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Summary

The overarching goal of this work was to prepare a range of layered double hydroxide-
based two-dimensional nanomaterials, and explore how tuning their composition can lead

to a diverse range of properties and applications.

Chapter 1 presents an introduction and brief review of the literature that is relevant
to the experimental work presented in this thesis. This includes an introduction to
nanomaterials, with a particular focus on two-dimensional nanomaterials, as well as their
synthesis, structure, properties and applications. The structure and properties of layered
double hydroxides are discussed, to highlight how their tunability results in their suitability
as functional nanomaterials for a wide array of applications. A brief discussion on the
history and theory of chirality in nanomaterials, nanomaterials as heterogeneous catalysts,
nanomaterials as building blocks for nanofiltration membranes, and Iuminescent

nanomaterials are also presented in this chapter.

Chapter 2 details all of the experimental work performed in this thesis, including all
starting materials used, and detailed experimental procedures and methods for each
chapter. Relevant theoretical backgrounds of the various instrumentation and

characterisation techniques utilised throughout this project are also provided.

Chapter 3 focuses on the development of novel chiroptically active anisotropic



ili
nanostructures derived from carbonate-intercalated copper-aluminium layered double
hydroxide (CuAl-CO3 LDH) nanosheets. It details the synthesis and characterisation of
CuAl-CO3 LDH nanosheets through a simple room-temperature aqueous co-precipitation
approach. Then, the induction of chirality is explored in these materials through two
distinct approaches — modified co-precipitation, and post-synthetic treatment, with both
approaches resulting in the formation of nanostructures with chiroptical activity spanning
the UV and visible spectrum. A discussion on the mechanism of chirality transfer is

presented based on the experimental evidence.

Chapter 4 details the development of new photocatalytically active high-performance
nanofiltration membranes made from CuAl-CO3 LDH/partially oxidised boron nitride 2D
nanocomposites. This project culminated in achieving state-of-the-art solvent flux rates, as
well as near 100% retention values for model organic polluants, namely azo, thiazine and
triarylmethane dyes. Notably, for the first time, photocatalytic degradation of Evans blue
using LDH photocatalysts has been achieved, using visible-light sources. Furthermore, the
idea of photocatalyst integration is introduced as a novel route to improving the anti-fouling

properties of BNOx-based nanofiltration membranes.

Chapter 5 explores the development of photoluminescent LDHs via lanthanide
doping, particularly trivalent europium and terbium doping in zinc-aluminium and
magnesium-aluminium LDHs. An in-depth analysis of the structural and photophysical
properties of these structures is provided. These LDHs are successfully implemented as
luminescent turn-off nanosensors for the environmental detection of hexavalent chromium

sources.

Finally, chapter 6 presents a conclusion of the entire body of work, outlining some of
the key achievements of this research. An outline and plan for future work, as well as some

preliminary results in this regard, are also discussed in this chapter.
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Chapter 1

Introduction

1.1 The United Nations Sustainable Development

Goals

The United Nations Sustainable Development Goals (UN SDGs) are a set of 17 global
objectives, which were adopted and endorsed in 2015 by all UN member states as part of
the 2030 Agenda for Sustainable Development. Described by the UN as an ‘urgent call for
action’, the SDGs address a broad spectrum of global challenges including poverty, climate
change, and the health of our planet, serving as a roadmap to achieving peace, prosperity,

and sustainability worldwide by 2030. An overview of the 17 SDGs is given in Figure 1.1.

Both chemists and materials scientists alike are poised to play a crucial role in achieving
numerous SDGs through their expertise and innovation in the development and optimisation
of novel materials.!™ There are several SDGs that are particularly relevant challenges for

materials researchers to solve.
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Figure 1.1: An overview of the 17 United Nations Sustainable Development Goals.*

SDG 6, which highlights issues with access to clean water and sanitation, is one
in which materials science is expected to be hugely pivotal. Researchers are continuously
developing new advanced materials for water filtration and purification, which have the
potential to revolutionise water treatment processes.>~" Furthermore, the development of
antimicrobial and antibacterial coatings by materials scientists can help mitigate bacterial
growth on pipes and in water storage facilities, acting as another safeguard for water
quality.> 1 Novel materials for energy applications is perhaps one of the largest areas of
research in materials science today, which will be hugely influential in working towards SDG
7, which focuses on affordable and clean energy. Research into novel energy materials is the
main driving force behind the development of efficient and sustainable energy technologies,
including new batteries, photovoltaics, hydrogen fuel cells, and other energy harvesting
and storage systems.’?>71* SDG 13, which underscores the urgency of climate action, aligns
very closely with these efforts, as we transition away from fossil fuels and towards greener,

renewable and sustainable energy sources.
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1.2 Nanoscience - a modern field?

Nanoscience is a diverse and rapidly evolving field, transcending the traditional barriers
between the disciplines of biology, chemistry, physics, medicine, and engineering. It can
generally be defined as the study of objects, materials and phenomena at the nanometre
scale — that is, on the scale of one billionth of one metre.?® In the public realm, nanoscience
and nanotechnology are considered to be relatively new and often futuristic fields, and
unfortunately, due in part to ineffective science communication and the structures of pay-
walled scientific publishing, are poorly understood, often leading to negative connotations.*®
In most works of fiction, nanoscience is often seen as a force for evil, with ‘nanobots’ typically
being the prime suspects in bringing about doomsday scenarios, as depicted in movies such
as ‘Star Trek: First Contact’, and in novels such as Michael Crichton's ‘Prey’. In parallel,
this lack of understanding, and thus fear, of nanotechnology has led to numerous conspiracy
theories, particularly in relation to Covid-19 vaccines.!” These misconceptions, while rooted
in fiction and disinformation, can unconsciously shape public perceptions of the field, and
can hinder genuine appreciation and understanding of the immense positive potential offered

by nanoscience.!8

Within the scientific community, many people attribute the birth of the field to
theoretical physicist and Nobel laureate Richard Feynman, who delivered his now famous
lecture, entitled ‘“There's Plenty of Room at the Bottom’, at the annual American Physical
Society meeting in 1959.1° His lecture was undoubtedly a catalyst in the surge in both
research and public interest in the field, which has experienced a huge influx in interest
in the past 25 - 30 years. However, nanotechnology has in fact, often unknowingly, been
used in a variety of applications for centuries, from the carbon nanotubes in 17th century
Damascus steel swords, to the vibrant reds and yellows in the stained glass windows of

Medieval Europe, produced by gold and silver nanoparticles (Figure 1.2 (a,b)).22



Chapter 1 — Introduction

Figure 1.2: (a) Damascus steel blade. (b) TEM images depicting carbon nanotubes in Damascus steel.
(c) Water droplet on Lotus leaf exhibiting hydrophobicity. (d) SEM image of Lotus leaf surface.?27

In addition to man-made creations, many animals and plants also depend on
nanoscience for survival.  The leaf of the lotus flower exhibits a property called
superhydrophobicity, due to its microscopic and nanoscopic features, which protects them
from harsh environments (Figure 1.2 (c,d)). Water striders have evolved to be able run
across water to avoid drowning, as the nanoscopic surface features on their legs increase
their hydrophobicity.?® These phenomena have, in turn, led nanoscientists to produce bio-
inspired superhydrophobic coatings based on the lotus leaf and the water strider for numerous

applications, including self-cleaning surfaces and microfluidic devices.??:3°
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1.3 What are nanomaterials?

Nanomaterials can be defined as materials which possess at least one dimension that

measures less than 100 nanometres (nm).3! These materials are typically sub-categorised in

terms of dimensionality, being described with respect to the number of spatial dimensions

of the object that are not on the nanoscale. The general shapes of nanomaterials that

are accessible are three-dimensional (3D, e.g. polycrystals), two-dimensional (2D, e.g.

nanosheets and nanofilms), one-dimensional (1D, e.g. nanowires and nanotubes) and zero-

dimensional (0D, e.g. spherical nanoparticles and nanoprisms) (Figure 1.3).

Isotropic nanomaterials

—
&

Anisotropic nanomaterials

0D (spheres, clusters)

1D (nanorods, wires)

2D (nanosheets, plates)

3D (polycrystals)

Figure 1.3: Classification of nanomaterials by dimensionality.>2

On the nanoscale, many material properties become highly dependent on size,

resulting in the emergence of a multitude of exotic properties.>®> Nanomaterials have

exceptionally high surface-to-volume ratios in comparison to their bulk counterparts, as this

ratio is inversely proportional to the length of the object, as demonstrated for a spherical

object in Equation 1.1.

surface area  4mr? 3

volume

= 13—
377’/‘ r

(1.1)
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Furthermore, as the size of the material is decreased, the percentage of atoms at
the surface increases, and surface interactions become more dominant. Thus, a change in
size of just a few nanometres can lead to vast changes in the behaviour and properties of
nanomaterials, and this has been one of the main topics of study in the field for a number of
years.3* This anomalous size-dependent behaviour can both be as a result of surface effects,
as well as quantum effects in the limit of very small nanoparticles. In fact, the importance
of this phenomenon was given the highest form of recognition this year, with the 2023
Nobel Prize in Chemistry being awarded to Professors Moungi E. Bawendi, Louis E. Brus,
and Alexei Ekimov, for the study of the quantum confinement phenomenon in quantum
dots, a class of semiconducting nanomaterials which exhibit size-dependent luminescence
emission.3>3% This discovery has led to a number of real-world applications, with quantum
dot LED-based displays being the primary example, leading to a global market share valued
at over $5 billion USD in 2021.3"

This size-property relationship is particularly evident in 2D materials, where control
over the lateral size is vital for specific applications. For example, 2D material-based
membranes consisting of nanosheets with larger lateral sizes are more likely to perform
more efficiently, as they result in longer mass transport channels.3®3° The thickness, or
number of layers present in a 2D nanomaterial can also be hugely influential on their
properties, for example in transition metal dichalcogenides (TMDs).*® Bulk TMDs are
indirect semiconductors, and they retain this property down to a thickness of two layers.
They exhibit a tuneable bandgap which is dependent on the number of monolayers,
and an indirect to direct bandgap transition on being reduced from the bulk to the
monolayer.*! Consequently, this results in Group VI monolayer TMDs such as MoS; and
WS, being capable of exhibiting luminescence in the visible and near-IR regions region of

the electromagnetic spectrum.*?
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These exceptional size-dependent properties, coupled with continuous advancements
in nanoscale characterisation techniques, as well computational modelling and discovery of
materials and their applications, have led to extensive research into nanomaterials in recent

years.

1.4 Two-dimensional nanomaterials

Since the turn of century, research in the area of 2D nanomaterials has experienced
a huge surge in interest, as proven in the data presented in Figure 1.4. Much of this can
be traced back to 2004, when graphene was first isolated from graphite by Novoselov et
al. by the method of mechanical exfoliation, for which he was awarded the Nobel Prize in
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Figure 1.4: Number of publications on 2D materials, from the year 1990-2023, inclusive. Data obtained
from Scopus
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While this method produced high-quality samples of graphene, it was not scalable,
thus limiting large-scale applications of the material.*® In 2008, Coleman et al. reported
liquid-phase exfoliation (LPE) of graphite, which opened the door for mass production of
graphene through a facile, top-down approach.*® This approach was later expanded upon by
the same group, and was found to be effective in the exfoliation of a range of 2D materials,

such as hexagonal boron nitride (h-BN) and TMDs, among others.*’

2D nanomaterials, or more accurately quasi-2D materials, are typically characterised
as having lateral dimensions of more than 100 nm, and thicknesses of a few nm. They
can be more precisely categorised based on their structures, and can be distinguished as
being derived from layered or non-layered materials. Moreover, within the regime of layered
structures, further classifications can be made based on the interlayer interactions in these

materials.

1.4.1 Types of 2D materials

Layered vs non-layered materials

2D materials are often classified in terms of the structure of their bulk counterparts,
and whether these are layered, or non-layered.*® Non-layered materials can be described as
having strong isotropic chemical bonds — that is equal degrees of bonding - in all three
dimensions. In the nano regime, 2D non-layered materials typically have a high degree of
dangling bonds in the z-direction, leading to the formation of high-energy surfaces.*® As
such, their synthesis can be difficult, and often requires surface passivation via chemical
functionalisation to yield colloidally stable structures. Some common examples of non-
layered 2D materials include metals, metal oxides, and Ill-V semiconductors.?®">3 However,

the majority of research conducted on 2D materials to date has been focused primarily
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on layered materials.>* Layered materials can be defined as having strong chemical bonds
in the x- and y-directions (i.e. in-plane), and weaker interactions in the z-direction (i.e.
out-of-plane).®® Thus, the layers can be separated from one another with relative ease via
physical and/or chemical methods to yield nanosheets or nanoplatelets. Some examples
of 2D materials which are derived from naturally layered bulk structures include graphene,

h-BN, TMDs, and LDHs.?6-58

lonic vs van der Waals solids

Layered 2D materials can typically be further sub-categorised depending on the type of
out-of-plane interactions, and are termed van der Waals (vdW) solids, and ionic solids.>%%°
vdW solids, such as TMDs, h-BN and graphene, typically have incredibly strong in-plane
bonds, and weak vdW forces between the layers keep them bound together in the bulk.
The vdW forces holding the sheets together can easily be disrupted, either mechanically or
chemically, to obtain the 2D material.®! lonic solids, such as layered silicates, and layered
double hydroxides (LDHs) consist of layers of counteranions ‘sandwiched’ between charged

sheets, and are held together in the bulk by electrostatic interactions. A comparison between

vdW and ionic solids is shown in Figure 1.5.
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Figure 1.5: (left) The structure of graphite - a vdW solid from which graphene can be isolated. (right)
The general structure of layered silicate - an ionic solid.%?

1.4.2 Layered double hydroxides

Layered double hydroxides (LDHs) are a class of layered ionic materials, structurally
consisting of positively charged brucite-like metal hydroxide sheets, intercalated with
negatively charged counter ions.%>54 Brucite is the mineral form of magnesium hydroxide,
and consists of metal-centred, edge-sharing octahedral building blocks, with the hydroxide
groups residing on the corners of the octahedra.®® The first LDH - a carbonate-intercalated
magnesium aluminium double hydroxide - was discovered in the 19" century, and given the
name hydrotalcite.?® As such, LDHs are often referred to as hydrotalcite-like materials or
anionic clays. In LDHs, the metal species is typically a mixture of divalent or trivalent cations,
and to a lesser extent, monovalent cations in the case of Li-containing LDHs. The partial

substitution of divalent M?* species such as Cu?*, Ni?*t, Mg?", and Zn?* with trivalent

10
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M3+ species such as AT, Fe3*, Cr3T, etc. in the M(OH), brucite-like matrix results in an
overall positive sheet charge.®” The intercalation of anionic species into the LDH interlayer
compensates for this positive charge, resulting in a more stable layered structure, that is
held together by electrostatic interactions.%® The most commonly reported intercalating
anionic species in LDHs include carbonate (CO327)%°, nitrate (NO37)", sulfate (S0,%7)"
and halides (eg: Br—, Cl—, etc.)72. Water molecules also intercalate into the LDH interlayer
space, and thus hydrogen bonding also plays a role in holding the sheets together.”> The

general formula for a LDH is shown in Equation 1.2:

(M7 M2 (OH o) [A" 40 - mH20 (1.2)

where A"~ represents the intercalating, charge balancing ion, and z is the fractional amount
of trivalent cations in the structure. In general, a stable LDH structure is formed when 0.2
< x < 0.33, and when the sizes of the anions are not too dissimilar. The general layered

structure of a LDH is shown in Figure 1.6.

The unique properties and functionalities of LDH-based materials are a direct result
of their distinct layered architecture. The partial substitution of M?* for M3t species results
in the introduction of extra charge carriers, and as a result LDHs exhibit properties akin
to p-doped semiconductors, where the M3* species acts as the dopant.”® The variable
and controllable composition of the double metal hydroxide sheets, including the relative
amounts of the divalent and trivalent species, in addition to the elements used, results in

high tunability of the bandgaps of these materials.”®

11
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Figure 1.6: The general structure of a layered double hydroxide.

In comparison to altering the band structure of other, more traditional semiconducting
nanomaterials, which typically requires complex defect engineering and doping, the bandgap
of a LDH can be changed by simply altering the metal salt precursors used in synthesis.”®~"8
As a result, a huge range of LDHs have been reported, ranging from narrow to
wide bandgaps, with applications in this regard primarily focused on photocatalysis and

electrocatalysis.”982

In addition to the composition of the metal hydroxide sheets, the nature of
the interlayer anion can also dictate many of the LDH properties.®® For example,
LDHs intercalated by carbonate anions have been reported to suppress the electron-
hole recombination rate compared to other anions, thus improving their efficacy as
photocatalysts.®83 Furthermore, the anions themselves are exchangeable, as they are held in

the interlayer between cationic sheets by electrostatic interactions, and so can be replaced

12
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in the interlamellar space by other species of interest.®* As a result, a huge range of
chemical species have been successfully introduced in the LDH interlayer, including amino
acids®®, pharmaceutical compounds®®, and luminescent dyes®”. This unique anion exchange
capability serves as the basis of a wide variety of LDH applications, including catalysis®,
pollutant removal®, energy storage®, sensing®®, and drug delivery®?, to name a few. Thus,
the inherent adaptability and tunability of LDHs make them a worthy focal point of materials
science research. Some specific properties and applications of LDHs, as well as synthetic

approaches, are discussed in more detail throughout this chapter.

1.4.3 Boron nitride

Crystalline boron nitride (BN) has four different structural polymorphs, which are
analogous to carbon lattices, and can typically be split into either sp? or sp3-bonded
configurations, as shown in Figure 1.7. The sp-bonded phases, namely cubic (c-BN)
and wurtzite (w-BN) are incredibly strong, non-layered materials, with c-BN being a
structural analogue of diamond.%® On the other hand, the sp?*-bonded hexagonal (h-BN) and
rhombohedral (r-BN) are van der Waals layered materials with strong in-plane interactions
and weak out-of-plane interactions, and thus can be exfoliated to obtain individual BN
nanosheets. The primary structural difference between r-BN and h-BN is in the stacking
pattern — h-BN stacks in an AB pattern, whereas r-BN stacks in an ABC pattern.®* h-BN,
which is analogous to graphite, is the most thermodynamically stable, and thus the most

commonly used BN polymorph in both research and commercial applications.®®

13
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hexagonal BN (h-BN)  rhombohedral BN (r-BN)

Figure 1.7: The four different polymorphs of boron nitride.%

Thus, individual sheets of h-BN are considered structural analogues of graphene,
with alternating single and double boron-nitrogen bonds, earning it the nickname ‘white
graphene’.” Although it bears striking structural similarities to graphene, h-BN exhibits
vastly different chemical and physical properties, including optical transparency due to its
wide bandgap, electrical insulating properties, as well as excellent thermal and chemical

stability.%®
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1.4.4 Preparation methods of 2D materials - ’top-down’ vs

'bottom-up’

While a plethora of synthetic and preparation techniques for 2D materials exist, they
can typically be categorised as either ‘top-down’ or ‘bottom-up’. Here, an overview of
common top-down and bottom-up synthetic methods, as well as synthetic strategies for

producing LDHs in particular, are discussed.

Top-down methods

Top-down methods involve the exfoliation or etching of bulk materials to obtain thin
layers of quasi-2D materials.?® In the context of 2D materials, the term 'exfoliation’ refers
to a process whereby an external force is applied to cleave thin sheets, ranging from few-
layers to monolayer, from a bulk material.1°® Undoubtedly, exfoliation is the most common
method of preparing 2D materials. Generally, exfoliation processes utilise some external
force (typically chemical, physical or a combination of the two) to overcome the energy
of van der Waals interactions between sheets of a layered crystal, although in recent years
much progress has been made on the exfoliation of non-van der Waals crystals, including
layered ionic crystals, as well as non-layered, isotropic crystals.!9719% While multiple types
of exfoliation can be defined, the two most well-known methods are mechanical exfoliation

and liquid-phase exfoliation.

Mechanical exfoliation, more often referred to as the ‘Scotch tape method’, involves
the use of adhesive tape to peel thin layers from a bulk crystal of a layered material, such
as graphite. In fact, this was how Nobel Laureate, Sir Kostya Novoselov, first isolated

graphene from graphite.*> The obtained 2D material can then easily be deposited on a
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substrate. While this method was ideal for producing high-quality samples of graphene, its
time-consuming, low-throughput nature, and thus lack of scalability, meant its use was
limited to laboratory settings only. However, this 2D material production method has
experienced somewhat of a revival in recent times, thanks to Prof. Andres Castellanos-
Gomez, whose group recently developed a simple high-throughput mechanical exfoliation

approach for vdW materials.1%

Liquid-phase exfoliation (LPE) is a technique first reported and coined by Prof.
Jonathan Coleman and his research group, paving the way for high-throughput and scalable
production of vdW 2D materials. LPE is a solution-based technique, which involves breaking
a vdW solid apart into individual layers in a given solvent using ultrasonic energy, either in
an ultrasonication bath, or by using an ultrasonic tip. One of the early proposed mechanisms
of LPE was that the energy cost of exfoliation is minimised when the surface energies of the
nanosheet and the solvent are roughly equal, allowing for the identification of appropriate
solvents.*” More recently, reports have demonstrated that the actual mechanism is a more
complex, multi-step mechanism, involving the formation of defect planes and ultrasonic

energy-induced cleavage and ‘unzipping’ of the crystals.1%®

Although the method of LPE addresses the issue of scalability in the production
of 2D materials, it does present other challenges. The best results from LPE are often
obtained using high-boiling point organic solvents, such as N-methyl-2-pyrrolidone (NMP)
and dimethylformamide (DMF), which are toxic and hard to remove from the end product.'®
However, the exfoliation of an array of 2D materials in green solvents, including water and
ethanol, have gained significant traction in recent years.!7109 Fyrthermore, LPE alone
has relatively poor controllability over the number of layers and lateral sizes of nanosheets
formed, often requiring further post-processing steps to achieve monodisperse samples.!'?

Despite these challenges, LPE is still the preferred technique for producing large amounts

of exfoliated 2D materials, such as h-BN, with relative ease.
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Bottom-up methods

An alternative approach to exfoliation for the production of 2D materials is controlled
‘bottom-up’ synthesis. Bottom-up synthesis refers to methods by which materials are
produced by assembly of the individual atoms and molecules to produce the desired
structures. In many cases, bottom-up synthetic approaches can address the shortfalls of LPE
in terms of monodispersity of products, as well as eliminate the need for post-processing.
Furthermore, both layered and non-layered materials are easily accessible via bottom-up
approaches. Perhaps one of the most widely-known methods of ‘bottom-up’ synthesis is
chemical vapour deposition, which can produce highly crystalline, defect-free large lateral
size monolayers of many layered and non-layered materials.1*¥"*13 The main drawback of
this method is that it is very expensive, energy intensive, deals with harmful and often
toxic chemical precursors, and shows low potential for commercial scalability.}'* Instead,
solution-based bottom-up synthetic approaches may be a more viable option in terms of
cost, accessibility and quality, as well as potential scalability.!*® In this regard, some of
the most commonly reported approaches include hydro/solvothermal, hot-injection, and

precipitation techniques.!16-118

Hydro/solvothermal methods date back to the early 1900s in the works of Morey
and Niggli, and are commonly used in the synthesis of a variety of nanomaterials.11%:120
They involve the synthesis of materials in closed vessels at high temperatures and pressures,
carried out in water (hydrothermal) or other, non-aqueous solvents (solvothermal). The
main variables in hydro/solvothermal reactions are the type of solvent, reaction time, and
reaction temperature. While these methods have many advantages, including relatively
low energy consumption and use of green solvents, the batch hydro/solvothermal process

has traditionally been considered somewhat of an informational ‘black box’, as it is

a closed system, and information can only be gained pre- and post-synthesis.’?! That
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being said, synchroton studies have played a pivotal role in unraveling the intricacies of
hydro/solvothermal synthetic approaches, with autoclave in situ diffraction studies being
instrumental in understanding the hydro/solvothermal crystallisation of a range of materials,

from LDHs, to zeolites, and beyond.1?27124

The concept of hot-injection synthesis can be attributed to LaMer and Dinegar who,
in the 1950s, proposed a set of conditions which are necessary to synthesise monodisperse
colloidal solutions of nanoparticles.!?® Their theory involved a rapid nucleation step, followed
by a slower step of controlled growth of nuclei to form larger particles.!?® This motivated
some groups of researchers to develop a new method of synthesising colloidal QDs which
involved the rapid injection of organometallic precursors into vessels at high temperatures
containing coordinating ligands and solvents. This method, termed ‘hot-injection’, has
become commonplace in the synthesis of QDs, and has also been transferred to the synthesis
of 2D materials, mainly TMDs.127128 A number of parameters can be varied in the hot-
injection approach, including temperature, reaction time, coordinating and non-coordinating
solvents, and choice of precursors (elemental vs organometallic). While hot-injection allows
for higher degrees of controllability over the reaction, and allows for information to easily
be obtained at various reaction stages through taking aliquots for analysis, it also suffers
from some drawbacks.'?® The main downside to hot-injection is that it is a very energy-
intensive process, requiring high temperatures over lengthy timescales, and often utilises non-
environmentally friendly, high boiling-point organic solvents.'3® Furthermore, the scalability
of this process is still limited, and even successful large-scale hot-injection reactions can

prove to be very costly and energy inefficient.!3!

Precipitation synthesis is a commonly reported nanomaterials synthesis technique, and
is much simpler, greener, and more accessible than the previously mentioned bottom-up
synthetic techniques.?32133 Precipitation reactions involve the addition of metal precursors

to a solvent, followed by the addition of a base to force the precipitation of nanoparticles out
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of solution.13*

Co-precipitation is a specific subset of this reaction, in which multiple metal
salts are precipitated out in conjunction with one another to produce a material composed
of a mixture of the metals.!3® The main synthetic variables in these types of reactions are
the atmosphere (inert vs. atmospheric conditions), pH, temperature, and the type of base

used. For example, basic substances such as sodium citrate can be used both as base, as

well as a stabiliser in the synthesis of magnetic ferrite nanoparticles.

(Co-)precipitation reactions are typically carried out at low temperatures (< 120 °C),
and very often at room temperature. In addition, (co-)precipitation reactions are often
carried out in aqueous media or other benign solvents, which lends itself to a number of
applications, including in medicine, and in environmental applications.'3¢ This technique has
been used in the synthesis of a variety of nanomaterials, including magnetic nanoparticles
(particularly ferrites), LDHs, and layered silicates.’” The main benefits of this technique are
that it is a very green and environmentally friendly process. (Co)-precipitation is incredibly
simple, requires no specialised equipment or glassware, has huge potential for scalability, and
is very energy efficient, often requiring no heat input or use of inert atmospheres.!” However,
due to the low temperatures involved, 2D materials synthesised using this approach are often
multi-layered, and sometimes the bulk counterparts can instead be formed.'3® Furthermore,
the number of 2D materials accessible via this approach is limited at this stage. Nevertheless,

it is still a very useful, simple, and green technique for specific materials, including LDHs.
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Layered double hydroxides - synthetic approaches

LDHs have been studied extensively since the 1940s, and as such there are a plethora of
synthetic strategies that have been reported in the literature to date. Co-precipitation is the
most commonly reported bottom-up synthetic method for LDHs, and the primary synthetic
method employed throughout this thesis. A general schematic of the co-precipitation process

for carbonated-intercalated copper-aluminium LDHs, as an example, is shown in Figure 1.8.

( Cu(NO;),.3H,0,,,) \

AI(NO,);.9H,0,,,)
¢ ) L ¢ ]
NaOH,,, — ‘ -

\ CuAl-CO, LDH | j

Figure 1.8: Schematic of a co-precipitation reaction for the formation of carbonate-intercalated
copper-aluminium layered double hydroxides.

However, the co-precipitation approach, despite its simplicity and the formation of high
purity LDH phases, has some disadvantages, including producing LDH particles with broad
size distributions. Besides the co-precipitation method, numerous top-down and bottom-up
approaches have been reported for the preparation of LDHs. The homogenous precipitation
method, often called the 'urea method’, is another commonly used approach for the bottom-
up synthesis of LDHs.13%140 Briefly, an aqueous solution of divalent and trivalent metal salts,

along with urea, are added to a hydrothermal autoclave. Elevated temperatures are utilised
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to drive the thermal hydrolysis of urea to form ammonium carbonate, increasing the pH
of the solution and facilitating the precipitation of the hydroxides from the metal salts to
form the LDH phase.!*! Other weak bases such as hexamethlyenetetramine are occasionally
used in place of urea.!*?!*3 This method produces large LDH nanosheets with excellent
crystallinity, but in the case of aluminium-containing LDHs has been shown to result in
the formation of non-negligible amounts of undesirable side products, including amorphous

aluminium oxides and hydroxides.144

Another bottom-up approach to LDH synthesis, which is most commonly used for Al-
containing LDHs, is the sol-gel method. In this procedure, strong acids such as hydrochloric
or nitric acid are used to drive the hydrolysis of organometallic precursors such as aluminium
alkoxides. Salts containing the M?" species of choice are then added, and controlled
condensation reactions result in LDH formation, rather than the formation of separate
hydroxide phases.}#>146 As the mixture is aged, oligomerisation and polymerisation reactions
result in the formation of a LDH gel with unique 'nanocapsule’-type morphologies. This
approach has been found to be highly versatile in the production of numerous dimetallic

and trimetallic LDHs. 7

The reverse microemulsion approach to LDH synthesis was first introduced by the
O'Hare group in 2005, and was developed further by the same group in subsequent years to
produce monolayer LDHs.148149 This procedure involes introducing the traditional aqueous
co-precipitation ingredients (e.g. metal salts, precipitating agent and anion source) into an
oil phase containing surfactants, resulting in the formation of nano-sized aqueous droplets
surrounded by surfactant dispersed in the organic phase. The co-precipitation reaction is
then confined to the shape and size of these droplets, whose size can be controlled by varying
the ratio of water to surfactant, resulting in the formation of highly monodisperse LDH
NPs.1%0 It is important to note that only the most common or noteworthy synthetic methods

have been discussed here, but numerous alternative bottom-up synthetic approaches for
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LDHs have been reported to date, including the salt-oxide method, oxidation approaches,

and electrochemical deposition.t51:152

In addition to bottom-up approaches, top-down, so-called 'delamination’ methods
are also widely used for producing LDH nanomaterials. = However, in contrast to
exfoliation of vdW materials, it is more difficult to achieve 2D materials from bulk LDH
crystals due to their ionic nature.’>® Nevertheless, significant strides have been made
in the delamination of LDHs, particularly by exploiting their anion exchange properties.
Most of the reported delamination protocols involve the use of a surfactant and a
highly polar solvent. First, anionic surfactant molecules are intercalated into the LDH
interlayer space via anion exchange, which expands the d-spacing and thus weakens
interlayer interactions between the brucite sheets. Dispersing this surfactant-intercalated
LDH in a polar solvent leads to solvation of the hydrophobic tails of the surfactant
molecules, causing delamination of the LDH into individual sheets.!331%* A large variety of
intercalates have been reported to be successful for inducing delamination, including sodium
dodecyl sulfate, sodium 4-octylbenzenesulfonate and sodium dodecylbenzenesulfonate!®*15%,

as well as a range of amino acids.!® Furthermore, numerous solvents have been

utilised in delamination processes, including formamide'®”1%8 butanol*>°, ethanol'®®, N,N-

161 162

Dimethylformamide™®* water <, and even extending to non-polar solvents such as toluene

and tetrachloromethane.163
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1.5 Chirality in nanomaterials

Chirality is a term that refers to the asymmetry of molecules, in which a chiral molecule

164 The first experimental observation of

is non-superimposable on its mirror image form.
chirality can be traced back to the year 1812, when French physicist Jean-Baptiste Biot
discovered that the plane of polarised light was observed to have been rotated with respect
to the incident beam after passing through organic material.1% In 1848, Louis Pasteur, fondly
known as the ‘father of chirality’, made further strides in this area of optical asymmetry,
reporting that crystals of tartaric acid were capable of this property of rotating the plane
of polarised light, and that it was a result of asymmetry down to a molecular level.1® This
phenomenon was later termed ‘chirality’ by Lord Kelvin in the year 1893.1” The ability of
chiral molecules to interact anisotropically with circularly polarised light (CPL) is due to a
property called circular birefringence, in which there are two distinct refractive indices in a

given material — one value for right-handed CPL (RCPL), and another value for left-handed
CPL (LCPL).t®

These molecular isomers are termed enantiomers. While enantiomers exhibit many
near-identical physical and chemical properties, they differ in how they interact with CPL.
They can be labelled dextrorotatory (D) if they rotate the plane of polarised light clockwise,
or levorotatory (L) if it is rotated anti-clockwise.!%® While this naming system is appropriate
for describing the optical rotatory properties of a given molecule, it is not sufficient to
describe the absolute configuration in terms of stereocentres. Carbon-based stereocentres
are the most common type, and are typically defined as a carbon atom which has four
different substituents bonded to it. The system used for assigning absolute configuration is
based on Cahn-Ingold-Prelog (CIP) rules, and the letter S (from the Latin sinister) is used
to describe left-handed enantiomers, whereas the letter R (from the Latin rectus) is used

to describe right-handed enantiomers.
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The phenomenon of chirality is evident all throughout nature, with some examples
of biologically important chiral molecules including amino acids and DNA, as well
as pharmaceutically important compounds. For example, chiral compounds such as
penicillamine are used in the treatment of heavy metal poisoning and rheumatoid arthritis,
and citalopram is used as a drug in the treatment of depression and anxiety. While it was
once believed chirality was limited to organic systems, this was disproven by Alfred Werner
in 1911, who described chirality in hexol, a cobalt-centred metal complex. Since then,
chirality has been observed in numerous inorganic systems, and perhaps one of the biggest
consequences of this was the emergence of the field of chiral nanomaterials. This field was
pioneered by Prof. Yurii Gun’ko and his research group, dating back to the synthesis of chiral
cadmium sulfide (CdS) QDs in 2007 by Moloney et al. A brief overview of the timeline of

chirality, highlighting some key milestones, is shown in Figure 1.9.

It is important to note that the study of chirality in nanomaterials can often be much
more complex than for organic molecules, as chirality must be considered on both the
molecular scale, as well as the nano and microscale, and, as such, can not sufficiently be
described by CIP rules. The most common way to observe chirality amongst these systems
remains through monitoring the optical activity, although it has progressed from the times
of Louis Pasteur. Nowadays, optical activity in nanomaterials is typically measured using
circular dichroism (CD) spectroscopy, which analyses the asymmetry in the response of chiral
materials to CPL. The absolute strength of the CD signal is typically reported in terms of
the Kuhn anisotropy factor or g-factor, which normalises the CD response by its absorbance
and is discussed in more detail in the Materials and Methods section. Depending on the

type of chirality present, the g-factor can vary substantially.
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Figure 1.9: Some key milestones in the study of chirality.16%-174

1.56.1 Common types of chirality observed in inorganic

nanomaterials

Typically CD signals can be observed in nanomaterials through one of three types of
nanoscale chirality, which can be categorised as intrinsic chirality, ligand-induced chirality,
and chiral assembly or superstructure formation.}”>17® A visual overview of the types of

chirality observed in nanomaterials is shown in Figure 1.10.
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Figure 1.10: An overview of the main types of chirality observed in nanomaterials.””

Intrinsically chiral nanoparticles

Nanoparticles (NPs) are not perfect or ideal geometric objects, and as such often

have asymmetric faces, edges and vertices, as well as both surface and bulk defects and

dislocations. Chiral arrangements of defects and/or distortions in the crystal lattice (e.g:

screw dislocations) can often induce optical activity in NPs.178181 The use of chiral ligands,

either in situ or by post-synthetic treatment, can result in the generation of chiral defects

and distortions.177:182

Some materials, such as gold and copper, have high Miller-index facets with

intrinsic chirality due to the presence of the chiral terraces, or kink sites.*®3 Furthermore,
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some materials possess intrinsically chiral crystal lattices, such as «-HgS, selenium and
tellurium 1847186 Carbon nanotubes (CNTs) also possess intrinsic chirality, depending upon

the direction in which a 2D nanosheet is rolled up to form the nanotube.'®”

Ligand-induced chirality

The transfer of chirality from surface adsorbed chiral ligands to achiral inorganic
nanomaterials is typically referred to as ‘ligand-induced chirality’. This type of chirality is
typically observed using chiroptical spectroscopy, with the appearance of new CD bands
after ligand functionalisation indicative of successful chiral induction.}””18 These new CD
bands appear in the UV and visible regions of the electromagnetic spectrum due to the
overlap of the electronic states of the chiral surface ligand with those of the nanomaterial.
In particular, these bands typically appear in the plasmonic region for metal NPs, and in

184,189-191 F\\rthermore, if a chiral

the range of excitonic transitions in semiconductor NPs.
molecule has multiple anchor groups to a NP surface, the specific binding mode can affect
the electronic overlap and thus the chiroptical properties, even inducing the opposite CD

signal in the same enantiomer with a different binding mode. 9193

Chiral assemblies and superstructures

Nanomaterials can also exhibit significant optical activity if the shape itself is chiral,
or by assembling into structures. Chiral NP assemblies, which may be formed from achiral
or chiral building blocks, are capable of exhibiting substantial optical activity.}**719 This
enhanced optical activity in chiral assemblies arises due to the strong electromagnetic
coupling between the individual NPs, giving rise to an amplified chiral response.l®” A

particularly intriguing aspect of chiral assembly is hierarchical or structural chirality, in
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which the chirality of the individual particles is translated into chiral geometry of the
assembled superstructure itself, which can strongly enhance the optical activity. This chiral
nanostructural assembly is similar to the assembly of amino acids in proteins into alpha

helices and beta sheets.198:199

1.5.2 Synthetic strategies for the production of chiral

nanomaterials

Chiral nanomaterials can be prepared using a number of methods, including
templating, external forces, and synthesis or treatment with chiral ligands. The resulting
chiral nanomaterials can range from individual chiral NPs, to microscale chiral assemblies,
to macroscale chiral superstructures. Undoubtedly, the most commonly reported method
of chirality induction is through synthetic functionalisation of nanomaterials with chiral
molecules, either in situ, or by post-synthetic treatment or ligand-exchange reactions.200-204
External forces, which are intrinsically chiral, can also be used to induce the chiral assembly
of either chiral or achiral constituent NPs, typically resulting in significant changes to the
optical activity. These include the use of vortices, magnetic fields, and CPL to induce
chirality.?9°72%7 The emerging area of light-driven chirality is of significant interest, with left-
and right-handed CPL being capable of driving the synthesis and self-assembly of left- and

right-handed chiral nanostructures.?%®
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1.5.3 Chirality in layered double hydroxides - progress and

opportunities

To date, much progress has been made in the immobilisation of chiral species,
including amino acids, drugs, and DNA, in the LDH interlayer gallery. Aisawa et al.
successfully intercalated amino acids in a range of LDH compositions, both through direct

209 35 well as calcination-rehydration

co-precipitation using amino acids as the interlayer ion
methods to remove carbonate from the interlayer and replace it with the amino acid upon
rehydration of the LDH.?1° Both anion exchange and direct co-preciptiation approaches have
also been used for the insertion of DNA in the LDH interlayer.?*212 Weij et al. reported
the intercalation of L-Dopa - a drug used in treating the symptoms of Parkinson’s disease
- in a magnesium-aluminium LDH for drug delivery. The strong electrostatic host-guest
interactions between the carboxylate group of L-Dopa and the positively charged LDH layers

prevents the racemisation of L-Dopa, improving its efficacy in in vitro models.?3

However, despite the strides made in using LDHs as hosts for chiral molecules, the
study of chirality induction in LDHs is still in its infancy. Synthesis of LDHs in the presence
of symmetry breaking agents, or by using chiral templates, has the potential to produce
unique chiral morphologies such as chiral nanoflowers, as has been demonstrated for metal

oxides214,215

, and twisted assemblies of nanosheets or nanoplatelets, as has been reported for
a number of materials?!®218_ Furthermore, there is significant scope for induction of optical
activity in transition metal-containing LDHs. Successful coupling of the electronic states of
chiral molecules and transition metal-containing LDHs would lead to chiroptical activity in
the UV and visible region, akin to that observed by transition metal oxide and hydroxide-
based nanomaterials.?1%220 |t is anticipated that progress in this relatively untapped area of

research could lead to new, exotic applications of LDHs, from asymmetric catalysis, to CPL

emitters, to building blocks of membranes for enantioselective separation, and beyond.
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1.6 Photoluminescence

1.6.1 Fluorescence vs. phosphorescence

Photoluminescence is the term given to the radiative decay of an excited electronic
state of a material, which is formed by the absorption of photons.??! Radiative decay of the
excited state can occur via one of two pathways: fluorescence or phosphorescence.??? This
depends on whether the emission occurs from a singlet or triplet excited state. A singlet
ground state consists of two paired electrons with opposite spins as per the Pauli exclusion
principle, and thus has a spin multiplicity of 1 (2S5 + 1, where S = +% - % = 0). A singlet
excited state is formed when the promoted electron maintains the same spin orientation.
Emission that occurs from decay of a singlet excited state is known as fluorescence and

occurs on a short timescale — typically on the order of nanoseconds.??3

Triplet excited states, on the other hand, consist of two unpaired electrons with
the same spin, either both spin-up or both spin-down, and thus these states have a
spin multiplicity of 3.22* Electronic transitions between states of different multiplicities are
technically forbidden according to the spin selection rule, as it involves the excited electron
essentially reversing its spin. However, this transition is more favourable through the process
of intersystem crossing if there is overlap between the vibrational energy levels of the singlet
and triplet excited states. This phenomenon is known as spin-orbit coupling, and is most
commonly observed in materials containing heavier atoms.??®> Emission resulting from the
decay of a triplet excited state is termed phosphorescence, and has a much longer lifetime
than fluorescence, typically on the order of microseconds to seconds.??® Phosphorescence is

a characteristic of many lanthanide complexes and lanthanide-doped materials.?%’
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1.6.2 Lanthanide luminescence

Luminescence arises in lanthanides due to f — f electronic transitions. Although these
transitions are technically forbidden according to Laporte selection rules, they do occur in
solid matrices due the effects of the surrounding crystal field, removing the degeneracy of
the f-suborbitals.??® This results in the emission spectra of the lanthanide ions consisting of
a number of sharp distinct emission peaks in a relatively narrow wavelength range. A further
hallmark of lanthanide emission spectra are their large Stokes shifts, which are beneficial for
applications as fluorescent probes, as emission measurements are less prone to interference

from the excitation source.?29:230

The emission of lanthanides is typically described using term symbols 251 L ;, where
S is the total spin quantum number, L is the orbital angular momentum quantum number,
and J is the total angular momentum quantum number. The various radiative transitions

in Eu®" and Tb3" ions are summarised by the Jablonski diagram in Figure 1.11.
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Figure 1.11: Jablonski diagram showing singlet to triplet conversion in Eu3* and Tb3* ions, and radiative
decay of the triplet states.?3!
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1.6.3 Layered double hydroxides as host matrices for lanthanide

cations

Lanthanide luminescence is known to be highly sensitive to its environment, and
the emission can be reduced or suppressed through various mechanisms, including solution
quenching and self-quenching. In particular, self-quenching or ‘concentration quenching’
is a prevalent issue in lanthanide-based emissive materials. Concentration quenching
mechanisms include both non-radiative cross-relaxation between adjacent lanthanide cations,
and in the case of nanomaterials, energy transfer to the surface, further diminishing the
emission intensity.?3?> Doping of inorganic nanomaterials with lanthanide cations, particular
Eu3t and Tb3t species, has been an incredibly important avenue of research in recent
years.?337237 This approach is based on the fact that the inorganic matrix can protect
the lanthanide species from the surrounding environment, minimising solvent quenching.
Furthermore, the use of small amounts of lanthanide dopants in inorganic nanostructures
both minimises concentration quenching, as well as saves on cost, while preserving the
unique luminescence behaviour. LDHs are an ideal candidate for lanthanide cation doping,
as these trivalent species can seamlessly integrate into the LDH sheet structure, occupying
the centre of the M(OH)g octahedra by replacement of either the M** or M3* species,
and as such, there have been numerous reports of trivalent europium and terbium-doped
LDHs.238-243 Thus, integration of lanthanide cations within LDH structures not only protects
them from quenching, but also provides a stable framework to expand their applications,

ranging from optoelectronics, to luminescent sensing, and beyond.
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1.7 Nanofiltration for water purification

Nanofiltration (NF) is a membrane-based filtration technology that has performances
that are considered somewhere between that of ultrafiltration (UF), which is effective for
the separation of macromolecules, and reverse osmosis (RO), which in the ideal case, only
permits passage of water through a membrane (Figure 1.12). NF is considered as striking
the right balance between UF and RO, offering a higher degree of selectivity than UF, while
operating at much lower pressures than RO, and thus minimising the energy consumption
during the filtration process. The majority of publications on NF typically report operating

pressures between 1 and 40 bar.?*
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Figure 1.12: Comparison of ultrafiltration, nanofiltration and reverse osmosis filtration capabilities.?4

NF membranes have traditionally been characterised in terms of their pore size, with
typical NF membrane pore diameters lying in the region of 1-10 nm.?*® However, a more

commonly used definition in recent years involves the size of molecules it is capable of
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filtering from a given solvent. In this regard, NF is typically described, in terms of both
molecular weights and molecular sizes, as a method of filtration that is capable of rejection
of molecules with molecular weights as small as 200 Daltons, or down to a molecular size of
1 nm.2477249 When analysing the performance of a given NF membrane, there are a number
of key performance indicators that must be taken into consideration — these are retention,
solvent flux and energy consumption. The ideal NF membrane will exhibit both excellent
retention and solvent flux, and the design of these membranes to improve one of these

250.251 Retention is the term used

characteristics must not come at the cost of the other.
to describe the efficacy of a membrane in removing specific components from a mixture or
solution. Retention can be calculated by comparing the concentration of the analyte in the

permeate (i.e. after passing through the membrane) with the concentration of the analyte

in the feed (i.e. before passing through the membrane), according to Equation 1.3:%!

Ro(%) = (1 — 222y x 100 (1.3)

where:
R, is the retention (in %),
Cp, is the concentration of the analyte in the permeate, and

Cr, is the concentration of the analyte in the feed.

Solvent flux or permeation describes the rate at which a solvent can pass through
the membrane during the filtration process. The flux depends on the working area of the

membrane, and is calculated at a certain fixed pressure, according to Equation 1.4:252

J=— (1.4)

34



Chapter 1 — Introduction

where:

J is the solvent flux (typically reported as L m=2 h™1),
A is the working area of the membrane (typically in m?),
V' is the volume of solvent (typically in L), and

t is the time taken for the solvent to pass through the membrane (typically in h).

Solvent flux and applied pressure are key factors in NF energy consumption, both of

which should be carefully controlled to maximise the efficiency of the filtration process.

The separation mechanism in NF membranes is highly complex and still widely
debated, however a number of theories can serve as explanations. The simplest theory is
a simple steric effect, based on size exclusion of the particles, blocking them from entering
the smaller pores of the membrane.?>325* However, this does not account for the anomalous
behaviour of membranes with large pore sizes exhibiting high retentions for small molecules.
Another common observation is the electrostatic effect, also known as the Donnan effect, by
which charged membranes exhibit high retentions by attracting oppositely charged ions, or
high rejections by repelling similarly charged ions.?%52%6 However, there are also drawbacks
to this theory, as there are numerous reports of charged NF membranes not exhibiting any
preference for charged or uncharged analytes. Another emerging theory, which only applies
to NF membranes made of materials which have delocalised 7t-systems (such as BN and
graphene), is that organic compounds can be retained via 7t— 7t interactions.171%8 |n reality,
the mechanism of retention in NF is likely the result of a complex interplay between all of

the aforementioned effects.
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1.7.1 Layered double hydroxides for water purification - stand-

alone sorbents and membrane building blocks

LDHs are highly promising materials, both as sorbents and as components in
nanofiltration membranes, for advancing water purification technologies. Due to their
positive sheet charge and flexible basal spacing, they are effective adsorbents for a vast
range of anionic pollutants, through both electrostatically driven surface adsorption, as well
as anion exchange. While there are hundreds of reports in the literature on LDHs as sorbents
for pollutant removal, the two most commonly reported classes of pollutants as targets for
removal by LDHs are organic pollutants such as dyes and pharmaceutical compounds, and

metal oxyanions.257:258

Removal of anionic dyes from water is perhaps one of the most widely reported
applications of LDHs. The removal process is usually dominated by electrostatically-driven
surface adsorption, especially in the case of CO3% -intercalated LDHs, as the strength of
interaction between CO3%~ and the positively charged metal hydroxide sheets means that the
anion is very difficult to exchange for the dye molecule.?5%261 However, in the case of LDHs
where the intercalating anion is less tightly bound, such as NO3~ or Cl~, anion exchange
contributes significantly to the dye removal process.?022%3 | DHs have been successfully
utilised as solid-phase and colloidal sorbents for numerous anionic dyes, including methyl
orange?®42%5  Evans blue?®®2” Congo red?°®2%° and Sunset Yellow?’®, among others. LDH
sorbents can typically be reused numerous times, by washing with solvents, or by calcination
and regeneration via the memory effect, albeit with varying success when it comes to

271,272

maintaining stable removal efficiency over several cycles. Furthermore, the formation

of nanocomposites containing LDHs in conjunction with negatively charged materials can

facilitate the tandem removal of both anionic and cationic species.?”3:274
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Aside from their use as sorbents, the use of LDHs as building blocks for NF membranes
has gained significant traction in recent times a result of their anion exchange capabilities
and high adsorption capacities.?”> Furthermore, their aqueous phase synthesis and stability is
advantageous for water purification applications, compared with other common 2D materials
used for membranes such as MXenes, graphene oxide, and MoS,.2"®278 Wang et al. reported
the fabrication of amino acid-intercalated MgAl LDH membranes on anodic aluminium oxide
templates, achieving up to 98% rejection of a range of anionic dyes. Amino acid-intercalation
aided in the formation of expanded hydrophilic transport channels, resulting in high solvent
flux rates.?”® LDHs have been also used to improve the performance of polymer membranes,
while maintaining their desirable properties such as high mechanical strength, as reported
by Li et al. for LDH/polyamide membranes for both desalination and dye removal.?®® Using
LDHs, which are conducive to high solvent flux due to the abundance of hydrophilic hydroxyl
groups on the surface, enables breakthroughs in the performance trade-off between solvent

flux and pollutant rejection.

1.7.2 Challenges facing the widespread use of nanofiltration in

water treatment systems

Membrane fouling can be defined as the accumulation of pollutants on the surface
or in the pores of membranes, and is perhaps one of the main limitations in the expansion
of the widespread application of NF in purification and separation technologies.?1:282 This
is a particularly challenging problem in conventional filtration mode, in which the flow
of the solvent is perpendicular to the orientation of the membrane. Fouling significantly
reduces the performance of NF membranes, through reduction of the solvent flow rate,
which results in increasing operational costs as higher pressures have to be used to force the

solvent through the membranes. As a result, fouling can also lead to mechanical failure of
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the membranes if they cannot sustain the increased pressures required to drive the solvent
through the partially blocked pores.?®3® Furthermore, the cost and complexity of NF acts
as a significant barrier to its more widespread implementation, particularly in lower income
countries where innovative solutions to water treatment are most urgently needed.?8428
It is estimated that the costs of NF are approximately double that of UF.?8%287 Most cost
analyses of nanofiltration systems that can be found in the literature have been conducted in
high-income countries such as Sweden, Germany and the Netherlands, where the financial
and economic barriers to implementing such systems are minimal.2882% Therefore, it is
clear that simpler and more sustainable routes to NF membrane production are required to

drive costs down and to drive the field forward, thus making a real impact in lower-income

countries around the world where it matters the most.

1.8 Catalysis

The discovery of catalysis is most frequently, and incorrectly, attributed to Jons Jakob
Berzelius, who unquestionably was a pioneer in the field, and officially coined the term in
the year 1836.2°! However, as is regrettably all too common throughout scientific history, it
was, in fact, a woman, Elizabeth Fulhame, who invented and discovered the field of catalysis

42 years earlier, while a male contemporary received undue credit and acclaim.??
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Figure 1.13: (Left) An artist’s interepretation of Elizabeth Fulhame, a forgotten chemist and the true
inventor of catalysis. (Right) Her only published book, which first introduces the concept of catalysis and,
in particular, photoreduction.?%3

A catalyst can be officially defined as ‘a substance that increases the rate of a reaction,
without modifying the overall standard Gibbs energy change in the reaction’, as per the

International Union of Pure and Applied Chemistry.2%

The process that involves using a
catalyst to speed up a reaction is known as catalysis. Catalysts can typically be categorised
as either homogeneous, or heterogeneous. Homogeneous catalysts exist in the same phase as
the reactants.?%® Perhaps the most industrially relevant example of homogeneous catalysis is
the use of solutions of transition metal complexes in the catalytic hydrogenation of alkenes,
with the products finding myriad applications in the raw chemical, pharmaceutical, and
agricultural industries.?°® Another commonly known example of homogeneous catalysis, in
which reactants and catalysts are both in the gas phase is the destruction of atmospheric
ozone by UV light, which are catalysed by chlorofluorocarbons.?” In contrast, heterogeneous
catalysts exist in a different phase to that of the reactants, resulting in a boundary between
the two phases at which reactions can occur.?® The most well-known example of a
heterogeneous catalytic reaction involves the catalytic converter of the internal combustion

engine. Inside a catalytic converter, solid metal surfaces (traditionally precious metals such

as platinum, rhodium and palladium) catalyse the conversion of toxic gases to more benign
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gaseous products including Ny, O, CO, and water vapour.?®® A schematic comparison of

homogeneous and heterogeneous catalysis is shown in Figure 1.14.

Homogeneous catalysis

Reactant A Reactant B Product
Intermediate

9

Catalyst molecule

<

Reactant A Reactant B Product

Heterogeneous catalysis

Intermediate

—_— —_—

Catalyst surface

Figure 1.14: A comparison between homogeneous and heterogeneous catalysis.

1.8.1 Photocatalysis

Photocatalysis is a specific area of catalysis, that uses light (either UV or visible) to
activate a catalyst, which then goes on to catalyse the chemical reaction. It is regarded as
an effective means of utilising and converting solar energy.3®® Most nanomaterial-based
heterogeneous photocatalysts are semiconducting materials, with metal oxides such as
titanium dioxide (TiO2) and zinc oxide (ZnO) being amongst the most commonly reported

species.39173%4 When these materials absorb light, they generate electron-hole pairs which,
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if the recombination rate is low enough, leads to redox reactions on their surfaces, as shown

in the schematic in Figure 1.15.3%

Figure 1.15: Schematic representation of the photogeneration of electrons and holes in a semiconducting
nanomaterial, catalysing the formation of radical species in water.

Nanomaterials with an optical bandgap in the UV or visible regions of the
electromagnetic spectrum are of significant interest as photocatalysts, specifically in the
context of the global green energy transition.3% The ability to harness sunlight for catalysing
numerous of reactions, from the generation of sustainable fuels and feedstocks including
hydrogen and ammonia, to the photodegradation of pollutants in environmental remediation

applications, means photocatalysis plays a pivotal role in sustainability and green energy.
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1.8.2 Fenton reactions

Fenton reactions are a specific subset of redox processes that are hugely exploited
in the field of photocatalysis. They involve the redox reaction of a transition metal with
variable valency to produce radical species, most notably hydroxyl radicals, from hydrogen
peroxide.3” While the iron-centred Fe(ll)/Fe(lll) redox pair was used for the discovery of
the Fenton process, and thus is most commonly used, in recent years other transition metals
such as copper, nickel, manganese and chromium have been used, and are dubbed ‘Fenton-
like' reactions.3%8312 The copper Fenton-like reaction involves cycling of the Cu(Il)/Cu(l)

redox pair, as shown in the schematic in Figure 1.16.

Figure 1.16: Schematic representation of the copper-centred Fenton-like reaction, leading to the
production of radical species from hydrogen peroxide.

The Fenton reaction has been widely utilised by both chemists and materials scientists
alike for applications in environmental remediation.3'33* The generated hydroxyl radicals

are highly reactive and can be used to photo-oxidise a range of organic pollutants including
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dyes and pharmaceutical compounds, breaking them down into smaller, less harmful
substances.3'® The real-world applications of this process range from water purification

to decontamination of soil 316317

1.8.3 Layered double hydroxides as heterogeneous photocatalysts

The unique characteristics of LDH nanosheets, including their high degree of
compositional tunability, large surface-to-volume ratio, and ion exchange capabilities, make
them viable candidates for heterogeneous photocatalysis. As discussed in Section 1.4.2,
M3+ doping in the extended M(OH), sheets means they exhibit behaviour akin to p-type
semiconductors. Thus, they can undergo photoinduced charge separation, with an excess of
holes present, upon absorption of light above the bandgap energy.3!® The holes then proceed
to react with water to form hydroxyl radicals, which are highly effective in the degradation
of numerous organic pollutants. However, the high electron-hole recombination rates in
LDHs remains a significant barrier to their photocatalytic efficiency, and thus LDHs are
often presented as co-catalysts, forming heterojunctions with other semiconducting species,

to boost this efficiency.319-323

The positive sheet charge of LDHs means they are efficient adsorbents for anionic
pollutants, as previously discussed in Section 1.7.1, which, in combination with their large
surface-to-volume ratio and charge carrier separation, can facilitate rapid photodegradation
of anionic organic species.3?* Furthermore, LDHs which contain ions of Fe, Cu, Ni and
Mn, among others, are capable of undergoing Fenton and photo-Fenton reactions which, in
conjunction with their charge separation capabilities, can facilitate rapid photodegradation of
organic pollutants.3?>-32” The application of LDHs as heterogeneous photocatalysts has been

widely reported for numerous reactions, including degradation of pollutants such as phenols

328,329 330,331

and organic dyes , as well as for the hydrogen and oxygen evolution reactions.

43



Chapter 1 — Introduction

Thus, LDHs may serve as a key puzzle piece in solving many global issues relating to the

UN Sustainable Development Goals, particularly SDG6, 7, 13, 14 and 15.

1.9 Aims of the Project

The overarching goal of this project is to develop new layered double hydroxide-based
nanostructures and nanocomposites, and an exploration of their wide-ranging applications
which arise from their unique structures and high degree of tunability via compositional
variation. In particular, we aim to employ primarily green synthetic techniques for the
synthesis of these materials, and examine their potential use where possible in various
environmental applications. The applications of the prepared materials primarily involve
photocatalysis, selective separation, and photoluminescent pollutant sensing. The main

research and technical objectives of this work are as follows:

1) To synthesise a variety of layered double hydroxides using various metal salt species

and co-precipitation reactions.

2) To characterise the resultant nanomaterials using various instrumental techniques,

including pXRD, FT-IR, UV-Vis, CD, SEM, TEM, EDX, EELS, and PL.

3) To investigate the potential for chirality induction in copper-aluminium layered
double hydroxides via one-pot synthesis, as well as post-synthetic treatment in the presence

of chiral molecules.

4) To investigate the mechanism of chirality transfer in LDH-derived chiral metal

oxides.
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5) To test the potential of a variety of layered double hydroxides of various

compositions for their ability to degrade organic pollutants via photocatalysis.

6) To investigate the potential use of copper-aluminium layered double hydroxides in

nanofiltration membranes for the separation of a range of water-soluble dyes.

7) To optimise the nanofiltration performance of hybrid layered double
hydroxide/partially oxidised boron nitride membranes and gain insights into the dye retention

mechanisms.

8) To address the issue of fouling in partially oxidised boron nitride membranes via
the use of copper-aluminium layered double hydroxides as novel photocatalytic anti-fouling

components.

9) To synthesise a variety of phosphorescent rare-earth-doped layered double
hydroxides and fully characterise them, including their photophysical properties and

[uminescent lifetimes.

10) To test phosphorescent rare-earth-doped layered double hydroxides in luminescent

sensing applications, particularly for the sensing of dichromate in water.

It is anticipated that this work will contribute to the more wide-spread use of layered
double hydroxides in a variety of applications, including sensing, nanofiltration, and other
environmental applications. Finally, we also aim to shed light on the multifunctionality of

this diverse class of nanomaterials with this work.
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Chapter 2

Materials and Methods

2.1 Starting Materials

Copper nitrate trihydrate (Cu(NO3)2-3H20, puriss, p.a. 99-104%) and aluminium nitrate
nonahydrate (AI(NO3)3-9H;0, > 98%) were purchased from Honeywell Fluka. Terbium
nitrate hexahydrate (Tb(NO3)3.6H20, 99.9% (REO)) was purchased from Strem Chemicals,
Inc. Europium nitrate hexahydrate (Eu(NO3)3.6H20, 99.9% (REO)), and D-phenylalanine
(99%) were purchased from Alfa Aesar. Sodium dichromate (NayCroO7) was purchased
from May and Baker. Zinc nitrate hexahydrate (Zn(NO3),-6H2O, purum p.a., crystallized
> 99.0%), magnesium chloride hexahydrate (MgCl,2.6H,O, BioXtra, > 99.0%) L-
Phenylalanine (> 98%), Evans Blue (> 75%), Methylene Blue (> 82%), Rhodamine
B base (~97%) and hydrogen peroxide (H2O2, 30% w/w) were purchased from Sigma
Aldrich. Methyl Orange (> 95%) was purchased from VWR International Ltd. Hexagonal
boron nitride (h-BN) powder (particle size = 6-30 uM) and Durapore membrane filters
(hydrophilic polyvinylidene fluoride (PVDF), 0.45 um pore size and 47 mm diameter) were

purchased from Merck. Sodium hydroxide (general purpose grade) was purchased from
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Fisher Chemical. 400 mesh Cu-lacey carbon TEM grids were purchased from Ted Pella.
Millipore water (MP H;0) was supplied in-house using a Milli-Q system with resin filters

operating at 18Q). All materials were used as-obtained without further purification.

2.2 Experimental Procedures for Chapter 3

2.2.1 Co-precipitation synthesis of CuAl-CO3; LDHs

This synthesis was modified slightly from previously published procedures.!? Na,CO3 (0.81
g, 7.5 mmol) was added to a large beaker with 200 mL of MP H;O. A few drops of 1 M
NaOH solution were added to adjust the pH to 10. Separately, a metal salt solution was
prepared by dissolving Cu(NO3)2-3H,0 (1.35 g, 5.58 mmol) and AI(NO3)3-9H,0 (2.1 g, 5.58
mmol) in 100 mL of MP Hy0. The metal salt solution was added dropwise to the Na;COs3
solution under magnetic stirring, also adding drops of 1 M NaOH solution as necessary to
keep the pH > 10. The mixture was left to stir for 4 h at room temperature, then left to
age overnight. The resulting material was cleaned via centrifugation at 5000 RPM for 10
min, washing with MP H,O (3 times) and isopropanol (3 times). A small amount of the
material was redispersed in ethanol, and the remaining material was dried in an oven at 80
°C overnight for further use. It is worth noting that this 1:1 metal salt ratio is less common
in the literature, and in fact likely results in the formation of a product closer to a 2:1 Cu/Al

ratio.
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2.2.2 Chiral co-precipitation with Phe in situ

L- or D-Phe (0.307 g, 1.86 mmol) and Na;CO3 (0.135 g, 1.25 mmol) were added to a beaker
with 125 mL of MP H50O. A few drops of 1 M NaOH solution were added to adjust the pH
to 10. Separately, a metal salt solution was prepared by dissolving Cu(NO3),.3H,0 (1.35 g,
5.58 mmol) and AI(NO3)3-9H,0 (2.1 g, 5.58 mmol) in 25 mL of MP H;O. The metal salt
solution was added dropwise to the Phe/NayCOj3 solution, adding drops of 1 M NaOH as
necessary to keep the pH > 10. The mixture was left to stir for 4 h at room temperature,
then left to age overnight. The resulting material was cleaned via centrifugation at 5500

RPM for 10 min, washing with MP H2O (3 times) and isopropanol (3 times).

2.2.3 Chiral co-precipitation with DBTA in situ

L- and D-DBTA modified LDHs were prepared according to the protocol described in Section
2.2.2, with two modifications. L-/D-DBTA (0.67 g, 1.86 mmol) was used in place of L-
/D-Phe, and the reaction was carried out at 35 °C to increase the solubility of DBTA in

water.

2.2.4 Post-synthetic treatment of CuAl LDHs with phenylalanine

Dried CuAl LDHs (100 mg) were added to a round-bottomed flask with 50 mL of MP H,O.
Separately, 100 mg of L- or D-Phe was added to 50 mL of MP H,0O, adjusted to pH 10
using IM NaOH. The L- or D-Phe solution was added dropwise to the LDH suspension.
The mixture was left to stir for 4 hours, after which stirring was ceased and the mixture was

left to age overnight. The resulting material was cleaned via centrifugation at 5000 RPM
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for 10 mins, washing with MP HyO (3 times) and isopropanol (3 times). Some material
was kept dispersed in ethanol for spectroscopic measurements, and the remainder of the

material was dried in an oven at 80 °C for further use.

2.3 Experimental Procedures for Chapter 4

2.3.1 Co-precipitation synthesis of CuAl-CO3; LDHs

This synthesis was carried out the same as described in Section 2.2.1, however centrifugal

washing was carried out using MP HyO only (3 times).

2.3.2 Preparation of partially oxidised bulk BN by thermal

oxidation

Bulk BN (5 g) was placed in a ceramic dish and placed in a furnace. The sample was heated
in air at a rate of 5 °C to a target temperature of 1000 °C, and held for 30 minutes to

produce bulk BNOx powder.

2.3.3 LDH/BNOx nanocomposite and membrane preparation

As-prepared CuAl-CO; LDH (60 mg) and BNOx (240 mg) were added to a round-
bottomed flask with 100 mL of MP H;O and sonicated for 24 h to obtain the LDH/BNOx

nanocomposite. Membranes were prepared by taking 50 mL of the suspension and passing it
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through a PVDF template (pore size = 0.45 um, diameter = 47 mm) by vacuum filtration

operating at a pressure of 1 bar.

2.3.4 Nanofiltration performance tests - dye retention and solvent

flux

Four water soluble dyes (Evans Blue, Methyl Orange, Methylene Blue, and Rhodamine
B) were used for testing the retention of the LDH-BNOx membranes. The following
concentrations were used, to ensure an average UV-Vis absorbance of 1 - 1.5 a.u., as

shown in Table 2.1.

Table 2.1: Concentrations and corresponding absorbances at A4, of each dye.

Dye Concentration (uM) | A\, (nm) | Abs (a.u.)
Methyl Orange 50 466 1.2
Methylene Blue 27 664 15

Evans Blue 15 606 1
Rhodamine B 20 558 15

20 mL of the dye solution was passed through the membrane using vacuum filtration
operating at a pressure of 1 bar. A UV-Vis of the permeate was obtained. The permeate was
further concentrated to obtain a 3 mL aliquot using rotary evaporation and re-dissolution
to ensure a higher level of accuracy in the calculations, and a UV-Vis absorbance spectrum

of the concentrated permeate was also obtained. The membrane retentions were calculated
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according to Equation 2.1.

R, (%) = (1 — =£2).100 (2.1)

where:
R.(%) is the retention of the membrane,
Cp, is the concentration of the permeate, and

Cr, is the concentration of the feed solution,

However, as absorbance is directly proportional to concentration according to the Beer-
Lambert law, the following form (Equation 2.2) can be derived, allowing retention to be

calculated directly from the UV-Vis data:

R, (%) = (1 — =££).100 (2.2)

where:
Ap, is the concentration of the permeate, and

Ap, is the concentration of the feed solution.

Water permeance/flux measurements in our dead-end filtration system were carried out
both for the PVDF template, as well as the LDH/BNOx membranes. This was conducted
by recording the time taken for 20 mL of MP H50 to pass through the vacuum filtration
system. The system was operating at a pressure of 1 bar, and the working area of the fritted

glass filtration system is 9.6 x 10~% m2. Flux was calculated according to Equation 2.3:
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F=— (2.3)

where:

Fis the fluxinL m™2 h™!,

V is the volume of MP H,O in L,

A is the working area of the filtration system in m?, and

t is the time taken for 20 mL of MP H5O to pass through the system.

2.3.5 Analysis of LDH/BNOx membrane dye adsorption kinetics

An as-prepared LDH/BNOx membrane was cut into two, with one half being placed in a
clean, polycarbonate petri dish. 10 mL of the dye solution was added to the petri dish, and
the petri dish was closed and placed in the dark. Regular aliquots were taken over the course
of up to 6 hours for UV-Vis analysis and returned to the petri dish in a timely manner to
minimise the light exposure time. The adsorption was modelled using pseudo-second order
(PSO) kinetics, as shown in Equation 2.4, and described mathematically in more detail in
Appendix C, and the Weber-Morris intra-particle diffusion (IPD) kinetic model, as shown in
Equation 2.5. While the complex mathematics involved in the derivation of the Weber-Morris
IPD model from Fick's laws of diffusion is far beyond the scope of this thesis, interested

readers may refer to the cited literature.3™

= 2.4
¢ kegs @ (24)

79



Chapter 2 — Materials and Methods

g = kippit"® + ¢ (2.5)

where:

q; is the amount adsorbed at time ¢ (in mmol/g),

@2 is the maximum adsorption capacity from the PSO model,

ko is the apparent PSO rate constant,

krpp,; is the apparent IPD rate constant for stage 7 in the IPD process, and

c; is the intercept of the plot of ¢ vs t9°

and corresponds to the thickness of the boundary
layer. It is worth noting that the original Weber-Morris model does not include the ¢; term

- this was added later by McKay et al.®

The second half of the membrane was used for the photocatalysis experiments, as

described in Section 2.3.6.

2.3.6 Analysis of LDH/BNOx membrane photodegradation

kinetics

An as-prepared LDH/BNOx membrane was cut into two, with one half being placed in a
clean, polycarbonate petri dish. 10 mL of the dye solution was added to the petri dish,
along with 10 pL of 30% w/w H50, solution. The open petri dish was placed under a
Parkside (Lidl) 5 W COB LED lamp operating at maximum power. Aliquots were taken
every 10 mins over the course of 120 mins for UV-Vis analysis and returned to the petri dish
in a timely manner to maximise the light exposure time. The photocatalytic degradation

measurements were performed in triplicate for each dye. The photodegradation process was
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modelled using pseudo-first order (PFO) degradation kinetics, as described in Equation 2.6,

and described mathematically in more detail in Appendix C.

€o
() = kit (2.6)
Ct
where:
o is the dye concentration before exposure to light,

¢, is the dye concentration at a certain time t after exposure to light, and

k1 is the apparent PFO rate constant.

The values of ¢; were calculated by conversion of the absorbance values at A,,,. using
the Beer-Lambert law. The second half of the membrane was used for the adsorption

experiments, as described in Section 2.3.5.

2.3.7 Photodegradation control experiments

The experiment was performed as described in Section 2.3.6, with no membrane added as
a photocatalyst, to determine the extent of dye photobleaching with HyO, in the presence

of visible light.

2.3.8 Hydroxyl radical probe experiments

The generation of hydroxyl radicals (*OH) by the LDH/BNOx nanocomposite were

monitored using the terephthalic acid (TA) probe technique. 4 round-bottomed flasks were
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filled with 10 mg of TA and 50 mL of 20 mM NaOH aqueous solution to aid with aqueous
solubility. 30 mg of LDH/BNOx nanocomposite was added to each flask. One flask was
placed under the LED lamp, and the second was placed in the dark. To the third and
fourth flasks, 20 uL of HyO2 (30% (w/w)) was added. One of these was placed under
the LED lamp, and the other was placed in the dark. The samples were left for three
hours, after which the solids were removed by centrifugation at 15,000 RPM for 2 minutes.
The supernatant was retained, and photoluminescence emission spectra of the fluorescent
product, hydroxyterephthalic acid (hTA), were obtained using an excitation wavelength of
315 nm, an emission range of 350-500 nm, excitation and emission slit widths of 2.5 nm, 1

nm increments, and an integration time of 0.1 s.

2.4 Experimental Procedures for Chapter 5

2.4.1 Co-precipitation synthesis of Eu-doped MgAIl LDHs

This synthesis was modified by us from a previously published procedure.” Na,CO3 (0.405
g, 3.75 mmol) was added to a beaker with 100 mL of MP H,O. A few drops of 1 M NaOH
solution were added to adjust the pH to 10 (Solution A). Separately, a mixed Mg/Al metal
salt solution (solution B) was prepared by dissolving MgCly.6H,0 (0.565 g, 2.79 mmol) and
AI(NO3)3.9H,0 (0.525 g, 1.40 mmol) to 50 mL of MP H,O. Solution A was added dropwise
to the Nay;CO3 solution, adding drops of 1 M NaOH as necessary to keep the pH > 10.
Metal salt solution C was prepared by dissolving Eu(NO3)3.6H20 (0.124 g, 0.279 mmol) to
10 mL MP H50O, and immediately added dropwise to solution A once all of solution B had
been added, adding drops of 1 M NaOH as required to keep the pH > 10. The mixture was

left to stir for 4 h at room temperature, then left to age overnight. The resulting material
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was cleaned via centrifugation at 5000 RPM for 10 min, washing with MP water (3 times)

and isopropanol (3 times) and dried in an oven at 80 °C overnight for further use.

2.4.2 Co-precipitation synthesis of Th-doped MgAIl LDHs

This procedure was carried out as described in Section 2.4.1, with Eu(NO3)3.6H,0 replaced

2.4.3 Co-precipitation synthesis of Eu-doped ZnAl LDHs

This procedure was carried out as described in Section 2.4.1., with MgCl,.6H,;O replaced
by Zn(NO3)2.6H,0 (0.83 g, 2.79 mmol).

2.4.4 Co-precipitation synthesis of Th-doped ZnAl LDHs

This procedure was carried out as described in Section 2.4.1, with MgCl;.6H,0 replaced
by Zn(NO3),.6H,0 (0.83 g, 2.79 mmol), and Eu(NO3)3.6H,0 replaced by Th(NO3)3.6H,0
(0.126 g, 0.279 mmol).

2.4.5 LDH quenching tests with dichromate

10 mg of as-prepared lanthanide-doped LDHs (MgAIEu, MgAITb, ZnAlEu and ZnAITb)

were added to 10 mL of 2 mM NayCroO7 aqueous solution and sonicated for 10 minutes.
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PL emission spectroscopy was conducted to examine the quenching, using an emission
wavelength of 615 nm for Eu-doped LDHs, and 544 nm for Th-doped LDHs. PL emission
spectra for quenching studies were obtained using excitation and emission slit widths of 2

nm, a sample window of 10 ms, a flash count of 45, and an initial delay of 0.1 ms.

2.5 Instrumentation

2.5.1 UV-visible absorption spectroscopy

UV-visible absorption spectroscopy (UV-Vis) is a technique that examines how a
material interacts with ultraviolet (UV) and visible light. In this technique, UV-visible light
(typically in the 200-800 nm range) is generated from a broad band white-light source, that
is then split into individual wavelengths using a monochromator. This light is then passed
through the sample of interest, and a detector compares the intensity of the emergent
beam at each wavelength (I) with that of the incident beam (ly), which is reported as

transmittance (T), according to Equation 2.7.
T— (2.7)

Iy

UV-Vis data is more often represented using the absorbance (A) parameter.

Absorbance can be related to transmittance according to Equation 2.8.

A= —lOgl()T (28)
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Materials absorb certain wavelengths of light corresponding to specific electronic
transitions, which can be visualised in UV-Vis spectroscopy as peaks in the absorbance

(y-axis) versus wavelength (x-axis) graphical output.

The molar extinction coefficient is a measure of how strongly a sample absorbs at
a given wavelength. It is a material property and is dependent on the composition and
structure of the material. The absorbance of a sample is closely related to its concentration

via the Beer-Lambert law, as shown in Equation 2.9.

A=ec (2.9)

where:

A is the absorbance of the sample,

€ is the molar extinction coefficient,

¢ is the molar concentration of the sample, and

[ is the path length

More accurately, it is the extinction (£) spectrum that is obtained from a UV-Vis
spectrophotometer, which has contributions from both absorption and scattering effects.
However, absorbance is - perhaps incorrectly - more commonly used, as scattering effects
may be sufficiently miniscule that they can be neglected for solutions, as well as some
colloidal solutions of sufficiently small nanoparticles. The Beer-Lambert law therefore does
not hold for highly scattering samples, as the A ~ E approximation begins to break down,

which will be discussed in Section 2.5.2.8

All solution-based UV-Vis absorption measurements were acquired using an Agilent
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Cary 60 Spectrophotometer with a wavelength range of 200-800 nm. Measurements were
acquired using a 10 mm quartz cuvette with a UV-cutoff of 190 nm. Both HPLC ethanol

and MP H,0O were used as solvents, and are referenced throughout the thesis.

2.5.2 Diffuse reflectance UV-visible spectroscopy

Optical transmission measurements have contributions from both absorption and
scattering effects. Scattering of light by small objects is generally described by Mie Theory,
and for sufficiently small objects, the Rayleigh approximation is typically used, as described
in Equations 2.10 and 2.11. It is important to note that this approximation assumes the

scattering object is spherical.’

e=a+o (2.10)
DG

where D is the diameter of the particle interacting with the light source, and ¢, a and o

are the extinction, absorption, and scattering coefficients, respectively.

For molecular solutions and colloidal suspensions of sufficiently small nanoparticles,
the scattering contributions can often be neglected. However, it is clear from Equation
2.11 that for larger nanomaterials, this cannot be the case. High aspect ratio anisotropic
nanomaterials (1D and 2D materials) tend to scatter UV-visible light intensely, particularly at

lower wavelengths, which can make solution-based measurements of these colloids difficult.
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Often, the extinction curves of 2D materials are dominated by these scattering effects,
and the intrinsic absorbance features and fine detail can become lost in the scattering

background.*?

Diffuse Reflectance (DR) UV-Vis spectroscopy is based upon the principle that rough
or uneven surfaces exhibit diffuse reflection. When light is incident on a sample, there are
typically two types of reflection which can occur - specular or diffuse. Specular reflection
generally occurs when light is incident on a smooth, reflective surface, such as a mirror.
This results in the angle of incidence being equal to the angle of reflection of the light beam.
Diffuse reflection, on the other hand, occurs when a light in incident on a rough reflective
surface, resulting in the reflected rays being scattered in all directions, as shown in Figure

2.1.

Incident Light Specularly

Reflected Light

Diffusely
Reflected Light

Diffusely
Reflected Light

Figure 2.1: Specular vs. diffuse light reflection from a surface.!!

Solid samples act as diffuse reflecting objects, which forms the basis for DR UV-Vis
spectroscopy. The reflected light is then collected by a detector and gives a read out of
reflectance vs. wavelength. DR UV-Vis instruments can also be operated in transmission
mode if thin enough solid samples are used, for example thin films or drop-cast samples,

allowing the absorbance to be calculated. The use of an integrating sphere is crucial for
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these measurements. The inner surface of the integrating sphere is coated with a highly
diffuse reflective material such as barium sulfate or InGaAs, and causes the transmitted
light to undergo multiple diffuse reflections within the cavity, and ensures a uniform light

distribution reaches the detector.!?

All DR UV-Vis measurements were acquired using a Perkin Elmer Lambda 1050
UV-Vis-NIR spectrophotometer operating in transmission mode, with 150 mm InGaAs
integrating sphere. Samples were prepared for DR UV-Vis by drop-casting some of the
colloidal suspension onto a VWR super premium microscope slide cut to size, followed by

solvent evaporation using a hot plate at 100 °C.

2.5.3 Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy is a technique used to study the chiral properties
of molecules and materials, and is most often used in the study of biomolecules, such as
proteins and nucleic acids.!3 It is also useful for the study of chiral nanomaterials, specifically
those which exhibit chiroptical activity. CD can be defined as the difference in absorption

of left- and right-handed circularly polarised light (CPL), as summarised in Equation 2.12.

AA=A — A, (2.12)

where A; and A, are the absorbances of left- and right-handed CPL, respectively. CPL
can be generated by passing horizontally and vertically polarised light through a quarter-
wave plate, which results in the generation of two perpendicular light waves, with equal
amplitudes, travelling 90 ° out of phase with respect to one another. As chiral molecules

absorb left- and right-handed CPL to different extents, the resultant wave will be elliptically
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polarised. For this reason, CD output on most spectropolarimeters is typically given in
terms of ellipticity (0).* Ellipticity (with units of mdeg) can be related to the difference in

absorbance according to Equation 2.13.

0 = 32980 x AA (2.13)

A detailed derivation showing the origin of the conversion factor of 32980 is given in
Appendix A. By definition, CD signals can only be observed if the sample absorbs in that
region of the electromagnetic spectrum. Furthermore, a sudden change in CD response is
often observed in the region of the absorbance maximum. For the purposes of comparing
anisotropy and dissymmetry in materials independent of concentration, it is often useful to

use a dimensionless quantity. For CD, this measure is the Kuhn anisotropy factor, more

commonly referred to as the g-factor, which can be defined according to Equation 2.14.15:10
AA
= — 2.14
9= (2.14)

where A is the UV-Vis absorbance intensity at a given wavelength. Combining Equations
2.13 and 2.14 allow us to calculate the g-factor directly from CD and UV-Vis absorbance

spectra, according to Equation 2.15.

0

= 2.1
32980 x A (2.15)

9

CD spectra of nanomaterial colloidal dispersions were recorded using a Jasco J-815

spectropolarimeter, and a quartz cuvette with a UV cut-off of 190 nm, and a path length
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of 10 mm. Both HPLC ethanol and MP H;O were used as solvents, and are referenced

throughout the thesis.

2.5.4 Photoluminescence spectroscopy

Photoluminesence (PL) spectroscopy is a technique commonly employed in the study
of the electronic and optical properties of materials. When light of sufficient energy is
absorbed by a material, electrons can be promoted from the ground state to a higher
electronic energy level, resulting in the formation of an excited state. This excited state
is inherently unstable, and will eventually relax back to the ground state through a series
of radiative and/or non-radiative relaxations, which are discussed in more detail in the

Introduction chapter, and are summarised in the Jablonski diagram in Figure 2.2.

Energy Levels
RS Absorption (10'1°5)
14 Fluorescence (1010 107 s)

52 .- aVaVy o Phosphorescence (10°—10s)
AN Internal Conversion (1011— 107 s)

Vibrational Relaxation (1012~ 1010%s)

A SN Intersystem Crossing (101°— 108 s)

FES“N TS CAA AV 20 . E
= - T, A —

\ 4
SO

Figure 2.2: Jablonski diagram demonstrating absorption of energy, as well as radiative and non-radiative
relaxation pathways within the electronic states of a molecule.!”
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The radiative relaxation pathways are studied using PL spectroscopy. Vibrational
relaxation results in emission occurring from the lowest vibrational energy level of the excited
state. Therefore, the emitted photon will typically have lower energy (and thus a longer
wavelength) than the absorbed photon for a given transition. This phenomenon is known

as the Stokes shift, as shown in Figure 2.3.

>

Stokes shift

Absorption

Emission

Light intensitiy

Wavelength

Figure 2.3: Superimposed PL excitation and emission spectra demonstrating the Stokes shift, whereby
emission occurs at longer wavelengths than excitation.!®

Photoluminescence spectrometers can be operated in both excitation and emission
configurations, to record both types of spectra. Emission spectra are obtained by choosing
a suitable fixed excitation wavelength, and scanning the emission over a given wavelength
range using a monochromator. Conversely, excitation spectra are obtained by choosing a
suitable fixed emission wavelength (typically that of the most intense emission band), and

scanning the excitation over a given wavelength range.

PL excitation and emission measurements were performed using a Horiba Jobin Yvon

Fluoromax-4, and a 10 mm quartz cuvette with a UV cut-off of 190 nm. Lanthanide-doped
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samples were analysed in phosphorescence mode, whereas hydroxyl radical analysis was
conducted in fluorescence mode. The specific excitation and emission wavelengths used will

be referenced throughout the thesis.

2.5.5 Fourier transform infrared spectroscopy

Infrared (IR) spectroscopy is a non-destructive analytical technique which can be
used to investigate the bonding in molecules and materials. Often referred to as vibrational
spectroscopy, it is based on the fact that bonds can absorb radiation in the infrared region

of the electromagnetic spectrum, causing the bonds to vibrate.

Absorption of infrared radiation by molecules causes transitions between vibrational
energy states. In the simplest molecular case (i.e. a diatomic molecule), the bond can be

treated as a simple harmonic oscillator, according to Equation 2.16.

v = % % (2.16)
where:
v is the frequency of the vibration,
k is the force constant and
f is the reduced mass and is given by p = 22, where my and my are the masses of the

bonding atoms.

It is clear from Equation 2.16 that the vibrational frequency of any given bond depends
both on the bond strength, as well as the masses of the bonding atoms. For example, higher

bond orders, i.e., double and triple bonds, typically occur at higher frequencies than single

92



Chapter 2 — Materials and Methods

bonds, and bonds between heavier atoms, for example metal-oxygen bonds, typically appear
at lower frequencies. Thus, IR spectroscopy can be used to identify specific functional groups
in a given molecule. In the context of inorganic nanomaterials research, IR spectroscopy is
most often used for determining successful surface functionalisation of materials with organic
molecules, although it can be also used to probe metal-oxygen bonds. There are a number of
different vibrations that can occur in molecules, including bending, stretching, and wagging,
all of which have different frequencies associated with them and can be distinguished from
another, even within the same molecule. Furthermore, for a band to be IR-active, there

must be a change in the dipole moment of the molecule upon absorption of light.°

Fourier Transform IR (FT-IR) differs from more traditional, dispersive IR, in that
instead of measuring just the dispersive IR transmission spectrum, a reference beam is
combined with the beam transmitted through the sample to form an interference pattern,
called an interferogram. The interferogram then undergoes Fourier transformation to
generate a spectral output which is transmission as a function of wave frequency (typically
given in wavenumbers — cm™!). FT-IR is typically used over standard IR as it offers faster

data acquisition and higher signal-to-noise ratios.?°

FT-IR spectra were recorded using a PerkinElmer Spectrum 100 FT-IR with diamond

UATR accessory.

2.5.6 Powder X-ray diffraction (pXRD)

X-ray diffraction is a non-destructive analytical technique that utilises X-rays to probe
the crystal structure of a material. X-rays are generated by accelerating electrons towards a
metal target (most commonly Cu in laboratory-based crystallographic applications). If the

accelerated electrons have sufficient energy, they can displace electrons from the inner shells
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of atoms of the target metal. An outer shell electron will relax back down to the inner shell
to fill this vacancy, emitting characteristic X-rays. The most prominent emission lines are
the K, which arises due to an electronic transition from the L to K shell, and the K3,
which is a result of a transition from the M to K shell. The K, emission is much more
intense, and thus is more frequently used for X-ray diffraction studies. A second type of
X-ray emission, known as Bremsstrahlung radiation, is also generated during this process,
and occurs when high energy electrons are decelerated and deflected due to the influence of
the positively charged atomic nucleus. Both the Bremsstrahlung and Kz radiation can be

filtered out of the signal, leaving behind just the K, emission with a defined wavelength.

Diffraction is a phenomenon observed in electromagnetic radiation, by which the
waves are bent or scattered by an obstacle or through an opening. Diffraction is most
commonly observed when the wavelength of the electromagnetic radiation and the opening
are comparable in size. X-ray wavelengths are on the order of angstroms (A) — approximately
1.54 A in the case of Cu K, emission - which is comparable to the spacings between atomic
planes, and thus they can be readily diffracted by periodic arrays of atoms, as is the case
in crystals. Crystallographic planes are described in terms of Miller indices, denoted (hkl).
It is useful also to define dpy;, the interplanar spacing between adjacent parallel planes of

atoms in a crystal, which are described by Miller indices (hkl).

Once the diffracted X-ray waves re-emerge from the sample, they can interfere either
constructively or destructively. The conditions under which constructive interference occurs

when X-rays are diffracted by a crystal are governed by Bragg's law, as shown in Equation

2.17 and Figure 2.4.
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Figure 2.4: Bragg diffraction from periodic arrays of atoms in a crystal.?

n\ = 2dhklsin9 (217)

where:

0 is the angle of incidence,

n is the order of diffraction (n = 1, 2, 3, etc.),
dpi 1s the distance between Miller planes, and

A is the wavelength of the X-ray source.

The consequences of Bragg's law are therefore that constructive interference (and
thus diffraction signals), can only appear at certain angles. Furthermore, Bragg's law allows

one to estimate the spacing between crystallographic planes.

Powder X-ray diffraction (pXRD) varies slightly from the above case, as in a powder

sample, tens of thousands of microcrystals are present in many different crystallographic
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orientations, and thus diffracted beams emerge in many different directions. To be able to
obtain reasonable intensities of diffraction events from powder samples, the Bragg-Brentano
geometry is instead used, as shown in Figure 2.5. In this configuration, the sample is
typically rotated to maximise the number of individual crystallites observed, resulting in a

more reliable diffraction pattern.

26

X-ray Detector

’/._ X-ray Line Source

Equatorial Divergence Slit Receiving Slit

Goniometer Rotation Axes

o—— Powder Sample
|

(RN 4

Figure 2.5: lllustration of Bragg-Brentano geometry for obtaining X-ray diffraction events from powder
samples.??

pXRD measurements were obtained using a Bruker D2 Phaser (2"¢ Gen) benchtop
diffractometer, and a Si low-background specimen holder. Measurements were performed
using Cu K, radiation (A = 1.54 A), in a typical 20 range of 5-80°, with X-ray fluorescence
correction. Powder samples were ground using a pestle and mortar immediately prior to

measurements to minimise preferred orientation effects.
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2.5.7 Electron microscopy and related techniques

Microscopy is an imaging technique which probes the interaction of a light beam with
a given sample. The image resolution (R) of a microscope, and thus the minimum resolvable
detail (9), which is inversely proportional to the resolution, is a function of the wavelength (\)
of incident light, and is derived from the classical Rayleigh criterion, according to Equation

2.18:

~0.61A

J
NA

(2.18)
where NA is the numerical aperture of the lens. For conventional optical microscopes,
that operate using a visible light source (A ~ 400 — 800 nm), ¢ is limited to a range
of approximately 200 — 400 nm. This level of resolution is too low for analysis of most

microscopic and all nanoscopic objects.

Electrons can instead be used as a beam source to achieve higher resolution. Electrons
exhibit wave-particle duality, as hypothesised by de Broglie, and the momentum (p) of an
electron can be related to its momentum according to the de Broglie relation, as shown in

Equation 2.19,

A=— = — (2.19)
where:

h is the Planck’s constant,

m is the electron mass, and
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v is the velocity.

High-voltages can be used to impart high kinetic energies on electrons through

acceleration, according to Equation 2.20:

eV =—— (2.20)

where:
V' is the accelerating voltage, and

e is the electron charge.

The two above equations can be combined to give an expression for the wavelength

in terms of the accelerating voltage, according to Equation 2.21.

A= ——— (2.21)

Therefore, as the accelerating voltage is increased, the wavelength is decreased. Thus,
by using electrons as a beam source, the resolution of a microscope can be greatly enhanced.
For example, using an accelerating voltage of 100 kV gives a theoretical minimum resolvable
distance in the picometer range. However this level of resolution is limited in practice by
lens aberrations, and typically the highest achievable resolution on an uncorrected TEM
is in the range of A to nm depending on the performance of the lenses. Nevertheless,
it is clear that using electrons as a beam source offers superior resolution compared to
visible light, which is the basis for electron microscopy. Electron sources can either be
thermionic (W and LaBg are typical examples) or field emission (either Schottky or cold

field emission). Thermionic emission occurs by heating a metal to give electrons sufficient

98



Chapter 2 — Materials and Methods

energy to overcome the work function, whereas field emission exploits the fact that electric

fields strengths are substantially higher at sharp points.

When electrons interact with a specimen, a large number of interactions can
occur. These can include secondary electrons, diffracted or scattered electrons, as well
as characteristic X-rays, as shown in Figure 2.6.%3 Depending on the generated signal one
wishes to analyse, a number of techniques can be used, which will be discussed in the
following subsections.

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

Backscattered Electrons (SE)

Characteristic X-ray (EDX) atomic number and phase differences

thickness atomic composition
Continuum X-ray

Cathodoluminescence (CL) (Bremsstrahlung)
electronic states information

SAMPLE

Inelastic Scattering
composition and bond states (EELS) Elastic Scattering

incoherent Elastic structural analysis and HR imaging (diffraction)
Scattering
Transmitted Electrons
morphological information (TEM)
Figure 2.6: Schematic of the electron-specimen interaction volume, and variety of signals generated
during as a result of this interaction.?3
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Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a technique which involves scanning a focused
electron beam across a sample, and analysing the back-scattered and secondary electrons
to form an image of the surface. X-rays can also be generated through electrons interacting
with the sample, which will be discussed in later subsections. The SEM column consists of
an electron source (either thermionic or field emission), a series of electromagnetic lenses
which converge and focus the beam, apertures which control the beam size, deflection coils
which allow the beam to be rastered or scanned across the sample, and the detection and
imaging system. SEM typically operates at relatively low accelerating voltages (typically 0.1
— 30 kV), limiting its maximum resolution to the order of 10s of nm. A schematic of a SEM

column is shown in Figure 2.7.%*

Backscattered electrons are the result of elastic scattering events between incident
beam electrons and atomic nuclei. As such, they can give information on the variation
in composition across a sample, as heavier elements are more efficient scatterers. Heavier
elements therefore appear brighter in SEM images obtained using a backscattered electron

detector.

In contrast, secondary electrons are the result of inelastic scattering events. Secondary
electrons are low-energy electrons which are ejected from on or near the surface of the
specimen, due to interaction of the primary electron beam with the atoms in the sample.

As a result, secondary electron signals provide topographical information of a given sample.
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Figure 2.7: Schematic of a scanning electron microscope.?*

SEM images were obtained using a Zeiss Ultra Plus Scanning Electron Microscope.

Numerous SEM sample preparation methods were utilised in this work.

In Chapter 4,

Membrane samples were prepared for SEM by adhering a portion of the membranes to carbon

tab-covered standard SEM and cross-section SEM stubs. In Chapter 5, some samples were

prepared by sprinkling the dried, powdered material on a sticky carbon tab-covered standard

SEM stub. All other SEM samples were prepared by drop-casting dispersed material in

solvent of choice on a 400-mesh lacey carbon Cu TEM grid, followed by drying in vacuum

overnight. SEM images in Chapter 3 were obtained by Dr. Lucia Hughes.
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Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is an imaging technique which utilises
the transmitted electrons to probe the structure and morphology of sufficiently thin
nanomaterials. Much like in SEM, the TEM column consists of an electron gun, a series of
electromagnetic lenses and apertures, and a camera and detector system. The accelerating
voltage used for the electron beam is typically between 60 and 300 kV, allowing for much
higher resolution (often atomic resolution) images to be obtained when compared with
SEM. In traditional TEM mode, the illumination system is operated in a parallel beam
configuration. TEM operated in parallel beam mode can also be used to obtain electron
diffraction patterns, known as selected area electron diffraction (SAED). A schematic of a
TEM is shown in Figure 2.8 (a). In contrast, scanning transmission electron microscopy
(STEM) mode utilises the illumination system in a convergent beam configuration, and
combines aspects of both SEM and TEM, as shown in Figure 2.8 (b). High-angle annular
dark field STEM (HAADF-STEM) images can be obtained by using a detector to detect
the higher angle scattered electrons, as shown in Figure 2.8 (c). The convergent beam
is rastered across the sample, creating mass-thickness (Z) contrast images. In contrast
to conventional TEM images, thicker areas, as well as areas containing atoms of heavier

elements appear brighter in HAADF-STEM images.
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(a)

Figure 2.8: Schematics of TEM operating in (a) parallel beam mode and (b) convergent beam mode. (c)

TEM imaging was performed using an uncorrected FEI Titan (scanning) transmission
electron microscope (accelerating voltage = 300 kV). Samples were prepared for TEM via
drop-casting of dispersed material in water or ethanol on 400-mesh lacey carbon Cu TEM
grids, followed by drying in vacuum overnight. TEM and STEM imaging were conducted by
Dr. Finn Purcell-Milton (Chapter 3), Dr. Lucia Hughes (Chapter 3) and Dr. Tigran Simonian

(Chapter 4).
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Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is a technique commonly used in
conjunction with electron microscopy to determine the elemental composition of a material.
When high energy electrons interact with a specimen, they can force inner shell electrons
in the atoms of the sample to be knocked out of their orbits and ejected from the sample,
creating a hole in an inner shell. This electronic configuration is unstable, and thus an
electron from a higher energy shell will relax back down to fill the hole, which is accompanied
by the emission of electromagnetic radiation of an energy equal to the difference between
the shells. This energy difference is on the order of keV, meaning that X-rays are generated

during this process.

As atoms of each element have their own unique sets of energy levels, this means the
generated X-rays are characteristic of the element from which they are emitted, and as such
are typically referred to as characteristic X-rays. This phenomenon serves as the basis of
EDX, and the frequencies (and thus energies) of the characteristic X-rays can be described

by Moseley’s law, as given in Equation 2.22.

v="=A(Z —b)? (2.22)

==

where:

v is the frequency of the characteristic X-ray,
E'is the energy of the characteristic X-ray,

h is Planck’s constant,

Z is the atomic number, and

A and b are constants that depend on the type of electronic transition.
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The emitted characteristic X-rays are labelled using Siegbahn notation X, in which
X describes the shell the electron is being ejected from (K, L, M, etc.), and y is the order
of relaxation (o = relaxation across 1 shell, 5 = relaxation across 2 shells). A schematic

summarising this is shown in Figure 2.9.

Characteristic

o<
X-rays

Ejected inner-shell
electron

Incident electron beam

Figure 2.9: Schematic representing the working principle of EDX.

As high-energy incident electrons are capable of knocking inner-shell electrons out
of orbit, EDX is typically carried out in conjunction with electron microscopy. The EDX
detector equipped on an electron microscope measures the abundance or intensity of emitted
X-rays as a function of their energy. A spectral output of counts versus X-ray energy is
produced, which allows the determination of the elemental composition of a given sample.
However, many standard EDX detectors cannot analyse elements lighter than sodium for a
number of reasons, including the emitted X-ray energies, X-ray reabsorption, and detector

sensitivity, so other techniques are preferred for lighter elements.
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EDX spectroscopy and mapping were carried out by Dr. Tigran Simonian on the FEI
Titan TEM using a beam current of approx. 500 pA, and a Bruker Quantax XFlash 6T-30
30 mm? EDX detector.

Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is a technique used in transmission
electron microscopy to gain a huge number of insights into materials, including elemental
compositions, electronic structures, and bonding characteristics. The technique involves
analysing electrons that have lost energy after passing through a specimen, through inelastic
interactions including plasmon and phonon excitations, inter and intra-band transitions, as
well as inner shell ionisation events. For elemental analysis, the inner shell ionisations are
the most important inelastic event, and the amount of energy lost after interaction with the
sample is characteristic of the elements present.?” EELS detectors are specifically designed
to detect low energy losses, thus particularly useful for detection of lighter elements in a

sample, where EDX may be less effective.

EELS was carried out by Dr. Tigran Simonian on the FEI Titan TEM using a beam

current of approx. 500 pA, and a Gatan Tridium GIF system.
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2.5.8 Thermogravimetric analysis

Thermogravimetric analysis (TGA) is a destructive analytical technique which can be
used to study the thermal stability and decomposition profiles of a range of materials. It
is typically used in materials science to study phase transitions, loss of solvent and other
volatile components, as well as to determine the upper temperature limits under which

materials can be safely used before degradation.

The components of a thermogravimetric analyser are as follows. A sample crucible
is used to hold the sample during analysis, and is typically composed of a heat resistant
material, such as ceramic. The sample crucible is loaded on to the arm of a precision balance,
which monitors the mass of the sample over the course of the measurement, often down
to a precision of a few micrograms. This is all moved into a furnace, which is controlled
by external software to heat at a given rate within a certain range of time. A gas inlet is
attached to the furnace, which allows for the thermal properties to be analysed under either

inert or air atmosphere. A schematic of a typical TGA set up is shown in Figure 2.10.

There are three types of TGA that can be conducted - isothermal, quasistatic,
and dynamic. In this work, dynamic TGA was conducted, which involves measuring the
fluctuations in weight of a sample as the temperature is heated linearly over a certain
timeframe. The produced output is a graph of the relative change in mass (typically given

a percentage) as a function of temperature.28

TGA was carried out in this work using a Perkin Elmer Pyris 1 Thermogravimetric

Analyser, a ceramic sample crucible, and under air atmosphere.
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Figure 2.10: Schematic showing the working principles of TGA.

2.5.9 Mercury porosimetry

Mercury porosimetry is a destructive analytical technique, which can be used to study
porous materials. It can be used to gain a wealth of information, including pore size and
pore volume distribution, and thus is a very useful technique in the analysis of materials for
both filtration and adsorption applications. Due to its exceptionally high surface tension,
mercury is considered a non-wetting liquid for most solid materials. A non-wetting liquid
can be described as one that creates a contact angle of 90-180° with a solid, as shown in

Figure 2.11 in comparison with a wetting liquid, which creates a contact angle of less than

90°.%°
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Figure 2.11: Wetting vs non-wetting liquids.

In essence, this means that mercury does not adhere to or spread across most solids.
Instead, when it is contact with solids, it tends to bead up and form spherical droplets at
the air-solid interface. Pressure can be used to force these droplets into small crevices, and
gain information on their size, which is the working principle behind mercury porosimetry.
Careful monitoring of the intrusion of mercury at different pressures allows for a pore size
distribution to be determined. The pore size is inversely proportional to the applied pressure,
i.e., higher pressure is required to force the mercury droplets into smaller pores, thus allowing

the pore diameters and total pore volume to be estimated using this technique.3°

Mercury porosimetry was performed in this work by Dr. Aran Rafferty, using an

Autoscan-33 Porosimeter (Quantachrome, Hampshire, UK).

2.5.10 Zeta potentiometry

Zeta potentiometry is a non-destructive analytical technique that is commonly
employed in materials research to investigate the surface charge of nanoparticles. However,
the technique does not directly measure the surface charge of the particle, but instead

measures the potential difference across the electrical double layer. When particles are
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dispersed in a solvent, they can acquire a surface charge. This electric charge can arise for
various reasons, including adsorption of ions from the surrounding medium, or indeed from
ionisation of surface groups on the material. This phenomenon results in the formation of
an electrical double layer surrounding the particle, consisting of an inner (Stern) layer and

an outer (diffuse) layer, as shown in Figure 2.12.
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Figure 2.12: Schematic of the formation of an electrical double layer on a negatively charged nanoparticle
in solution, as well as the relationship between the surface potential and zeta potential 3!

The Stern layer resides closest to the NP surface and consists of a tightly bound ionic
layer directly surrounding the particle. The ions in the Stern layer are considered to be
essentially adsorbed to the particle surface, and thus move with the particle through the

solution. The outer portion of the electrical double layer is called the diffuse layer, and
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as the name suggests, consists of ions that are weakly bound to the particle. Both layers
contribute to the zeta potential (¢), and ( is typically defined as the electric potential at

the interface of the electrical double layer and the dispersion medium.3?

Aside from the sign of (, i.e., whether it is positive or negative, the absolute value
of ( is also a useful measure in terms of the stability of a colloidal dispersion, and how
resistant it is to flocculation or aggregation. Stability of colloidal suspensions are a result of
electrostatic repulsion between individual particles, and thus, the higher the |(| value, the
more stable the colloid. In numerical terms, generally any nanoparticle colloid that exhibits
a value of |¢| > 30 mV is considered to be highly stable. A |(| value between 15-30 mV
means the particles are partially stable, and may agglomerate, whereas a |(| value of < 15

mV means the colloid has low stability and is highly likely to aggregate.33

In practice, zeta potentiometry works by applying an electric field to a colloidal
suspension, which causes the charged particles to move in response to the electric field.
At the same time, a laser beam is directed through the sample, and detectors monitor the
light scattered by the NPs in the colloidal suspension. The velocity of the particles can then
be calculated by quantifying the Doppler shift in the scattered light, according to Equation
2.23.

v = ci—j\ (2.23)
where:
v is the velocity of the particle under the influence of the electric field,
c is the speed of light,
O\ is the wavelength shift, and

Ao is the wavelength of the light source.
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Once v is known, this allows for the electrophoretic mobility (ug) to be calculated,

according to Equation 2.24:

pE = (2.24)

v
E
where E is the electric field strength. Finally, ¢ can be calculated from pg according

to the Smoluchowski relation, as shown in Equation 2.25.34

nue
(==

: (2.25)

where:
7 is the viscosity of the colloid, and

€ is the dielectric constant.

Zeta potential measurements were carried out using a Malvern Panalytical Zetasizer

and disposable folded capillary zeta cells.

112



References

(10)

Berner, S.; Araya, P.; Govan, J.; Palza, H. Journal of Industrial and Engineering

Chemistry 2018, 59, 134-140.
Palza, H.; Delgado, K.; Govan, J. Applied Clay Science 2019, 183, 105350.

Crank, J., The mathematics of diffusion, 2nd edition; Clarendon Press: Oxford, UK,

1975.

Boyd, G. E.; Adamson, A. W.; Myers, L. S. Journal of the American Chemical
Society 1947, 69, 2836—2848.

Weber Jr., W. J.; Morris, J. C. Journal of the Sanitary Engineering Division 1963,
89, 31-59.

McKay, G.; Otterburn, M. S.; Sweeney, A. G. Water Research 1980, 14, 15-20.
Chen, Y.; Bao, Y.; Wang, X. Journal of Fluorescence 2016, 26, 813-820.

Mamouei, M.; Budidha, K.; Baishya, N.; Qassem, M.; Kyriacou, P. A. Scientific
Reports 2021, 11, 1-9.

Van de Hulst, H. C., Light Scattering by Small Particles (Dover Books on Physics),
2nd ed.; Dover Publications: 1981, p 496.

Harvey, A.; Backes, C.; Boland, J. B.; He, X.; Griffin, A.; Szydlowska, B.; Gabbett,
C.; Donegan, J. F.; Coleman, J. N. Nature Communications 2018, 9, 1-11.

113



Chapter 2 — REFERENCES

(11)

(13)

(14)

(19)

(20)

(21)

Basaca, L. C.; Rodriguez, J.; Sergiyenko, O. Y.; Tyrsa, V. V.; Herniandez, W;
Hipdlito, J. |.; Starostenko, O. [EEE International Symposium on Industrial

Electronics 2010, 1773-1778.

Jacquez, J. A.; Kuppenheim, H. F. Journal of the Optical Society of America 1955,
45, 460-470.

Rodger, A.; Nordén, B., Circular dichroism and linear dichroism; Oxford University

Press: Oxford, UK, 1997, p 150.

Circular Dichroism Spectroscopy - JASCO https://jascoinc.com/learning-
center / theory / spectroscopy / circular - dichroism - spectroscopy/

(accessed 10/12/2023).
Paul, J.; Siegmann, K. Chemical Physics Letters 1999, 304, 23-27.

Gui, L.; Hentschel, M.; Defrance, J.; Krauth, J.; Weiss, T.; Giessen, H. ACS
Photonics 2019, 6, 3306-3314.

Jablonski Diagram — What is it? — Edinburgh Instruments https://www.edinst.

com/us/blog/jablonski-diagram-2/ (accessed 11/25/2023).

Stokes shift diagram - Wikimedia Commons (cepheiden) https : // commons .
wikimedia . org / wiki / File : Stokes - Verschiebung . svg (accessed

11/25/2023).

Hasegawa, T. In Quantitative Infrared Spectroscopy for Understanding of a

Condensed Matter; Springer: Tokyo, Japan, 2017, pp 37-46.

Difference IR vs FTIR — Bruker https://www.bruker.com/en/products-and-
solutions/infrared-and-raman/ft-ir-routine-spectrometer/what-is-

ft-ir-spectroscopy/difference-ir-vs-ftir.html (accessed 11/25/2023).

Bragg law — Definition, Equation, Diagram, Facts — Britannica https://www.

britannica.com/science/Bragg-law (accessed 11/25/2023).

114



Chapter 2 — REFERENCES

(22)

(24)

(25)

(26)

Cline, J. P.; Mendenhall, M. H.; Black, D.; Windover, D.; Henins, A. Journal
of Research of the National Institute of Standards and Technology 2015, 120,
173-222.

SEM Signal - Electron Imaging - Advancing Materials https : / / www .
thermofisher.com/blog/materials/sem-signal-types-electrons-and-

the-information-they-provide/ (accessed 10/12/2023).

Scanning Electron Microscopy - Nanoscience Instruments https : / / www .
nanoscience.com/techniques/scanning-electron-microscopy/ (accessed

10/12/2023).

Scanning Transmission Electron Microscopy - Nanoscience Instruments https://

Www . nanoscience . com/techniques/scanning-transmission-electron-

microscopy/ (accessed 10/12/2023).

high-angle annular dark-field scanning transmission electron microscopy, HAADF-
STEM — Glossary — JEOL Ltd. https://www. jeol. com/words/emterms/
20121023.031059. php#gsc.tab=0 (accessed 10/12/2023).

Senga, R.; Suenaga, K. Nature Communications 2015, 6, 1-6.

Prime, R. B.; Bair, H. E.; Vyazovkin, S.; Gallagher, P. K.; Riga, A. In Thermal
Analysis of Polymers: Fundamentals and Applications; John Wiley Sons, Ltd:
Hoboken, NJ, USA, 2008, pp 241-317.

Karmakov, |. Physics Education 2000, 35, 435.

Allen, T. In Particle Size Measurement; Springer: Dordrecht, Netherlands, 1990,

pp 653—-681.
Sujith, S. V.; Kim, H.; Lee, J. Metals 2022, 12, 165.
Hunter, R. J. In Zeta Potential in Colloid Science: Principles and Applications;

Academic Press: Cambridge, MA, USA, 1981, pp 360-361.

115



Chapter 2 — REFERENCES

(33) Carone, A.; Emilsson, S.; Mariani, P.; Désert, A.; Parola, S. Nanoscale Advances

2023, 5, 2017-2026.

(34) Sze, A.; Erickson, D.; Ren, L.; Li, D. Journal of Colloid and Interface Science 2003,
261, 402-410.

116



Chapter 3

Layered Double Hydroxide-Derived
Chiroptically Active 2D

Nanostructures

3.1 Introduction

The area of chiral inorganic nanostructures has experienced a huge surge in interest in
recent years, and can be tracked back to 2007, the year in which Moloney et al. reported the
first ever chiral quantum dot (Figure 3.1).! In the years since, much research has focused on
the development of novel chiral inorganic nanostructures, due to their interesting properties
and the abundance of potential applications, including as chiral sensors, catalysts, and
metamaterials in advanced optical devices.>™* This area of research has focused on chirality
induction in a wide variety of inorganic materials, such as spherical quantum dots, nanowires,

tetrapods, and nanoflowers, among others.1:5°
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Figure 3.1: (a) Number of publications on chiral nanomaterials from 2000-2023. Data obtained from
Scopus. (b-d) Various reported chiral inorganic nanostructures, including (b) tetrapods, (c) helical
nanowires, and (d) nanoflowers.% "8

However, research on chiral 2D nanomaterials and their applications is still in the
very early stages. This is despite the fact that these materials are expected to demonstrate
unique properties due to their high aspect ratio, special electronic confinement and specific
structural deformations of 2D nanosheets.® While there are several reports of chirality
induction in 2D perovskites, research into other chiral 2D nanomaterials is limited.!0-13
For example, there is only one report on chiral graphene-based quantum dots, and one
recent publication on the preparation of chiral 2D transition metal dichalcogenide (TMD)
nanomaterials.1*1> Induction of chirality in these colloidal 2D nanostructures can, in theory,
be achieved by synthesis with the chiral ligand present in situ, or by relatively straightforward
post-synthetic ligand exchange reactions, replacing the achiral species with the chiral

16-18

molecule of choice. It is anticipated that these chiral 2D nanomaterials may find

applications in exciting and rapidly developing research areas such as biotechnology and

nanomedicine, as chirality plays an integral role in chemical and biological recognition.*®

Research on layered double hydroxides (LDHs) has experienced somewhat of a

resurgence in recent years, due to the unique tunable properties, and ease of synthesis of

118



Chapter 3 — Layered Double Hydroxide-Derived Chiroptically Active 2D Nanostructures

these materials, which gives rise to a vast number of applications, ranging from biomedical
to catalysis.?®?! In particular, LDHs are most commonly known for their anion exchange
properties, which serves as the basis of many of their applications, particularly in energy
storage and drug delivery.?>=2* This property means that they can host a wide variety of
species in the interlayer spacing, including chiral molecules. However, despite the huge
amount of research surrounding anion exchange in LDHs, the potential for induction of
chirality in these materials, the effect of chiral ligands on LDH phase and structure, as well

as subsequent circular dichroism studies, has not been explored to date.

Chiral copper oxide-based materials have been previously shown to find potential
interesting applications in photonics (specifically nonlinear optics) and in medicine (e.g., the
treatment of Parkinson's disease).?>?® Based on these prospects, it is therefore worthwhile
to explore new methods of synthesizing chiral metal oxides. While a small number of
reports on the formation of chiral cupric and cuprous oxides do exist in the literature, they
require elevated temperatures, in particular hydrothermal reaction conditions, to induce
the transformation of copper hydroxide (Cu(OH);y) to the oxide. Furthermore, additional
surfactants and expensive symmetry-breaking agents have previously been required to

achieve visible range chiroptical activity.”?°

3.2 Aims of this work

The main aim of this body of work was to develop new 2D chiroptically active
nanostructures by induction of chirality in layered double hydroxides. In order to achieve this
goal, the first step was the synthesis of carbonate-intercalated copper aluminium layered

double hydroxide nanosheets using a room-temperature co-precipitation approach. The
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resultant materials were characterised via pXRD, FT-IR, UV-Vis, TGA, and TEM to confirm
the phase, chemical composition and morphology. We then planned to explore chirality
induction in this material in two ways - the first by modifying the co-precipitation approach
to include chiral ligands, and the second via post-synthetic treatment with chiral molecules.
We aimed to prove the successful interaction of the chiral ligand with the layered double
hydroxide using UV-Vis, pXRD and FT-IR studies. Furthermore, we aimed to analyse the
induction of optical activity using CD, and to examine potential structural or 'macroscale’

chirality using SEM and TEM.

3.3 Results and discussion

3.3.1 Synthesis of CuAl LDHs via co-precipitation

CuAl-CO3 LDHs were synthesized via a modified and scaled-up version of the co-
precipitation approach previously reported by Berner et al. as described in the Materials and
Methods chapter.?” Briefly, this synthetic procedure involved the dropwise addition of Cu?*
and APT metal salts to a Nay,COj3 solution, followed by a 24h ageing period. The mixture
was kept at a pH of 10 throughout by the addition of 1M NaOH as required. The resultant
material had a pale blue colour, which was consistent with previous reports in literature.
Initially, pXRD was carried out on the resulting material, to confirm the formation of the
LDH crystal structure, as shown in Figure 3.2. The most prominent diffraction peaks can
be matched to the monoclinic phase of CuAl carbonate hydrotalcite (PDF 46-0099), with
space group P2/m, confirming the successful formation of CuAl LDH. A monoclinic crystal
structure is formed, as opposed to the more typical rhomohedral symmetry observed for

LDHs, as a result of the formation of distorted Cu(OH), octahedra due to the Jahn-Teller
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effect of Cu?*, as has been reported elsewhere.?’3% The most notable reflections in the
pXRD pattern are the (003), (006), and (009) reflections at 20 = 11.7°, 23.5°, and 35.2°,
respectively, representative of the formation of a hydrotalcite-like phase.3! The reference
pattern corresponds to a LDH structure with a Cu:Al ratio of 2.5:2, therefore the broad,
low intensity feature situated between the (003) and (006) reflections may be due to the
formation of amorphous aluminium-containing side products, as a result of the 1:1 molar
ratio of Cu®*:AIP" used in the synthesis. Furthermore, a d(ogs) basal spacing value of
7.55 A was calculated, which is the expected value for a carbonate-intercalated CuAl LDH

(CuAl-CO; LDH) 3

CuAI-CO,4 LDH
CuAl hydrotalcite reference (PDF 46-0099)

ke

T
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Figure 3.2: pXRD pattern of as-prepared CuAl-CO3 LDH. Reference pattern of CuAl hydrotalcite is shown
in red.
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FT-IR analysis was also performed on the material, and a number of characteristic
peaks are present which confirm the formation of CuAl-CO3 LDHs, as shown in Figure
3.3. The most prominent bands present in the FT-IR spectrum are the hydroxyl band at
3400 cm~!, which is indicative of O-H stretches within the metal hydroxide sheets, and the
low-frequency bands at 680 and 440 cm~!, which arise from vibrations of metal-oxygen
bonds within the layers. Two further bands in the FTIR spectrum provide evidence on the
intercalating species. The v and vy vibrations of the carbonate anion are present at 1350

and 820 cm™1, respectively, further supporting the formation of CuAl-CO5 LDH.32
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Figure 3.3: FT-IR spectrum of as-synthesised CuAl LDH.

Standard, liquid-phase UV-Vis spectroscopic studies were also performed on the

sample in an ethanol dispersion, as shown in Figure 3.4 (a). The UV-Vis spectrum depicts
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a broad, featureless absorption profile. However, the prominent blue colour of the product
indicated that there should be an absorption band in the red region of the visible spectrum.
It is likely that the absorption features were masked by strong scattering effects, which is
characteristic of nanosheets in colloidal dispersions. Therefore, it was decided to conduct
diffuse-reflectance (DR) UV-Vis on a solid sample of the material, as shown in Figure 3.4 (b).
DR UV-Vis allows for scattering contributions to the extinction spectra to be subtracted,

and the resultant spectrum is a more accurate depiction of the true absorption profile.
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Figure 3.4: a) (a) Standard liquid-phase UV-Vis absorbance spectrum acquired using ethanol as solvent,
and (b) solid-state DR UV-Vis spectrum of CuAl-CO3 LDH.

The DR UV-Vis reveals an absorption profile indicative of the formation of CuAI-CO3
LDH, with several distinct bands due to the presence of Cu?T. The two main absorption
features appear at roughly 475 and 700 nm. These bands can be assigned to O~ to Cu?**"
ligand to metal charge transfer (LMCT) and Cu®" d—d transitions, respectively. The strong
absorption band approaching 300 nm can be attributed to the microscope slide used as solid

support (Appendix B, Figure B1).3%:34

Thermogravimetric analysis (TGA) was also conducted on the sample, to assess the
thermal stability of the material, and ensure that the drying step at 70 °C has no significant

impact on the product. The TGA and differential TGA curves are shown in Figure 3.5.
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Initially, a small amount of mass is lost (< 2%) due to removal of surface adsorbed water.
After this initial dehydration step, there are three main stages of mass loss that can be
identified in the TGA curve. Stage 1, which has an onset at 148 °C, can be attributed
to water loss from the LDH interlayer spacing. This step occurs at a temperature higher
than the boiling point of water due to stabilisation by being trappped in the LDH interlayer.
Roughly 13% of the LDH mass is lost during this phase. Complete thermal stability of the
LDH up to a temperature of 148 °C therefore confirms that the drying step has no effect

on the synthesised material.
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Figure 3.5: TGA (black) and differential TGA (red) curves of CuAl LDH acquired in air.

Stage 2, occurring between 200-550°C, can be attributed to dehydroxylation of the

LDH sheets, and destruction of the LDH structure to form amorphous mixed metal oxides.

Stage 3, the final stage, occurs between 550-800°C, and can be attributed to decomposition
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of the carbonate anions which were present in the interlayer of the LDH.3°

After initial characterisation confirmed the phase of the material, TEM was conducted
on the CuAl-CO3 LDH by Dr. Finn Purcell-Milton to examine the morphology. More
specifically, this was to confirm the formation of LDH nanosheets, rather than bulk LDH,
which can sometimes occur under mild co-precipitation conditions such as those presented
here. TEM and STEM imaging both confirm the formation of LDH nanosheets, with an
average lateral size of 126 4+ 37 nm, as shown in Figure 3.6. The microscopy images clearly
depict a material with a 2D nanosheet morphology, with some nanosheets observed to be
folding or scrolling, which is a common consequence of drying effects on TEM grids. The

size distribution analysis can be found in Appendix B (Figure B2).

Figure 3.6: (a) TEM and (b) HAADF-STEM images of CuAl-CO3 LDHs nanosheets prepared via
co-precipitation.

Therefore, the thorough characterisation of the as-synthesised material via pXRD, FT-
IR, TGA, UV-Vis and TEM confirms the successful formation of CuAl-CO3 LDH nanosheets

via the co-precipitation approach.
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3.3.2 Chiroptically active LDH-derived nanostructures via modified

co-precipitation

Following successful formation of CuAlI-CO3 LDHs via the co-precipitation approach,
it was decided to modify the procedure by using chiral molecules in place of Na,COj3 as
the intercalating agent, to investigate if chirality induction was possible by introducing
chiral molecules into the interlayer spacing in situ. While a number of reports exist on
the incorporation of chiral molecules into the LDH interlamellar space, to the best of our
knowledge no reports of the chirality transfer from a chiral molecule to the LDH structure
in the literature. In studies where chiral molecules were successfully intercalated into the
LDH interlayer space, researchers typically used circular dichroism (CD) or vibrational
CD to confirm the presence of the chiral molecule, but no chirality transfer from the
organic molecule to the inorganic LDH matrix was observed.3¢=38 Induction of chirality
in nanomaterials, particularly the induction of chiroptical activity, is most commonly
investigated by CD spectroscopy. An obvious sign of induction of chirality in a nanomaterial
would be the appearance of new CD bands across the UV-Visible spectrum, distinct from

that of the chirality inducing agent (i.e. chiral molecules).

For this initial study of chirality induction in CuAl LDHs, phenylalanine (Phe) and
dibenzoyl tartaric acid (DBTA) were chosen as candidates. The structures of these molecules
are shown in Figure 3.7 with stars indicating the stereocentres in each of the molecules.
Phe, like all amino acids, is zwitterionic. When dissolved in water, the amino acid group
is protonated, and the carboxylic acid group is deprotonated, leading to a molecule with
positively and negatively charged functional groups, but the overall molecule remains charge
neutral.3 As Phe has a pK, of 2.2, and an isoelectric point (pI) of 5.48, then under basic
conditions, a large proportion of the molecules in solution exist with the carboxyl group in

deprotonated form, leading to an overall negative charge on the molecule.*® Additionally,
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DBTA is a diprotic acid, with predicted pK,; and pKag of - 6.6 and 2.8 respectively.*!
Therefore, a DBTA solution should consist of mostly deprotonated and, thus, negatively
charged molecules at pH 10, which is the pH condition under which the LDHs are formed
in this work. When molecules with an overall negative charge are accommodated in the
LDH interlayer space, this typically leads to more stable nanostructures, as they counteract
the positive charge of the LDH nanosheets. Therefore, it was decided to proceed with
the modified co-precipitation approach, as described in the Materials and Methods sections

2.2.2 and 2.2.3.
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Figure 3.7: Structures of enantiomers of phenylalanine (left) and dibenzoyl tartaric acid (right).

CD spectroscopic studies were conducted to investigate potential chirality induction
in the LDHs by the intercalation of chiral molecules. As shown in Figure 3.8, it is evident
that chiroptical activity has indeed been induced in both cases. For both Phe and DBTA
modification, the CD signal covers a wide wavelength range, spanning from the UV to the
onset of the NIR region of the electromagnetic spectrum. Furthermore, the observed signals

are completely distinct from that of Phe and DBTA molecules, which is a strong indicator
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of ligand-induced chirality in the material (see Appendix B, Figure B3-B4). In addition,
mirror images of the CD spectra are obtained when functionalisation is carried out with

the opposite enantiomer, and Cotton effects are present, with the CD signals alternating

between positive and negative values.*?
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Figure 3.8: CD and UV-Vis absorption spectra of products of (a,b) L-DBTA and (c,d) L-Phe-modified
CuAl LDH co-precipitation reaction. Spectra were acquired using ethanol as solvent.

However, it is important to note the CD signal in both Phe-LDH and DBTA-LDH
samples were much weaker in the 400-800 nm region, requiring much higher concentrations
of samples for analysis, due to the low absorbance of the material in that region of the
spectrum. To allow for analysis of the CD response in the full 210-800 nm region, the
anisotropy g-factor spectrum was generated for the DBTA-modified product, which allows

us to evaluate the intrinsic chirality of the product (Figure 3.9).
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Figure 3.9: g-factor spectra of products of DBTA-modified CuAl LDH co-precipitation reaction.

Maximum g-factor values of -3.5 x 10™* at 360 nm, and 4 x 10~ at 480 nm were
obtained in the case of the L-DBTA-LDH sample, which is in within the expected range for
nanomaterials exhibiting ligand-induced chirality.* However, a significant degree of scattering
was observed in the Phe-LDH samples, as shown in Figure 3.8 (d), which complicated the
interpretation of the results. As the contribution of light-scattering on CD spectra is poorly
understood, and the g-factor calculation is based on absorbance values, a reliable g-factor
spectrum could not be obtained for the Phe-LDH product. Solid-state CD measurements
would be required for more accurate g-factor measurements in this instance, which we did

not have access to at the time of writing.

Subsequent to CD spectroscopic analysis, TEM and STEM were conducted by Dr.
Finn Purcell-Milton on the resultant materials to examine their morphology, as shown in

Figure 3.10.
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200 nm

Figure 3.10: TEM (a,c) and STEM (b,d) images of L-Phe (a,b) and L-DBTA (c,d)-modified
co-precipitation reaction products.

It can be observed that the products of the L-Phe modified co-precipitation
reaction exhibit a needle or scroll-like morphology (Figure 3.10 (a,b)), in stark contrast
to the nanoplate morphology exhibited by CuAl-CO3 LDH. This distinct morphological
transformation may be indicative of a change in phase. Furthermore, the nanoparticles
resulting from the DBTA-modified co-precipitation, as shown in Figure 3.10 (c,d) are highly
polydisperse and exhibit a number of shapes, including plates, and rod-like particles. This

may be a sign that the reaction is producing a mixture of products. To investigate this
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further, pXRD was conducted on both products, as shown in Figure 3.11.

One of the most straight-forward methods of detecting a change in the interlayer
spacing of LDHs, as would be observed in the case of successful chiral molecule intercalation,
is by monitoring the 20 position of the (003) reflection. If the (003) reflection appears
at lower values of 20 than expected, this indicates an increase in the interlayer spacing.
However, pXRD analysis of the resulting Phe-LDH and DBTA-LDH proved to be more

complex than anticipated.

In the case of Phe-LDH (Figure 3.11 (a)), pXRD analysis revealed the unsuccessful
formation of a hydrotalcite-like phase. The majority of the reflections in the pXRD pattern
can be indexed to copper-phenylalanine (Cu-(Phe);), a chiral metal complex. Additionally,
a low intensity CuAl LDH (003) diffraction peak is present at 20 = 11.7°. This is indicative
of two competing reactions taking place - the first is the LDH co-precipitation, whereas
the second is the metal complex precipitation, which has been reported elsewhere using
similar reaction conditions to those used here.*? It is clear that the metal complex formation
dominates here. Therefore, while chiroptically active anisotropic nanostructures were indeed

produced, they were a different species than expected.

A similar phenomenon was observed for the DBTA-LDH species, whereby a
multicomponent mixture was produced, this time consisting primarily of copper oxide
and copper hydroxide, as well as CuAl LDH. Furthermore, the products exhibited poor
crystallinity, as evidenced by the broad peaks present in the pXRD pattern. Therefore, due
to the low level of control of the modified co-precipitation reaction, evidenced by the side-
reactions, coupled with the modest CD signals observed, it was decided to develop a new

approach, as will be discussed in Section 3.3.3.
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Figure 3.11: pXRD pattern of (a) L-Phe modified, and (b) L-DBTA modified co-precipitation reaction
products. Reference patterns are provided for copper-L-phenylalanine (red), copper hydroxide (blue),
copper oxide (brown) and copper aluminium layered double hydroxide (turquoise).
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3.3.3 Preparation of chiroptically active LDH-derived CuO

nanostructures via post-synthetic treatment

Due to the lack of synthetic control observed in the modified co-precipitation reaction,
an alternative, post-synthetic treatment approach was developed. As-prepared CuAl LDHs
(as discussed in Section 3.3.1) were treated with L- and D-Phe in the presence of NaOH. A
gradual colour change from light blue to dark brown was observed, indicative of the formation
of copper oxide species. pXRD was performed on the resultant samples to determine the
phase of the resultant material, and it was confirmed that copper (Il) oxide (CuO) was
formed, as shown in Figure 3.12. From this point on, the L- and D-Phe modified products

will be referred to as CuO-L-Phe, and CuO-D-Phe, respectively.
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Figure 3.12: pXRD patterns of CuAl LDHs (light blue), CuO-L-Phe (black) and CuO-D-Phe (red).
Reference pattenrs of CuAl hydrotalcite, Cu(OH)2 amd CuO are given in dark blue, purple, and brown,
respectively.
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The pXRD analysis reveals a phase change from CuAl hydrotalcite to copper (II)
oxide (CuO/tenorite) on reaction between LDH and L-/D-Phe. The diffraction peaks in
both products can be indexed to the monoclinic tenorite (CuO) phase (PDF 80-0076, C2/c
space group) as shown by the presence of the distinctive CuO (002) and (111) reflections
at 20 = 35.6° and 38.8°, respectively.** Two low-intensity reflections are also present in
the pXRD patterns of the CuO-based materials corresponding to (020) (20 = 16.7°) and
(021) (26 = 21°) reflections of Cu(OH), (PDF 72-0140).%> The presence of these reflections
gives an insight into the mechanism of formation of CuO from CuAl-CO3; LDH, which will

be discussed in later sections.

FT-IR was also conducted on the resultant CuO materials to determine whether L-
and D-Phe were present in the final product, as shown in Figure 3.13. The FT-IR spectra
of CuO-L-Phe and CuO-D-Phe have some distinct differences from that of their CuAl-CO;
LDH precursors. The disappearance of the 1350 cm ™! band, previously assigned to v3 CO32~
vibrations, is observed, indicating the displacement or removal of carbonate anions from the

1

LDH interlayer. The appearance of new vibrational bands around 3500 cm™", which can be

assigned as N—H stretches, are indicative of the presence of the phenylalanine ligands in the

final product.*®
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Figure 3.13: FT-IR spectra of CuAl LDH (blue), CuO-L-Phe (black) and CuO-D-Phe (red).

Once it had been confirmed that Phe was present in the final product, CD spectroscopy
was once again conducted to determine whether the presence of Phe upon degradation of
CuAl-CO3 LDH to CuQO had the effect of inducing chirality in the material. As can be
observed from the CD spectra in Figure 3.14, it is evident that this post-synthetic approach
was successful in inducing chirality and, more specifically, chiroptical activity. The observed
CD spectra of the resultant materials are very distinct from those of phenylalanine and
extend far beyond the range of signal that would be observed by the initial chiral molecule

itself (Appendix B, Figure B3).
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Figure 3.14: Combined UV-Vis (bottom) and CD (top) spectra of CuO-L-Phe (black) and CuO-D-Phe
(red). Spectra were acquired using ethanol as solvent.

A high intensity CD signal is observed, and mirror images of the spectra are obtained
when functionalised with the opposite enantiomer. Multiple CD absorption features are
present throughout the spectra, with wavelengths ranging from UV to NIR, and the Cotton
effect is present, with the CD signal alternating between positive and negative values. UV-
Vis spectroscopy also demonstrates a significant enhancement in absorption of the CuO-Phe

species compared to the CuAl LDH starting material (Appendix B, Figure B5).

The position of the CD bands is also noteworthy. The absolute maxima in CD intensity
occur around 475 nm and 700 nm, which correspond with the absorption features observed
previously in the DR UV-Vis spectrum (Figure 3.4 (b)). Therefore, the strong CD signal

seen throughout the visible region with distinct bands at 475 and 700 nm, coupled with

136



Chapter 3 — Layered Double Hydroxide-Derived Chiroptically Active 2D Nanostructures

the significant increase in absorption over time, points toward chirality being induced in
the material via direct interaction between phenylalanine ligands and the Cu(ll) sites in the
LDH. In particular, the most intense CD band occurs in the region of the O?~ to Cu?*
LMCT band in the DR UV-Vis, indicating binding of Phe to Cu?*" sites via the carboxyl
group. The g-factor spectra of both CuO-L-Phe and CuO-D-Phe were also calculated,
demonstrating anisotropy values more than an order of magnitude higher than the previous
in situ samples, with values of up to 0.0035 observed for the 700 nm band associated with

Cu?* d — d electronic transitions (Figure 3.15).
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Figure 3.15: g-factor spectrum of CuO-L-Phe (black) and CuO-D-Phe (red)
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This g-factor value is an order of magnitude higher than what would typically be
expected for typical ligand-induced chirality transfer (=~ 10™*), therefore it is likely there is
another contributing factor to the high CD intensity, which will be discussed in later sections.
It is important to note that CD spectra of these materials were re-recorded using water as
a solvent, and there was no difference in the CD signal peak position or intensity (Appendix
B, Figure B6). This confirms that the chirality has not arisen due to any transient solvent

effects.

A time-dependent study was carried out to monitor the evolution of the CD signal
over the duration of the reaction. The post-synthetic treatment was carried out as normal,
with aliquots being taken from the reaction vessel for analysis at time intervals of 1, 2, 3,
and 4 hrs. Stirring was ceased after 4 hours, the solution was left to age overnight, and
one further aliquot was taken from the mixture 24 hrs after initiation of the reaction. The
solid material was separated from solution by centrifugation at 5500 RPM for 10 minutes
and no further cleaning was carried out. UV-Vis absorption measurements (Appendix B,
Figure B7) show a steady, significant increase in absorption in the 300-800 nm region over
time. CD measurements, as seen in Figure 3.16, also show a steady progression of the CD
signal over time. It is worth noting that the phenylalanine ligand peak is present at roughly
215 nm in these spectra, however it is clear from previous CD studies that any excess free
ligand is readily removed during the centrifugation process. This time-dependent analysis
reveals an increase in the intensity of the CD signal over time, likely due to the replacement
of carbonate by phenylalanine in the interlayer of the LDH, and subsequent interaction with
the Cu(ll) sites resulting in ligand-induced chirality. This increase in intensity is accompanied
by a redshift in the CD bands, which is indicative of an increase in the anisotropy of the

material.
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Figure 3.16: Time-dependent CD spectra in ethanol showing formation of (a) CuO-L-Phe and (b)
CuO-D-Phe.
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pXRD analysis of the time-dependent study, as shown in Figure 3.17, reveals a
simultaneous decrease in hydrotalcite-like CuAl LDH assigned reflections, and an increase in
intensities of CuO (tenorite) reflections over time, representing a gradual conversion from
CuO to CuAl LDH. Reflections corresponding to copper-L-phenylalanine (Cu-(L-Phe);) and
copper-D-phenylalanine (Cu-(D-Phe),) are also present in the pXRD time-study data, most
notably the (100), (200) and (300) reflections at 20 = 5.3°, 10.6° and 16.0°, respectively
(PDF: 32-1615).

FT-IR analysis of the time-dependent study also points towards the formation of this
Cu-(Phe)y complex as an intermediate product in this reaction, and serves as further proof
that there is direct interaction between Cu(ll) sites and phenylalanine ligands, causing the
chirality transfer (Appendix B, Figure B8). Additionally, it can be deduced that due to
the absence of Cu-(Phe), reflections in pXRD data in the final product (Figure 3.12), it
is clear that this species eventually gets converted to CuO-Phe or is readily washed out by
centrifugation. Therefore, it can be said definitively that the observed CD signal is due to

successful ligand-induced chirality in the CuO-Phe species.
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Figure 3.17: Time-dependent pXRD patterns of LDH-derived chiral CuO microstructures obtained via
post-synthetic functionalisation of CuAl-CO3 LDHs with (a) L-Phe, and (b) D-Phe.

To determine if any morphological change accompanied the phase change, SEM was
conducted on the resultant CuO-Phe materials by Dr. Lucia Hughes. Representative SEM
images of the CuO-L-Phe and CuO-D-Phe are shown in Figure 3.18, indicating that the

chiral CuO structures exhibit a nanosheet cluster-like morphology.
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200 nm N

Figure 3.18: SEM images of (a,b) CuO-L-Phe and (c,d) CuO-D-Phe nanosheet clusters.

It is clear that the sample is predominately made up of clusters, which consist of
sheets oriented at varying angles with respect to the electron beam. TEM was conducted
by Dr. Lucia Hughes on the samples to further support this, confirming that the lateral
size of the sheets is on the order of hundreds of nm, whereas the thickness is an order of

magnitude lower (Figure 3.19).
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Figure 3.19: TEM images of (a,b) CuO-L-Phe and (c,d) CuO-D-Phe nanosheet clusters.

To support the phase and analysis of the resultant material, high resolution TEM
(HRTEM) imaging was conducted by Dr. Lucia Hughes to investigate the crystallinity of
the nanosheet clusters. The lattice fringes in the HRTEM images in Figure 3.20 (a,b) can
be indexed to the (001) and (110) planes of the CuO phase, further supporting the pXRD

analysis and the formation of the CuO tenorite crystal structure (PDF (80-0076)).
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Figure 3.20: HRTEM images of (a) CuO-L-Phe and (b) CuO-D-Phe. The corresponding fast Fourier
transforms (FFT) of the HRTEM images are shown in the insets, with the zone axis and main reflections
denoted.

Furthermore, EDX mapping of the chiral CuO product shown in Figure 3.21 and
corresponding spectra (Appendix B, Figure B9-B10) confirm its chemical composition. By
combining the HRTEM crystallographic analysis with the EDX elemental analysis, it is clear

that there are no remaining signatures of the LDH in the phenylalanine-treated samples.

pXRD, EDX, and HRTEM all confirm that the final product is CuO, and that there
is no indication of the presence of aluminium within the chiral nanostructures. This is
despite the fact that the solution-based degradation of CuAl LDHs has been reported to
yield AI(OH)3 as a product.*” Therefore, the generated Al(OH); must be playing another
role. This, along with the presence of trace amounts of Cu(OH), in the product, as indicated
by pXRD, gives us an insight into the mechanism of formation of chiral CuO from achiral

LDH precursors, which is discussed below in Section 3.3.4.

144



Chapter 3 — Layered Double Hydroxide-Derived Chiroptically Active 2D Nanostructures

200 nm § 50 nm

Figure 3.21: STEM image and corresponding EDX maps of highlighted region of interest of (a, b)
CuO-L-Phe and (c, d) CuO-D-Phe. The O-K and Cu-L signals are mapped in green and red, respectively.

3.3.4 Proposed mechanism of CuAl LDH to chiral CuO evolution

Phenylalanine is known to form covalent bonds with Cu?" via both the amino and
carboxyl groups. This proceeds by initial formation of a Cu—(Phe), complex which, in the
presence of OH™ ions, is converted into Cu(OH);—Phe.?® The Cu—O-Al bridging bonds in
the LDH must be broken to form this species, and thus, covalent Phe interactions with
the LDH forces decomposition into its constituent hydroxides, Cu(OH), and Al(OH)3. This
phenomenon was supported by a visual analysis in our case, whereby it was observed that
upon addition of the Phe/NaOH solution to the CuAl dispersion, a deeper blue colour is
initially formed, indicative of the formation of Cu(OH), (Figure 3.22 (b)). Cu(OH), is
metastable and, in sufficiently basic solutions, dissolves to form the Cu(OH)42_ ion, finally
precipitating out as the more stable CuO at room temperature in aqueous solutions.*® This
is observed in our case by the deep brown colour that forms as the reaction proceeds (Figure

3.22 (c)).
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Figure 3.22: Images of reaction mixture (a) before, (b) immediately after, and (c) 24 h after addition of
phenylalanine.

The amphoteric AI(OH); generated in the LDH breakdown reacts with excess NaOH
present in solution to form sodium tetrahydroxoaluminate (NaAl(OH),), which forms
strongly basic aqueous solutions. Previous reports in the literature have theorized that
when aluminium ions are present in sodium hydroxide solutions of pH 10 or above, the
only aluminium-containing species present is the AI(OH),~ ion.* NaAl(OH), is water-
soluble, whereas Al(OH); should form a precipitate and crash out with the CuO in the
centrifugation cleaning step. The formation of NaAl(OH), therefore is consistent with
experimental observations, as no Al-containing species are present after cleaning according
to pXRD and EDX data. Therefore, the provision of a basic initial reaction medium, as well
as the presence of AI®™ in the LDH, both seem to be integral in forming the chiral copper
oxide, by reacting to increase the concentration of OH™ in solution, therefore driving the

rapid, room-temperature, base-assisted transformation to CuQ.%°

We propose that the clusters of CuO nanosheets observed under SEM and TEM
are the result of self-assembly of chiral CuO nanosheets into superstructures. Further

electron microscopy images of these clusters are provided in the Appendix (Figure B11).
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The formation of copper oxide clusters has been reported previously for Cu;_,O spherical
NPs using phenylalanine as a ligand. As phenylalanine binds to the nanosheets through both
the carboxyl and amine groups, the nonpolar, hydrophobic aromatic ring of the phenylalanine
protrudes out from the nanosheet into the polar reaction medium. The phenyl moieties of
adjacent phenylalanine ligands bound to different nanosheets attract one another through
hydrophobic, 7t-7t interactions, as is the case in folding of proteins, which may be the origin
of the organization of CuO-Phe nanosheets into superstructures.51:52 A schematic of this

process is shown in Figure 3.23.

- - .
n—n interactions 3

1

Figure 3.23: Schematic representation of 7t-7t interactions between phenylalanine ligands on adjacent
randomly oriented nanosheets, the driving force behind self-assembly of these chiral nanosheets into
clusters and superstructures.

Self-assembly and self-organization of nanomaterials typically results in enhanced
chiroptical activity, therefore the formation of these nanosheet clusters is likely a dominant

factor in producing the strong CD signals and g-factor values displayed by these materials.®>3

147



Chapter 3 — Layered Double Hydroxide-Derived Chiroptically Active 2D Nanostructures

An article from Prof. Nicola Pinna's group, published a number of months after our work,
performed experimental and computational investigations on chirality transfer in similar
CuO superstructures, and supports the conclusions derived from the work presented in this

chapter.>5°

Therefore, the presented evidence supports towards the following theory: replacement
of the carbonate anion in the LDH interlayer by phenylalanine and its subsequent binding
to Cu(ll) sites breaks the Cu—O-Al bridging bonds in the LDH structure, which leads to
decomposition into the constituent hydroxides, Cu(OH); and AI(OH);3. The formation of
NaAI(OH), in situ due to the liberation of AI(OH)3 upon breakdown of the LDH, and the
inclusion of NaOH during the reaction, increases the abundance of free OH™ in solution and
is the driving force behind the room temperature transformation from Cu(OH), to CuO.
The binding of phenylalanine to the Cu?* sites, and its presence upon transformation from
Cu(OH), to CuO, leads to self-assembly of the nanosheets and a strong enhancement of

the chiroptical activity.

3.4 Conclusions

CuAl-CO3 LDH nanosheets were successfully synthesised via a room-temperature
aqueous co-precipitation route.  The material was fully characterised and used for
investigations of chirality induction. In this work, we have pursued the induction of chirality
in 2D materials via two distinct routes. Firstly, a modified co-precipitation approach was
employed using two different chiral molecules. While chiroptical activity was induced, a low
level of synthetic control was achieved, producing multiple products. A second approach

was then developed to produce LDH-derived chiral CuO nanosheet clusters via an aqueous
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post-synthetic treatment in the presence of sodium hydroxide and chiral ligands. Through
CD and UV-Vis absorption studies, we provide evidence that the origin of chiroptical
activity in the CuO nanostructures is a direct result of interaction between the Cu(ll)
sites and phenylalanine. Time-dependent XRD and FT-IR reaction studies serve as further
proof of the interaction between Cu(ll) and phenylalanine ligands via the formation of a
Cu(Phe)y complex as an intermediate product. Time-dependent CD studies show that a
steady increase in intensity and red-shift of the CD signal correlated with the formation of
these chiral CuO structures, and the presence of phenylalanine on the surface drives the
assembly of nanosheets into clusters. Thus, for the first time we have demonstrated that
chiral 2D CuO nanostructures can be produced from initial layered hydroxide precursors via
simple base-assisted decomposition in the presence of chiral ligands. This body of work is

summarised by the graphic in Figure 3.24.

This unique approach could be potentially used for the preparation of other new
metal oxide 2D nanostructures. We believe that these new chiroptically active copper
oxide nanostructures may find a range of potential applications including in chiral sensing,
asymmetric catalysis and enantiomeric resolution. In particular, we would like to explore
the potential of chiral 2D copper oxide nanostructures as building blocks for new laminar
membranes, which could be of particular interest to biopharmaceutical industries for

enantioselective separation and purification of various chiral molecules and biomolecules.
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Figure 3.24: Graphical summary of the main findings and work of this chapter.
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Chapter 4

Towards Recyclable 2D
Material-Based Nanofiltration

Membranes for Water Purification

4.1 Introduction

According to a report published by UNICEF and the WHO in 2019, one third of the
world’s population does not have access to clean, safe drinking water.! Dyes, surfactants
and heavy metals leached into wastewater from the textile industry are a leading cause of
water pollution.? The release of these dyes into wastewater streams can have numerous
detrimental effects to humans, as well as aquatic flora and fauna. This dye pollution has a
significant negative impact on biodiversity in our waterways. The high absorption coefficients
of these dyes in the visible light region hinders photosynthesis, as light cannot penetrate the
water efficiently.3 Additionally, many of the dyes used industrially can be carcinogenic and

mutagenic, causing long-term damage when ingested by aquatic life, as well as by humans.*
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Azo dyes such as Evans Blue are a major concern, with up to 50% of the dye used in
the dyeing process being released into wastewater, due to inadequate binding to textiles.5®
The toxicity of thiazine and triarylmethane dyes also present a significant risk.”® Innovative
methods of water filtration and treatment are therefore urgently needed in order to achieve
United Nations Sustainable Development Goal 6 - which is access to clean water for all by
2030. Nanofiltration (NF) is increasingly being explored as an effective method of water
purification.®!® However, many existing NF membranes suffer from significant and rapid
fouling, restricting their lifetime significantly.!! To contribute to and develop a greener, more
circular economy and society, the methods we use for water treatment must be sustainable.
Reusable, recyclable NF membranes have the opportunity to be game-changers in this area,
and significant research has been conducted in recent years on approaches to anti-fouling

and fouling-resistant NF membranes.}?-14

2D nanomaterials, such as boron nitride, graphene and transition metal
dichalcogenides are increasingly being explored as exciting candidates for new NF
membranes.!>18 Exceptional adsorption capacities can be achieved by 2D material-based
membranes, due to their high surface-to-volume ratios, allowing more surface area for
interaction with contaminants.!® The stacking of nanosheets when forming membranes
results in the formation of nano-porous channels, often allowing for more rapid solvent
transport and higher selectivity.2® Our previous work demonstrated the potential of partially
oxidised boron nitride (BNOx) as a nanomaterial for high-performance NF membranes.?!
BNOx can be produced by partial oxidation and hydroxylation of the edges of BN sheets,
which can be achieved by simple thermal oxidation at 900 °C, endowing BNOx with
a partially negative surface charge.?? The introduction of these OH groups has been
demonstrated to have no reduction in the NF performance of the exfoliated material when
compared with pristine BN. However, the major drawback of these membranes at present is

that they are vulnerable to fouling, and must be disposed of after a single use, or alternatively
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require very extensive cleaning using aggressive and environmentally harmful chemicals.

In recent years, there has been a resurgence in the study of LDHs, owed in part to
their semiconductor nature.?®> The use of LDHs can be advantageous over other traditional
2D nanomaterials, due to their high scalability, low cost and ease of synthesis, as well as
high bandgap tunability through variation of the metal cations, as well as the intercalating
species.?* Due to these interesting and unique properties, many recent reports have examined
the applications of LDHs in heterogeneous catalysis, specifically as electrocatalysts and
photocatalysts.?>™2" In particular, numerous reports of the design of transition-metal based
LDHs for photodegradation of dyes in water remediation applications have emerged in recent
years.?8731 Furthermore, there exists an extensive body of literature on the study of LDHs

2

for water remediation3?, both as stand-alone sorbents30.33-36

, as well via incorporation
of LDHs into composite sorbents and filtration membranes.3"3 Photocatalytically active
nanomaterials may present an innovative route to achieve anti-fouling behaviour in NF
membranes. Despite this, to the best of our knowledge, no reports exist of exploiting the

photocatalytic activity of LDHs for use as anti-fouling additives in NF membranes.

Herein, we present the development of new, high-performance hybrid CuAl-CO3
LDH/BNOx NF membranes for efficient separation and visible-light-driven photocatalytic
degradation of several dyes — Evans Blue, Methyl Orange, Methylene Blue and Rhodamine
B. We believe this innovative route to anti-fouling represents a significant step forward in

advanced sustainable nanofiltration research.
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4.2 Aims of this section of work

The main goal of this work was to develop new, multifunctional hybrid CuAl-
CO3 LDH/BNOx nanocomposite membranes, with both separation and photocatalytic
modalities. We aimed to introduce catalytic functionality into previously developed in-
house BNOx NF membranes via the addition of CuAl-CO3 LDHs, with the end goal of
achieving recyclable NF membranes. Firstly, we planned to full characterise optimised
LDH/BNOx membranes via pXRD, FT-IR, zeta potential, SEM, TEM, EDX, EELS and
mercury porosimetry to determine their properties. Then, we planned to test the LDH/BNOx
nanocomposite membranes for their nanofiltration performance using a number of water-
soluble dyes with various sizes and charges — namely Evans blue, methyl orange, methylene
blue and rhodamine B. In addition, we planned to assess the photocatalytic activity of
the membranes to determine the feasibility of the introduction of photocatalysts as a
route to anti-fouling in NF membranes. Our final objective was to discuss and gain some
insights into the mechanical stability of the membranes, and investigate the mechanism of

photodegradation in the hybrid membrane.
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4.3 Results and discussion

4.3.1 Characterisation of LDH/BNOx nanocomposite material and

membranes

Partially oxidised BN (BNOx) was chosen over BN to fabricate the NF membranes
due to the negative surface charge which arises as a consequence of the introduction of
-OH groups during the thermal oxidation process, as previously reported by our group.?!
BNOx therefore has the ability to participate in attractive electrostatic interactions with
LDHs, which should result in a uniform, electrostatically-stabilised nanocomposite. LDH
nanosheets have an intrinsic positive surface charge, due to the doping of M3T species in the
M(OH), units.>® CuAl-COj in particular was chosen for this study as it has previously been
reported in literature to exhibit photodegradation of azo dyes such as methyl orange (MO),
and presents less risk for water treatment than more photoactive Cr-containing LDHs, which
can sometimes be prone to oxidative leaching of Cr®".40 Zeta potential (¢) measurements
of as-prepared CuAl-CO3 LDH and exfoliated BNOx were carried out in aqueous solution
(pH 7) to confirm the presence of these complementary surface charges, and average values

of (gnoz =-30.7 mV and (;py = +33.6 mV were obtained (Figure 4.1).
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Figure 4.1: Zeta potential distributions of (a) CuAl-CO3 LDH and (b) BNOx nanosheets. Data acquired

using MP H20O as solvent (pH 7).

A number of different compositions were tested for the formation of the

nanocomposite, the details of which are presented in Appendix C. An optimal ratio of 20:80

LDH/BNOx by mass was determined, as this level of LDH loading should be theoretically

high enough to induce photocatalysis, but low enough to maintain the integrity and

high performance previously reported for BNOx-based NF membranes. The LDH/BNOx

nanocomposite was prepared by sonication for 24h, and the membranes were prepared via

the common vacuum filtration technique, as described in our previous reports, and detailed

in the Materials and Methods section.!%?! The resulting nanocomposite and membranes

161



Chapter 4 — Towards Recyclable 2D Material-Based Nanofiltration Membranes for Water
Purification

were characterised by pXRD, FT-IR, SEM, TEM, HAADF-STEM, EDX, EELS, mercury
porosimetry and zeta potential. Figure 4.2 shows a comparison between the pXRD patterns

of the two components of the membrane, and the membrane itself.
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Figure 4.2: pXRD patterns of CuAl-CO3 LDHs (blue), BNOx (grey) and LDH/BNOx nanocomposite
(turquoise). pXRD reference patterns are provided for CuAl hydrotalcite, boron nitride, and boric acid.

The most prominent reflections observed from the membrane sample are the CuAl-
CO3 LDH (003) reflection at 20 = 12.1 °, the BN (002) reflection at 20 = 26.8 °, and the
B(OH)3 (010) reflection at 26 = 28.0 °.214! All observed pXRD reflections in the membrane
sample can be indexed to the characteristic reflections of CuAl-CO; LDH (JCPDS 46-
0099), and BNOx (JCPDS 01-073-2095 for boron nitride, and JCPDS 30-0199 for boric

acid (B(OH)3)) - with no presence of any undesirable side products.
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FT-IR was also conducted on the sample, as shown in Figure 4.3. The FT-IR spectrum
of the membrane contains peaks characteristic of both BNOx and CuAI-CO3 LDH. The B-N
stretch (750 cm™!) and B-N-B bend (1250-1500 cm™!) can be observed, with the B-N-B
bend broadening and losing detail due to overlap with the CuAl-CO5 LDH v3 CO3%~ stretch
(1350 cm~!). Additionally, there is a broad O-H stretch from roughly 3000-3600 cm~! due
to the overlap of the BNOx O-H band at 3000-3200 cm~! and the CuAl-CO3; LDH O-H

stretch centred at 3400 cm—!.2242

CuAl-CO, LM

BNOx

LDH/BNOx membrane

Normalised trasmittance

4500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 4.3: FT-IR spectra of CuAl-CO3 LDH (blue), BNOx (grey) and LDH/BNOx nanocomposite
(turquoise).

Top-view and cross-sectional SEM imaging was conducted to determine the
morphological profile of the membranes, as shown in Figure 4.4. It is evident from SEM

imaging that the membranes exhibit a very uniform, porous profile, with no obvious layering
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or separation of the two materials observed.

Figure 4.4: SEM images of hybrid membranes: (a,b) Top-view and (c,d) cross-sectional images of
LDH/BNOx membranes. Lower magnification images (a,c) show general uniformity of membranes, and
higher magnification (b,d) shows finer membrane structure consisting of networks of nanosheets.

Additional top-view and cross-section SEM images are shown in Appendix C (Figure
C4). These membranes have a remarkably similar morphological profile to previously
reported BNOx membranes, with a calculated mean thickness of 121 + 8 um. The thickness

distribution is also provided in Appendix C (Figure C5).
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From the SEM images, it is apparent that there is a uniform dispersion of larger and
smaller populations of nanosheets. Size distribution analysis of the lateral sizes of nanosheets
in the membrane structure was performed, revealing a mean lateral size of 0.85 um and a
large standard deviation of 0.38 um (Appendix C, Figure C6). Furthermore, sheets sampled
through size distribution analysis range widely in lateral size from 0.19 to 2.09 um. This is
indicative of a large, broad distribution consisting of smaller and larger flakes. Additionally,
TEM imaging was performed on exfoliated BNOx by Dr. Tigran Simonian, as shown in
Figure 4.5, and suggests that the larger, irregular rounded flakes present in the membrane
are representative of BNOx nanosheets, with an average lateral size of 0.95 + 0.32 um, and
flake sizes ranging from 0.43 to 1.90 um (Appendix C, Figure C8). Additional TEM images
of BNOx are provided in Appendix C (Figure C7).

Figure 4.5: TEM images of exfoliated BNOx nanosheets.

This indicates that a sizable population of smaller sheets in the membrane are
representative of CuAl-CO3 LDH nanosheets, which is in line with expectations based on our
previous reports.*! This broad particle size distribution is an expected consequence of using

liquid phase exfoliation in water, without further post-processing steps for size selection.!>43
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To further confirm the composition of the LDH/BNOx nanocomposite, HAADF-STEM
was conducted in combination with EDX and EELS mapping by Dr. Tigran Simonian,
and confirms the presence of both individual CuAl-CO3 LDH and BNOx nanosheets in
the nanocomposite, as shown in Figure 4.6. The EDX and EELS spectra are provided in
Appendix C (Figures C9 and C10)

Figure 4.6: (a) HAADF-STEM image (a) of LDH/BNOx nanocomposite. Dashed box in (a) is area under
analysis in (b)-(e). Elemental mapping of Al (b) and Cu (c) via EDX, and N (d) and B (e) via EELS.
Scale bar in (b)-(e) is same as in (a).

Mercury porosimetry was conducted on the LDH/BNOx membrane sample to
investigate the porosity of the membranes, in the approximate 10 nm to 10 pm range,
as shown in Figure 4.7. Figure 4.7 (a) shows the intrusion of mercury into the sample as a
function of pore diameter. At initial low pressures, the rate of intrusion is constant. As the
pressure builds, mercury is forced into increasingly smaller pores, with an uptake occurring
at the 4 um mark. A gradual filling of pores then occurs to approximately 600 nm. At this
point, a second distinct stage of filling is observed, almost linearly, to 150 nm. This region
is significant, accounting for approximately 0.25 cc/g or 38.5% of the total pore volume

(0.65 cc/g). A third and final stage of filling occurs at 150 nm, with a steep rise in the
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curve due to rapid intrusion, before gradually plateauing out at 15 nm, with no further
intrusion occurring as all pores are fully filled. The resultant pore size distribution, shown
in Figure 4.7 (b), reveals that the vast majority of pores are less than 1 um in size. Pores
in the 10-200 nm range dominate the material, with a sharp peak at approximately 100 nm

indicating a high concentration of pores within a narrow size range.
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Figure 4.7: (a) Mercury intrusion and (b) pore size distribution of the LDH/BNOx membrane sample.

The porosimetry data is in good agreement with the morphologies observed in the
SEM images in Figure 4.4, where porosity is observed between the flakes. Broadly speaking,
there are strong similarities between the LDH/BNOx membranes developed here, and BN
and BNOx-based membranes previously developed by our group.l®2?! In particular, a BN
membrane exfoliated in N-methyl-2-pyrrolidone exhibited a total pore volume of 0.76 cc/g
and a sharp pore size distribution peak at approximately 100 nm. Like that membrane, we
consider the LDH/BNOx membrane developed here to be a low bulk density material with

an open, interconnected porous network.

Thus, the combination of SEM, TEM, and mercury porosimetry confirms that the
LDH nanosheets integrate well into the BNOx-based membranes, and therefore should not

cause any major differences in NF performance.
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4.3.2 Nanofiltration performance of LDH/BNOx nanocomposite

membranes

Once it was confirmed that the LDH/BNOx nanocomposite could be used to produce
uniform membranes of similar morphology and pore characteristics to previously reported BN
and BNOx membranes, these membranes were assessed for their ability to remove water-
soluble dyes from water. Two azo dyes (EB and MO), a triarylmethane dye (RhB) and
a thiazine dye (MB) were tested, to examine the ability of the membranes to retain dyes
of various sizes, charges (anionic vs. cationic) and functional groups. The dye retention
performance of the membranes was tested by passing 20 mL aliquots of the dye through the
membranes, and examining the difference in absorption of the feed and filtrate solutions, as
per previous reports.1%2! The UV-Vis absorption spectra of feeds and samples of permeates
of all four dyes are shown in Figure 4.8. The absorbance values at \,,,. for each dye
were recorded, and the retentions of each dye were calculated using Equation 2.2. The
average retentions of each dye are shown in Table 4.1, along with the number of membranes
evaluated in each case.

Table 4.1: Mean dye retention by nanocomposite membranes, and the number of membranes tested in

each case.
Dye tested Mean retention (%) | No. of membranes tested
Evans Blue (15 uM) 99.7 £ 0.4 8
Methylene Blue (27 puM) 99.9 £ 0.1 5
Methyl Orange (50 M) 96.8 + 3.1 11
Rhodamine B (20 uM) 974 £ 21 5
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Figure 4.8: UV-Vis spectra demonstrating the retention of 20 mL of (a) Evans Blue (15 pM), (b)
Methylene Blue (27 pM), (c) Methyl Orange (50 uM) and (d) Rhodamine B (20 uM) by LDH/BNOx NF
membranes.

These retention values compare favourably with some of the best in literature
for BN/BNOx-based membranes, as well as other 2D material-based membranes.**#°
For example, amino-functionalised h-BN membranes showed excellent retention for larger
molecules such as EB (> 99%), but much lower values for smaller molecules such as MB
MB (50.3%) and RhB (58.3%). However, the retention can be greatly improved to 94.1%
for MB and > 99% for RhB by increasing the membrane thickness.!® GO membranes have
been demonstrated to have dye rejection values of 98.4%, 98.9% and 86.4% for MO, MB
and RhB respectively.*® WS,-based membranes exhibited retentions of 90% for EB.#7 It is

therefore evident that the LDH/BNOx membranes reported exhibit exceptional retention
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for larger dyes such as EB (dimensions: 1.2 nm x 3.1 nm), as well as smaller dyes such as
MB (dimensions: 1.4 nm x 0.6 nm), and are in line with some of the best results reported

in the literature.

The mechanism of dye removal from water by LDHs generally follows two schemes
— incorporation of the dye into the LDH interlayer gallery via anion exchange, and dye
adsorption to the nanosheet surface.*® Carbonate-intercalated LDHs typically are the most
stable sub-type, as the divalent carbonate anion is held strongly in the LDH interlayer, so
adsorption via anion exchange in these LDHs is less commonly observed.*® The dominant
adsorption mechanism therefore is likely surface sorption. LDHs have a positive surface

charge, so tend to preferentially adsorb anionic species through electrostatic interactions.

Interestingly, no clear trend can be observed between the charge of the dye and the
retention in this case. It can be observed that EB (an anionic dye) and MB (a cationic dye)
both exhibit exceptional retention of up to 100%, with marginally lower values obtained for
MO (anionic) and RhB (cationic). This serves as further evidence that the introduction of
LDHs into BNOx-based NF membranes has no significant impact on the NF performance.
Our previous reports on BNOx NF membranes indicates the partial negative surface charge
may have a small effect on the retention compared to pristine BN, resulting in marginally
higher retention of cationic dyes.? However, the dominant retention mechanism observed
is likely a result of the BNOx bonding and structure. Hexagonal BN is isostructural to
graphene, with sp?-hybridised alternating B and N atoms in a hexagonal arrangement,
resulting in electron delocalisation and a resultant 7t-system. It has been reported that a
major factor in the high retention values and high adsorption capacities of BN and BNOx
towards dye molecules is due to 7t-7t interactions.55! It is therefore evident here that BNOx
is the material responsible for the high retention values in the LDH/BNOx nanocomposite

membranes.
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Another key measure of membrane performance is the water flux or permeance. While
high retention capacity is a vital property of high-performance water purification membranes,
it must be ensured that this does not compromise come at the cost of water transport across
the membrane. In order to more accurately assess the suitability of our NF system for water
purification, solvent flux studies were carried out on both the LDH/BNOx membranes, as
well as the PVDF support. The results of the membrane flux studies are summarised in

Table 4.2, with the PVDF template flux results shown in Appendix C (Table C2).

Table 4.2: Summary of water flux results of LDH/BNOx nanocomposite membranes on PVDF support.

¥ run | 2 run | 3¢ run Average
Time (s) 44.87 | 4720 | 46.40 | 46.16 £ 0.97
Flux (L m? h_l) 1672 1589 1616 1626 £+ 35

The hydrophilic PVDF template exhibited low resistance to water flow, as expected,
with high flux values of 7360 & 232 L m~2 h~! at an operating pressure of 1 bar. The pure
water permeance of the LDH/BNOx membranes on the PVDF support was measured to be
1626 £ 35 L m~2 h~!, which is slightly higher than previously reported BNOx membranes
(1163 L m~2 h™!).2! The water flux is very high for a membrane of this thickness, when
compared with the literature. For example, these membranes exhibit water permeance rates
comparable with amino-functionalised h-BN membranes with 0.4 pum thickness (1500 L
m~2 h™!) reported by Chen et al.!® Das et al. reported 0.35 pum-thick non-functionalised
h-BN/PVDF membranes with flux rates of 1240 L m~2 h=*.52 Furthermore, the LDH/BNOx
membranes reported here exhibit flow rates more than 230 times higher than commercially
available NF270-400 membranes (7 L m™2 h™! bar™! or 23.8L m™2 h™! @ 3.4 bar).>® The
highly efficient flow rate reported here can be attributed to the larger pore size observed
for LDH/BNOx membranes compared to their pristine BNOx counterparts, as discussed

previously in Section 4.3.1.
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4.3.3 Adsorption

conducted to better understand the membrane retention mechanism.

behaviour

membranes

of LDH/BNOXx

nanocomposite

An analysis of the adsorption behaviour of the nanocomposite membranes was

UV-Vis spectra

showing the adsorption of each of the dyes over time is shown in Figure 4.9.
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Figure 4.9: UV-Vis absorbance spectra demonstrating adsorption of EB, MO, MB and RhB on
LDH/BNOx nanocomposite membranes over time.
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Adsorption of dyes on many nanomaterials, including both BN and LDHs, is often

best described by the pseudo-second-order (PSO) kinetic model.>*>®

Here, we observe two

distinct adsorption behaviours in the case of these nanocomposite membranes, which are

seemingly dependent on the charge of the dyes. The anionic dyes (EB and MO) follow an

expected PSO adsorption model, as shown in Figure 4.10 (a,b)
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Figure 4.10: Pseudo-second-order models for adsorption of EB, MO, MB and RhB on LDH/BNOx
nanocomposite membranes.

LDHs typically have a stronger adsorption capacity for anionic dyes due to attractive

electrostatic interactions. However, here we observe the rate remaining constant over the
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experiment in the case of the anionic dyes, whereas a change in rate would generally be
expected as more LDH sites are occupied. This reaffirms the point that the 7t-7t interactions
between the BNOx and the dyes dominate over the electrostatic forces in the retention
process, and serves as an explanation as to why there is no observable trend between the

charge of the dyes and the retention of the membrane.

However, for the cationic dyes (MB and RhB), we see a deviation from simple PSO-
type adsorption behaviour, as shown in Figure 4.10 (c,d). The observed adsorption data for
MB and RhB can be split into two “stages” — stage | with fluctuating values and no clear
correlation to the PSO model, and a stage Il which fits nicely to the PSO model. To gain
further insight into this charge-dependant adsorption behaviour, the intra-particle diffusion
(IPD) model was applied to the adsorption of all four dyes by the nanocomposite, as shown

in Figure 4.11.5057

For anionic dyes (EB and MO), the data is observed to fit the linear intra-particle
diffusion model, with high R? values. According to the IPD model, if the straight line

t95 does not pass through the origin, then IPD is not the rate limiting

plot of ¢; vs
step.%8% It can be observed for all dyes that none of the lines pass through the origin,
indicating another adsorption process occurring in conjunction with IPD. This is likely the

7I-7t interactions previously discussed, as well as electrostatic interactions between the dyes

and the nanocomposite.
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Figure 4.11: Intra-particle diffusion kinetic models for adsorption of EB, MO, MB and RhB on
LDH/BNOx nanocomposite membranes.

However, for the cationic dyes (MB and RhB), a multi-linear adsorption profile can
be observed. This is particularly evident in the case of MB. It is once again clear that two
distinct adsorption processes occur, denoted stages | and Il. Stage | is a sharper region and
represents rapid surface adsorption. Stage Il can be characterised by a smaller slope and
the slower diffusion of the dyes into the pores of the membrane. The fitting parameters
obtained from modelling the adsorption data with both the PSO and IPD kinetic models

are presented in Tables 4.3 and 4.4, respectively.
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Table 4.3: Parameters obtained from fitting PSO model to adsorption of dyes by LDH/BNOx
nanocomposites

Dye | kpso (g mmol™! min~') | g. (mmol g7!) | Rpsp?
EB 3.516 0.0012 0.9748
MO 0.823 0.0041 0.9843
MB 3.3339 0.0022 0.9972
RhB 1.924 0.0018 0.9914

Table 4.4: Parameters obtained from fitting IPD model to adsorption of dyes by LDH/BNOx
nanocomposites

Dye | k; (mmol g7! min™%5) | R;? | ky (mmol g7! min™%%) | R,?
EB 4.193 x 1075 0.9901 - -
MO 1.389 x 1074 0.9909 - -
MB 1.262 x 1074 0.9964 5.112 x 107° 0.9880
RhB 6.432 x 1075 0.9979 4.480 x 1075 0.9841

We propose that this two-stage adsorption process arises for adsorption of cationic
dyes due to the composition of the nanocomposites. Zeta potential measurements of the
LDH/BNOx nanocomposite, as shown in Figure 4.12, indicate a partial negative surface
charge (CLpr/Bnoz = -8.12 mV). A larger proportion of partially negatively charged BNOx
than LDH in the nanocomposite attracts the cationic dyes to the surface faster, followed by
a slow diffusion into the pores and retention by 7t-7t interactions, resulting in two distinct

rates arising from the IPD model.
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Figure 4.12: Zeta potential distribution of LDH/BNOx nanocomposite. Data acquired using MP H50 as
solvent (pH 7).

4.3.4 Photocatalytic degradation of dyes by LDH/BNOx

nanocomposite membranes

The excellent retention values of these membranes are in line with our previous reports,
as well as other reports for similar systems in literature, and present an efficient route to
water purification. However, a main drawback of pristine BN and BNOx-based membranes
is fouling. The adsorption of the aforementioned dyes by the membranes leads to saturation
of the BNOx nanosheets and blockage of the pores, which in turn results in lower retention
values and flow rates over time, limiting their reusability. A potential method to overcome
this key issue is the integration of photocatalysts in these membranes. Transition metal-
containing LDHs have been previously reported to be promising photocatalysts for a variety
of reactions, including photodegradation of water soluble dyes such as methyl orange and
malachite green.31:99-62 Therefore it was decided to exploit this property, and test the anti-

fouling capabilities of these LDH-containing membranes using a simple, low-cost household
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visible light source.

10 pL of 30% w/w H20, was used to boost the catalytic activity, the reasons for which
will be discussed in Section 4.3.5.%% The photocatalytic performance of the LDH/BNOx
nanocomposite membranes for the degradation of EB, MB, MO and RhB was monitored
using UV-Visible spectroscopy. Briefly, pristine membranes were submerged in the dye
solution, the HyO5 was added, they were exposed to light, and aliquots were taken every 10
minutes for UV-Vis analysis. Figure 4.13 shows the reduction in the maximum absorbances

as a result of decolourisation of the solutions, due to degradation of each of the dyes.
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Figure 4.13: Reduction in UV-Vis absorbance of EB, MO, MB and RhB by visible-light photodegradation
in presence of LDH/BNOx membrane catalysts and 10 pL of H2O5 (30 % w/w).
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It can be observed that each of the dyes is degraded significantly over a 120-minute
time frame, with the best result being achieved for MB. It is also important to highlight the
significance of the result of degradation of EB by these nanocomposites, as reports of the
visible-light photodegradation of EB are difficult to find. While there are numerous reports
in the literature on the use of LDHs for adsorption-driven removal of EB from wastewater,
to the best of our knowledge, this is the first report of EB degradation using a LDH-based

photocatalyst. 333

Photographs of membrane samples after filtration and after photodegradation are
shown in Figure 4.14. The membranes can be seen to return completely to their original
pale blue colour after the photodegradation process. The best results for each of the dyes
are presented here, however each experiment was conducted in triplicate — the results of the

other runs are shown in Appendix C (Figure C11 and Table C3)

EB MO MB RhB

After
filtration

After
degradation

Figure 4.14: Pictures of membranes before (top) and after (bottom) photodegradation using 10 pL H2O-
(30% w/w) and a 5W COB LED.

The dye photodegradation process was modelled by PFO kinetics. The kinetics of
organic dye degradation is often best described by the Langmuir-Hinshelwood model, which

at low dye concentrations - as we have here - can be simplified to a PFO model.®* The
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apparent PFO rates for the best run of each dye, as well as average rates, are summarised

in Figure 4.15 and in Table 4.5.
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Figure 4.15: PFO models for degradation of EB (dark blue), MO (orange), MB (turquosie) and RhB
(fuschia).

Table 4.5: Degradation extents at t = 120 mins, and PFO model rate constants for degradation of dyes
by LDH/BNOx nanocomposite membranes.

Dye | Degradation % | Best k; (min™') | R;? | Average k; (min™1)
EB 75 0.0113 0.9950 0.0091 £ 0.0019
MO 88 0.0184 0.9949 0.0131 £ 0.0040
MB 91 0.0187 0.9934 0.0174 + 0.0021
RhB 85 0.0162 0.9980 0.0151 £ 0.0008
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The PFO degradation rate constants obtained for the LDH/BNOx catalytic membrane
compare favourably to similar systems reported in the literature. For example, a Co-
based LDH synthesised in water, using 40 uL of HyO, in the photodegradation process,
had a calculated rate constant of 3.5 x 1073 min~! for degradation of RhB.%®> Nayak et
al. synthesised MgCr LDH nanoplatelets for sunlight-driven degradation of RhB in the
absence of H,0,, and calculated the rate constant to be 0.015 min~!.5¢ Although their light
harvesting capabilities are superior, it is preferred to avoid the use of Cr-containing LDHs in
water treatment applications if possible, as leaching of Cr3* and Cr%F is a potential hazard
depending on the experimental conditions.*® Ahmed et al. reported PFO rate constants of
0.01 min~! for visible-light degradation of MO by NiAl LDH photocatalysts.?® It is clear
therefore that the LDH/BNOx membrane developed here is comparable with existing LDH-
based photocatalysts for organic pollutant degradation. Furthermore, the obtained rates of
photodegradation for the LDH/BNOx are also comparable to more traditional UV-active
metal oxide photocatalysts, such as TiO (0.0102 min~! for MO)® and ZnO (0.008 min~*
for MO)%, although heterojunctions of the two metals or exotic morphologies tend to
outperform our nanocomposite, without the need for H,0,.%° Therefore, the degradation

rates presented here are significant, with the added benefit of visible light activity.

Control experiments were conducted in the absence of catalyst, and showed
insignificant extents of dye degradation in comparison with the photocatalytic
nanocomposite membrane, as shown in Figure 4.16. It is clear in the case of EB, MO
and RhB that photolysis in the presence of HyO5 and the absence of catalyst is minimal.
A non-negligible degree of photolysis was observed in the case of MB, where roughly 20%
of the dye was degraded in the absence of catalyst in 120 minutes. However, this was to
be expected, as aqueous solutions of Methylene Blue are prone to photobleaching in the
presence of visible light.”® Nevertheless, the presence of the catalyst in this case clearly

results in a more rapid degradation of the dye.
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Figure 4.16: Photodegradation control experiment of dyes using 10ppuL H2O5 (30% w/w), a 5W COB
LED, and no photocatalytic membrane.

While the removal of the dyes by photodegradation allows for the material to be
reused, the membrane itself suffers from mechanical failure, due in part to the generation
of gas bubbles under illumination. SEM imaging of the membranes after photodegradation
reveals partial exfoliation of the membranes, as well the generation of spherical cavities due

to evolution of gases during the reaction (Figure 4.17).
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Figure 4.17: SEM images depicting (a) exfoliation of membrane and (b) formation of micro-bubble
shaped cavities in membrane during photodegradation process.

Despite the excellent retention, flux, and catalytic activity of these membranes, it is
evident that further research is needed to address the mechanical integrity and ensure the
device itself is reusable - not just the material it consists of. Chemical cross-linking of the
nanosheets within the membrane would be one of the best strategies to address the issues
with mechanical stability. Nevertheless, the efficient and rapid visible-light photodegradation
of the dyes in these high-retention, high-flux membranes is an exciting and promising result

in the search for efficient NF membranes that are resistant to fouling.
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4.3.5 Proposed photodegradation mechanism

Bulk h-BN is an indirect wide bandgap semiconductor, with reported bandgap values
in the deep UV (~ 6 eV).”* While an indirect-to-direct bandgap transition has been theorised
on reducing the thickness of h-BN from few-layer to monolayer, the band-gap value remains
large (6.46 eV). Photocatalysis has been observed in BN, however it is achieved through
introduction of defects, and using UVC illumination.”® For these reasons, it is unlikely that
there is any significant contribution from BNOx to the visible-light photocatalytic activity
observed in this study. The source of photocatalytic degradation can be primarily assigned

to the presence of CuAl-CO3 LDH in the nanocomposite in this case.

UV-Vis absorption spectra of LDHs can provide key information on their suitability as
visible light photocatalysts.?* Due to the intense light scattering exhibited by 2D nanosheets
in solution, it is necessary to carry out the UV-Vis in solid state using DR UV-Vis to identify
the key absorption features.”® The DR UV-Vis spectrum of CuAl-CO; LDHs reveals two
main absorption features — the first centred around 475 nm, which can be attributed to 0%~
to Cu?T ligand to metal charge transfer, and the second at 700 nm, associated with Cu?*
d — d transitions, as described in earlier chapters. These significant absorption features in
the visible region, as shown in Figure 4.18, indicate the CuAl-CO3 LDH is a good candidate

for visible-light photocatalysis.
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Figure 4.18: DR UV-Vis spectrum of CuAl-CO3 LDHs.

As LDHs function as doped semiconductors, photocatalysis in LDHs is commonly
accepted to be due to formation of electron-hole pairs as a result of light absorption. This
behaviour has been well described by Baliarsingh et al., as well as Xia et al. for a variety
of LDHs, and we propose a similar mechanism for our system.%%7* Photogenerated holes
(h™) react with water in the aqueous dye solution to form hydroxyl radicals (*OH). The
photoexcited electrons (e~) react with oxygen adsorbed on the LDH surface from dissolved

oxygen in solution, forming superoxide radicals (O5~) (Equations 4.1 and 4.2).

h* + H,O — 2H" + 2 °OH (4.1)

e + 02 — 05_ (42)

O3~ radicals can be protonated to form hydroperoxyl radicals (HO3). H.O, is

185



Chapter 4 — Towards Recyclable 2D Material-Based Nanofiltration Membranes for Water
Purification

generated by the formation and combination of HO$ radicals. The reaction between
photoexcited electrons and HyO5 produces more *OH radicals which, along with O35, are

reactive oxygen species, resulting in degradation of the dyes (Equations 4.3 - 4.5).%

05~ + H" — HOS (4.3)
H,0, + ¢ — *OH + OH™ (4.5)

Apparent photocatalysis reaction rates in LDHs are limited by both electron-hole
pair generation, as well as separation and carrier mobilities.®>"® CO32~ intercalation in
LDHs is reported to suppress the electron-hole recombination to an extent, thus increasing
the apparent reaction rates, however high rates of degradation of dyes under visible-light
illumination by pristine binary LDHs, particularly CuAl LDHs, is still rarely reported.%%7
To overcome this hurdle, 10 pL of 30% (w/w) HyO, were added to the solution, which is
much less than previous reports for similar systems.”” The addition of H,O5 to Cu?"-based
photocatalytic systems may improve the photocatalytic performance via two routes. Firstly,
H,O, acts as an electron acceptor, reducing the electron-hole recombination rate, thus

enhancing the visible-light-driven generation of *OH and O5~. Secondly, Cu?"-containing

solids can also drive the catalytic decomposition of H,O, to generate *OH radicals via

Fenton-like redox processes (Equations 4.6 and 4.7).78.7°
Cu*" + HyOy — Cut + HOS + OH™ (4.6)
CU+ + H202 — Cu2+ +*OH + OH™ (47)

In this system, much lower rates of degradation are observed in the absence of
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Hy0,. This was demonstrated using RhB where 58% of RhB is seen to be removed from
solution after 120 minutes, compared to 85% removal upon addition of HyO, (Appendix
C, Figure C12). Furthermore, it is difficult to separate the contributions of adsorption and
photodegradation processes in the absence of HyO, as roughly 45% of RhB is adsorbed at
that same point in time in dark conditions. To gain insights into the catalytic mechanism,
the terephthalic acid (TA) probe technique was used to monitor the formation of *OH
radicals. TA is a highly sensitive *OH radical probe, reacting to form a fluorescent
product — hydroxyterephthalic acid (hTA), which can be monitored using photoluminescence
spectroscopy (PL).8%8! Under excitation with 315 nm light, hTA has a characteristic emission
band centred around 420 nm, and the intensity of this emission band while used in this
context in photocatalytic systems is representative of more efficient generation of *OH
radicals. PL emission spectra were recorded for four different environments — TA +
LDH/BNOx + dark, TA + LDH/BNOx + dark + H;0,, TA + LDH/BNOx + light,
and TA + LDH/BNOx + light + Hy0s, as shown in Figure 4.19.

It can be observed that in the absence of light and H505, there is no measurable
emission that is characteristic of the presence of hTA, meaning there is little-to-no
*OH radical generation in these conditions. Upon addition of H;O,, the appearance
of a significant emission peak can be observed in dark conditions, confirming that the
LDH/BNOx acts as a Fenton-type catalyst. Exposure to light in the absence of HyO,
results in the generation of a low intensity emission peak, which is to be expected, as

generation of *OH radicals by LDHs is limited by electron-hole recombination.

The most intense signal is observed when the LDH/BNOx catalyst is exposed to light
in the presence of HyO,, resulting in the formation of more *OH radicals through both
Fenton-type reactions, as well as from photoexcited electrons and photogenerated holes.
Based on these experimental observations, we propose that the catalytic mechanism is a

synergistic process, with contributions from Cu?*-based photo-Fenton-type chemistry, as
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well as the semiconducting behaviour of CuAl-CO3 LDHs.
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Figure 4.19: Photoluminescence emission spectra of hydroxyterephthalic acid generated using LDH/BNOx
catalyst.

*OH radicals are expected to initiate degradation of these dyes by disrupting the
chromophores, via azo bond cleavage in EB and MO, and ring opening mechanisms in the
case of RhB and MB. UV-Vis provides indirect evidence of this proposal in the case of EB —
a diazo dye - as a decrease in UV-Vis absorbance intensity is accompanied by a significant
blue shift A4, from 608 nm to 580 nm (Figure 4.13). This is indicative of a reduction
in the extent of conjugation due to reduction and subsequent cleavage of the azo bond.®
Tentative proposed mechanisms of the initial steps of degradation of each of the dyes are
shown in Figure 4.20, based on experimental observations for EB, as well as evidence in the

literature for similar systems for degradation of the other dyes.33-8°
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Figure 4.20: Proposed mechanisms of initial degradation steps of (from top to bottom) EB, MO, MB and
RhB by hydroxyl radicals.
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4.4 Conclusions

Thus, we have produced a novel, electrostatically stabilised CuAl-CO; LDH/BNOx
nanocomposite through a mixture of top-down and bottom-up synthetic techniques. This
nanocomposite was used to develop novel, high-performance LDH/BNOx membranes for
advanced NF applications. The membranes have been produced using a multi-step process,
including co-precipitation, liquid-phase exfoliation, and vacuum filtration techniques. The
excellent NF performance of these membranes was demonstrated, with up to almost 100%
dye retention being achieved for multiple water-soluble dyes with varying sizes and charges.
The dye retention results, as well as solvent flux, are in line with some of the best reported to
date. Furthermore, the membranes have demonstrated excellent photocatalytic degradation
and removal of dyes under visible-light ambient conditions. This approach should enable
us to address the critical membrane fouling problem, allowing for regeneration and re-use
of the membranes. These results are summarised graphically in Figure 4.21. However,
currently our membranes are fragile and require the presence of the Durapore PVDF
membrane filter template as a substrate for mechanical stability. Our future work will
involve the improvement of the mechanical stability of membranes by chemical cross-linking
of the nanosheets, to produce membranes with higher mechanical integrity. Nevertheless,
we believe this work represents a significant step forward in advanced nanofiltration
technologies, and playing our part in achieving UN SDG6. We also believe that our approach
to use 2D nanomaterials with opposite surface charges to produce electrostatically stabilised
2D nanocomposites opens up new exiting opportunities in development of new membrane

materials with a broad range of important applications.
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Figure 4.21: Graphical summary of the main outcomes of this body of work.
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Chapter 5

Lanthanide-Doped Layered Double
Hydroxide Nanostructures for

Chemo-sensing

5.1 Introduction

Since the turn of the century, the use of nanomaterials for novel sensing platforms
has emerged as an area of significant interest, due to the diverse range of applications
ranging from biomedical imaging, to food quality control, to environmental monitoring.}=3
This surge in interest is evidenced by the steady growth in the number of publications

referencing ‘nano’ and ‘sensing’ in recent years (Figure 5.1).

In particular, layered 2D materials might offer unique advantages as sensing platforms,
which can primarily be attributed to them having higher surface-to-volume ratios than

their OD, 1D and 3D counterparts. This distinct property enables a substantial increase
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in the available surface area for interaction with specific analytes, often leading to a
marked improvement in detection limits. Moreover, ongoing progress and advancements
in solution processing techniques for 2D materials holds great promise for the future of

sensing technology, facilitating the straightforward printing of nanosensing platforms.*~’
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Figure 5.1: Number of publications mentioning both ‘nano’ and ‘sensing’ either in titles, or as keywords
from the years 2000-2023 inclusive. Data was obtained from Scopus.

Among the multiple sensing approaches exploited in the nano-world, including
colorimetric, acoustic, electrochemical and magnetic, luminescent sensing offers significant
advantages, including high sensitivity and rapid detection times.®'2 Rare-earth-based
luminescent materials are highly attractive options, given their unique photophysical
properties including characteristic narrow emission bands, long luminescent lifetimes, and
large Stokes shifts which enables them to be used in sensing across wide electromagnetic
spectral ranges.!* While rare-earth-based materials, specifically lanthanides, offer many
exciting opportunities in the world of sensing, the challenge of locating, extracting and
purifying lanthanides from ore deposits means researchers ought to proceed with caution

when considering the scalability of such technologies.'* Therefore, doping of nanomaterials
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with rare-earth elements is of considerable importance, facilitating the exploitation of their

unique properties, while minimising overuse of these resources.>1°

While previous environmental-based work presented in this thesis concerned the
removal of organic molecules, in particular dyes, from water, inorganic materials such
as heavy metal oxyanions are perhaps an even more prevalent source of both airborne
and water-borne pollution, with developing nations being disproportionally affected.”!®
The presence of the dichromate anion (Cry0;%7), a source of hexavalent chromium
(Cr(VI)), in wastewater, is of particular concern to both humans, as well as the broader
ecosystem, as brought into the public eye by the 2000 film ‘Erin Brockovich'.*® Dichromate
pollution, originating primarily from industrial processes, is a matter of the utmost
concern.  Cr(VI) is highly toxic and carcinogenic to humans, with prolonged exposure
leading to respiratory distress and disease, major skin irritation, and most worryingly,
carcinogenesis.?®?! Furthermore, the increasing prevalence of Cr(VI) in water sources can
have detrimental effects on our ecosystems, contaminating crucial water resources, severely
impacting the balance of aquatic life, and entering the human food chain. Thus, it is clear

that accurate and reliable detection and monitoring of dichromate levels in water is necessary

for safeguarding human, animal, and plant health.

Layered rare-earth hydroxides have recently emerged as a promising new class
of luminescent 2D materials, demonstrating their effectiveness in pollutant sensing
applications.?22* While there are numerous articles on the use of LDHs for the adsorptive
removal of anionic pollutants from water, surprisingly, the utilisation of rare-earth-doped
LDHs for this purpose remains largely unexplored, to the best of our knowledge.?>2® This
oversight is noteworthy, given the potential advantages they may offer over their pure
rare-earth hydroxide counterparts. This includes simpler, milder and greener synthetic
routes, as well as avoiding the overconsumption of rare-earth elements, while still retaining

the distinctive optical properties that make rare-earth hydroxides so valuable in sensing
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applications.

This important avenue of research is closely aligned with the UN Sustainable
Development Goals (SDGs), most notably SDG6, which relates to clean water and
sanitation, as well as SDG15, which strives for the protection of ecosystems and prevention
of land degradation and biodiversity loss. The exploration of the untapped potential of
rare-earth doped LDHs in pollutant sensing is just one of the many ways in which we, as
materials scientists, can contribute to a more sustainable and environmentally conscious

future.®®

5.2 Aims of this work

The main aim of this research was to synthesise a range of photoluminescent, rare-
earth doped LDHs via room-temperature co-precipitation synthetic procedures, investigate
their photophysical properties, and explore their potential sensing applications. More
specifically, the goal was to produce phosphorescent Eu?™ and Tb3*-doped MAI LDHs
(where M = Zn?** /Mg?"), denoted MgAIEu, MgAITb, ZnAlEu and ZnAlTb LDHs. The
materials were initially characterised via pXRD and SEM, and the undoped MgAl and ZnAl
LDHs were also studied using the same techniques to determine any potential impact of
doping on the resultant structure and morphology. Then, photophysical analysis, including
excitation and emission measurements, as well as lifetime measurements, were conducted
using photoluminescence (PL) spectroscopic techniques. Finally, we planned to test the
resultant materials for use as sensors for the detection of a common pollutant of concern —
the dichromate anion (Cr,O;27) - by monitoring the change in PL emission of the LDHs in

the presence of various concentrations of Cr,07%2~. We also aimed to provide some insights
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into the dominant quenching mechanism of the LDH-chromate sensing system, as well as a

demonstration of the potential economic benefits of using rare-earth-doped LDHs.

5.3 Results and discussion

5.3.1 Synthesis and characterisation of lanthanide-doped LDHs

MAIEu, and MAITb LDHs (where M = Mg?"/Zn%*") were synthesised via a two-
step, room-temperature co-precipitation procedure, using a modification of the published
procedure from Chen et al., as described in Section 2.4.3° Briefly, sodium carbonate was
used as the carbonate source for anion intercalation, sodium hydroxide was used as the
precipitating base, and a molar ratio of M?*:APT:Ln3* = 1:0.5:0.1 was used, where Ln3* =
Eut or Th3*+. Analysis of the true doping level, as well as the homogeneity of the lanthanide
cations throughout the LDH framework via EDX and ICP-MS is the subject of future work.
The resultant materials exhibited the characteristic red and green emission typical to Eu®"

and Tb3*, respectively, under UV radiation, as shown in Figure 5.2.

MgAIEu MgAITb MgAIEu MgAITb

ZnAlIEu ZnAlTb ZnAIEu ZnAlTb

Figure 5.2: Images of lanthanide-doped LDHs in daylight (left) and under 280 nm UV illumination (right).
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The characteristic emission colours from the resultant materials confirmed the
presence of Eu™ and Tb3*t in the samples. However, to ensure that doping had taken
place, rather than the formation of a mixture of emissive and non-emissive phases, as well
as to confirm that the lanthanide doping did not disrupt or inhibit the formation of the
hydrotalcite phases, pXRD was conducted on the undoped and doped samples, as shown in

Figure 5.3.

pXRD indicates that, in all cases, the LDH phases were the sole crystalline products
resulting from the synthesis, with all the diffraction peaks present being fully indexed to the
rhombohedral (space group: R-3m) MgAl hydrotalcite structure (PDF: 89-0460) with a 2:1
Mg:Al ratio, and rhombohedral ZnAl hydrotalcite (PDF: 48-1021) with a 2:1 Zn:Al ratio.
The characteristic (003), (006) and (012) reflections are present at 26 values of 11.6°,
23.2° and 34.6° respectively for MgAl LDH, and 11.8°, 23.7° and 34.7° for ZnAl LDH 3132
Furthermore, no lanthanide-containing impurity phases, such as oxides or hydroxides, could
be observed in the acquired pXRD patterns, confirming successful doping of the lanthanide
ions into the structure and complete formation of the hydrotalcite phase. However, there
are some distinct differences in the pXRD diffraction patterns between the MgAl LDH and
the ZnAl LDH samples.

205



Chapter 5 — Lanthanide-Doped Layered Double Hydroxide Nanostructures for
Chemo-sensing

—— MgAI LDH
(a ) —— MgAIEu LDH
—— MgAITb LDH
— MgAI hydrotalcite reference (PDF 89-0460)
..2“ S
‘»
c
i)
£
ke
()
L
©
€
—
o
< M
. | |||||l ||| L1 lII||| winl
20 40 60 80

26 (°)

——ZnAl LDH
( b) ZnAlEu LDH
ZnAlTb LDH
ZnAl hydrotalcite reference (PDF: 48-1021)

Normalised intensity
>
-3
)
3
}

_
-
[

| || 1 e
1 L] L] 1 T 1
10 20 30 40 50 60 70 80

26 (%)

Figure 5.3: pXRD patterns comparison of Eu-doped (red), Tbh-doped (green) and undoped (grey) samples
of (a) MgAl LDH and (b) ZnAl LDH. Reference pXRD patterns for MgAl and ZnAl hydrotalcite are
shown in blue.
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When comparing doped and undoped samples of MgAl LDH, no change in the 20
position of the (003) diffraction peak can be observed, as shown in Figure 5.4, which
indicates no lattice expansion along the c-direction of the rhombohedral unit cell. This
serves as an indication that there is no intercalation of lanthanide-containing complexes
into the LDH interlayer, and instead that the lanthanide ions are being integrated into the

metal hydroxide sheets via replacement of either the Mg?™ or AI** species.
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Figure 5.4: pXRD pattern of doped and undoped MgAl LDHs in the region of the (003) hydrotalcite
reflection, showing significant peak broadening, but no peak shift.

However, it is evident from the obtained diffraction data (Figure 5.3 (a) and 5.4) that
there is a significant peak broadening of the doped samples compared with the undoped
samples. Furthermore, the Eu-doped sample exhibits substantially more peak broadening
than the Tb-doped sample. To understand this phenomenon, it is necessary to analyse the

crystallite sizes of the doped and undoped samples.
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Typically, narrower and sharper peaks are indicative of a larger crystallite size, or a
material with higher crystallinity. Consequently, peak broadening is a common indicator of
a reduction in crystallite size in a material. The crystallite sizes can be estimated using the

Scherrer equation (Equation 5.1):

K\

D —
Bcost

(5.1)

where D is the crystallite size, K is the shape factor (typically taken as 0.89 although it is
highly dependent on the shape of the crystallites), \ is the wavelength of the X-ray source
(Cu K, = 154 A), 3 is the FWHM of the given diffraction peak (in radians), and @ is the
Bragg angle. The crystallite sizes were estimated by analysis and averaging of the (003)
and (006) diffraction peaks, with the results shown in Table 5.1. Scherrer crystallite analysis

was conducted using Bruker DIFFRAC.EVA V6.1.

Table 5.1: Summary of Scherrer crystallite analysis of undoped and doped MgAl LDHs from pXRD
patterns.

MgAl MgAIEu | MgAITb
Booz | 0.575° 2.654° 1.461°
Dgos | 13.8 nm 3.0 nm 5.4 nm
Boos | 0.674° 1.604° 1.151°
Dgos | 11.9 nm 5.0 nm 7.0 nm

Davg | 1285 nm | 4.0 nm 6.2 nm

Peak broadening arises in pXRD patterns from crystal lattice imperfections, which
can be caused by a variety of reasons, including reduction in crystallite size, distortion
of the crystal lattice, and structural defects such as dislocations and stacking faults.®® In

particular, for small crystals, a reduced crystallite size is the dominant factor in pXRD peak
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broadening.3* To determine if the peak broadening could be attributed to a reduction in
crystallite size in this case, SEM was conducted on the MgAl doped and undoped samples

to examine their size and morphology, as shown in Figure 5.5.

Samples were prepared for SEM via two methods: as powders adhered to sticky carbon
tape, as well through drop-casting material on TEM grids. SEM images corresponding to
both preparation methods are shown in Figure 5.5. It can be observed that clusters of
small nanoparticles were formed via the co-precipitation approach. The particles appear to
be anisotropic, an observation which is particularly evident for MgAIEu LDHs and which is

consistent with reports of lanthanide-doped MgAl LDHs from Gunawan et al.3®

The pristine MgAl LDH nanoparticles are estimated to lie in the size range of 20-
140 nm, with an average size of (72 4+ 20) nm, which was deduced from a preliminary
size distribution analysis (Appendix D, Figure D1 (c)). This size is roughly in line with
literature reports of MgAl LDHs nanoplatelets synthesised via hydrothermal approaches
and co-precipitation approaches.3®=38 The SEM analysis reveals a slight decrease in particle
size for MgAIEu LDHs (approx. (65 4+ 20) nm), and a slight increase in particle size for
MgAITb LDHs (approx. (82 + 29) nm), the results of which can be found in Appendix
D (Figure D1 (a,b)). This is consistent with the pXRD observations of peak broadening.
The introduction of large cationic dopants such as Eu®* and Tb?* in LDH host matrices
can result in a distortion of the octahedral coordination of the metal centres, restricting the
growth of larger crystalline domains.®® The LDH matrix may be slightly more tolerant to
Tb*" doping due to its smaller ionic radius (92 pm) when compared with Eu®™ (95 pm),
resulting in a lesser degree of pXRD peak broadening due to a more complete crystallisation

of the Tb3*-doped species than their Eu?>T-doped counterparts.
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Figure 5.5: SEM images of MgAl (top), MgAIEu (middle) and MgAITb (bottom) LDH nanosheets.
Images acquired on drop-cast colloidal suspensions on TEM grids (left) and of powders on carbon tape

(right).
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However, it is evident that TEM would be the preferred imaging technique for these
samples. Due to the small sizes of the nanoparticles formed in both doped and undoped
MgAl LDHs, TEM imaging would undoubtedly result in a more accurate size analysis, which
is the subject of future work. Nevertheless, from the SEM analysis it can be deduced that
the likely origin of the broad peaks in the pXRD patterns of the doped MgAl LDH samples
is due to the formation of very small nanocrystallites, as opposed to nanosheets with lateral

sizes of > 100 nm.

The same pXRD and SEM analysis was conducted on undoped and doped ZnAl
LDH samples. There are some similarities between the doped MgAl and ZnAl LDH pXRD
patterns. In particular, the ZnAl LDHs follow a similar peak broadening trend to MgAl LDH,
in that Eu®T-doping results in much more pronounced peak broadening than Tbh3*-doping.
However, there are also some noticeable differences between the materials. In contrast to
the MgAl LDHs, a slight shift of the (003) pXRD diffraction peak to lower values of 26 can

be observed in the case of doped ZnAl LDHs, as shown in Figure 5.6.

This shift to lower 20 means that there is an increase in the dy3 spacing in the
doped versus undoped ZnAl LDHs, and similar observations have been recently reported
for ZnAlEu LDHs by Pastor et al.*® Furthermore, peak broadening in the doped ZnAl LDH
samples is much less pronounced than was observed for the MgAl LDH. This indicates that
the metal hydroxide sheets are expanding to accommodate the lanthanide dopants, leading
to an expansion of the rhombohedral unit cell along the c-direction. Scherrer analysis was
conducted on the doped and undoped ZnAl LDH samples, as was conducted for their MgAl

counterparts, the results of which are summarised in Table 5.2.
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Figure 5.6: pXRD pattern in the region of the (003) hydrotalcite reflection, with slight peak shift, along
with peak broadening, observed for doped ZnAl LDHs.

Table 5.2: Summary of Scherrer crystallite analysis of undoped and doped ZnAl LDHs from pXRD
patterns.

ZnAl | ZnAlEu | ZnAITb
Boos | 0.320° | 0.764° 0.445°
Dgoz | 25.0 nm | 10.4 nm | 17.9 nm
Boos | 0.343° | 0.748° 0.451°
Dgog | 23.7 nm | 10.8 nm | 17.9 nm

Davg | 244 nm | 10.6 nm | 17.9 nm
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SEM was also conducted on the doped and undoped ZnAl LDH samples, as shown in
Figure 5.7. It can be observed that, in contrast to MgAl LDH formation, the co-precipitation
synthesis of ZnAl LDHs resulted in the formation of uniform hexagonal nanoplates, with an
average lateral size of (217 + 56) nm, consistent with previous reports.*® Both ZnAIEu
and ZnAITb LDHs also crystallised in the form of nanosheets, with Eu* and Tbh3* doping
seemingly following the same trend in crystallite size as was demonstrated previously for
MgAl LDHs. ZnAlEu and ZnAlITb LDH nanosheets were calculated to have average lateral
sizes of (125 4 48) nm and (277 £ 101) nm, respectively. The size distribution analyses can
be found in Appendix D (Figure D2). For larger crystallites however, the peak broadening
is more typically ascribed to micro-strain rather than reduction in crystallite size, which
is consistent with expansion of the unit cell to accommodate the lanthanide dopants. As
was discussed previously for MgAl LDHs, the slightly smaller ionic radius of Th3* is more
easily accommodated in the ZnAl LDH host matrix than Eu3*, resulting in less strain and

distortion of the crystal, and thus less peak broadening.*142
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Figure 5.7: SEM images of ZnAl (top), ZnAlEu (middle) and ZnAITb (bottom) LDH nanosheets. Images
acquired on drop-cast colloidal suspensions on TEM grids (left) and of powders on carbon tape (right).
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5.3.2 Photophysical characterisation of lanthanide-doped LDHs

Eu®*-doped MgAl and ZnAl LDHs

Following confirmation of the successful formation of the MgAl and ZnAl LDH
phases, photophysical characterisation of the resultant materials were conducted using
photoluminescence spectroscopy (PL). Figure 5.8 (a) and (b) show the PL excitation and
emission spectra of MgAIEu and ZnAlEu LDH.

The excitation spectra for both LDHs were measured using an emission wavelength
(Aem) of 615 nm and, despite the clear differences in crystallinity and morphology, are almost
identical. The excitation spectra both contain a cluster of sharp peaks in the observed region
as a result of £f transitions in Eu®*, which has an electronic configuration of [Xe]4f¢.43 The
intensity of this cluster in the 200-300 nm region is enhanced compared to most other Eu3*-
doped systems, as it overlaps with the broad absorption band of MgAl and ZnAl LDHs.
The emission spectra were measured using an excitation wavelength (A.;) of 270 nm, in the
region of the 0%~ to Eu®" charge transfer band.*®> The emission spectra contain two sharp
emission peaks at approximately 593 nm and 615 nm, associated with the D, — “F; and

°Dy — "F, transitions of Eu®" ions, respectively.

The ratio of the emission intensities associated with these transitions can provide
information on the local environment of the Eu?* cation within the LDH host crystal. The
°Dy — F; transition is a partially allowed magnetic dipole transition, whereas the °Dy — 7F,
transition is a forced electric dipole transition.*®*” The °D, — “F, transition is often referred
to as a ‘hypersensitive transition’, as it is sensitive to its environment, and its intensity is
commonly reported to increase with decreasing symmetry of the Eu* site within the host

crystal .48

215



Chapter 5 — Lanthanide-Doped Layered Double Hydroxide Nanostructures for
Chemo-sensing

—— MgAIEu excitation (A,,, = 615 nm)
a —— MgAIEu emission (A, =270 nm) 5D 7F
0 2
2
‘@
c
o 4
£
1
o
S -
@
R
©
g
—
O
pzd
- Do —~"Fy
j x 10 JU
A + . VN

L] T
200 300 400 500 600
Wavelength (nm)

ZnAlIEu excitation (A, = 615 nm)
( b ) ZnAIEu emission (A,, = 270 nm) Dy = 7F,

Normalised PL intensity

L]
200 300 400 500 600
Wavelength (nm)

Figure 5.8: PL excitation and emission spectra of (a) MgAIEu and (b) ZnAIEu LDHs.

Thus, the asymmetry ratio Ry, as presented in Equation 5.2, can be used to infer

some information about the symmetry of the Eu* coordination environment.*”4°
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I(°Dy — TFy)
I(°Dy —"F)

Ryt = (5.2)
where |(°Dy — 7F;) represents the peak intensity of that given electronic transition.
Typically, high values of Ry can often indicate that there is a large deviation from Eu®*
centrosymmetric geometry. By applying Equation 5.2 and extracting the peak intensities
from the PL emission data, Ry; for MgAlEu LDH and ZnAlEu LDH were calculated to be
5.24 and 5.65, respectively. This indicates that the Eu" dopant exists in a low symmetry,
non-centrosymmetric environment, with slightly lower symmetry observed in the case of
ZnAlEu LDHs. This high asymmetry ratio, and thus low symmetry bonding environment,

has previously been reported for Eu3T-doped ZnAl LDHs intercalated by carbonate ions.5°

While the local coordination of the metal centres in LDHs is described in the ideal
case as octahedral, the distinct difference in cationic radii may result in the distortion of the
edge-sharing octahedra in the LDH structure, leading to the high asymmetry ratio. In fact,
a number of articles have reported a 10-fold coordination environment, with no centre of
inversion, for the Eu?* dopant in similar inorganic structures.>53 To further investigate any
potential differences in the Eu?" doping between MgAl and ZnAl LDHs, the phosphorescent

lifetimes of both species were investigated.

The phosphorescence decay curves of both the MgAIEu and ZnAlEu LDHs exhibit
very similar profiles and indeed at a first glance look near identical, as shown in Figure 5.9
(a). Upon closer inspection there are only minor differences in the decay profiles of both

species, as shown in Figure 5.9 (b).
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Figure 5.9: (a) Phosphorescence decay curves of MgAIEu and ZnAlEu LDH. (b) Close-up of 0 — 0.3 ms

region of decay curve, showing slight differences in the decay profiles.

The data were fitted using biexponential decay models, the results of which give two
distinct lifetimes, a short-lived (71) and long-lived (75) component, according to Equation

5.3:
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y= AT + A (5.3)

where A; and A, are fitting parameters and are related to the relative PL intensity.
This method is commonly applied for Eu?T-doped inorganic systems, to represent that
the Eu®* cation can occupy two distinct sites in the inorganic host lattice, leading to two
distinct lifetimes. This behaviour has been reported for Eu3*-doped LDHs, metal carbonates,

and other inorganic systems.40:%*

For completeness, the data were also fitted using mono-
exponential decay models for comparison, the results of which can be found in Appendix D
(Figures D3,D5). The average lifetime (7,,4) can be obtained from the biexponential decay

model using Equation 5.4, and the results are summarised in Table 5.3.

B Aymi + AgTs
A1T1 + AQTQ

(5.4)

Tavg

Table 5.3: PL decay lifetimes and parameters from biexponential fitting of MgAIEu and ZnAlEu LDH
decay.

Ay |7 (ms)| As | 72 (MS) | Tayg (Ms)
MgAIEu | 0.5350 | 0.1418 | 0.9997 | 0.3252 0.29
ZnAlEu | 0.4213 | 0.0794 | 1.2291 | 0.2967 0.28

As phosphorescent lifetimes are highly dependent on the crystal field environment, and
the Eu®* dopant exists in sites with similar asymmetry in both MgAIEu and ZnAIEu LDHs
as evidenced by the asymmetry ratio calculated from the emission spectra, similar lifetimes
in both materials are to be expected. ZnAlEu LDH exhibits a slightly shorter lifetime (0.28

ms) than MgAIEu LDH (0.29 ms). The slightly decreased lifetime of ZnAlEu LDH may
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be attributed to a minor decrease in the symmetry of the Eu* site compared to MgAIEu
LDH, which is commonly reported for Eu**-doped systems and Eu3*-centered complexes.>®
However, this change in lifetime is negligible, with any observable differences between both
Eu"-doped samples being in the short and long lifetime components, 7; and 7. Lifetimes
on the order of 0.3 ms, or 300 s, are in line with reports of Eu*-doped complexes and

nanomaterials in the literature 5658

Tb3"-doped MgAl and ZnAl LDHs

PL excitation and emission measurements were conducted on both MgAITb and
ZnAITb LDHs, as shown in Figure 5.10 (a) and (b), respectively. The excitation spectra
were measured from 200 — 450 nm using the °D4 — "F5 emission band at 544 nm, and the
emission spectra were recorded from 450-650 nm, using an excitation wavelength of 226

nm.

The excitation spectra of both MgAITb and ZnAlITb LDHs contain a number of sharp
peaks. The peaks in the 220-250 nm region can be attributed to excitation of electrons
from 4f to 5d orbitals in T3 (i.e. [Xe]4f® — [Xe]4f75d"), whereas the lower intensity
bands present at longer wavelengths (i.e. from 300 nm onwards), can be attributed to
forbidden f — f transitions in Tb?+ .5 Excitation at 226 nm leads to the generation of a
number of sharp emission peaks in the 450 — 650 nm region, corresponding to the D4 —
"F; transitions, more specifically the °D, — "Fg, “F5, "F, and “F3 transitions at 489 nm,
544 nm, 587 nm and 617 nm, respectively.?? It is clear that the dominant peak is at 544

nm, leading to the green emission exhibited by these materials.
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Figure 5.10: Normalised PL excitation and emission spectra for (a) MgAITb and (b) ZnAlTb LDHs,
obtained using excitation and emission wavelengths of 226 nm and 544 nm, respectively.
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While some reports detail the use of an asymmetry ratio, analogous to that of Eu3*,
to describe the symmetry of the Tb3* site, this method is not widely used, and thus will not
be discussed here. Instead, it more common to say that, in a general sense, the intensity
of the °Dy — "F; transition, located at 544 nm in our materials, is an indicator of the
Tb3* site asymmetry as this particular transition is hypersensitive to its surroundings.3%¢1
In both MgAITb LDH and ZnAlTb samples, the °D, — "F5 transition is by far the most

intense emission peak, once again indicating a low symmetry environment, similar to the

Eu3*-doped case.

To further investigate any potential differences in the Tb3* doping between MgAl
and ZnAl LDHs, the phosphorescent lifetimes of both species were investigated, as shown in
Figure 5.11. The decay data were fitted using biexponential decay models, as was conducted
previously for Eu3*-doped LDHs inorganic systems. For completeness, the data were also
fitted using mono-exponential decay models, the results of which can be found in Appendix D
(Figures D4, D6). In contrast to Eu**-doped LDHs, the Tb3*"-doped LDHs have noticeably

different decay profiles.
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Figure 5.11: Phosphorescence decay curves of MgAITb and ZnAlTb LDH.

It can be observed that the MgAITb sample has a significantly longer phosphorescent
lifetime than ZnAlTb LDH, and were calculated to be 1.53 ms and 0.96 ms, respectively.

The results of the biexponential decay fitting are summarised in Table 5.4.

Table 5.4: PL decay lifetimes and parameters from biexponential fitting of MgAITb and ZnAlTb LDH
decay.

Ay i (ms)| Ay | 72 (ms) | Tavg (MS)
MgAITb | 0.1707 | 0.0979 | 1.0404 | 1.5421 1.53
ZnAlITb | 0.1432 | 0.2234 | 1.0753 | 0.9781 0.96

To understand this noticeable change in lifetime, it may be useful to revisit the
emission spectra of both samples. It can be observed that the °D, — 7F3 transition at 617

nm has a much higher intensity in the case of ZnAlTb LDHs when compared to MgAITb
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LDHs. This enhancement of the emission peak in the orange-red region is responsible for
the slightly more yellow emission observed in ZnAlITb LDHs under the UV-lamp (Figure
5.2.) As the luminescent lifetimes were calculated by monitoring the decay of the emission
over time at 544 nm, specifically monitoring the D, — “F5 relaxation, then it is likely
that the observed shorter lifetime in ZnAlTb LDH is due to more efficient relaxation to
the “F3 level. The increased prominence of the °D, — 7F5 transition in ZnAITb LDH
compared to MgAITb not only contributes to the shortened lifetime, but also manifests as
a noticeable shift in the colour of the emission, transitioning from a true green to a more
yellow-green hue. This is depicted in the CIE chromaticity diagram (Figure 5.12), which
was produced using the emission spectra of the lanthanide doped LDHs. The origin of the
anomalous enhancement of the °D, — "F3 transition in these ZnAITb nanoplates is currently
unknown. These phosphorescent lifetimes on the order of a few ms are common MgAITb
LDHs intercalated with sensitiser anions, as reported by Gunawan et al. (1.3 ms)®, as
well as for other Tb3* doped inorganic materials including carbon dots®?, and KSr,_,PO,

phosphors.%3
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Figure 5.12: Chromaticity diagram of all phosphorescent LDHs produced in this work.

5.3.3 Lanthanide-doped LDHs for luminescent 'turn-off’ sensing of

dichromate ions

Initial quenching tests

Following structural, morphological and photophysical characterisation, all four
luminescent LDH samples — namely MgAIEu, MgAITb, ZnAlEu, and ZnAlTb LDHs - were
tested for potential applications in luminescent ‘turn-off’ sensing, in which successful sensing
is characterised by quenching of the luminescence in the presence of the test analyte.
Dichromate (Cro02~) was chosen as a test analyte in this case, as it is a source of hexavalent

chromium (Cr(VI)), a prevalent environmental pollutant whose accidental consumption can
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lead to serious consequences for human health.?® The initial testing conditions were as
follows: 10 mg of LDH was placed in 10 mL of 2 mM NayCryO7 solution and sonicated for
10 minutes (equivalent to 432 ppm of CQO?‘). The PL emission spectra were measured
in the presence and absence of Cr,O72~ to determine the effect of the pollutant on the
emission of the LDHs. It was observed that, in all four cases, near 100% quenching of the
lanthanide luminescence by Cr,O;?~ was observed at this concentration, as shown in Figure
5.13. Full emission spectra of all rare-earth doped LDHs in the presence of 2 mM Cr,O;2~

can be found in Appendix D (Figures D7-D10).
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Figure 5.13: PL emission of (a) MgAIEu, (b) MgAITb, (c) ZnAlEu and (d) ZnAlTb LDH in presence
(grey) and absence (coloured) of CroO7%~.
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Concentration-dependent studies and estimation of detection limits

The relationship between the concentration of the quencher and the extent of
quenching was examined using PL spectroscopy. Briefly, 10 mg of MgAlEu LDH was mixed
with 10 mL of NayCroO7 aqueous solution, of varying concentrations from 1 mM down to

0.01 mM. The concentration dependency of the emission is shown in Figure 5.14. (a) and

(b).
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Figure 5.14: Dependence of the emission intensity of MgAIEu LDH on the concentration of CroyO72~
present for (a) the entire concentration range tested, and (b) in the low concentration region.
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It is worth noting that the only MgAIEu LDHs were the subject of this study,
with similar studies on the other LDH compositions being subject to future work. It
can be observed that in the low-concentration regime, the emission intensity decreases
approximately linearly with increasing dichromate concentration, according to Equation 5.5,

obtained from linear regression analysis in OriginLab:

y = —159.46x + 12142.28 (5.5)

where y is the emission intensity, and x is the concentration of dichromate (in uM).
Due to time constraints, this concentration-dependent study was only conducted once, and
further datapoints and repetitions of are required to verify the linearity of the quenching
response with respect to concentration. This concentration-dependent emission curve can
be used to estimate the sensor’s limit of detection (LOD). LOD is often calculated using
the slope of the emission-concentration calibration curve, and the standard deviation of

measurements of a 'blank’ sample, according to Equation 5.6, known as the '30 method’:%*

LOD — 3.30b1ank
k|

(5.6)

where oy, is the standard deviation of the emission intensity of blank measurements,
and k is the slope of the emission vs. concentration plot. It should be mentioned that, in
the case of luminescent "turn-off’ sensors, the 'blank’ sample contains the sensing material,

but no analyte.

8 PL emission measurements were taken of the blank sample (MgAIEu LDH in the

absence of quencher), resulting in mean (ppiank) and opani values of 12015 counts and 624
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counts, respectively. Taking &k as 159.46 from Equation 5.5 yields a LOD of 12.9 uM, or 2.8
ppm, using the 30 method. However, a number of articles on sensing are critical of the 3¢
approach, and many established researchers in the field instead prefer alternative methods
to LOD calculations. One such method to more accurately assess the LOD is by using the

limit of blank (LOB), as shown in Equation 5.7:%

LOB = Wvlank T 1.6450 4k (57)

where (i is the mean, and o is the standard deviation of the response. Using the same values
of ftpiank and opank as above yields a LOB of 13041 counts. The LOD can be related to

the LOB according to Equation 5.8:

LOD = LOB + 1.64507,,, (5.8)

where 0y, is the standard deviation of the response in a low concentration sample.

Taking 03,, as the error in the y-intercept of the calibration curve in the low-
concentration regime, the LOD is approximately 13685 counts. This LOD value can be
converted from counts to Cry07%~ concentration using Equation 5.5, giving a theoretical
LOD of 10.4 uM or approximately 2.2 ppm. Due to the similarity in the results of the two
different LOD calculation approaches, it is therefore very likely that the detection limit of the
MgAIEu LDH for chromate sensing lies somewhere in the region of 10-13 uM, or 2-3 ppm.
It is important to stress that this LOD is just an initial estimate, and multiple repetitions
as well as more datapoints in the region of the anticipated LOD would be required to more

accurately assess the LOD, which are subject to future work along with LOD calculations

229



Chapter 5 — Lanthanide-Doped Layered Double Hydroxide Nanostructures for
Chemo-sensing

for the other LDH sensing systems.

While many recently reported Eu®*-based anionic sensors have reported LODs down
to the parts per billion (ppb) range, these new low-ppm range Eu?"-doped MgAl LDHs have
estimated detection limits that are comparable to a number of reported Eu-based sensors
for Cr(VI)-containing anions, despite having a relatively low doping fraction (6.25% mol
Eu3T), as well as a very simple room-temperature and ambient pressure synthetic approach.
For example, pure layered europium hydroxide sensors for dichromate were reported with a
LOD of 1.2 uM.?* Liu et al. reported Eu*-based metal-organic complexes with LOD values
of down to 16 uM for chromate (CrO4~). Another report of a solvothermally-synthesised
Eu3"-centred metal-organic complex exhibited LOD values of 1.07 ppm for chromate and
dichromate.®® Furthermore, these sensors have comparable LODs to non-luminescent LDH-

based colourimetric anionic sensors, such as the detection of F~ by MgAl LDH (12.9 uM)®’

Insights into sensing mechanism - static vs. dynamic quenching

A number of experimental investigations were conducted to investigate the dominant
quenching mechanism in our lanthanide-LDH based sensing systems. While there are a
number of specific quenching mechanisms, they can generally be described as static or
dynamic processes. Static quenching can be described as the complexation between the
luminescent material (the donor) and a quencher (the acceptor) to form a non-emissive,
or less-emissive, ground-state complex. Dynamic quenching, which can encompass FRET,
Dexter, as well as collisional quenching, can generally be described as the result of energy
transfer between donor and acceptor.®®7! All of our investigations into the quenching
mechanism were conducted using MgAIEu LDH initially, with tests on the other LDH samples

being subject to future work.
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Initially, UV-Vis absorption spectroscopy was conducted on the quencher, Cr,O;%~, to
assess its absorption profile. It can be observed that the absorption spectrum of Nay;Cry,O5
has significant overlap with the MgAIEu LDH excitation spectrum, as shown in Figure
5.15 (a). Therefore, it is likely that the Cr,O;% ions are directly absorbing photons from
the excitation source, leading to a reduction in the number of photons reaching the Eu3*
dopant, thus hindering the formation of the excited state and its subsequent relaxation

through emission.

Furthermore, there is a noticeable red-shift in the Cr,O,2 -associated UV-Vis
absorption bands after mixing with MgAIEu LDH, as shown in Figure 5.15 (b). As LDHs have
a partial positive surface charge, one of their most common applications is as adsorbents for
anionic pollutants, including Cry072~ . In our case, Cr,072" is indeed strongly adsorbed on
the surface of the LDH after 10 minutes of mixing, and is not removed even after multiple
rounds of centrifugation at 15,000 rpm. Adsorption has been reported to cause a redshift
in UV-Vis absorption bands of the adsorbate, in a phenomenon known as the adsorption-
induced absorbance redshift, and is a result of interactions between the electronic states
of Cr,07%2~ and MgAIEu LDH.™ Adsorption of quencher molecules onto the surface of
luminescent nanomaterials would constitute a static quenching process. Therefore, both of

these UV-Vis observations are indicators of ‘turn-off’ sensing via static quenching.

However, the spectral overlap as shown in Figure 5.15 (b) could equally be indicative
of an energy transfer process, which would constitute a dynamic quenching mechanism.
Therefore, further studies on the luminescent lifetime, as well as the concentration
dependence of the quenching, are required to gain a clearer insight into whether static

or dynamic quenching is the dominant mechanism in this sensing system.
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Figure 5.15: (a) Spectral overlap of MgAIEu LDH PL excitation (red) and NasCroO7 absorbance (black).

(b) Adsorption-induced absorbance redshift of NayCryO7.

A Stern-Volmer plot was produced, to gain some initial insights into the quenching
mechanism. The Stern-Volmer equation describes the kinetics of luminescence quenching,

i.e. describes partially quenched luminescence as a function of the concentration of a
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quencher molecule.” The Stern-Volmer equation is presented in Equation 5.9:

SRS ) (59)

where [ is the emission intensity in the absence of a quencher, [ is the fluorescence intensity
in the presence of the quencher, Kgy is the Stern-Volmer quenching constant, represented
by the slope of the graph of 170 versus [()], and [Q)] is the concentration of the quencher
molecule. As shown in Figure 5.16, the Stern-Volmer plot does not follow a simple linear

trend, but instead an upward curvature is observed.

4.5
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Figure 5.16: Stern-Volmer plot of phosphorescence quenching of MgAIEu LDH by low concentrations of
CI’QO727.

While a good amount of useful data can be extracted from a Stern-Volmer plot (for

example limits of detection and quenching constants), it alone is not sufficient to tell us
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whether a quenching mechanism is static, dynamic, or a combination of the two. Typically, a
linear Stern-Volmer plot indicates that the quenching mechanism is either static or dynamic,
whereas a non-linear Stern-Volmer plot that displays noticeable curvature is indicative of a
more complex scenario involving an interplay between both static and dynamic mechanisms.
However, this is not always the case, and quite often curved Stern-Volmer plots can arise even
in cases of purely static quenching.”*"® To further distinguish between static and dynamic
processes, it is common to compare the lifetimes in the absence and the presence of the
quencher, as shown in Figure 5.17. It can be observed that, in the MgAIEu LDH/chromate
system, the phosphorescence lifetimes remain unchanged, with the only observed difference
between the decay curves in the presence and absence of the quencher being in the emission

intensities.
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Figure 5.17: Comparison of phosphorescence decay of MgAIEu LDH in presence and absence of CryO72~
quencher.
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Dynamic quenching processes involve a quencher molecule coming into close proximity
with a luminophore in its excited state. In this regime, the excited state is deactivated via
energy transfer from the luminophore to the quencher, which results in the luminophore
returning to its ground state faster, and thus effectively reducing the lifetime. Therefore, if
dynamic quenching is occurring, then the measured luminescence lifetime should be shorter
in the presence of the quencher, than its absence.%® In contrast, in the static quenching
regime, the system can be assumed to form a non-emissive ground state complex, hindering
the formation of the excited state and thus the apparent lifetime does not change, only the

apparent emission intensity.

The luminescent lifetimes of MgAIEu LDH in both the presence and absence of
Cry02~ quencher were calculated using Equation 5.4 as mentioned previously, the results

of which are summarised in Table 5.5.

Table 5.5: Biexponential fitting parameters and average lifetime of MgAIEu LDHs in presence and
absence of quencher.

Crgog_ A; 71 (ms) | Ay 71 (MS) | Tavg (MS)
0 26920 | 0.1376 | 54010 | 0.3217 | 0.29 + 0.04
0.0625 | 11310 | 0.1106 | 20030 | 0.3057 | 0.27 + 0.04

It appears that there is a negligible change in PL lifetime of the MgAIEu LDH in
the presence of the quencher compared to in its absence. However, to ensure there is no
real change in the lifetimes, it is important to consider any uncertainty in the calculations
and fitting models. The following (quite lengthy) expression for estimating the error in
luminescence lifetime can be derived from the uncertainty propagation formulae for addition,
multiplication, division and exponents respectively, as shown in Equation 5.10 and derived

in Appendix D:
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)

5 B ((514%7{* + 2A27207E + 6 ATy + 2A§T2257'22> (7'12(514% + A267% + 10 AL + AT
Tavg - Tavg (A1T12 + A2T22)2 (AlTl -+ A2T2>2
(5.10)

where dx is the relatively uncertainty in variable x, obtained from fitting in OriginLab.

It is evident therefore that, when the uncertainty in the measurements is taken into
consideration, there is no discernible change in the luminescent lifetime in the presence of the
quencher compared to in its absence. Therefore, the experimental evidence points towards
a static quenching mechanism. The lack of change in luminescent lifetime, in addition
to the spectral overlap of the absorption of Cr(VI) and the excitation of Eu®T, as well as
the absorption-induced redshift in chromate anion absorbance, supports that the mode of
sensing is due to static quenching, and more specifically is a result of the inner filter effect

of Cr(VI)-containing ions.2*7":8

5.3.4 Advantages of lanthanide doping over lanthanide-based

materials - a brief comparative cost analysis

There are a number of recent reports which detail the use of rare-earth hydroxides as
novel sensing platforms.2272479.80 \While these sensors exhibit high sensitivities and low limits
of detection, it is important to consider how feasible the scalability of these sensing platforms
are, particularly in terms of cost, as well as abundance of these elements in the earth’s crust.
Rare-earth elements are incredibly expensive for a number of reasons, including the difficulty
in sourcing lanthanide-contain. However, the name ‘rare-earth element’ does not come from
their abundance (in fact, europium and terbium are more abundant than gold and silver), but

instead from their dispersion throughout the Earth's crust. Rare-earth containing minerals
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are typically not found in high concentration clusters or deposits, meaning they are difficult
to mine, and thus their supply is scarce. Furthermore, the isolation of rare-earth elements
from ores involves complex, multi-step extraction processes such as ion exchange, solvent
extraction, and electrolysis. These are the predominant reasons for the high prices of these
materials, as summarised in Table 5.6. It is worth noting that these prices were obtained
from common chemical vendors such as Sigma Aldrich and Fisher Scientific, whereas on an

industrial scale, these prices would undoubtedly be significantly lower.

Table 5.6: Prices per 100g, and metal percentage Earth abundances for the synthetic precursors used in
this chapter.

Reagent Price per 100 g | Abundance of metal
(to nearest €) in Earth’s crust
MgCly.6H20 €6 2.33%
AI(NO3)3.9H,0 €14 8.23%
Zn(NOj3),.6H,0 €13 0.007%
Tb(NO3);.6H,0 €2002 0.0002%
Eu(NO3)3.6H,0 €2318 0.00012%
NaOH €18 2.36%
Na;CO; €5 2.36%

Pure rare-earth hydroxides are typically synthesised using standard precipitation
reactions, as shown in Equation 5.11, where Ln denotes the lanthanide species (either

europium or terbium in this instance).

Taking this into consideration, and assuming a 100% yield of the rare-earth hydroxide
from the salt precursor, the cost of the metal salts precursors required to produce 100 g of

Eu(OH);3 and Tb(OH); would be approximately €5100 and €4330, respectively. This can
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then be compared to the estimated cost it would require to produce 100 g of rare-earth doped
LDHs. While determining the empirical formula of a given composition of LDH is difficult,
for the purposes of a rough cost estimate, we will assume that the stoichiometric coefficients
correspond to that of the initial molar ratios used (i.e. (M?:APP*:Lng, = 1:0.5:0.1). The
general equation for the formation of an LDH with this stoichiometry, using the precursors

used throughout this chapter, are given in Equations 5.12 and 5.13.

1
8 16 16 (5 12)
3 .
+ ENazCO?) — Mg0.625A10.3125Ln0.0625(OH)Q(CO3>O.1875-mH2O {
5 5 1
—ZD(N03)2.6HQO + —Al(NO3)39HQO + —LD(N03)36H20 + 2NaOH

3
+ ENaQCO?) — Zno.625A10.3125Lﬂ0.0625(OH)z(CO3)0.1875-mH20 4
As before, based on the assumption of 100% yield of the LDH, the masses of each
metal salt precursor required to form 100 g of the LDH can be calculated, and thus estimate

the overall cost can be estimated. These are summarised in Table 5.7 and 5.8 for doped

MgAl and ZnAl LDHs, respectively.

This cost analysis reveals significant reductions in raw material expenses when utilising
Eu- and Tb-doped LDHs instead of Eu(OH); and Tbh(OH);. Specifically, the use of Eu-
doped LDHs as sensors could result in cost savings of up to 83% for MgAIEu LDH and
87% for ZnAlEu LDH compared to the Eu(OH)s. Similarly, savings of up to 82% and 86%
for MgAITb and ZnAlTb, respectively, can be achieved compared to the alternative use

of Tb(OH)s3. Therefore, by substituting rare earth hydroxides for rare earth-doped layered
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double hydroxides, significant reductions in cost can be achieved, which bodes well for the

scalability of lanthanide-based environmental sensing devices using LDHs as the matrix.

Table 5.7: Cost breakdown of producing 100 g of rare earth-doped MgAl LDHs

LDH type Reagent Mass required | Cost | Total cost of 100 g

MgCly.6H20 1612 g €9.70
AI(NO3)3.9H,0 1496 g €20.90

MgAIEu | Eu(NO3)s.6H,0 35.6 g €824.50 €874.80
NaOH 1021 g €18.40
Na,CO3 254 ¢ €1.30
MgCly.6H,0 161.2 g €9.70
Al(NO3)3.9H,0 148.7 g €20.80

MgAITb | Tb(NO3)s.6H,0 359¢g €719.10 €769.20
NaOH 1015 ¢ €18.30
Na;CO3 252 ¢g €1.30

Table 5.8: Cost breakdown of producing 100 g of rare earth-doped ZnAl LDHs

LDH type Reagent Mass required Cost | Total cost of 100 g

Zn(NO3),.6H,0 178.7 g €23.20
AI(NO3)3.9H,0 1127 g €15.80

ZnAIEu | Eu(NOs)3.6H,0 26.8 g €621.00 €674.80
NaOH 769 g €13.80
Na;CO; 191¢g €1.00
Zn(NO3),.6H,0 1779 ¢g €23.10
AI(NO3)3.9H,0 1122 ¢ €15.70

ZnAlTb | Tb(NO3)3.6H,0 27.1¢g €542.60 €596.20
NaOH 7.6 g €13.80
Na;CO; 190 g €1.00
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5.4 Conclusions

In summary, in this chapter we have explored the immense potential of rare-earth-
doped layered double hydroxides as luminescent sensing platforms for wastewater analysis
applications. Eu* and Tb3*-doped MgAl and ZnAl LDHs were successfully synthesised
via a room temperature co-precipitation approach. The crystallinity and phase purity of the
resultant materials were analysed via pXRD, which, along with SEM imaging, provided some
interesting and important insights into the influence of lanthanide doping on the structure

of these materials.

Photophysical analysis of the resultant LDHs confirmed successful doping due to the
presence of the distinct emission spectra of lanthanide ions. The observed spectral features,
as well as analysis of the luminescent lifetimes, allowed us to gain useful information on the

local coordination environments of the rare-earth dopants.

This part of our work also detailed the application of rare-earth-doped LDHs as
luminescent ‘turn-off’ sensors for dichromate, a prevalent environmental pollutant of
considerable health and ecological concern. A near-complete quenching of lanthanide
luminescence was observed down to a concentration of around 200 uM. A concentration-
dependent study of the luminescence quenching in the 0-70 uM range revealed a linear
relationship between emission intensity and chromate concentration. This facilitated the

calculation of detection limits down to around 10 uM or 2 ppm.

A combination of UV-Vis and concentration-dependent PL spectroscopic analysis
were used to investigate the quenching mechanism. The absence of discernible changes
in luminescent lifetime in the presence of the quencher, coupled with significant spectral
overlap and adsorption-induced red shifting of the dichromate absorbance, pointed towards

a static quenching mechanism, attributed to an inner filter effect.
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Lastly, a comparative cost analysis highlighted the economic viability of employing
rare-earth-doped LDHs in environmental sensing applications. The substantial reduction
in raw material costs when compared with rare-earth hydroxides highlights the potential
scalability of these materials for more widespread sensing devices. A graphical summary of
the work conducted in this chapter is shown in Figure 5.18. We believe this research will
serve as an important contribution to the field of environmental nanosensing, showcasing
the potential of rare-earth-doped LDHs as robust and cost-effective sensing platforms, while

simultaneously addressing urgent challenges outlined in the UN Sustainable Development

Goals.

Eu®*-doped
M(I)Al LDH

Tb3*-doped
M(Il)Al LDH

Q Q Eu(OH),  |€5100
Q MgAIEu LDH | €875
Q Q ZnAIEu LDH | €675
2 To(OH),  |€4330
Q MgAITb LDH | €770
ZnAlTb LDH | €595

Quantitative detection

P L Off of Cr,0,%...

EIE R
[Cr,0%] (:M)

...at a fraction of the cost!

Figure 5.18: Graphical summary highlighting the main outcomes of this body of work.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This thesis represents a comprehensive exploration of the properties and potential
applications of selected two-dimensional nanomaterials, with a particular focus on layered
double hydroxide (LDH)-based nanomaterials. The results presented here contribute
unique insights into the synthesis, structural and functional properties, as well as potential

applications of these nanomaterials.

The room-temperature, aqueous, synthetic approaches employed throughout this
project proved to be very efficient, resulting in the preparation of a variety of LDH and
LDH-derived nanomaterials. Firstly, chemical co-precipitation was used to synthesise CuAl-
CO3 LDHs. Two different approaches, a modified-co-precipitation and post-synthetic
functionalisation, were explored for chirality induction in CuAlI-CO3 LDHs. These approaches
resulted in the formation of numerous LDH-derived chiroptically active nanostructures.

Most notably, the phenylalanine post-synthetic functionalisation in the presence of a base
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resulted in the formation of unique chiral CuQO superstructures, which have shown g-factors
2 orders of magnitude higher than anticipated for ligand-induced chirality. A combination
of characterisation techniques including pXRD, CD and SEM revealed the assembly of CuO
nanosheets into superstructures, driven by phenylalanine 7t-7t interactions, as the origin of
significant optical activity enhancement. This innovative approach to produce chiral 2D

nanomaterials opens avenues for applications in chiral sensing and asymmetric catalysis.

Building upon this foundation, the next part of our project was focused on the
preparation of a novel electrostatically stabilized CuAl-CO3; LDH/BNOx nanocomposite
designed for advanced nanofiltration (NF) applications. The nanocomposite, which was
produced using a combination of top-down and bottom-up synthetic techniques, exhibited
promising performance in nanofiltration membranes, achieving up to 100% retention of
various water-soluble dyes, as well as state-of-the-art solvent flux rates. A combination of
SEM and mercury porosimetry, as well as adsorption studies, were used to elucidate the
structural origins of these excellent nanofiltration properties. Additionally, the inclusion
of LDHs in these membranes resulted in the demonstration of efficient photocatalytic
degradation of dyes under visible-light conditions, most notably serving as the first
example of Evans Blue degradation by a LDH-based photocatalyst. While the current
membranes require additional substrate support for mechanical stability, ongoing efforts
aim to enhance their mechanical integrity through chemical cross-linking of nanosheets.
This work marks a significant step forward in user-friendly and affordable nanofiltration
technologies, contributing valuable insights for potential applications in water treatment,
aligned closely with UN SDG 6. It is also anticipated that the merging of these two projects,
and thus formation of chiral CuO/BNOx nanocomposite membranes, may be of significant

interest for applications in chiral separation.

The final body of work presented in this thesis explores the synthesis and

characterisation of lanthanide-doped MgAl and ZnAl-based LDHs via two-step chemical

250



Chapter 6 — Conclusions and Future Work

co-precipitation approaches. Photophysical and structural characterisation, using pXRD
and PL respectively, reveals interesting and useful information on the local coordination
environments of the Eu?™ and Tb?*t cations in the LDH matrices, which deserves further
study on how the coordination impacts the photophysical properties. A preliminary study
of the luminescent sensing capabilities of the LDHs was conducted, revealing that all LDHs
synthesised in this work were capable of luminescent ‘turn-off’ chemo-sensing of dichromate
ions. A more in-depth study on the MgAIEu LDH sensing capabilities allowed for the
determination of dichromate detection limits down to the low ppm range, as well as revealed
the origin of luminescent sensing through a static quenching approach. This research
showcases the potential of lanthanide-doped LDHs for environmental sensing applications,
supported by a comparative cost analysis, which emphasizes the economic viability of these
materials, suggesting scalability for widespread sensing devices. Once again, this research is

very closely aligned with UN SDG 6.

In summary, this body of work underscores the multifunctional potential of
layered double hydroxides. By seamlessly integrating material synthesis, detailed
characterization, and application insights, this research contributes to the ever-evolving field
of materials science, and highlights the pivotal role layered double hydroxides may have as
multifunctional materials across various domains, including energy science, environmental,

and pharmaceutical applications.
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6.2 Preliminary studies and future work

While several substantial strides have been made in this research, there are still some
aspects of the project that are require further studies in order to bring these research
directions to full completion. Furthermore, this project has revealed numerous new avenues
of research in these materials which warrant exploration. In our future research endeavours,
we aim to pursue the following specific avenues of research, to expand the applications of

layered double hydroxides in nanoscience and nanotechnology.

1) The post-synthetic functionalisation of LDHs with chiral molecules will be further
explored, and expanded to other LDHs and chiral molecules, to determine whether this
approach can be generalised in order to obtain other chiral metal oxides. Furthermore, we
aim to experiment with the synthetic parameters in the modified co-precipitation approach

to see if it is possible to induce chirality while maintaining the LDH crystal structure.

2) Subsequently, the obtained chiral metal oxides will be mixed with BN and BNOx
to make new types of chiral membranes. These membranes will be tested for potential
applications in enantiomeric separation, to see if the chiral morphology of the obtained

structures have any impact on their efficacy as chiral filters.

3) The main future avenue of research on the LDH/BNOx nanocomposite membranes
will involve improving their mechanical and structural integrity, i.e., reducing their fragility.
This is to ensure the entire membranes themselves are reusable, and not just the material
that makes up the membrane. The main avenue of research we aim to explore in this regard
in chemical cross-linking, which will require further functionalisation of the BN or BNOx

nanosheets.
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4) In addition to improving the mechanical integrity in order to ensure membrane
reusability, other LDH compositions will be tested as potential photocatalysts for integration
into BNOx-based membranes, to assess their feasibility as anti-fouling agents. Furthermore,
we believe the introduction of other co-catalysts, with lower electron-hole recombination
rates, in conjunction with LDHs may improve the photodegradation efficiency, and
potentially eliminate the need for hydrogen peroxide, thus enhancing the sustainability and

green chemical nature of this process.

5) TEM imaging of the lanthanide-doped and undoped MgAl and ZnAl LDH is required
for a more in-depth analysis of their morphology. Furthermore, EDX elemental mapping,
as well as ICP-MS, is required to reveal the true level of doping in these materials, as well
as examine the homogeneity of the doping, and how this may impact the photophysical

properties of these materials.

6) A full study on the sensing of dichromate ions will be conducted using MgAITb,
ZnAlEu and ZnAlTb LDHs, as was carried out for MgAIEu LDHs, to clearly determine their
limits of detection. Furthermore, the sensing of other anionic pollutants in water including

phosphate, arsenate, fluoride, sulfide, and nitrate, among other anions, will be explored.

7) The post-synthetic functionalisation of lanthanide-doped luminescent LDHs with

chiral ligands will be explored as potential novel CPL light emitters.

8) Finally, we aim to explore the potential of introducing other functionalities, for
example magnetic LDHs, containing Ni, Co or Fe, and the combination with other properties

including luminescence and chirality to produce multimodal LDH nanosheets.

In regard to the future research avenues highlighted above, a number of preliminary
results have already been obtained in some of these projects, particularly in relation to points

1, 4 and 8 above, which are quite promising, and are shown below.
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Expansion of chirality induction to other ligands and LDH compositions

A CD spectroscopic study of post-synthetic treatment of LDHs with various chiral
ligands was conducted. Firstly, a number of alternative chiral ligands were tested with
CuAl-CO3 LDH, to see if the transformation to chiral CuO was possible. The other chiral
molecules tested were mandelic acid (MA), dibenzoyl tartaric acid (DBTA), lactic acid (LA),
tartaric acid (TA), and cysteine (Cys). CD spectroscopic analysis found that MA and DBTA
did result in the induction of chirality using CuAl LDH, resulting in signals in the same regions
as for CuO-Phe, but with much lower CD intensities, as shown in Figure 6.1 (a) and (b).
Interestingly, functionalisation with both L- and D-DBTA resulted in the same CD signal,
rather than mirror images of one another. It is possible that both enantiomers are being
immobilised in the interlayer via both carboxyl groups, resulting in the same CD signal,
which is an interesting and unusual phenomenon that warrants further study. However,
additional characterisation needs to be conducted on these materials to determine whether
chiral superstructures were formed, and whether the LDH to CuQO phase transformation

occurred.
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Figure 6.1: CD and UV-Vis spectra of (a) L- and D-DBTA treated CuAl LDH, and (b) R- and
S-MA-treated CuAl LDH.
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The other chiral molecules that were tested (LA, TA and Cys) did not produce any
CD signal in the treated CuAl LDHs. Interestingly, the only molecules that have worked
to date have been those containing phenyl rings, i.e., Phe, DBTA, and MA. Whereas, the
non-aromatic chiral ligands have been unable to produce a CD signal thus far. This seems
to support our theory that 7t-7t interactions between adjacent phenyl rings on the surfaces

of the nanosheets causes chiral assembly and thus enhancement of the optical activity.

Furthermore, some other LDH compositions were tested with a number of chiral
molecules. MgAl LDH was treated with Phe, glutamic acid (Glu) and proline (Pro), and
no chiroptical activity was produced in any of these cases. However, CuCr LDH treated
with L-Phe resulted in a significant broad CD signal spanning from 500-800 nm, as shown
in Figure 6.2 (a), with tests with the opposite enantiomer being the subject of future work.
The observed CD signal is in the region of one of the DR UV-Vis absorption bands of CuCr
LDH, which can be attributed to Cr** d-d transitions (Figure 6.2 (b)).
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Figure 6.2: (a) CD and liquid-phase UV-Vis spectra of L-Phe-treated CuCr LDH. (b) Solid-state UV-Vis
spectrum of L-Phe-treated CuCr LDH.

Interestingly, it seems that there is another trend unveiling here, in that transition
metal ions need to be present in the LDH matrix for chiroptical activity to be induced,

although further studies are needed on this. Therefore, based on these observations, the
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future plan is to investigate the formation of chiral metal oxides or LDHs by choosing chiral

ligands with 7t-systems, as well as transition metal-containing LDHs.

Photocatalysis in other LDH compositions

Due to the strong absorption observed by CuCr LDHs across the visible spectrum,
as shown previously in Figure 6.2 (b), it was decided to test Cr-containing LDHs for the
photocatalytic degradation of methylene blue (MB) dye, as an alternative to CuAl LDHs.
CuCr, CoCr and ZnCr LDHs were synthesised through co-precipitation approaches, as have
been discussed in detail throughout this thesis. pXRD analysis is still to be conducted on
the other materials, however pXRD of ZnCr LDH revealed that the synthesis resulted in
the formation of mixed-metal-oxides (MMOs), rather than the hydroxide phase, as shown

in Figure 6.3.

Zinc chromium oxide hydrate
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Figure 6.3: pXRD pattern of ZnCr MMO product. Reference pattern of ZnCr MMO is shown in blue.
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MMOs are also widely reported as effective photocatalysts, therefore it was decided
to test the ZnCr oxide product for photocatalytic degradation of MB, also using hydrogen
peroxide as was previously conducted for CuAl LDHs. ZnCr MMOs were initially left in the
dark in MB solution for 120 minutes, after which 20 pL of HyO5 was added and exposed to
visible light. Aliquots were taken every 15 minutes for UV-Vis analysis. However, UV-Vis
analysis shows that, while there is significant degradation of MB within that timeframe, it
is accompanied by the release of Cr%*, as shown by the emergence of the distinctive peaks
at 270 nm and 390 nm (Figure 6.4.) Therefore, the use of Cr-containing LDHs or MMOs
for degradation of the dyes was not pursued further, due to the structural instability of the
materials in oxidising environments, leading to the leaching of hexavalent chromium into

the system.
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Figure 6.4: Photodegradation of methylene blue over time by ZnCr MMO, accompanied by release of
Cro+.
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Magnetic NiCo LDHs

Magnetic NiCo LDHs intercalated and stablilised by citrate were synthesised via a
co-precipitation approach using sodium borohydride as the precipitating agent, resulting
in the formation of a black material, that showed a significant response to a magnet.
Vibrating sample magnetometry (VSM) revealed a curve with no hysteresis, but very low
saturation magnetisation, which are the characteristics of paramagnetic behaviour (Figure
6.5). Furthermore, TEM analysis of the resulting material revealed the formation of very

small, ultrathin nanosheets using this approach, as shown in Figure 6.6.

JIT kg)

Magnetization
o
(&)}

(A.m?/kg

D

I I
-1000 1000

Magnetic Field Strength
(mT)

Figure 6.5: VSM curve of NiCo LDHs, showing no hysteresis and low saturation magnetisation.
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Figure 6.6: (a) TEM and (b) HAADF-STEM image of potential NiCo LDH nanostructures.

However, pXRD analysis revealed the low crystallinity of the resulting material, and
thus it was not clear at all if the LDH phase had formed (Figure 6.7 (a)). Interestingly, when
the material was kept in ethanol, it remained black and magnetic, however when transferred
to water, it turned green and lost its magnetism. Furthermore, after the transition to the
green material, there were some pXRD reflections present indicative of the formation of the
NiCo LDH phase, albeit still with very low crystallinity (Figure 6.7 (b)). Therefore, it seems
that this approach forms an amorphous, magnetic NiCo oxide precursor, and subsequent
hydration of this phase leads to the formation of a non-magnetic hydroxide phase. This

interesting phenomenon warrants further study and is the subject of future research projects.
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Figure 6.7: pXRD patterns of NiCo LDH product (a) before and (b) after hydration. Reference pattern of
NiCo LDH is shown in red.

260



Appendix A

Derivation of the ellipticity and g-factor equations for

circular dichroism spectroscopy

The interference of a left-handed and right-handed circularly polarised light wave
travelling with the same phase and amplitude will result in a linearly polarised wave.
However, when those waves have different amplitudes, as would be the case after interacting

with a chiral molecule, the resultant wave is elliptically polarised, as shown in Figure Al.

A typical CD output is given in terms of ellipticity (0), which can be defined in terms
of the magnitudes od the electric field vectors of the left- (F;) and right- (E,) handd
circularly polarised light waves. As shown in Figure A2 and Equation Al, this is a simple

trigonometric expression.
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Figure Al: Interference of left- and right-circularly polarised light waves to produce an elliptically polarised
wave.

Figure A2: Trigonometric expression for ellipticity.
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E —E,

tanf = —L—LCr
=B TE

(A1)
where 0 is expressed in units of radians (rad). However, in the limit of small , tanf ~ 6,

therefore the above expression can be simplified to give Equation A2.

E, — E,
g

_ A2
BT E (A2)

As the intensity (I) of an electromagnetic wave is proportional to the square of the
magnitude of the electric field vector (E), i.e. I o< |E|?), then Equation A2 can be rewritten

as:

]l1/2 B ]7}/2

0= (A3)

[+ 2

Additionally, intensity is related to absorbance (A) via the Beer-Lambert law, which

is given in its logarithmic form in Equation A4

I = Lye 40 (A4)

Combining Equations A3 and A4 gives us an expression for ellipticity in terms of the

absorbance of left- and right-handed circularly polarised light, as shown in Equation Ab.
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—Zlinl0 —Arin10
e 2 e 2
h=— — (A5)

This expression can be recognised as a hyperbolic tangent function of the form
—tanh(*5¥), in which z = %zmo and y = %lnl(). By using this modified expression, and
recognising that AA = A; — A,, we can gain a simple expression for ellipticity in terms of

AA, as shown in Equation A®6.

AAIn10

O(rad) = tanh( 1 )

(A6)
In the limit of small z, tanh(x) =~ x. Therefore, for small values of AA, as is typically
observed in circular dichroism, Equation A6 for ellipticity can be further simplified to give

Equation A7.

B AAIn10

0(rad) 1

(A7)
However, CD spectrometers typically report an output in units of millidegrees (mdeg).
Therefore, to convert from ellipticity in units of rad to units of mdeg, Equation A8 can be

applied.

1 AAlnl
O(mdeg) = 1000 x 50 X 4n U (A8)
T

Multiplying out all numerical terms gives the following expression for ellipticity in

terms of millidegrees:
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6(mdeg) ~ 32980A A (A9)

This derivation thus proves the origin of the CD conversion factor given in Section
2.6.3. Furthermore, this allows the g-factor to be calculated directly from the CD ellipticity

output, according to Equation A10.

AA 0
A 32980A

9= (A10)
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Appendix B

Additional data for Chapter 3

This Appendix contains extra information and data from Chapter 3. It includes size
distribution histograms obtained from analysis of TEM images, additional spectroscopic

data such as CD, UV-Vis and FT-IR, EDX spectra, and additional SEM and STEM images.
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Figure B1: Diffuse reflectance UV-Vis exctinction spectrum of VWR super premium micorscope slide - the
solid support for all DR UV-Vis analysis in this thesis.
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Figure B2: Size distribution analysis of CuAI-CO3 LDH nanosheets, as evaluated from TEM images.
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Figure B3: CD spectra of L-Phe (black) and D-Phe (red), acquired using MP water as solvent.
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Figure B4: CD spectra of L-DBTA (black) and D-DBTA (red), acquired using MP water as solvent.
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Figure B5: UV-Vis absorption spectra of CuAl LDH (blue), CuO-L-Phe (black) and CuO-D-Phe (red),
acquired using ethanol as solvent.
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Figure B6: CD spectra of CuO-L-Phe (black) and CuO-D-Phe (red), acquired using MP water as solvent.
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Figure B7: Time-dependent UV-Vis absorption spectra, obtained during formation of (a) CuO-L-Phe and

(b) CuO-D-Phe.
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Figure B8: Time-dependent FT-IR spectra, obtained during formation of (a) CuO-L-Phe and (b)
CuO-D-Phe.
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Figure BO: STEM image and corresponding EDX spectra of areas under analysis in a sample of
CuO-L-Phe.
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Figure B10: STEM image and corresponding EDX spectra of areas under analysis in a sample of
CuO-D-Phe.
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Figure B11: Additional SEM images of (a,b) CuO-L-Phe and (c,d) CuO-D-Phe nanosheet clusters.
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Additional data for Chapter 4

Compositional optimisation of LDH/BNOx nanocomposite

Membranes were prepared from a variety of compositions of LDHs. Their retentions
were tested for Evans Blue and it was observed that high retentions were observed for all
samples, as shown in Table C1. The UV-Vis spectra of the feed and filtrates are shown in

Figure C1.

Table C1: 15 pM Evans Blue retention values of LDH/BNOx nanocomposite membranes with various
compositions.

LDH/BNOx composition by mass | Average retention (%) | No. of samples
20:80 99 3
30:70 100 1
40:60 100 1
50:50 100 2
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Figure C1: UV-Vis spectra of the retention of 20 mL of 15 uM Evans Blue by LDH/BNOx nanocomposite
membranes of various compositions.

However, for LDH loading above 20%, two problems were encountered. The first
was that the mechanical stability of the membranes suffered, due to significant shrinking of
LDHs after drying, as a large amount of water can be incorporated into their interlayer. This

resulted in mechanical failure of membranes prepared with a CuAl-CO3 LDH mass loading

of 30% or above, as shown in Figure C2.

The second problem encountered was the formation of undesired side products. At
50% mass loading of LDH, the formation of copper (IlI) oxide was observed by a colour
change from light blue to brown, and was confirmed by pXRD, as shown in Figure C3.
Therefore, it was decided to proceed with the 20:80 LDH/BNOx membranes, as they did
not impact the mechanical stability of existing LDH side products, and were reliable and

reproducible, not resulting in the formation of side products.
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Figure C2: (a) Pure CuAl-CO3 LDH membrane and (b) 30:70 LDH/BNOx membrane, both showing
mechanical failure.
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Figure C3: pXRD pattern of 50:50 LDH/BNOx nanocomposite membranes. Brown colour change is
shown in inset.
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SEM, TEM and particle size distributions

Figure C4: Additional top-view (a,b,c) and cross-sectional (d,e,f) SEM images of 20:80 LDH/BNOx
membranes.
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Figure C5: Distribution of LDH/BNOx membrane thickness across multiple membrane samples, as
evaluated from SEM images.
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Figure C6: Distribution of LDH and BNOx flake sizes within membranes, as evaluated from SEM images.
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Figure C7: TEM images of exfoliated BNOx nanosheets.
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Figure C8: Particle size distribution of exfoliated BNOx nanosheets, as evalutated from TEM images.
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EDX and EELS spectra

Counts

Figure C9: EDX spectrum of CuAl LDH/BNOx nanocomposite. Inset: portion of the spectrum from
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Figure C10: Integrated EELS spectrum of CuAl LDH/BNOx nanocomposite showing the B, N and C
K-edges.
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Additional data on membrane performance

Table C2: Summary of water flux results of pristine PVDF support.

1% run | 2 run | 3¢ run Average
Time (s) 1036 | 1048 | 9.76 | 10.20+0.31
Flux (L m? h™') | 7239 | 7156 | 7684 | 7360 + 232

Table C3: Pseudo-first-order kinetic paramters of 2nd and 3rd runs of photodegradation experiments.

15t run 274 run
Dyes ky (min™') | R? | k; (min"!)| R?
Evans Blue 0.0063 0.9962 0.0095 0.9963

Methyl Orange 0.0094 0.9991 0.0115 0.9984
Methylene Blue 0.0187 0.9934 0.0145 0.9991
Rhodamine B 0.0148 0.9968 0.0143 0.9990
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Figure C11: PFO kinetic modelling of 2nd and 3rd runs of photodegradation of EB, MO, MB and RhB by
LDH/BNOx nanocomposite membranes.
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Figure C12: Removal of RhB from solution by LDH/BNOx membrane under dark conditions (black),
visible light in the absence of H2O2 (purple), and light in the presence of HyO4 (fuschia).
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Derivations of kinetics models used in Chapter 4

Langmuir-Hinshelwood kinetics for dye degradation

The Langmuir-Hinshelwood model is most commonly used for describing the kinetics of dye
degradation by means of heterogeneous catalysis. The process can be thought of as a single
molecular species A in liquid phase, which adsorbs on a surface, reacts, and the resulting

product P does not adsorb, according to Equation C1.

A(l) — A(ads) — P(l) (C].)

The reaction rate r for such a process is given by Equation C2:

r=ko (C2)

where k is the rate constant, and @ is the surface coverage of A, given by Equation C3,

Kadsc

_ _adst C
1+ KusC (©3)

where K4 is the rate constant for adsorption of A on the surface, and C'is the concentration

of reactant A. Combining Equations C2 and C3 then gives us the non-linear Langmuir-

Hinshelwood rate equation, as shown in Equation C4.
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kK 4qsC

"TIY K C (C4)

In the above regime, there are two limiting scenarios, which both depend on C. The first
limiting scenario occurs when C'is large, then 6 = 1, and the process can be modelled as a
zero-order process, where r =~ k. The second limiting scenario occurs when C'is small, and
so is relevant for the work presented in Chapter 4 of this thesis, as the concentrations of

dyes used were in the uM range. When C' is small, then K,4,C' << 1, and thus Equation

C4 can be simplified to give Equation C5.

r~ kK,;,C (C5)

This can then be further simplified by combining the rate constants to give Equation C6,

r~ kC (Co)

which can be recognised as a pseudo-first-order (PFO) rate equation, where k; = kK4
and is the apparent PFO rate constant. To obtain a linear equation for analysis, one can

separate the variables and integrate Equation C6, as shown below in Equations C7-9,

r=—-——= le (C?)
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/ %d(]: - / ndt (C8)

In(C) = —kit + (C9)

where ¢ is a constant. Using the boundary conditions of C' = Cj at ¢t = 0 leads to Equation

C10, which is recognisable as the linear form of the PFO integrated rate law.

i () - 0

For photodegradation processes that obey Langmuir-Hinshelwood kinetics, a plot of

In (%f) versus t gives a straight line with slope ki, the apparent PFO rate constant.
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Pseudo-second-order models for dye adsorption

The non-linear pseudo-second-order rate equation

Pseudo-second-order (PSO) kinetic models are often used to describe adsorption of
molecules on the surfaces of nanomaterials. The differential PSO rate equation is shown in

Equation C11.

dgy P

— = ka2 — @) (C11)

dt
where ¢, is the amount of adsorbate adsorbed at time ¢, and is often given in units of (mg/g)
or (mmol/g), ¢» is the maximum theoretical adsorbed amount at equilibrium, and k, is the
PSO rate constant. The integrated rate equation can be obtained according to the steps

below in Equations C12-15.

1
————dq = kodt C12
(g2 — q1)* 1 ? ( )
u=qy— q and du = —dgq (C13)
1
— [ du = ks | dt (C14)
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=kt+c (C15)
a2 — qt
Using the boundary conditions of ¢ =0 at ¢ = 0, c is found to be qiz, which when substituted

into the above equation, followed by some slight rearranging, gives Equation C16.

4
gt =q2 — 7= C16
katgs + 1 (C16)
Equation C16 can be rewritten in a simpler form to give an expression that may be recognised

as the non-linear PSO integrated rate equation, as shown in Equation C17.

kzqg t

— =127 1
k‘g(]gt + 1 (C 7)

di
This non-linear form may be used as presented to perform non-linear fitting on adsorption
datsets. However, it is often simpler and more visually accessible in kinetic studies to perform
fitting using linear equations. In this regard, four linear PSO equations can be derived from
the non-linear expression, termed Type |, Il, Il and IV, shown in Equations C18 through

C21, respectively, as shown below.
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qt =

qt
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o
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kaqs

1
k2qo

)

1

q2

qt

t

= = kogh — kagoq

(C18)

(C19)

(C20)

(C21)

In this work, the linear Type | PSO equation was used, however for completeness, it

will be demonstrated in the next subsection how to obtain all four linear equations from

manipulation of Equation C17.
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Deriving the linear forms of the pseudo-second-order rate equation

The simplest linear form to obtain from the non-linear PSO rate equation (C17) is the Type
IV equation, as shown in Equation C21. One can multiply both sides of Equation C17 by

kotgo + 1 to obtain Equation C22.

kaqaqit + @i = kotqs (C22)

The above equation can then be rearranged slightly, and grouped in terms of ¢ to obtain

Equation C23.

g = t(kags — kagqr) (C23)

Dividing across both sides of Equation C23 by ¢ results in Equation C24, which can be
recognised as the PSO linear Type IV equation, shown previously in Equation C21. For
adsorption data that follows PSO kinetics, a plot of % on the y-axis vs ¢, on the x-axis

should result in a linear graph, with slope = -koqo, and intercept = koq3.

Type IV: % = kgqg — koqoqy (C24)

The Type Il form can be obtained easily from the Type IV equation. A slight rearranging

of Equation C24 results in Equation C25.
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koGoqr = kaqs — % (C25)

Dividing across both sides of Equation C25 by kogs results in Equation C26, which can be
recognised as the linear Type Il form of the PSO rate equation, as shown previously in

Equation C20. For adsorption data that follows PSO kinetics, a plot of ¢; on the y-axis vs

L on the x-axis should result in a linear graph, with slope = _quz' and intercept = ¢».
1 4t
Type llI: G = Go — (—) - (C26)
koga) t

To obtain the Type Il equation, the first step is to invert both sides of the non-linear PSO

equation, as shown in Equation C17, to obtain Equation C27.

1 gt + 1
o bl tl (C27)

dt kQQ%t
The fraction on the right hand side of Equation C27 can be split into partial fractions to

obtain Equation C28.

1 k2q2t 1
- o c28
@ kogit  kogit (€28)

Equation C28 then simplifies down to Equation C29, which can be recognised as the linear
Type Il form of the PSO rate equation, as shown previously in Equation C19. For adsorption

data that follows PSO kinetics, a plot of qit on the y-axis vs % on the x-axis should result in

L and intercept = qiz.

a linear graph, with slope = Y
2
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1 1
Type Il —=—+ <
g 92

1

kogs ) t

) ! (C29)

The Type | equation can be found by simply multiplying across Equation C29 by ¢ to obtain

Equation C30. For adsorption data that follows PSO kinetics, a plot of i on the y-axis vs

1

t on the x-axis should result in a linear graph, with slope = ol and intercept = —

kag3 "

t ot 1
Type || — = — 4+ _—_ C30
P @ @ kg3 (C30)
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Appendix D

Additional data for Chapter 5

This Appendix contains extra information and data from Chapter 5. It includes size
distribution histograms obtained from analysis of SEM images, additional PL decay graphs,
additional data from quenching experiments, as well as a derivation of the error formula

presented in Chapter 5.
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Size distribution of LDHs
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Figure D1: Size distributions of (a) MgAIEu LDH, (b) MgAITb LDH, and (c) pristine MgAl LDH, from
analysis of SEM images.
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ean =277 nm

SD =101 nm
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Figure D2: Size distributions of (a) ZnAlEu LDH, (
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Phosphorescent lifetimes of lanthanide-doped LDHs
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Figure D3: Phosphorescence decay of MgAIEu LDH, fitted using a monoexponential decay model, yielding
a lifetime of 0.27 ms.
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Figure D4: Phosphorescence decay of MgAlITb LDH, fitted using a monoexponential decay model,
yielding a lifetime of 1.48 ms.
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Figure D5: Phosphorescence decay of ZnAlEu LDH, fitted using a monoexponential decay model, yielding

Figure D6: Phosphorescence decay of ZnAlTb LDH, fitted using a monoexponential decay model, yielding

Normalised PL emission at 615 nm

Normalised PL emission at 544 nm
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a lifetime of 0.27 ms.
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a lifetime of 0.89 ms.
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Emission spectra of chromate-quenched lanthanide-doped LDHs

1000

1 mg/mL MgAIEu LDH in 2 mM Cr,0,*
900 -+

800 -
700 +
600 -
500 -
400 -

300 -+

PL emission intensity (counts)

200

100 -

1 ] T ] 1
560 580 600 620 640
Wavelength (nm)

Figure D7: PL emission spectrum of 1 mg/mL colloidal dispersion of MgAIEu LDH in 2 mM Cry 0,2,
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Figure D8: PL emission spectrum of 1 mg/mL colloidal dispersion of MgAITb LDH in 2 mM Cry 0,2
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Figure D9: PL emission spectrum of 1 mg/mL colloidal dispersion of ZnAlEu LDH in 2 mM CryO%~.
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Figure D10: PL emission spectrum of 1 mg/mL colloidal dispersion of ZnAITb LDH in 2 mM CryO%~.

Derivation of error propagation formula for biexponential lifetime

fitting

The general error propagation formulae for addition, multiplication and division are

given in Equations D1 to D3, respectively.

s=zry b= 2 (2 (D2)
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z Oy dy )
d % D
" ) (D3)

The equation for calculating the average lifetime from a biexponential decay fit is

given in Equation D4.

A17'12 + A27'22

D4
AlTl + AQTQ ( )

Tavg =

Therefore, substituting Equation D4 in to D3 allows us to devise an expression for

the error or uncertainity in the average lifetime (§(7,,)), according Equation D5.

5(/117‘12 + A27-22) 2 5(‘417-1 - AQTQ) 2
_ D
5<Tavg) Tavg \/( A17-12 + A27-22 ) A1+ Agmy ( 5)

Then, using the error propaation rules for addition and multiplication, we can derive
individual error expressions for all of the individual terms in Equation D5, according to

Equations D6-D9.

S = An%\/ (e X0y (0e)
5(Asr2) = A\/ 2y 2"y (D7)
5(Arm) = A\/ by (T (D8)
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5142 9 (5(7’2)
AQ) +< T2

d(Agmg) = AQTQ\/( )? (D9)

The above terms now enable us to derive error expressions for the both numerator

and demoninator in Equation D4. according to Equations D10 and D11.

2 2 2 2
S(A? 1 A7) = \/ Az XAD G0y e M) | 0m) gy
A Ty A3 75
5(A? d(r2 5(A2 5(72
O(Army + Agmo) = \/A%Tf( ( 21) + (7—21)) + Ar( ( 22> + (7-22> (D11)
A Ti A3 P

The expressions in Equations D10 and D11 can then be further expanded to give

Equations D12 and D13, respectively.

B(AITE + Ayrd) = \/8(AD)r 4+ 243726 (r2) + §(AD)d + 2A4326(7) (D12)

B(AvT) + Agry) = \J0(AD)72 + AZS(r2) + 6(A)E + AZS(rD) (D13)
Finally, these expressions can be now be substitued into Equation D5 to give the

final expression for the uncertainty in a luminescent lifetime measurement, calculated using

biexponential fitting parameters.
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5 B ((514%7{1 + 2A27207E + 0 ATy + 2A§7’22(57'22) (TféA% + A267% + 10 AL + A§57'22)
Tavg - Tavg (A1T12 + A27'22)2 (AlTl + A2T2>2
(D14)
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