This, therefore, complements the short-range order observed

in Group 1’s PDF data (Figure 3.7).
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Figure 3.13: TEM images of Group 1's materials displaying the oval morphology of the
particles, their small size, and their tendency to aggregate.
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Group 1’s particle size distribution (Figure 3.14) showed that the 20-30 nm size
range dominated, suggesting a significant presence of particles within this specific
size range. Moreover, no increasing nor decreasing trends in the particle size
distributions with increasing La** concentrations were observed, therefore

showing no contribution of size alterations by La*" in the up to 5%.
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Figure 3.14: Percentage particle size distribution of Group 1's materials showing a tendency
for most materials’ particles’ size to lie within the the 20-30 nm range.
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The particles illustrated in Figure 3.14 were observed to adopt an oval shape,
similar to that of zirconium pyrophosphate found by Chen et al. 2022 in their SEM
images [121].

Group 2’s TEM images (Figure 3.15) confirmed the opposite to that of Group 1’s
materials — the crystalline nature of the materials as substantiated by the presence
of lattice fringes [119]. Group 2’s PDF data (Figure 3.9) was, therefore, also
complemented by its TEM data.
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green lines) commonly found in crystalline materials.
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Group 2’s particle size distribution (Figure 3.16) also showed that the 20-30 nm
crystal size range dominated, which suggested a significant presence of particles
within this specific size range, regardless of the degree of crystallinity in the
materials. Moreover, no increasing nor decreasing trends in the particle size
distributions with increasing La>" concentrations were observed, therefore showing

no contribution of size alterations by La** in the up to 5%.
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Figure 3.16: Percentage particle size distribution of Group 2's materials.
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In addition to crystallite size, the crystallites in the TEM images were observed to

adopt an oval shape, analogous to the particles of Group 1’s materials.

While TEM provided visual insight into the particle features of the materials, the
thermal integrity and ionic conductivity of both the amorphous and crystalline

LaxHf1.«P>07 samples were then analysed.
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Chapter 4: Physical Analysis

4.1 Simultaneous thermal analysis (STA — DTA/TGA)

STA is a thermal analysis technique that is used to determine temperature related
changes to materials. These include glass transitions, crystallisation points, and
melting points, to name a few [122]. These features present either as exothermic
or endothermic signals, which point up or down on the spectrum, respectively

(Figure 4.1).

. Oxidation
Cross-linking

Crystallisation (Curing)

Glass Melting

Heat flow endo down — Derivative

Transition

Temperature (°C)

Figure 4.1: Illustration of a DTA curve showing different types of features that a material
can exhibit and how they present on the curve [123].

There are several thermal events that can occur when performing an STA on a
material that suggest which processes are occurring during the analysis

(Table 4.1).
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Table 4.1: Processes corresponding to thermal features in STA curves [122].

TGA effect DTA effect
Process

Gain Loss Exothermic Endothermic

Adsorption v v
Desorption
Dehydration/desolvation
Sublimation

Vaporisation

AN N NN

Decomposition
Solid-solid transition

Solid-gas reaction 4 4

D N N N N N N SN

Solid-solid reaction Maybe Maybe

NN NN

Crystallisation
Melting v
Polymerisation Maybe

Catalytic reactions Maybe Maybe

STA was performed on the samples to determine their thermal stability. Figure 4.2
shows the derivative of the heat flow and the percentage weight loss in Group 1’s
materials in the temperature range of 30 — 900 °C. A flat line was observed in all
of Group 1’s materials, therefore exhibiting no significant features. This indicated
that all samples were able to withstand temperatures up to and including 900 °C
without experiencing a phase change or any other significant thermal events. While
there are subtle spikes in the DTA data, these were attributed to artifacts arising
from the probable movement the crucible. Similarly, a near flat line was observed
in the TGA, with only a ~2% weight loss observed, with the return of some mass
when returning to 30 °C observed. This weight loss and regain was attributed to
dehydration when heated to 900 °C, and rehydration when returning to 30 °C.
Therefore, there is no evidence of thermal decomposition in the TGA nor thermal
events in the DTA in this temperature range, which is incredibly meaningful for
components in applications in high temperature operated energy devices.
However, it must be noted that the temperatures were not sustained to determine
whether the materials can withstand these temperatures for extended periods of

time without changing.
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Figure 4.2: STA curves of Group 1's materials illustrating their simultaneous

measurements of the DTA (blue) and TGA (red) analyses.
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The same measurements were performed on Group 2’s materials (Figure 4.3), and

gave rise to similar results, exhibiting no significant differences. Therefore, both

groups of materials show significant potential in high temperature applications.

56



Heat flow endo down derivative (mW/min)

500

250 Hﬂ)207

-250

—500

500

250 Lao.o1Hfo.99P207

—250

=500

500

250 Lao.02Hfo.98P207

—250

—500

500

392
W
(=

Lao.03Hf0.97P207

—250

=500
500

250 Lag.04Hf0.06P207

—250

—500

500

250 Lag.osHfo.95P207

-250

—500

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 4.3: STA curves of Group 2's materials illustrating their simultaneous
measurements of the DTA (blue) and TGA (red) analyses.
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4.2 Potentiometric electrochemical impedance spectroscopy (PEIS)

Finally, after structural and thermal characterisation had been done,
electrochemical properties of the samples were explored using PEIS [124]. This
technique enabled us to study various electrochemical processes occurring at the
electrode-electrolyte interface, as well as other potential interfaces such as those

between grain boundaries [125].

PEIS measures the system's response to the applied potential enabling us to obtain
data on the system's impedance properties [126]. By measuring the impedance
response over a range of frequencies, PEIS provides insights into the charge
transfer processes [127], double layer capacitance (Ca) [128], and other

electrochemical properties of LaxHf1.xP2O7.

The impedance of the system is calculated based on the relationship between the
applied potential, current response, and frequency. This impedance data is typically
represented in Nyquist plots (Figure 4.4), where the real and imaginary parts of the
impedance are plotted against each other to visualize the system's electrochemical

behaviour.
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Maximum
capacitance

— 7 (Im)

\4

Figure 4.4: Schematic of typical Nyquist plots for EDLC systems [129] — R =
Solution/Electrolyte Resistance; R. = charge transfer resistance; » = frequency; Z (Re) =
real impedance (resistance); —Z (Im) = imaginary
impedance (capacitance).

In preparation for PEIS analysis of Group 1 and 2’s materials, the samples were
pressed into pellets, sintered and the dimensions measured for calculation of the
ionic conductivities. These dimensions are shown in Table 4.2. The pellets were
then coated with 10nm of gold on each face to ensure a good connection between

the pellets and the electrodes.
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Table 4.2: Dimensions of pellets after sintering.

Diameter (d) Thickness (1) Surface Area (S)

Sample Name (cm) (cm) (em?)

Groupl Group2 Groupl Group2 Groupl Group?2

HfP,0O; 0,808 0,810 0,144 0,142 0,5128 0,5153
Lao.01Hfo.99P207 0,808 0,809 0,140 0,145 0,5128 0,5140
Lao.0oHfo.0sP207 0,808 0,809 0,154 0,144 0,5128 0,5140
Lao.0sHfo.97P207 0,808 0,813 0,144 0,153 0,5128 0,5191
Lao.04Hf0.06P207 0,814 0,808 0,152 0,148 0,5204 0,5128
Lao.osHfo.0sP207 0,814 0,809 0,156 0,150 0,5204 0,5140

The surface area of the pellets’ faces (Table 4.2) was calculated using the
equation,
a2

s=7x(3)
The PEIS data recorded and fitted in EC-Lab for Group 1 was illustrated in Figure
4.6. The data suggested that there was no clear trend in the impedance, however,
there was a major drop in impedance with the addition of La**. With regards to
the Z-Fit of Group 1’s HfP>,O7, no realistic equivalent circuit model was found to
provide a better fit, hence the seemingly bad Z-Fit of this data. To determine the
conductivity from the Nyquist plots, equivalent circuit models (Figure 4.5) were

fitted to the data.

ARY A"
17 77
a) QI Q2 L
RI R2
A" A" A\
1/ 1/ I
b) Q1 Q2 Q3 L
R1 R2 R3
AR AR Y ARY AN\
¥ v Iy I
C) — Q1 Q2 Q3 Q4
R1 rR2 R R4

Figure 4.5: Equivalent circuit models fitted to Group 1 and 2’s samples' PEIS data; a)
fitted to all data with exceptions b) fitted to Lag.oiHfo.99P207, and ¢) fitted to
Lay 03Hf0.97P207.
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Figure 4.6: Nyquist plots of Group 1's samples obtained from room temperature PEIS
with their equivalent circuit models fitted to their data, with magnified insets.
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The resulting fits (Figure 4.6 and Figure 4.10) provide the values that each circuit
component contributes to the impedance exhibited by the materials — Q is the
constant phase element (CPE) which represents an interpolation between a
capacitor and resistor, in place of the capacitance (C) and can be considered a
pseudo-capacitive element — Figure 4.7 shows the deviation of Q from the ideal

behaviour of C.

Capacitive Behaviour - =

R2

R
-------- Pseudo-capacitive Behaviour M

R1 R2

-Z (Im)

0 R1 R1+R2
Z (Re)

Figure 4.7: PEIS Nyquist plot simulations of the equivalent circuit models as depicted in
the legend — ideal capacitive behaviour = —, pseudocapacitive behaviour deviating from
ideal capacitive behaviour = ---.

These values were then used to calculate the overall ionic conductivity each
material exhibits over a frequency range of 1 MHz to 1 kHz. When interpreting
the PEIS of LaxHf1.xP2O7, we saw that instead of exhibiting Warburg impedance
as expected, there may be multiple charge transfer resistance components
interfering with their preceding charge transfer components out of the scope of the
frequency range. This may be a result of multiple interface types either within the
material or the entire PEIS system giving rise to multiple interfaces within the

material that charge carriers must be transported across.

From the resistance contributed by each component was used to calculate the ionic

conductivities of each material and were plotted (Figure 4.8) for comparison.
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Figure 4.8: Logarithmic plot showing Group 1's change in room temperature
conductivity (S.cm™) with increasing La** concentration; ¢ = conductivity; lpene: = pellet
thickness; Rl = sum of all components’ resistance contributions.

Group 2’s impedance spectra showed more of a trend with the exception of
Lao.01Hf0.99P2O7 which showed a lower impedance than expected in Group 2. This
drop in impedance suggested that doping with La*" in crystalline LaxHf«P>,O7

reduced the impedance experienced by the material with increasing concentration.
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Figure 4.10: Nyquist plots of Group 2's samples obtained from room temperature PEIS
with their equivalent circuit models fitted to their data, with magnified insets.
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From this data, the conductivity was calculated using the values determined in EC-
Lab from each sample’s impedance spectrum and a line graph (Figure 4.11)

showed how ionic conductivity changed with dopant concentration.

2,0 -

1,0 -

Conductivity (108 S.cm™)

0’0 | L | L | L | L | L |

La®" Concentration (%)

Figure 4.11: Line/scatter plot showing Group 2's change in room temperature
conductivity (S.cm™) with increasing La** concentration; ¢ = conductivity; lpene: = pellet
thickness; Rl = sum of all components’ resistance contributions.

Figure 4.11 showed no trend in the ionic conductivity values; this does not,
however, mean that there would not be a trend of the samples’ conductivities at
varying temperatures. Jin et al., 2010 showed in Figure 4.12 that at certain varying
temperatures, an increasing conductivity with an increasing amount of dopant
present in the samples [50] and an increase in conductivity across all samples with

increasing temperature.
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Figure 4.12: Variation of ionic conductivity of Gdo.iCeo9P>07 combined
with penta-hydrogen diphosphate in the range of 5 — 15% by weight
under (a) dry conditions in air and (b) humidified air [50].

Therefore, both groups of LaxHfixP.O7 must be studied further at varying
temperatures to find the optimum ionic conductivity temperature of the materials
using variable temperature PEIS for a more comprehensive understanding of the

materials.
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Conclusions

The comprehensive characterization of the LaxHfi«P>O7 materials synthesized in
this study via two variants of the sol-gel technique, denoted group 1 and 2,
respectively, has provided valuable insights into their structural and functional
properties. Through a combination of various characterisation techniques,
including PXRD, *'P MAS ssNMR, PDF, FTIR, TEM, STA, and PEIS, a detailed
understanding of the materials' composition, structure, and physical properties was

attained.

The PXRD data clearly indicated that Group 1's materials were amorphous, while
Group 2's materials exhibited crystalline behaviour. A structure model with the
orthorhombic space group, Pbca, was successfully fitted to Group 2's PXRD data,
with an average GoF of 1.95 and Ry, of 6.645 indicating satisfactory fits. The
introduction of La*" increased the GoF value only slightly, however, the 5% doped
phase showed a much greater increase in the GoF value signifying that this
concentration of La** starts affecting the structure of the phase. The *'P MAS
ssNMR data revealed distinct phosphorous signals for both groups, highlighting
the different P environments in the LaxHfixP2O7; samples. It was found that
increasing the La®" concentration in both Group 1 and 2’s samples gave rise to an

increasing intensity of the —5 ppm signal.

The PDF data provided insights into the short-range order of Group 1's materials,
while Group 2's PDF data was refined using the same structure model as in PXRD
refinements, showing a good fit. Group 2’s PDF data was then used for the
qualitative interpretation of Group 1’s PDF data due to the lack of a suitable
structure model that could fit to its narrow atomic distance range. The comparison
of Group 1 and 2’s PDF data showed similarities in the range of 0 — 5.5 nm,
confirming their local structure a match. There were no significant changes with
the addition of La*>" in the doping range used which suggested which suggested a
homogeneous distribution of the dopants and was also anticipated due to the

similar sized cation (Hf*") it was replacing.
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The FTIR spectra of both groups exhibited similarities in the significant signals
corresponding to the P-O-P moiety, with the asymmetric and symmetric P-O
stretches in the P-O-P moiety corresponding to the strong signals at ~1000cm™' and
~900cm!, respectively, confirming the presence of the pyrophosphate functional
group. The addition of La** showed no significant changes due to the low dopant

concentrations used.

TEM images confirmed the amorphous nature of Group 1's materials and the
crystallinity of Group 2's materials, with particle size distributions revealing
dominant particle sizes in the 20-30 nm range for both groups. The crystallites
were observed to be oval in shape and showed evidence of aggregation of the
crystallites. While addition of La*" did not show much evidence of change, the

difference between sample sets group 1 and 2 was significant.

The STA data showed that the materials in both Group 1 and 2 demonstrated
excellent thermal stability in both materials determined by the absence of any
thermal events between 30 and 900 °C. Moreover, adding La** did not affect the
thermal stability in the concentration range it was doped, making it good choice of
dopant in terms of stability. This is a crucial leap forward in high-temperature

energy applications.

PEIS data indicated a significant drop in impedance upon doping with La’",
suggesting improved ionic conductivity with the addition of La**. However, no
clear trend in the reduction of impedance with varying dopant concentrations was

observed, therefore demanding further electrochemical studies.

Finally, not only were the materials characterised for potential energy storage and
conversion applications, but the distinct synthetic procedures employed in the
preparation of materials for Group 1 and Group 2 led to the formation of materials

with different morphologies.

Group 1's method, which included a filtering step to eliminate excess solvent
before calcination, likely contributed to the production of amorphous materials, as

indicated by the absence of lattice fringes in the TEM images (Figure 3.13), the
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short-range order observed in the PDF data (Figure 3.7) and the absence diffraction
peaks observed in the PXRD data (Figure 3.1).

Group 2's approach, involving solvent removal via evaporation in air before
calcination instead of filtering, resulted in the crystalline nature of the materials,
evident from the presence of lattice fringes in the samples, the long-range order
observed in the PDF data (Figure 3.9) and the presence of sharp diffraction peaks
observed in the PXRD data (Figure 3.2). These differences underscore how subtle
variations in synthetic procedures can significantly impact the structural properties
and characteristics of the final materials, highlighting the importance of precision

in controlling synthesis parameters in materials science.

69



Future Work

In future studies, the focus will be on synthesising and characterising analogous
ScxT11xP207 and YxZr1-x<P207 series of compounds. This would involve conducting
a detailed structural analysis of all three metal pyrophosphates (including

LaxHf1.xP207), to determine the impact of dopant inclusion on their behaviour.

A structural analysis will be done by examining the crystal structures of the
compounds to identify any deviations from expected behaviour, analogous to that
in this study. By comparing the structural features of ScxTi1xP207 and YxZr1xP207
and the undoped compounds, insights can be gained into how dopants influence the

material properties.

Utilising SEM analysis will allow for the observation of larger features and crystal
morphology within the synthesized compounds. This detailed examination will
provide valuable information on the microstructure of the materials, aiding in

understanding their properties and potential applications.

Ensuring reproducibility is crucial in scientific research. Therefore, repeating the
synthesis of the compounds multiple times will help validate the results obtained
and confirm the consistency of the materials' properties. It will also validate the use
of different synthetic methods for different morphological outcomes, and other
properties, akin to this study where two variations of the sol-gel method resulted in

an amorphous phase and a crystalline phase.

Conducting aging studies on the materials will provide insights into their long-term
stability and performance. By monitoring changes in properties over time, it will be

possible to assess the durability and reliability of the synthesized compounds.

To evaluate the practical feasibility of the materials, assessing them in novel
capacitor and supercapacitor devices will be essential. This will determine their
functional range and suitability for real energy applications, providing valuable

information on their performance in practical settings.
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By addressing these future research directions, a comprehensive understanding of
the synthesised compounds' properties and potential applications can be achieved,

contributing to advancements in materials science and energy storage technologies.
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