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Abstract

The use of single-walled carbon nanotubes (SWNTSs) as test tubes for the
encapsulation of metallic nanoparticles (MNPs) and the formation of inorganic
nanomaterials has been advanced. A methodology to encapsulate the group 10 and 11
metals inside SWNTS to investigate their properties has been optimised. Each metal
interacts with carbon differently at the atomic level, as shown by aberration-corrected
high resolution transmission electron microscopy (AC-HRTEM), leading to the
promotion of a plethora of different processes stimulated by MNPs under the electron
beam. Additionally, interactions between SWNTSs and small clusters of the group 10
metals have been examined, revealing marked differences between metal-carbon
bonding for each metal. This has allowed for a useful insight into metal-carbon
interactions on the atomic level which could have profound implications on the future

development of new catalysts or nanoscale devices.

Following on from this, a series of chemical reactions with platinum compounds were
carried out within SWNTs which have shown SWNTs to be both a very effective
reaction vessel and template for the formation of low-dimensional PtX; (X = I, S)
nanocrystals, materials that are difficult to create by traditional synthetic methods.
The stepwise synthesis within SWNTs has enabled the formation of the platinum
compounds to be monitored at each reaction stage by AC-HRTEM, verifying the
atomic structures of the products and intermediates, and also by an innovative
combination of fluorescence-detected X-ray absorption spectroscopy (FD-XAS) and
Raman spectroscopy, monitoring the oxidation states of the platinum guest
compounds within the nanotube and the vibrational properties of the host SWNT

respectively. The stepwise synthesis has appeared to offer only limited preparative
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potential because of the lack of stoichiometric control in the resultant inorganic
nanomaterials. A new approach for nanoscale synthesis in nanotubes developed in
this study utilises the versatile coordination chemistry of platinum which has enabled
the insertion of the required chemical elements (e.g. metal, and halogens or
chalcogens) into the nanoreactor in the correct proportions for the controlled

formation of Ptl> and PtS; with the exact stoichiometry and structure.

FD-XAS has also been used to probe the transformations of Pt(acac).@SWNT to
Pt@SWNT, and Cu(acac)2@SWNT to Cu20x@SWNT (where x > 1). It was shown
that the temperature of both transformations was significantly lower than required for
the same reactions in the bulk, which demonstrates the ability of SWNTSs to lower the

activation energy by polarising encapsulated molecules.

Finally, a variety of novel MNPs and MOx (M = Pt, Pd, Ni) materials were
encapsulated within hollow graphitised carbon nanofibres (GNFs) and evaluated for
the sensing of glucose. MOx@GNFs were revealed to be more active sensors than
their corresponding MNPs which can be attributed to the increase in Lewis acidity of
the metal centres upon oxide formation. Furthermore, the effectiveness of each metal
and their corresponding oxides for glucose detection was found to increase in the
order Pt > Pd > Ni which can be attributed to both physical and chemical properties
of the respective metals. Overall, this thesis demonstrates that nanotubes can be used
effectively to not only investigate chemical transformations on the atomic level, but
also act as nano-sized test tubes and templates for the formation of novel, low-

dimensional inorganic materials with bespoke structure and composition.
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Abbreviations and Symbols

Abbreviation Term

@ Encapsulated within

A heat

acac Acetylacetonate , ((CH3CO).CH)

AC-HRTEM Aperration-corrected high  resolution  transmission  electron
microscopy

AC-STEM Aberration-corrected scanning transmission electron microscopy

c Speed of light

ca. Circa

CCD Charge coupled device

CN Carbon nanostructure

COD Cyclo-octa-1,5-diene

Cs Spherical aberration

Cv Cyclic voltammetry

CVvD Chemical vapour deposition

D band Disorder band

dn Nanotube diameter

DWNT Double-walled carbon nanotube

e Electron

E energy

Ea Activation energy

Econ Cohesive energy

e-beam Electron beam



EDX

EELs

e.g.

FD-XAS

FFT

G band

GCE

GNF

HAADF

HFacac

HR-TEM

hr

Me

M-C

min

mbar

mM

MNP

MOF

MWNT

NT

PTFE

Energy dispersive X-ray spectroscopy
Electron energy loss spectroscopy

Exempli gratia, for example
Florescence-detected X-ray absorption spectroscopy
Fast Fourier transform

Graphitic band

Glassy carbon electrode

Hollow graphitised carbon nanofibre

High angle annular dark field
Hexafluoroacetylacetonate, ((CF3CQO).CH)
High resolution transmission electron microscopy
Hour(s)

Id est, that is

Infra-red

Mass of electron

Metal-carbon

Minute(s)

millibar

x10-3 moles per litre

Metallic nanoparticle

Metal organic framework

Multi-walled carbon nanotube

Nanotube

Polytetrafluoroethylene



RBM
RT

sat.
S-GNR
SWNT
TEM
TGA
Tmax(M)

TTF

XAS
XMNP

XRD

Radial breathing mode

Room temperature

Saturated

Sulfur terminated graphitised nanoribbon
Single-walled carbon nanotubes
Transmission electron microscopy
Thermogravimetric analysis

Maximum kinetic energy transferred from the electron beam to a
particular metal, M

Tetrathiafulvalene

With respect to

X-ray absorption spectroscopy
Nanoparticle(s) of a particular element, X

X-ray diffraction

Atomic number
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Chapter I: Inorganic Materials inside
Single-Walled Carbon Nanotubes

1.1 Introduction

In an ever changing world blighted by the overuse of natural resources fuelled by
mass consumerism and an unsustainable population growth, it is becoming vital for
humans to expand the boundaries of materials research to develop new, sustainable
alternatives, and also refine current methods of material synthesis. In recent years a
substantial amount of interest has been focussed on the potential use of nanomaterials
as a saviour to the issues facing humanity, be it by using nanoparticles for energy
storage,™" 2 water purification,> * gene specific drugs,> ® or sustainable food
production.” 8 It is essential that the fabrication of such nanomaterials, and an atomic
level understanding of their structures is fully understood. Confinement of a small
number of atoms into a nanometre sized space is one of the most powerful methods
for the construction of bespoke nanostructures, and nano-sized containers such as

single-walled carbon nanotubes (SWNTSs) can be effectively used for this purpose.

Since they were first positively identified by Sumio lijima in 1991, SWNTs have
received a significant amount of attention in the field of chemistry.® Technically a
SWNT can be defined as a cylindrical species produced by rolling up a sheet of
graphene along an arbitrary vector known as a chiral vector, and this forms a material
with a hollow internal cavity. The chiral vector, which determines the structure of the
nanotube, is defined by chiral indices (m,n), figure 1.1. These define the diameter of
the nanotube and determine its helicity; when m = n, an armchair nanotube is formed,
whereas when n = 0, a zig-zag nanotube is produced, and the electronic properties of

the nanotube can be ascertained from these values. When m - n = 3k, where k is an
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integer, the nanotube is metallic, but for all other values the nanotube is
semiconducting, and the value of the bandgap is indirectly proportional to the

diameter of the nanotube.°

Figure 1.1: a) A schematic diagram showing how a sheet of graphene can be
rolled along a rollup vector determined by chiral indices m,n. The value of such
indices determines the structure of the nanotube, as shown by the examples (b).
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With diameters between 0.7-2.0 nm and lengths up to the order of millimetres, they
have an extremely high aspect ratio and can be treated as quasi-one-dimensional. As

such they can be viewed as a bridge between the nanoscale and macroscale worlds.

Due to the network of covalent sp? bonds formed between each carbon atom, carbon
nanotubes are one of the strongest materials known, with a Young’s modulus of up to
3 TPa.! Moreover, they are excellent conductors of heat since they exhibit ballistic
conduction along their entire length.'> Additionally, they are extremely flexible and
have high thermal stability; up to 800 °C in air,'® and their chemically inert nature
makes them ideal candidates for templates in nanomaterial formation. The hollow
internal cavity of SWNTSs allows other materials to be encapsulated within them, and
the effect of confinement within the quasi-one-dimensional boundary of the nanotube
determines the structure of the encapsulated species and can alter the physical and

electronic properties of these systems.148

1.2 Characterisation Techniques

1.2.1 Transmission Electron Microscopy

It is possible to study encapsulated materials using high resolution transmission
electron microscopy (HR-TEM) since SWNTSs are only one layer of atoms thick and
therefore appear almost transparent under the electron beam. Optical microscopes are
limited in resolution to the wavelength of light, but with electrons as an imaging tool
it is possible to achieve much higher resolution. Electrons are a form of ionising
radiation, and upon contact with a specimen, a wide range of signals are generated
which can be exploited as characterisation techniques (figure 1.2).1° For example,

elastically scattered electrons and electrons from the direct beam are responsible for
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image generation in bright field TEM, whereas characteristic X-rays can be used for

elemental composition confirmation (section 1.2.2).
High kV electron beam

Backscattered electrons

Secondary electrons

\ Characteristic X-rays

\N§ /7 /

/
Specimen —_— /Absorbed
electrons
s Elasticall
Inelastically scatteredy
scattered Direct
electrons
electrons beam

Figure 1.2: A schematic diagram showing the possible signals created upon a
beam of high energy electrons interacting with a specimen.

Electrons are generated in an electron gun, accelerated towards an anode, and then
using a condenser lens, focussed towards a specimen. Once electrons hit the
specimen, they can interact with it in a variety of different ways, and it is elastically
scattered electrons which create an image, after passing through a variety of different

lenses and then reaching a detector (figure 1.3).
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Figure 1.3: Schematic diagram showing how an image is created using TEM.
Electrons leave a filament, pass through a condenser lens and interact with the
sample. Following this, they pass through a series of lenses and reach a detector

where an image is created.?

Theoretically, with an electron microscope operating at an accelerating voltage of 200
kV, it is possible to reach a resolution of 0.0025 nm.*° In practice this is unachievable

due to imperfections (aberrations) in the lenses, and typical resolutions of around 0.2
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nm are possible. Recent developments in electron microscopy have allowed for such
aberrations to be mitigated by making modifications to a particular microscope, and
so it is conceivable now to achieve sub-angstrom resolution, making it possible to

study materials with atomic precision.?*®

As well as imaging samples, is it possible to use energy from the electrons to initiate
chemical reactions, and a variety of nanoscale transformations have been shown to
occur using the energy of the electron beam. Petrik et al. have shown that single
crystals of NaNOs can be altered by electron beam radiation, and it has been shown
that diamond films can be fabricated on silicon substrates using the energy of the
electron beam.?* % Allen et al. have demonstrated the transformation of
La@Cs2@SWNT under electron beam irradiation to form an inner nanotube, which
could provide an alternative route for the formation of double-walled carbon
nanotubes, and more recently the formation of sulfur terminated graphitised
nanoribbons (S-GNR) from encapsulated tetrathiafulvalene or the formation of

fullerenes from a sheet of graphene have been demonstrated.6-28

1.2.2 Energy Disperse X-ray Spectroscopy

Energy Dispersive X-ray spectroscopy (EDX, also known as EDS) is a powerful
analytical technique which allows for the determination of elemental composition of
a sample. It can be used in conjunction with TEM, and involves exposing a sample to
high energy electrons. The electrons interact with the sample, resulting in the ejection
of a core electron and a hole in the inner shell (the K shell). This hole is then
subsequently filled by an electron from a higher shell, and the excess energy is emitted
as an X-ray. The energy of the X-ray is characteristic to a particular element, and so

can be used to determine the presence of a certain element.
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1.2.3 Raman Spectroscopy

In addition to microscopically analysing structures, it is also possible to exploit the
electronic properties of SWNTSs and explore them spectroscopically, including using
Raman spectroscopy. While all allotropes of carbon are Raman active, the positions,
widths and relative intensities of bands are different.?® *° A spectrum of pristine
SWNTs (figure 1.4) contains a low frequency radial breathing mode (RBM) at
frequencies below 200 cm™ which is inversely proportional to diameter of nanotubes;
a graphitic (G) band which is caused by planar vibrations of carbon atoms in the sp?
carbon lattice and is sensitive to strain, curvature, symmetry and dopants, occurring
around 1570-1590 cm™*; and a D band at around 1300 cm™ which is caused by disorder
within the sp? lattice and is sensitive to defects such as atomic vacancies and sp®
hybridised carbon atoms. Additionally, there is an overtone of this vibration, the G*
band which usually appears between 2700-2900 cm™ 334 Upon encapsulation of
guest species into the internal channel of SWNTSs, the position of the G band can shift,
and this can be used to give an indication as to whether electron density has been
transferred between the SWNT and guest compound. A red shift is indicative of an
electron transfer from the guest to the SWNT, whereas a blue shift is indicative of an
electron transfer from the SWNT to guest, and this is caused by a contraction in the
hexagonal rings of the SWNT as a result of transfer of m-electrons to the guest

compound.®
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Figure 1.4: Raman spectrum of pristine SWNTSs with the key features labelled.
1.2.4 Fluorescence-Detected X-ray Absorption Spectroscopy

X-ray absorption spectroscopy (XAS) and more specifically fluorescence-detected X-
ray absorption spectroscopy (FD-XAS) can be used to probe the oxidation states of
materials which have been encapsulated within SWNTs by detecting fluorescent X-
rays as a function of X-ray energy. When a sample is exposed to X-rays, the
electromagnetic radiation interacts with electrons in the atoms, and the X-rays can

either be scattered, absorbed or excite the electrons (figure 1.5).
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Figure 1.5: Schematic showing incident X-rays hitting a sample. X-rays can be
transmitted through the sample or scattered back. In addition, photoelectrons
and fluorescence X-rays can be detected from the sample.

At certain X-ray energies, the energy of incident X-rays is sufficient to result in
excitation of a core electron to a continuum state, i.e. produce a photoelectron. This
leads to an electron from a higher shell falling to occupy the position and due to
conservation of momentum an Auger electron or fluorescent photon is emitted (figure

1.6), and this leads to a peak in fluorescence being detected.

Photoelectron  Auger electron

S I
Continuum

et

hv Fluorescent

1Lk photon

2 A

Figure 1.6: Schematic diagram showing a core electron (level A) being exposed
to an incident X-ray. At a certain X-ray energy, absorption of an X-ray photon,
hv, leads to excitation of the electron to a continuum state, and subsequently an
electron from a higher shell (level B) falls. Due to conservation of momentum, an
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Auger electron or X-ray fluorescence is produced, it is the X-ray fluorescence
which is monitored.

The energies of the absorbed X-rays at these particular absorption peaks (edges)
correspond to the binding energies of electrons in the K, L, M shells of the absorbing
elements; e.g., an absorption from the K shell is caused by excitation of an electron
from the 1s orbital, whereas an excitation of electron from the Ly edge corresponds
to excitation from one of the three 2p orbitals. Since electrons are more tightly held
for compounds of a higher oxidation state, X-rays of a higher energy are required to
remove electrons, and so the position of the edge correlates to the oxidation state of
the compounds, and XAS has been used to discriminate between the oxidation states

of various metal nanoparticles.36°

A FD-XAS can be divided into 4 regions (figure 1.7). Firstly, the pre-edge which is
caused by electronic transitions from the core to higher unfilled orbitals and can give
information about the electronic structure of materials. Secondly, there is the X-ray
absorption near edge structure (XANES) which is due to transitions of electrons to
non-bound levels and the position of which is what can be used to determine oxidation
state. At energies between 10-40 eV above the edge is the near-edge X-ray absorption
fine structure (NEXAFS) region and energies over this form part of the extended X-
ray absorption fine structure region (EXAFS). The final two regions can provide
information on the coordination environment of the sample being probed as the
resultant signal is caused by interference of outgoing electron waves by backscattered
electrons from neighbouring atoms, and therefore can be used to probe the
coordination environment and even bond lengths of materials, as demonstrated by
Eliseev et al. for the encapsulation of nanomaterials in SWNTS, such as CuX (X = Cl,

Br, 1).40
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Figure 1.7: FD-XAS of Pt@SWNT with the four regions labelled. For the
purpose of determining oxidation state of materials in SWNTSs, the XANES
region is monitored; however, useful information about coordination
environment of the complex can also be obtained from the NEXAFS and EXAFS
regions.

In summary, TEM can be used to structurally characterise materials at the atomic
level, and the addition of EDX allows the atomic composition of the analysed
materials to be determined. The electron transfers, and subsequently electronic
properties of materials can be determined by employing a combination of both Raman

spectroscopy and FD-XAS.

1.3 Methods of Nanotube Filling

Three general procedures for the filling of guest compounds into SWNTS can be used,
and these depend on the nature of the guest. Before any compound can be inserted,
the termini of the SWNTs must be opened, and this can be achieved by either

oxidising the SWNTs by heating in air, which can be catalysed by silver
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nanoparticles;*" %2 treating with an oxidising agent such nitric acid,***® or hydrogen
peroxide in the liquid phase,*® or by a mechanical method such as ball-milling,*”  or
diamond abrasion.*® The efficiency of encapsulation depends on the relationship
between the diameter of the guest compound and diameter of the nanotube, (dnt);>°
for the most effective interactions, the distance between the concave surface of
nanotube and guest compound has to be close to the van der Waals gap of ca. 0.3 nm,
as this provides optimum van der Waals interactions which hold the compound inside
the SWNT securely. Using too large a nanotube, or too small a guest species can lead
to less effective encapsulation and it is possible for the encapsulated species to

subsequently leave the nanotubes.

When SWNTs are immersed in a liquid, and as long as the liquid has a surface tension
no greater than 200 mN/m, it can spontaneous fill the nanotube.®* Although this is
often referred to as capillary filling, for SWNTs which have diameters of < 2 nm, the
classical continuum approximation of liquids fails as the meniscus disappears and so
technically capillary action is an approximation. Theoretical investigations of this
method show that it has a stepwise mechanism where the anions and cations which
are initially disordered in the liquid phase become ordered upon being confined in
nanotubes, and is driven by the initial entry of cations which are under coordinated
and so require anions which follow.%? As long as the material being encapsulated has
a low enough surface tension and melts without decomposition it can be inserted, and
this ubiquitous method has been used to encapsulate a wide range of different metals

and inorganic materials, as described later in this chapter.

For species that can be vapourised, sealing them in a container under vacuum with
opened SWNTs and heating to above the sublimation temperature of the compound

results in the vapours of the guest species penetrating the nanotube and becoming
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trapped inside. This method has been used to encapsulate a variety of organic
compounds,®® > fullerenes,? 5 % and organometallic complexes®’>° into SWNTSs, as
well as non-metallic elements such as I, S, Se, and Te.®® 81 This is a stepwise
mechanism which involves compounds adsorbing onto the outer surface on the
nanotube, then diffusing into the nanotube channel and has been studied in detail for
the encapsulation of Ceo (figure 1.8).A small energy barrier, ca. 0.3 eV for Ceo, needs

to be overcome for compounds to enter the nanotube, but this is greatly compensated

62, 63

for upon encapsulation.

Potential energy (eV)

Position along minimum energy path

Figure 1.8: Model and energy profile showing how the energy of a fullerene
changes as it becomes encapsulated inside a (10, 10) SWNT. There is a slight
barrier (0.3 eV) to overcome in order for encapsulation to take place, but then
once the compound is encapsulated the potential energy decreases. 2°

For moieties which cannot be melted or vapourised, it is possible to immerse SWNTSs
into solutions of these materials, but in order for an encapsulation to be successful,
the interaction between the SWNT and guest compound must be stronger than

solvent-nanotube interactions and solvent-guest interactions,® and this method is
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relatively inefficient as the guest compound is usually surrounded by many solvent
molecules, which can interfere with the filling process, but has been shown to
encapsulate Cgo Using n-hexane as the solvent.®® Additionally, guest compounds can
be encapsulated using supercritical fluids, and this has been demonstrated with the

encapsulation of fullerenes in super-critical CO2,

Herein is an overview of inorganic materials encapsulated into SWNTs, with
emphasis being placed on how the materials change as a result of confinement into

the SWNTSs.

1.3.1 Oxides/Hydroxides in SWNTs

A small number of metal oxides/hydroxides have been encapsulated into SWNTSs and

these are summarised in table 1.1.

Table 1.1: A summary of metal oxides/hydroxides confined inside SWNTs, and

the effect of confinement.

Material Group Effect of confinement Ref.
MOH (M = K, . Reduction of Cs-Cs atomic distances observed. ¢
Cs) Washing with H2O led to emptying of SWNTs.  ©8
Ba(OH): 2 One-dimensional Ba(OH): crystals formed. 68
cros . CrO3 shown to accept electron density from the
SWNT. 0
MoOs 6 Reduction in Mo:O ratio. n
Re207 7 Stoichiometry changes from ReOss to ReO1s5. 72

Nanotubes become sensitive to light irradiation
PbO 14 _ . E
and decompose, leaving free PbO wires.

Formation of UO.. A slight contraction in U-U  ©7:68
UO2(CH3COO0)2 i o
atomic distances was observed.

UO2(NO:s)2 i Dissociation of NOz and formation of UO> o7
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Initially, attempts to open the termini of SWNTSs involved heating in the presence of
metal hydroxides, which consequently led to the formation of MOH@SWNTSs, and
so the guest then had to be removed using water. The encapsulation of MOH (M = K,
Cs) has been demonstrated by Thamavaranukup et al. using a molten filling method
which led to formation of nanocrystals inside the SWNT.®” HR-TEM was used to
observe CSOH@SWNT and a slight contraction in the Cs-Cs interatomic distances
were observed compared to bulk CsOH (figure 1.9). Treating both MOH@SWNT
samples with water lead to the removal of both metal hydroxides (as confirmed by
their absence in EDX spectra). This allowed the solution filling of both uranyl acetate
and uranyl nitrate, which led to dissociation of the complexes and the formation of
UO.. Although the purpose of adding MOH (M = K, Cs) was only to open up the
SWNTs allowing for subsequent filling, the formation of a low-dimensional material

with atomic distances confined by the nanotube, as in the case of CsSOH, was shown.

< : -
- -

-
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Figure 1.9: a) TEM image of CSOH@SWNT (the scale bar is 1.0 nm); b)
Enlarged TEM image of CSOH@SWNT (the scale bar is 0.6 nm); ¢) Model of
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the two projections of CsOH as present in b) I and 11; d) Simulated TEM image
based on c).%’

Following on from the successful formation of UO2 nanocrystals by pre-treating the
nanotube with MOH (M = K, Cs), the treatment of SWNTs with of Ba(OH). was
carried out by Shao et al. in order to open the nanotube termini.®® Again, the
encapsulated hydroxide was removed by stirring in water, and both KI and
UO2(CH3COO). were subsequently encapsulated separately. The encapsulation of
UO2(CH3COO)2 then led to the formation of UO», which was removed via treatment

with concentrated HCI, as confirmed by HR-TEM (figure 1.10).

Figure 1.10: a) HR-TEM image of a uranium containing compound encapsulated
inside SWNTs; b) HR-TEM image of an empty carbon nanotube after removal
of the uranium compound by stirring in concentrated HCI.%8

Many studies have been undertaken to investigate the charge transfer properties of
guest compounds encapsulated into SWNTs. Curio et al. have shown that the
encapsulation of CrOs leads to electron transfer from the SWNT to the guest species,’
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and there is scope for such materials to be used as electrodes for supercapacitors.’™
However, the structure of CrOs within SWNTs was not studied, and it remains
unknown whether confinement in nanotube affects the structure of the guest

compound.

The addition of certain guest materials into SWNTSs significantly alter the properties
of the SWNT, as is the case with PbO. Hulman et al. demonstrated that encapsulating
PbO into SWNTs leads to the formation of a low-dimensional PbO crystal (figure
1.11), but this results in the nanotubes becoming sensitive to laser radiation, and at
high laser intensities oxidation of the nanotubes occurred, which does not occur for
pristine SWNTSs under the same conditions, and therefore the encapsulated material

could be used as a catalyst for photoactive nanotube oxidation.”

Figure 1.11: HR-TEM image of PbDO@SWNT. The white arrows show the
position of PbO inside the SWNTs.

In addition to the molten filling method to introduce metal oxides/hydroxides to
SWNTSs, the sublimation method has also been employed. Encapsulation of Re;O-
was successfully attempted by Costa et al.,, and led to the formation of

RexOy@SWNT, as confirmed by HR-TEM, and a slight contraction on Re-Re
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interatomic distances is observed, compared to bulk Re>O7. The stoichiometry of the
original complex has changed, and an oxygen deficient compound with a
stoichiometry of ReO1 5 is proposed, which is attributed to being caused by electron
beam irradiation (operated at 300 kV) and confinement inside the SWNTs.’? Bulk
Re;07 has a large unit cell, with dimensions ca. 12 A x 15 A x 5 A, which is too
sterically demanding to fit into SWNTS, and so it is not surprising that a new structure

has formed.”®

Reduction by H> at 200 °C led to the formation of Re metallic clusters, and this

occurred at a much lower temperature than that required to reduce bulk Re2O7, which

usually occurs above 400 °C (figure 1.12).7®

Figure 1.12: a) Image of a cluster of Re metal encapsulated in a 1.5 nm diameter
SWNT. In the top left side the magnification shows the lattice structure of the
cluster; b) Simulated image using the composite model in part c; ¢) Composite
model of the SWNT plus the encapsulated Re cluster (side on view); d) Top end
view of the model from part c.”®

More recently, MoO3 was encapsulated into SWNTSs by Sagawa et al. using a molten
filling method.”” HR-TEM was employed to study the lattice structure of the
encapsulated crystal and it was concluded that there was the formation of a new type
of a MoOx crystal, where the number of oxygen atoms have been reduced (x < 3).

However, it is not clear whether this is as a result of confinement or electron beam
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irradiation, although the energy of the electrons in this analysis were 100 kV, which
is much lower than that used by Costa et al. for the analysis of Re2O7@SWNT, but
still great enough to lead to changes in structure (see Chapters Il and I11). The unit
cell of bulk MoOs is ca. 4 Ax 4 A x 7 A, which is small enough to fit inside a SWNT,
and so it is possible that the species is being reduced under electron beam irradiation,

or just that the new structure was more stable when confined inside the SWNT.8

Overall, only a small number of metal oxides and hydroxides have been investigated
in carbon nanotubes, but there is a clear indication that the stoichiometry (MoOxy,
RexOy) and the dimensions of the crystal lattice of the guest compounds (RexOy,
CsOH) can be controlled by the confinement in nanotubes, which can potentially open
new methodologies for synthesis of unusual inorganic structures. It is interesting that
in both cases the observed changes in the crystal lattice parameter indicate reduction
of interatomic distances in the nanotube, which is a result of the guest species altering
its size to best fit inside the SWNTSs. Furthermore, the electron transfer taking place
between the host nanotube and the guest metal oxide (such as CrOz) can have an effect
on physicochemical properties of SWNT, as demonstrated for example for
PbO@SWNT where the nanotubes showed high susceptibility to photo-induced

oxidation.

1.3.2 Halide Salts in SWNTS

In addition to metal oxides and hydroxides, a plethora of halide salts have been
encapsulated into SWNTs (see tables 1.2, 1.3 1.4), with most studies exclusively
focussing on either the morphology of material formed using microscopy, or
electronic transfers using spectroscopic techniques. Initial studies involved the

addition of metal halides into SWNT followed by reduction to form metallic
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nanoparticles (MNPs). Sloan et al. encapsulated RuClz and CoCl> using a solution

filling technique and exposed to H to form MNPs@SWNT (M = Ru, Co).”

1.3.2.1 Main Group Halides

Early studies on halogen containing salts in SWNTs was dedicated to the
encapsulation of alkali metal halides to form new one-dimensional crystals, but then
this methodology was extended to include a variety of other main group and transition

metal halides (table 1.2).

Table 1.2: A summary of main group metal halides that have been encapsulated
into SWNTSs.

Material Group Effect of confinement Ref.

The number of atomic layer in the crystal
Kl 1 depends on the diameter of SWNTs, witha4 88!

% expansion in interatomic distances.

MI (M= Na, o
1 No effect, similar to bulk structure. 82
Rb)
) Lattice expansion of 25% compared to bulk
Lil 1 ) 82
Lil.
No effect, interatomic distances consistent
Csl 1 _ 82
with bulk Csl.
Reduction of coordination number of barium
Bal; 2 83
from 9 to 6.
Electron density is transferred from the SWNT
TICl3 13 8
to TICls.
Becomes amorphous in narrower SWNTSs. The
Pbl 14 2H polymorph forms preferentially in wider 8
SWNTs.
One-dimensional crystal formed, with similar %
SnF> 14

interatomic distances to that of bulk SnF-. 87
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Meyer et al. demonstrated the filling of KI into a 1.6 nm diameter SWNT using the
molten filling technique, and this led to the formation of a one-dimensional KI crystal
that was structurally characterised using HR-TEM (figure 1.13).2° It was shown that
the diameter of the nanotube directs how many layers of potassium and iodine atoms
are present, as when a slightly narrower SWNT (dnt = 1.4 nm) was used, only a bi-
layer K1 crystal was observed.® Both crystals exhibited slight contractions in atomic
spacing which was attributed to confinement in the SWNTSs. This is important as it
demonstrates the use of SWNTSs as templates to control development of nanocrystals,

as the size of SWNTSs clearly directs the size of the crystal formed.
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Figure 1.13: a) Phase image showing KI@SWNT, reconstructed from a focal
series of 20 images. The upper left inset shows an enlargement of region 1 and a
schematic illustration depicting alternating arrangement of 1-2-31-2K-1 and K-
21-3K-21-K (100) layers within the crystal. The lower right inset shows the
surface plot of region 1. (b-f) Single-pixel line profiles from line traces marked
b-f in the upper left inset in a).8
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Following on from the successful encapsulation and characterisation of KI@QSWNT,
this methodology was extended by Sloan et al. to encapsulate the other alkali iodides
(M = Li, Na, Rb and Cs).% It was shown that with the exception of encapsulated Csl
which forms both body centred cubic and rock salt structure types, all other alkali
metal iodides formed crystallised in rock salt structure form. Furthermore, the
diameter of SWNTSs was shown to directly influence the thickness of the nanocrystals,
as all were shown to be between two and six atomic layers in thickness depending on
the diameter of the nanotube. As an extension to this, Hgl> was crystallised in ultra-
narrow nanotubes (dnt = 0.8 nm) and was shown to form chains only 1 and 2 atoms
thick. Although this work was carried out in treble-walled carbon nanotubes, it clearly

demonstrates the effect of confinement on atomic structures.

The filling of SWNTSs with Balz was undertaken by Sloan et al. and showed that upon
encapsulation, the lattice of the guest dramatically changes. Confinement within the
internal channel of SWNTSs has led to a decrease in the coordination number of
barium, from 9 in the bulk to 6, although it should be mentioned that due to the
similarity in atomic masses of Ba (Z = 56) and | (Z = 53), their electron scattering
power is similar and it is difficult to discriminate between them using only HR-TEM
(figure 1.14),2% and methods for how to discriminate between heavier elements using

TEM will be discussed further in Chapter IV.
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Figure 1.14: a) HR-TEM image of Bal.@SWNT; b) Detail from boxed region in
a); ¢) Simulated HR-TEM image. &

In addition to s-block metal halides salts inside SWNTSs, the encapsulation of another
main group iodide, Pbl2 has been successfully demonstrated by Flahaut et al.%> Again
it was found that the diameter of the nanotube has a profound influence on the
structure of the filled material, with the coordination number of ions greatly reduced
upon confinement. Bulk Pbl> exhibits two crystal polymorphs, a 2H-type and 4H-
type, with direct control on each polymorph being needed for the material to be a
viable candidate for use in semiconductors, and confinement inside SWNT has been
shown to lead to the 2H-type being preferentially formed. Additionally, although Pbl>
has many useful applications such as being a detector for nuclear radiation, it is highly
toxic, and so confining it into a SWNT could alleviate such problems and allow it to

be used more readily.®

Pbl; is the only plumbous halide to be encapsulated into SWNTSs, but another group
4 halide, SnF2 has been encapsulated using a molten filling approach. Due to the small
atomic number of the fluoride anion, it is not resolved in HR-TEM, but instead a
highly ordered network of stannate cations are viewed.®” A two-layer structure of

SnF2 has been proposed, and this is supported by TEM simulation.%®
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Finally, TICl3 was encapsulated into SWNTSs using a molten filling method, and this
led to large blue shift in the position of the G band of Raman spectroscopy showing
electron transfer from the SWNT to guest compound. The magnitude of this transfer
was compared to both a main group and lanthanide chalcogenides, and will be
discussed later in this section, although no detailed structural analysis of TICls-

@SWNT carried out.?

In summary, a variety of different main group halide salts have been encapsulated
into SWNTSs, and the diameter of SWNTSs has been shown to have a significant effect
on directing the morphology of crystals formed, with narrower nanotubes leading to
fewer crystal layers (as shown for the case of MI (M= Na, K, Rb, Cs), and selective
formation of certain crystal polymorphs as with Pbl,. Only a handful of studies have
investigated how encapsulated materials alter the electronic properties of SWNTS,
with electron transfer shown to occur from the host nanotube to guest compound for

both TICls and Pbls.

1.3.2.2 Transition Metal Halides

A range of different transition metal halides, MXy (X =ClI, Br, I; Y =1, 2) have been
encapsulated into SWNTSs, with either the metal of a particular period or group, or
halide being systematically changed, and this has led to trends in crystallinity and

electronic properties to be studied systematically (table 1.3).

Table 1.3: A summary of transition metal halides encapsulated within SWNTSs.

Material Group Effect of confinement Ref.
Accepts electron density from SWNT, greater than
MnCl> 7 89
MnBr, does.

Accepts electron density from SWNT, but less
MnBr2 7 _ 89
effectively than MnCl..
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Two different Fe?* environments found, which is

FeCl, 8 %
caused by confinement.
FeBr 8 Electron transfer from the SWNT to FeBr.. %, 91
Encapsulated Fel has slightly elongated interatomic
Fely 8 distances relative to bulk Fel.. Electron transfer from %
SWNT to Fels.

CoBr; 9 Electron transfer from SWNT to CoBr,. o
Col 9 Ovoid distortion of SWNT by Col; crystal. 92
NiB, 10 Electron transfer from SWNT to NiBr2, 5% reduction o1 o3

in interatomic distances upon encapsulation.

_ Electron transfer from SWNT to NiClz, 5% reduction
NiCl; 10 o o _ 9
in interatomic distances upon encapsulation.

40,

Two different Cul crystals formed, depending on
Cul 11 Y _ P : 94-96
SWNT diameter.

CuCl 11 Cu-C bonding has occurred upon encapsulation. 40
97 40,

CuBr 11 Electron density transferred from SWNT to CuBr. %

AgClI 11 Remains non crystalline in SWNTs. 17

Hexagonal crystal structure which is usually onl
AgBr 11 J _ y _ _ y only 96, 98
present in the bulk at high pressure is observed.

Agl 11 Slight contraction of interatomic distances. 17
Hagl> 12 One-dimensional chain of Hg and | atoms present. 82
ZnXz (X .
All ZnX> compounds accept electron density from the
=Cl, Br, 12 82
SWNT.
1)
CdXz (X _
All ZnX> compounds accept electron density from the
=Cl, Br, 12 14
) SWNT.

FeXz (X = ClI, Br, 1) molecules have been encapsulated into SWNTSs using a molten

filling method, and although the encapsulation was highly successful and most of the
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nanotubes were full as determined by HR-TEM, a detailed structural analysis of the
crystals was not undertaken, but it is revealed that the encapsulation of Fel, has led to
the formation of Fel> nanocrystals with slightly elongated interatomic distances
compared to those of bulk Fel..° Furthermore, Raman spectroscopy was used to
investigate charge transfers between the nanotube and guest material and a blue shift
in the position of the G band was observed for all materials (typically + 10 cm™)
which shows that charge is being transferred from the SWNTSs to each guest structure.
Additionally, XAS shows that there is a change in the work function of the SWNTSs
which is caused by encapsulation. For encapsulated FeCl,, two different Fe?*
environments were found, and so whilst detailed structural analysis has not been

undertaken, the effects of confinement are still observed.

More recently, Raman spectroscopy of FeBro@SWNT was studied alongside
encapsulated CoBr, and NiBr. by Kharlamova, and the ability for the SWNT to
transfer charge to the guest species was shown to increase in the order NiBr, < CoBr»
< FeBrz, which is possibly attributed to iron being the most electropositive of the three
elements.® Clearly this is of interest as it demonstrates that the electronic

modification of SWNTSs can be tuned by systematically altering the guest species.

This relates well to previous work investigating NiX2@SWNT (X = CI, Br) where
both materials were shown to accept electron density from the nanotubes, but no
comparison as to which of the two accepts more was made.®® It is noted that inter-
atomic spacings in both structures decreased by about 5% upon encapsulation due to
the effects of nanotube confinement, but the encapsulated layered structures still
formed similar hexagonal structures to those of bulk Ni(Il) halides. Additionally, the

filling rate was higher for NiBr. than NiClz, and while a reason for this is not
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discussed, it has also been discovered in other metal halide examples (see below)

where it is attributed to the smaller ionic radius of the chloride anion.

In addition to CoBr2, Col. has been inserted using a molten filling method.% In this
case an extended chain of nanocrystal has been created in the nanotube, with
rotational symmetry clearly visible. Following on from previous examples (such as
alkali metal halides) where the formed nanocrystals have slightly distorted lattices
due to confinement, in this study it is shown that the SWNT also changes shape to
accommodate the encapsulated crystal, with the usual circular cross section of the
nanotube becoming ovoid in geometry (figure 1.15). This has been attributed to the
strong interaction between SWNT and formed Coly, although no studies on electron

transfers between either moiety have been undertaken here.

Figure 1.15: a,b) Cross-sections of Col2@SWNT showing ovoid distortion to the
SWNT by the nanocrystal.

Additionally, the encapsulation of group 11 halides has been thoroughly investigated,
with HR-TEM has been used to study Cul@SWNT.** % Two different types of Cul
crystals were formed depending on the diameter of SWNT used, which shows the
templating effect of SWNTS to control the formation of different structures.®* Due to
advances in microscopy, more detailed images of Cul@SWNT have recently been
obtained, and these continue to support the correlation between the structure formed
in SWNTSs and the nanotube diameter.®®> Moreover, the electronic properties have

been studied using Raman spectroscopy, and a large blue shift in the G band of
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SWNTs compared to pristine SWNTS is shown, demonstrating electron transfer from
SWNT to Cul, which is in agreement with other metal halides encapsulated within

SWNTs.

Furthermore the electronic properties of Cul along with other Cu(l) halides,
CuX@SWNT (X = CI, Br) has been extensively studied.*° Optical absorption
spectroscopy was used to show that although all halides accept charge from the
nanotube, the amount of charge transferred from the SWNT increases in the sequence
Cul < CuBr < CuCl which is attributed to the increased electron affinity of the three
halides. Raman spectroscopy also shows charge transfer as a blue shift in the position
of the G band of all materials is shown (figure 1.16), and this supports X-ray
absorption data which shows a degree of Cu-C bonding as a result of encapsulation.
Crystallinity was shown to be inversely proportional to the size of the anion, and this
was attributed to both the larger iodide anions being able to form more effective van
der Waals interactions with the interior of the nanotube sidewall, and also due to the
electronegativity of the anions. A similar investigation into how the halides affects
electron acceptor/donor properties of the nanotube has recently been carried out by
Kharlamova for MnX; (X = Cl, Br,) where it was shown that MnClI; led to a stronger
electron transfer from the SWNT than MnBr», which although not discussed, could

be attributed to the greater electron affinity of CI.8°
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Figure 1.16: RBM and G bands of the Raman spectra of empty SWNTs (black
line), CUCI@QSWNT (red line), CuBr@SWNT (green line) and Cul@SWNT
(blue line). Encapsulation of CuX (X = ClI, Br, 1) leads to shift in the position of
both the RBM and G bands.*°

As an extension, a detailed HR-TEM analysis of CuBr and Cul has been undertaken
along with AgBr,% and it was found that for all the encapsulated crystals, phase
transition between cubic and hexagonal structures can occur as a result of electron
beam irradiation, which in this case occurred with a TEM operating at 80 kV. This is
interesting as it shows one effect of both confinement and electron beam irradiation
on nanomaterials to form structures otherwise not known for bulk crystals. For AgBr,
a hexagonal structure is observed, which in the bulk is only possible at high

pressures,® and so the internal cavity of the SWNT is suggested to emulate a high

42



pressure system by acting to increase the local concentration of particular atoms, in a

similar way to how a high pressure reaction vessel would.

The trend that heavier halides for a particular metal halide salt have less of an effect
on charge acceptor behaviour is present for the AgX (X = Cl, Br, 1) salts which have
been encapsulated within SWNTSs, and correlated with the same trend observed for
CuX@SWNT (X = ClI, Br, ). Quite interestingly, HR-TEM shows that upon
encapsulation AgCI does not crystallise out in SWNTS, and that although AgX (X =
Br, I) both form hexagonal closed pack structures upon encapsulation, the crystallinity
is higher for the iodide containing moiety (figure 1.17). This is attributed to the unit
cell of Agl being a more ideal size to complimentarily fit into SWNTSs, and a slight
contraction in interatomic atomic distances for both AgX (X = Br, I) was also

observed, 100-102
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Figure 1.17: HR-TEM images of AgCI@SWNT a); AgBr@SWNT b); and
AgI@SWNT c). Inset on c) illustrates cross-sectional view of AgI@SWNT
hybrid bundle. %

Finally, halides of the group 12 metals (MXz, M = Cd*3, Zn®2; X = ClI, Br, I) have all
been encapsulated using a molten filling method. Again, crystallinity was shown to
be greater for each of the iodide containing salts in both series, and all halides showed
charge transfer from the nanotube, but no detailed structural characterisation to
determine whether the SWNT had an effect on the morphology of the encapsulated

material was undertaken

To summarise the transition metal halides, all accept electron density from nanotube,
and all show differences in their crystal structures upon confinement, with the
majority exhibiting distortions in their interatomic distances. For some materials such

as NiBr this was in the form of a slight change of interatomic spacings, but for other
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salts such as FeCl, and Cul completely different crystal structures were found inside

SWNTSs, as compared to those in the bulk at ambient pressure.

1.3.2.3 Lanthanide Halides

Many lanthanide halides have been encapsulated into SWNTSs (table 1.4) Although
lanthanide salts have many potential applications, such as in spintronic devices,®
they are highly air sensitive, and so encapsulation into SWNTSs should protect them
from hydrolysis by atmospheric moisture. Moreover they have a high atomic number,
therefore are very easily resolved using HR-TEM, and so are easily visualised in

SWNTs.

Table 1.4: A summary of lanthanide metal halides encapsulated within SWNTS.

Material Effect of confinement Ref.

LnCls(Ln=La, Stoichiometry is retained for all encapsulated LnCl3

Nd, Sm, Er, species but structural changes occur depending on the 104
Gd, Yb) nanotube diameter.
Lals Formation of Lal, only, due to large unit cell of Lals. 105
TbCls Electron transfer from SWNTSs to guest compound. 84,104

Gradually decreasing the diameter of SWNTS leads to
TbBr3 ) o ) 106
a systematic reduction in the ratio of Br:Th.
PrCls Electron transfer from SWNTSs to guest compound. 84, 107

TmCls Electron transfer from SWNTSs to guest compound. 108

Consequently, a variety of lanthanide chlorides, LnClz (Ln = La, Nd, Sm, Er, Gd, Tb,
Yb) have been encapsulated by Sloan et al.*% It was determined that the dimensions
of the crystal lattice of the encapsulated species varied depending on the size of the
nanotube (figure 1.18). This is of contrast to work completed by Friedrichs et al.
which determined that the encapsulation of Lals inside a narrow nanotube (dnt = 1.5

nm) only led to the formation of Lal> due to the steric confinement caused by the
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dimensions of the nanotubes.® This is interesting as a change in the stoichiometry is
necessary for encapsulation and is directed by the size of the unit cell of the guest
compound. The dimensions of the unit cell of Lals are ca. 14 A x 10 A x 4 A, which
is too large to fit into a SWNTSs, whereas the dimensions of the unit cell of Lal> are

only 14 Ax 3 Ax 3 A%

’

AN e Yol ‘J‘ﬂ'f"\ O P ._?‘); oy
R, il S -An_“-bs\s«i T a«u{t:.".

. 2 R hats
o, & s

sy \
= a7

Figure 1.18: a) HR-TEM micrograph showing GdCIs@SWNT; b) Enlargement
of boxed region from a) showing a linear array of dark spots which terminates
towards the right of the micrograph (scale bar = 1 nm); c¢) Structural
representation of b); d) NdCIs@SWNT; e) Enlargement of the boxed region in
d) showing the unusual microstructure of NACIs@SWNT; f) Suggested
structural model for e). 14

In addition to the morphology of lanthanide halides inside SWNTS being studied, the

effect of electron density transfer between the guests and SWNTs has been
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investigated.™° It has been shown that when compared to encapsulated MCl2 (M =
Cd, Zn), TbCls accepts more electron density from SWNTSs, and this represented the
first time incorporated 3d-, 4d- 4f- metal chlorides were compared. TICIl; accepts
more electron density from the nanotube than ThCls but less than PrCls, and no
structural comparison was undertaken. & The trend in electron transfer properties was
attributed to both the chemical nature of the metal present in each salt, and also to the

filling rate of the nanotubes.34

In addition to investigations into electronic properties, it has been shown that altering
the diameter of SWNTSs has a significant effect on the crystal structure encapsulated
lanthanide salts. TbBrs has been encapsulated using a molten filling method, and
systematically reducing the diameter of the host SWNTSs has been shown to gradually
remove bromide anions, thus altering the stoichiometry.l® Again, this can be

attributed to a reduction of the size of unit cell upon the removal of bromide anions.

Overall, the large unit cell dimensions of lanthanide halides compared to halides of
the transition metals and main group elements results in there being a more noticeable
dependence on the diameter of the SWNT. This is seen for salts with large unit cells
such as Lalz which has to reduce its stoichiometry in order to become encapsulated,
and once again demonstrates that SWNTSs can be used to control the morphology of

nanomaterials.
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1.3.3 Metal Chalcogenides

As well as inorganic oxides, hydroxides, and halides, a number of chalcogenide

containing compounds salts have been encapsulated into SWNTSs (table 1.5).

Table 1.5: A summary of metal chalcogenides encapsulated within SWNTS.

Material Group Effect of confinement Ref.

Photoluminescence studies show modification
MnTe; 7 . _ 111
of electronic properties of MnTex.

112

HgTe 12 Bandgap increases from 0.28 eV to 1.35ev. 113114

Electron transfer is observed from SWNT to 108

GaSe 13 guest, and is stronger than the transfer
observed from SWNTs to TmCls.
Electron transfer from SWNT to GaTe

GaTe 13 116
observed.

115

SnS 14 No electron transfer observed. 116

Crystals which are two atoms thick are

SnSe 14 observed when SWNT diameters are less than 1%
1.4 nm.
No noticeable charge transfers between
SnTe 14 118
SWNTs and SnTe.
Bi.Ses 15 No charge transfer observed. 116

The encapsulation of HgTe by a molten filling method leads to the formation of a new
type of low-dimensional HgTe crystal structure not seen in the bulk.*2 13 Whilst the
Hg-Te bond lengths are the same as in the bulk, the angles have deviated from the
usual tetrahedral structure, and so this shows that confinement in a nanotube not only
alters bond lengths but also the geometry of atoms. In this example, it is noted that

the morphology of the nanotube remains constant, and so unlike previous examples
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where the nanotube cross section has adopted an ovoid geometry, here it remains
circular which suggests the absence of a strong interaction between the SWNT and
HgTe crystal (figure 1.19). More recent studies have focussed on investigating the
band gap of HgTe confined to the nanoscale, and it was found that a band gap of 1.35
eV was present,** which is significantly larger than the band gap of bulk HgTe (0.28

eV), and demonstrates that not only does confinement into SWNTs affect structure,

it also alters the electronic properties of the guest species.!®

Figure 1.19: a) AC-HRTEM image of HgTe@SWNT; b) Enlarged image from
the area indicated in a), with a TEM simulation; ¢) a model of HgTe
corresponding to the images in a) and b).1%4
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The encapsulation of SnTe into SWNTSs led to the formation of one-dimensional SnTe
crystals inside the SWNT, and again, a contraction is observed compared to bulk SnTe
which possesses a rock salt structure.**® Similarly, the encapsulation of SnSe leads to
a highly ordered two atomic layered nanocrystal and upon encapsulation, the
electronic bandgap of SnSe expands slightly which shows that confinement to the

nanoscale is affecting the electronic properties of the strucuture.*’

Kharlamova recently compared the electronic properties of SnS, GaTe and Bi>Sezand
although no detailed structural characterisation was performed, is was shown that the
encapsulation of SnS or Bi>Sez does not result in any electron transfer between the
SWNT and either guest, whereas the encapsulation of GaTe leads it to accepting
electron density from the nanotube.'® This variance can be attributed to the different
work functions of each of the metal dichalcogenides in the bulk states, and similarly
bulk GaTe has a larger bandgap (1.7 eV)*?° than SnS (1.3 eV)!?! and Bi.Ses (0.3
eV),?? although the bandgap of these structures confined to the nanoscale has not
been studied, and as seen previously, the bandgap of structures can vary upon

confinement to the nanoscale.

To summarise, a small number of chalcogenide containing materials have been
encapsulated into SWNTSs, and similarly to the encapsulation of other salts, structural
changes are present upon confinement. While electron density was shown to transfer
from SWNTSs to all metal halides where monitored, only some materials such as GaSe
gain electron density from the SWNT, whereas others such as SnS and Bi>Sez gain no
electron density upon encapsulation, and so electron transfer depends not only on the

SWNT, but also the intrinsic properties of the material being encapsulated.
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1.3.4 Reactions in SWNTs

In the bulk, transition metal dichalcogenides are quasi-two-dimensional and form
layered structures, analogous to graphene.’?® 24 Additionally, many possess a
bandgap, and since studies have shown that the band gap of a material can vary as a
function of diameter, SWNTs can be used to template a variety of material
dimensions, and thus allow for the creation of structures with tuneable band gaps,
such as with S-GNRs.?® 12> However, the high melting points and the fact that many
decompose upon melting, such as MoS, which melts at 1185 °C, 12 means that filling
these materials into SWNTSs by a molten method isn’t suitable, and MnTe> remains
the only transition metal dichalcogenide to be encapsulated into SWNTs using this

methodology.t!

Therefore a different technique whereby a precursor is encapsulated, followed by a
chemical reaction, can be used to create a material that cannot be added using a
previously discussed encapsulation method. CAS@SWNT was formed by Eliseev et

al. by taking Cdl.@SWNT and reacting with elemental sulfur, scheme 1.1.1%

Cdl,@SWNT +S —— = CdS@SWNT + I,

Scheme 1.1: The formation of CAS@SWNT from Cdl2@SWNT.

This is significant as bulk CdS melts at 1750 °C at 100 bar, and so it cannot be
encapsulated using a molten filling method. The formation of CAS@SWNT (figure
1.20) from Cdl.@SWNT has been attributed to higher chemical affinity of SWNTSs
to electron acceptors than donors, but Raman spectroscopy suggests that encapsulated
CdlI, accepts more electron density from the nanotube than CdS does, and so a more

rigorous analysis of this system is needed.
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Figure 1.20: a) Structural model of CAS@SWNT (black spheres, cadmium
atoms; light grey spheres, sulfur atoms; small grey spheres, carbon atoms); b)
HR-TEM image of CAS@SWNT, and c) simulated images for the proposed
model. 27

Additionally, this methodology has been extended to form a variety metal
chalcogenides (MX, M = Cd, Zn, Pb; X =S, Se, Te) from the corresponding diiodide

of each metal. 1%’

Similarly, the formation of low-dimensional MS; (M = W, 8 Mo?®) in multi-walled
carbon nanotubes has been demonstrated by Wang et al. via encapsulation of
molecular precursors and then subsequent thermal treating with H»S and H.. Although
both MS; transition metal dichalcogenide are non-metallic semiconductors in the
bulk, it has been found previously that reducing the dimensions alters the electronic
properties of both materials, and so by forming both materials in a manageable way
whereby their dimensions can be tuned using the special limitations of a MWNT, the
electronic properties can be readily altered and this proficiently avoids the problem

that both MS; materials melt at an extremely high temperature. !> 17128
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More recently, Botos et al. have demonstrated that MS, (M = Mo, W) nanoribbons
can be formed in SWNTs from M(CO)s via a metal-iodide intermediate, and it has
been shown that the SWNT acts not only as a template to restrict the morphology of

the MS,, but also as a reservoir of electrons to stabilise the intermediate.1?°

1.4 Summary

A plethora of inorganic salts have been encapsulated within the hollow channel of
SWNTs. The confinement of such can lead to the formation of low-dimensional
nanocrystals, but the degree of success depends on the size of the material being
encapsulated, since AgCI does not crystallise out inside SWNTSs but Agl will. In some
cases, the material that is encapsulated retains the same crystal structure observed in
the bulk, but with a slight distortion to the interatomic distances within the material,
and this can lead to a slight contraction of atomic distances compared to the bulk, as
in Csl, or an expansion as for Lil. For other salts, such as lanthanide iodides, the unit
cell is too large to fit into the channel of a SWNT and a more drastic transformation
takes place, which could lead to a change in stoichiometry of the encapsulated
material, as is the case for Lals. In other cases such as MoQOg, the stoichiometry alters,
but it is not clear whether this is only caused by confinement, or as a result of electron
beam irradiation, and this emphasises the need for multiple characterisation
techniques, both microscopically and spectroscopically. A combination of HR-TEM
imaging with XAS and Raman spectroscopy proves to be a useful tool to correlate
structural features of compounds encapsulated in SWNTSs with the electron transfer

between the guest compound and host nanotube being monitored.

Charge transfers have been observed between the SWNTs and most of the metal

oxides and halides where monitored, and also for a selection of chalcogenide
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containing complexes. This has led to changes in the electronic properties of both the
guest and host SWNT, and since the degree of transfer can be quantified and
compared by methodically altering both metal and non-metal components separately,

the electronic properties of the SWNT and guest can be systematically altered.

The use of SWNTs as reaction vessels for the formation new low-dimensional
inorganic structure has been briefly studied; however, very little analysis is given into
the formation of these materials and so an all-encompassing system of synthesising,
characterising and stipulating formation mechanisms of inorganic compounds in

SWNTSs is urgently required.

1.5 Aim and Objectives

The aim of this project is to advance the use of SWNTSs as reaction vessels for the

formation of inorganic materials at the nanoscale, and will involve:

The encapsulation of group 11 metals into SWNTSs to study how metal-carbon

(M-C) interactions and bonding vary down a group, on the atomic level,

e A systematic appraisal of M-C bonding for metals important in catalysis (M
= Ni, Pd, Pt) to ascertain trends in the group;

e Developing methodologies for inorganic synthesis in SWNTSs, enabling the
control of dimensions and stoichiometry of the confined nanomaterials;

e Monitoring transformations of inorganic compounds in SWNTs both
microscopically and spectroscopically;

e Testing basic electrochemical properties of selected inorganic materials in

carbon nanostructures and evaluating their use for sensing applications.
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A comprehensive understanding of how metals bond and interact with carbon on
an atomic level may lead to the development of new catalytic processes, electronic
devices, sensors, detectors and many other applications. Furthermore studying
methods of inorganic material formation and probing reaction mechanisms will
allow for the intelligent design of a wide range of new nanomaterials, where the

structure and properties are controlled by confinement in nanotubes.
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Chapter Il: The Encapsulation of
Group 11 Metals into Single-Walled
Carbon Nanotubes

2. 1 Introduction

It is vitally important to investigate the interactions between metals and carbon
nanostructures for many different reasons, one of them being that nanostructures such
as single-walled carbon nanotubes (SWNTs) are formed using transition metal
catalysts and so it is essential that these processes are rigorously controlled, to
effectively make new nanostructures. Moreover, an all-encompassing understanding
of metal-carbon (M-C) bonds is key to fully appreciating how fundamental chemical
reactions and catalytic process take place, although current knowledge of M-C
bonding is disjointed, and only available for small select areas of the periodic table.
Since many organometallic compounds are highly air and moisture sensitive, and
contain spectator ligands which can hinder particular studies of M-C bonding, the
investigation of individual metals and their interaction with carbon is rather sparse,
therefore a method of examining a small amount of metal atoms and their interactions
with carbon in a confined environment is required, and SWNTSs can be a candidate

for this.!

As seen in Chapter I, SWNTSs are hollow tubes of sp? hybridised carbon atoms. With
diameters between 0.7 and 2 nm and lengths up to the order of mm, they possess
internal hollow channels which allows for the encapsulation of small clusters of metal
nanoparticles (MNPs), to study their properties.> ® Since they are incredibly

thermally, mechanically and chemically robust, SWNTSs can usually act as suitable
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containers for small clusters of atoms, and a wide variety of metal complexes, organic

molecules and inorganic salts have been encapsulated within their hollow channel.*

Many theoretical studies have been undertaken to predict the bonding interactions
between metals, the m-electronic systems of graphene and both the convex and
concave surfaces of SWNTSs.>® Such interactions are expected to have energies of
between 0-2 eV but this is affected by the nature of the metal and the curvature of the
nanostructure. A theoretical study on metal atoms on the surface of carbon
nanostructures was undertaken by Valencia et al., and it was predicted that copper
and nickel prefer to adsorb above a C-C bond whereas all other 3d transition metals
prefer to adsorb over hollow sites in between the bonds.> Furthermore, a theoretical
comparison of different transition metals has shown that for period 3 metals, there is
a non-uniform dependence of n-bonding energy on the atomic number, with a double

maxima being shown along the period.®

Despite the best efforts of the nanotube synthesis industry, and in spite of new
technologies constantly being introduced to improve the quality of nanotubes, not all
nanotubes are in pristine condition, and many contain defects (figure 2.1). The
absence of carbon atoms from the lattice of the nanotube wall, a mono-vacancy (figure
2.1 b), results in the introduction of radical carbon atoms to the nanotube structure,
and so in addition to metal atoms being able to m-bond to the wall of SWNTs, -
bonding can occur between metal atoms and these radical carbon atoms to stabilise
them. Furthermore, the absence of two carbon atoms leads to the formation of a di-
vacancy (figure 2.1 c), and similarly, metal atoms can also enter these and ¢ —bond to

the radical carbon atoms.
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Figure 2.1: a) The sidewall of a pristine defect-free (10,10) SWNT. A mono-
vacancy can occur if one carbon atom is missing (b), or if two are absent, a di-
vacancy (c) occurs. Metal atoms are able to bond to the radicals formed around
the vacancies to stabilise the structure.

In addition to theoretical studies, advancement in aberration-corrected high resolution
transmission electron microscopy (AC-HRTEM) has allowed for interactions
between metals and carbon nanotubes to be studied practically in direct space and real
time. For example, the interaction of SWNTs with small clusters of nickel atoms has
been observed by Lebedeva et al. and it was shown that the nickel atoms readily

catalyse the cutting of SWNTSs.%©

An investigation into the behaviours of tungsten, rhenium and osmium encapsulated
within SWNTs demonstrated the first instance metals from a particular period were
confined into a SWNT and their properties investigated using AC-HRTEM.!!
Although the three elements are adjacent in the periodic table they display marked
differences when a small number (ca. 50-60 atoms) of each are encapsulated and
studied at the nanoscale. Osmium readily catalyses the cutting of SWNTs whereas
rhenium and tungsten are much less reactive, and the data obtained from AC-HRTEM

fully supports the trend which was predicted by density functional theory calculations.
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Zoberbier et al. recently probed interactions between carbon and the group VIII
metals on the atomic scale, and this represents the first time that interactions have
been studied on metals of a particular group in the table.*? Trends between both metal-
carbon o and n-bonding are observed, with osmium shown to form the strongest o-
bonds with carbon, whereas ruthenium was shown to form the strongest n-bonds

(figure 2.2).

Group VIII Structure/ nature Formation of Promotion of defect
of metal clusters carbon shells formation in SWNTs
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Figure 2.2: Schematic representation of the trends observed by 80 keV AC-
HRTEM for the group VIII metals inside SWNTs.?

The group 11 metals, also known as the coinage metals, comprising of copper, silver
and gold are an important group of metals as they have many industrial and chemical
applications, such as gold nanoparticles (AuNPs) being used as oxidation catalysts;*3
silver nanoparticles (AgNPs) for cutting nanotubes;** and copper nanoparticles
(CuNPs) as catalysts in the water-gas-shift reacton.'® In the literature, there are
examples of the coinage metals being encapsulated into SWNTSs using solution filling
methods, usually as a decomposition product of a metal halide precursor,*% 7 although
no studies on their bonding with carbon has been reported. A theoretical study on the
interactions between the group 11 metals and carbon nanostructures has been
undertaken by Inntam et al. who were able to predict that copper would interact the

strongest with the SWNT wall, followed by gold and then silver.® Furthermore, the
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same trend was shown by Reckein et al. who theoretically investigated the adsorption

of benzene onto the coinage metals.'8

Herein the encapsulation of the group 11 metals into the internal channel of SWNTSs
using a sublimation filling technique is reported, and an investigation into their
interactions with both the carbon wall of the SWNTSs, and excess (adventitious)
carbon already encapsulated within the SWNTSs is described. Structural determination
of the MNPs and resultant products formed upon their interactions with carbon have

been analysed with atomic precision using AC-HRTEM.

2.2 Results

2.2.1 Encapsulation

Encapsulation of materials into the hollow channel of SWNTSs relies on a process of
self-assembly which is driven by the affinity for a molecule to be inside the hollow
channel.*® Due to the large contact area between the internal surface of nanotubes and
guest species, there is an increase in van der Waals interactions when a guest is
encapsulated, relative to it being on the outside, and so encapsulation is preferable to

adsorption.?

As described in Chapter I, materials must be in the liquid or gas phase in order for
them to become encapsulated into a SWNT, and for the encapsulation of metallic
clusters inside SWNTSs it is necessary to capture a precursor which contains the metal,
and then remove the ligands to leave solely the metal atoms which consequently
cluster together to form MNPs inside SWNTs. Vapour phase filling has many
advantages over liquid phase filling and can provide a simple, clean and reproducible
method for encapsulating molecules in nanotubes, with the only prerequisites being
that the molecule sublimes without decomposition and that the molecule is able to fit
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into the internal channel of a SWNT.?! Table 2.1 shows the three compounds
employed for the encapsulation of the coinage metals into SWNTSs. It is important to
note than all complexes are sufficiently small enough to fit inside the internal channel

of a (10,10) SWNT, which has an internal diameter of ca. 1.4 nm.
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Table 2.1: The three compounds used to insert copper, silver and gold into the
internal channel of SWNTSs. Also shown is a schematic model of each molecule
and how the molecules are able to fit into the internal channel of a (10,10) SWNT.

Compound Space filling model Compound@SWNT

_o\ /o
§% O/Cu \O;§

Copper acetylacetonate

CF3
o0
)’},\g/ A\
I N\

CF3

Silver(hexafluoroacetylaceton
ate)(cyclooctal,5-diene)

o]

A

Au Cl

Chlorocarbonyl gold

OF@Cc Qo @F@Cc @cu © A Q Au

2.2.2 Copper

Copper acetylacetonate (Cu(acac).) was chosen as a suitable precursor for the
introduction of copper into the nanotube. Whilst it melts at 279-283 °C,? when sealed

in a Pyrex ampoule under vacuum (10 mbar), it was found to sublime without
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decomposition at 110 °C and so heating Cu(acac) and SWNTSs at slightly above this
temperature under vacuum allowed the molecules to penetrate the nanotubes. After
heating for three days, the mixture of SWNTs and complex was rapidly cooled leading
to the formation of a copper containing species in SWNTSs. The presence of copper
clusters formed inside the SWNTs are confirmed by energy-dispersive X-ray (EDX)
spectroscopy using a focussed 100 keV electron beam to irradiate a small bundle of

SWNTs (figure 2.3).
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Figure 2.3: EDX spectrum recorded at 100 keV primary electron energy and
integrated over a small bundle of nanotubes confirms the presence of copper
inside the nanotube. Nickel and chromium peaks are due to the specimen holder
of the sample. A HR-TEM image (inset) of the area over which the EDX
spectrum was taken. The scale bar is 10 nm.

2.2.2.1 AC-HRTEM Analysis
AC-HRTEM revealed the presence of small clusters of copper atoms within the
internal channel of the SWNTSs (figure 2.4 a). Under the electron beam (80 KV in this

case), the complex starts to decompose leading to the formation of CuNPs and a
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mixture of volatile organic compounds. Nasibulin et al. have shown that the
decomposition of Cu(acac). can lead to the formation of small volatile organic
molecules such as acetone, 2-propenal, carbon dioxide and 2-butanone, which are

removed easily in the vacuum of TEM.?3

It is possible to compare the structure of the encapsulated CuNP to that of bulk copper
(figure 2.4 b). Although the cluster of copper atoms appear to move quite fast under
the electron beam, it is still possible to obtain structural information from the time
series. Slow rotational motion allows for clear visualisation of the hexagonal lattice
which is consistent with the space group of the bulk metal, Fm-3m. There is a slight
discrepancy between the interatomic distances of the copper atoms in the nanotube
compared to those of bulk copper. This is due to encapsulated nanocrystal changing
its morphology in order to best increase contact with the nanotube wall and therefore

increase van der Waals interactions.

-.0.25 nm

Figure 2.4: a) AC-HRTEM image (performed at 80 kV) showing
Cu(acac)2@SWNT. Under the electron beam, the volatile acetylacetonate
ligands have been removed, with the copper atoms forming a cluster with
hexangonal packing (red arrow). Adventitious carbon is also present in the
nanotube (white arrow); b) a projection of the (110) plane of bulk copper is
shown, and the atomic distances are comparable to that of the CuNPs in (a). The
scale bar is 1 nm.

Initially, the atoms are together in a discrete cluster (figure 2.5 a), but over time the

cluster appears to bond to the end of a chain of carbon atoms (figure 2.5 b), which is
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adventitious carbon residue in the SWNTs. Subsequently, the carbon forms a shell
around the CuNP cluster (figure 2.5 c), until eventually a spherical carbon shell forms
around the whole cluster (figure 2.5 d). During this time the encapsulated particle
stays detached from the side wall of the nanotube and does not create defects in the
nanotube. Eventually the carbon shell begins to extrude from the CuNPs but not to a
significant extent and the copper cluster still remains inside the carbon shell (figure

2.5¢e).

Figure 2.5: Sequential AC-HRTEM images (left hand side) showing how a
cluster of copper atoms (red arrows) interacts with a carbon chain (white
arrows), coupled with a structural model at each stage (right hand side). Initially
the CuNPs and carbon chain are discrete units (a), the CuNP comes into contact
with the end of the carbon chain (b), and starts to form a shell around the cluster
(c). Eventually a carbon shell encases the whole particle (d) and finally an
extended carbon shell starts to extrude from the particle (e). The images were
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taken over 120 seconds with a total dose of ca. 3 x 10° e/nm?. The scale bar is 1
nm.

Previous studies have shown that under the electron beam it is possible to remove
carbon atoms from SWNTs and the type of interaction between the MNPs and SWNT
depend on the nature of the metal present.'> 2 In the case of copper, it is observed
that individual atoms of copper from the cluster and can enter the sidewall of the
SWNT (figure 2.6). If there is a breakage in the sidewall of the SWNT (as shown in
figure 2.6 a) copper atoms are able to enter this vacant site (figures 2.6 b,c) to
encourage the restructuring of the sidewalls of the SWNT (figure 2.6 d). This is
similar to an Ullmann coupling reaction, where a C-C bond can form between two

aryls when catalysed by copper (Scheme 2.1).24

X=1,Br

Scheme 2.1: An Ullman coupling of aryl halides catalysed by copper. A modified
version of this reaction has been proposed to take place on the nanotube sidewall.
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Figure 2.6: AC-HRTEM time series (left hand panel) showing how a breakage
in the SWNT wall (a) can be restored with the addition of a copper atom (red
arrow, (b)). The copper atom can enter the vacant site (¢) and this leads to the
healing of the SWNT (d). A corresponding geometry optimised model is shown
at each stage (right hand panel). The yellow spheres represent new carbon atoms
which have healed the sidewall of the SWNT. The images were taken over 60
seconds with a total dose of ca. 1.5 x 10° e/nm?. The scale bar is 1 nm.
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2.2.2.2 Formation of Cu,Ox

Since bulk Cu(acac). decomposes upon melting at 279-283 °C, the sample was heated
above this temperature to investigate what changes, if any occurred to the sample.
Heating Cu(acac)>@SWNT at 500 °C for 1 hr in argon leads to the complete loss of
the volatile acetylacetonate ligands and the formation of what appears to be

Cu,0@SWNT (figure 2.7).

—
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Figure 2.7: a) AC-HRTEM image (80 kV) showing Cu2O@SWNT, formed after
the thermal treatment of Cu(acac)2@SWNT. Inset is a fast Fourier transform
(FFT) of the micrograph showing crystallinity, and the red line shows the area
from which the electron intensity profile (b) was taken, to show periodicity and
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determine atomic spacings; c) a geometry optimised model of how a portion of
the structure of bulk Cu2O@SWNT could fit into a (10,10) SWNT, coupled with
a Scherzer-focussed QSTEM simulation of the model at 80 kV. The scale bar is
0.8 nm.

The rendered model shows that the ratio of Cu:O atoms is slightly less that 2:1, i.e.
there are more oxygen atoms than in bulk Cu20, which is caused by the material
deviating from bulk stoichiometry to create the best fit inside the nanotube, and so
henceforth the material will be referred to Cu2Ox, where x > 1. The encapsulated
Cu20x species adopts a highly crystalline cubic structure similar to that of bulk Cu.O.
The QSTEM image simulation (figure 2.7 c) confirms that only copper atoms are
visible, and the Cu-Cu bond distance has increased slightly upon encapsulation. This

is due to it trying to maximise interactions with the nanotube sidewall.

2.2.2.3 Electron Transfers in Cu(acac)@SWNT and CuOx@SWNT

In order fully characterise the materials and to help to discover future applications for
these nanomaterials, it is important to comprehensively understand the electronic
properties of the systems. Raman spectroscopy has been employed to investigate
whether any electron transfers take place between the nanotube and guest materials,
(figure 2.8). The spectra of Cu(acac).@SWNT and CuOx@SWNT have similar
features to that of an empty pristine SWNT with a variety of characteristic features

such as peaks corresponding to the RBM, D, G and G* bands.
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Figure 2.8: Normalised Raman spectra of an empty SWNT (black),
Cu(acac)2@SWNT (red) and Cu20x@SWNT (blue). Shown on the spectrum of
empty SWNTSs are the key features indicative of a SWNT, the RBM, D, G and
G* bands.

The G band of empty SWNTSs occurs at 1590 cm™, however upon encapsulation of
Cu(acac)@SWNT, there is a slight blue shift to 1591 cm™ (table 2.2) which is
negligible, and within the error of the instrument. After the thermal treatment of
Cu(acac)2@SWNT under argon, Cu2Ox@SWNT is formed, and this leads to a
significant blue shift in the G band of the SWNT to 1601 cm™ (an increase of 11 cm’
! from pristine SWNTs, figure 2.9). This is indicative of an electron transfer from the
nanotube to the guest molecule which results in a contraction of the hexagonal rings
along the cylindrical wall of the nanotube.® This is attributed to the new Cu,Ox
species having a slight negative charge due to the excess oxygen atoms, and so the
nanotube becomes electropositive to stabilise this species.?® Therefore Cu,Ox can be

considered as a cuprate species [Cu20x] * V) @SWNT -2+,
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Figure 2.9: Normalised Raman spectra showing the G band of an empty SWNT
(black, 1590 cm?), Cu(acac)2@SWNT (red, 1591 cm™) and Cu20x@SWNT (blue,

1601 cm). A shift of 11 cm™ is caused by the formation of Cu2Ox@SWNT
indicating electron transfer from the nanotube to the guest species.

Fluorescence-detected X-ray absorption spectroscopy (FD-XAS) can be used in
conjunction with Raman spectroscopy to monitor electron transfers between SWNTs
and the guest species by observing how the position of the absorption edge of the
metal changes, and so although Raman spectroscopy explores electron transfers by
monitoring changes on the nanotube, FD-XAS allows analysis of electron transfers

from the perspective of the encapsulated material.

The FD-XAS of Cu(acac).@SWNT shows that the energy of the copper K edge has
increased slightly relative to Cu(acac),, suggesting that electrons have been
transferred from the copper atoms (figure 2.10). As seen previously, there is no
change in the Raman spectrum of Cu(acac).@SWNT relative to pristine SWNTSs, and

so electron transfers taking place are therefore confined to the Cu(acac)> molecule.
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The Cu-O bonds are being polarised by the nanotube, and this phenomenon is
discussed in more detail in Chapter V. Upon transformation of Cu(acac).@SWNT to
Cu20x@SWNT, the energy of the copper K edge has decreased significantly (6.34
eV) which is consistent with the reduction of oxidation state of the copper, and is in
better agreement with the edge energy of a known Cu(l) complex, although is slightly
lower due to electron density being transferred to it from the SWNT (table 2.2) which

was confirmed using Raman spectroscopy.
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Figure 2.10: a) Normalised FD-XAS showing the copper K edges of
Cu20x@SWNT and Cu(acac)2@SWNT compared to that of elemental Cu; b) the
first derivative of each spectra is shown to determine the precise excitation
energy.
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Table 2.2: A summary of the electron transfers taking place in the materials
produced. The energy of the copper K edge of the materials produced is
compared to known standards, and shown with respect to (w.r.t.) the energy of
the copper K edge of Cu(0). Where applicable the shift in G band of the SWNT
is listed, and the direciton of charge transfer taking place within each material
IS summarised.

Cu Kedge/leV G band position

Material (shiftw.rt Cu (cm?) (shiftw.r.t. Direction of
0) oristine SWNTS) electron transfer
8975.53 +
Cu 0.079 - -
(0)
8980.42 +
Cu20x@SWNT 0.037 1601 (+11) SWNT - Cu
(4.89)
8982.18
Cu(CO2CHz) +0.061 - N
(6.65)
8983.24 +
CuBr» 0.083 - -
(7.71)
Cu(acac), 8984.76 + 0.37 ] _
(9.23)
8986.76 +
Cu(acac)2@SWNT 0.093 1591 (+1) Cu->0
(11.23)
SWNT - 1590 (0) -
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2.2.3 Silver

The encapsulation of silver into the internal channel of SWNTs was achieved by
utilising the organometallic complex silver (hexafluoroacetylacetonate)
(cyclooctal,5-diene), Ag(HFacac)(COD), (HFacac = ((CF3CO)2CH)’). In a similar
procedure to the formation of a copper containing species inside SWNTSs, the silver
complex was sealed in a glass ampoule under vacuum with the SWNTSs, and heated
at slightly above the sublimation point of the complex (which was determined to be
110 °C using a similar sublimation procedure as for the copper complex) for three

days to form Ag(HFacac)(COD)@SWNT (figure 2.11).

Cu

Counts (arb units)

0 1 2 3 4 5
Energy (keV)

Figure 2.11: EDX spectrum recorded at 100 keV primary electron energy and
integrated over a small bundle of nanotubes confirms the presence of silver
inside the nanotube. Copper and silicon peaks are due the TEM grid, and
yttrium is due to the catalyst of SWNT formation. A HR-TEM image (inset) of
the area over which the EDX spectrum was taken. The scale bar is 5 nm.
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In a similar fashion to the decomposition of Cu(acac).@SWNT, the silver complex
has also decomposed under the electron beam leading to the aggregation of AgNPs.
In contrast to the encapsulated nanoparticles of copper, silver atoms appear to have
formed a compact face centred cubic cluster and the material appears darker in
contrast to that of copper which is due to the fact that elements with a higher atomic
number have a much higher contrast in TEM (figure 2.12 a).?” The structure of AgNPs
is comparable to the face centred cubic bulk structure of silver (figure 2.12 b) and the

atomic spacings are shown with a line profile electron intensity map (2.12 c).

Electron Intensity (arb units)

02 04 06 08 1.0 1.2
Distance (nm)

Figure 2.12: a) AC-HRTEM image (80 kV) showing silver inside a SWNT. The
silver atoms (red arrow) have clustered together in a close cubic arrangement,
and residue carbon from the ligands are also shown to have formed an extended
carbon cylinder (white arrow); b) the (110) plane of the Ag crystal lattice for
comparison; c the electron intensity profile generated from the red line in (a)
showing the interatomic spacings for the atoms.

The AC-HRTEM image shows a large amount of adventitious carbon adjacent to the
silver cluster, but in contrast to the previous example with copper, here the carbon

cylinder (figure 2.13 a, white arrow) doesn’t interact at all with the metallic cluster.
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A higher electron dose was applied to stimulate interactions, however no changes

between the metal cluster and residue carbon were observed.

In another example, a hemispherical carbon bubble has initially formed around the
cluster of silver atoms, and over time (120 seconds) the silver cluster appears to
promote the formation of another carbon nanotube within the SWNT (figure 2.13).
The process occurs in a SWNT with a very defective sidewall (figure 2.13 a) and over
time this appears to become more ordered (figure 2.13 b, c), and so under the electron
beam, carbon atoms from the wall are being restructured and forming another

nanotube inside the SWNT (figure 2.13 d).

82



Figure 2.13: AC-HRTEM time series (left panel) showing how a SWNT can start
to form from a cluster of silver atoms. Initially, there is an elongated hemisphere
of amorphous carbon surrounding the AgNPs (a), and over time this extends (b-
d). In addition to the formation of the extended carbon structure, the walls of the
SWNT are becoming more ordered. The right panel depicts an atomic model of
the process at each stage. The total electron dose is ca. 5 x 10° e/nm?.

The encapsulated silver complex was also heated up under argon at 500 °C for 1 hr;
however, no significant changes to the morphology of the sample were observed, and

it remained as a metallic cluster.
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2.2.4 Gold

The encapsulation of gold into the internal channels of SWNTs was achieved by
utilising the precursor chlorocarbonyl gold, AuCOCI. In a similar procedure to the
formation of the encapsulated copper and silver containing species, AuCOCI was
sealed in a glass ampoule with the SWNTs, and heated at slightly above the
sublimation point of the complex (determined experimentally to be 110 °C) for three

days to form AgCOCI@SWNT (figure 2.14). EDX confirms the presence of gold.

Counts (arb units)

Energy (keV)

Figure 2.14: EDX spectrum recorded at 100 keV primary electron energy and
integrated over a small bundle of nanotubes confirms the presence of gold inside
the nanotube. The nickel peak is due to the specimen holder of the sample. A
HR-TEM image (inset) of the area over which the EDX spectrum was taken. The

scale bar is 5 nm.
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Similar to the encapsulation of Ag@SWNT, the gold atoms have formed a close
packed face centred cubic structure (figure 2.15 a), analogous to the (111) surface of

the crystal lattice of bulk gold (figure 2.15 b).
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Figure 2.15: a) AC-HRTEM image (performed at 80 kV) showing
AUuCOCI@SWNT. Under the electron beam, the volatile ligands have been
removed, leaving only gold. b) The unit cell of bulk gold for comparison reveals
a slight increase in the spacing between the gold atoms in the SWNT. The scale
bar is 0.5 nm

Although the gold cluster doesn’t appear to interact with carbon from the sidewall of
the SWNT, it is in contact with adventitious carbon from the SWNT interior and
appears to form gold carbide in the TEM beam, as shown by the regular cubic

structure and spacings similar to those in the literature (figure 2.16).2

0.29 nm

Figure 2.16: AC-HRTEM image (performed at 80 kV) showing what appears to
be gold carbide next to a cluster of gold atoms. The gold carbide structure has a
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regular cubic spacing similar to that reported in the literature.?® The scale bar is
1nm.

Subsequently, AUCOCI@SWNT was also heated under argon for 1 hr, and this also

showed the formation of AU@SWNT. No materials consistent with the structure of

gold carbide were present, only AuNPs (figure 2.17).

Figure 2.17: AC-HRTEM image showing clusters of AUu@SWNT after heating
in argon at 500 °C. The scale bar is 1 nm.
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2.3 Discussion

The process of forming nanoparticles of both copper and copper oxides has been
discussed in depth in the literature.?® Nasibulin et al. have shown that the products
formed by the decomposition of Cu(acac)> depend on both the experimental
conditions and presence of various reagents such as Hz, H20 and CO2.2 When bulk
Cu(acac)2 was heated in an inert (nitrogen) atmosphere at temperatures below 700 °C,
only CuNPs formed, but over this temperature Cu,O was synthesised and it was
shown that the addition of H> during the heating of Cu(acac)>@SWNT lowered the
temperature at which Cu20 formed. The electron beam has been shown to produce
only metallic copper, and there is no evidence of oxide formation; however, taking

the same sample and heating it in an argon atmosphere has led to the formation of

Cu20x@SWNT (scheme 2.2).
500 °C
1 hr, Ar [Cuy0,]{*1)-2r@SWNT(x1)-2)+
110 °C T
Cu(acac), + SWNT W Cu(acac), @SWNT
10" mbar Cu@SWNT
e beam
10"mbar

Scheme 2.2: The formation of both CuNPs and Cu:0x from Cu(acac)2

encapsulated into a SWNT.

In the bulk, Cu20 is formed by a mechanism which includes the reaction of copper
dimers with oxygen containing organic groups formed via the decomposition of
Cu(acac).. Heating Cu(acac)>@SWNT at 500 °C was sufficient to lead to the
formation of Cu20O, which clearly is a much lower temperature than what is required
for bulk Cu(acac)2. This shows that encapsulation within nanotubes lowers the energy

required for transformation to occur and is caused by the polarisation of the complex
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within a nanotube which is shown by the increase in copper K edge energy of the FD-
XAS. This transformation is of interest and will be discussed further in Chapter V.
Conversely, heating both the encapsulated gold and silver complexes at 500 °C only
led to decomposition of the complexes into MNPs, and the electron beam facilitated

the formation of AuC from AuCOCI@SWNT, (schemes 2.3, 2.4).

500 °C
20 °C 1 hr, Ar/
Ag(HFacac)(COD) + SWNT 5 ays Ag(HFacac)(COD) @SWNT ———— = Ag@SWNT
10°% mbar e beam
10" mbar

Scheme 2.3: The formation of Ag@SWNT from a silver containing precursor.

500 °C

1 hr, Ar AU@SWNT

125 °C _—

AuCOCI + SWNT ————3 AuCOCI @SWNT

3 days \

10" mbar b AuC@SWNT
e beam  Au@SWNT
10"mbar

Scheme 2.4: The formation of AUCQSWNT and Au@SWNT from a gold
containing precursor.

While the electron beam serves as an imaging technique, it is a high energy instrument
and so can also be used as a source of energy to promote chemical and physical
transformations in the selected area of the sample. Furthermore, the maximum Kinetic
energy (Tmax), transferred from the incident electron to an atom (M) and can be
expressed as:

— 2-M-E(E+2m,-c?
maxX T (M +my)2-c2+2M-E

Equation 2.1

Where M — mass of atoms, me — mass of electron, E — energy of the electron beam,

and ¢ — speed of light.
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Using Equation 2.1, the maximum energy transferred due to a collision from an
electron of the 80 kV beam to an atom of carbon, Tmax(C) = 15.8 eV, and while this
is below the threshold energy required for an ejection of a carbon atoms
(approximately 17 eV), with the presence of MNPs acting catalytically, it is possible
to reduce the energy required for noticeable electron beam changes.?® This is
supported by TEM imaging of pristine defect free SWNTs which show no sign of

structural transformations taking place.

Typically, the maximum Kkinetic energy transferred to transition metals atoms,
Tmax(M) at 80 KV is in the range 1-4 eV, which is much lower than that transferred to
carbon. The maximum energy transferred is inversely proportional to atomic mass
which implies that lighter elements behave more dynamically under the electron
beam, and decreases rapidly down a group; however, this isn’t necessarily the case as
the trends observed here rely on more than just a dependence of Tmax(M) on the atomic

mass.

The energy transferred to an atom from an incident electron should be similar to the
interatomic bonding energy (cohesive energy) in the cluster if measurable structural
transformations are to occur. The bulk cohesive energy (Econ) for the three metals is
in the range of 2.95 eV- 3.81 eV, which is much greater than the corresponding
Tmax(M) values, although it is expected that the interatomic bonding for atoms near
the surface of small clusters is much smaller relative to that of the atoms in the bulk.
With this in mind, the metal clusters reported in this study could still be significantly
affected by the electron beam even though the Tmax(M) is lower than Econ for each

metal, and indeed this is demonstrated with these AC-HRTEM measurements.
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In order to qualitatively demonstrate how much kinetic energy an atom receives, the
ratio Tmax(M) to Econ(M) can act as a guide. Employing this parameter, copper atoms
are shown to receive up to 85% of energy required for their ejection from the bulk,
silver up to 59% and gold only a maximum of 25%, and so it is predicted that copper
atoms should act more dynamically in the presence of the electron beam as they are
receiving more energy. This can explain why CuNPs appear more diffuse than silver

and gold clusters (table 2.3).

Table 2.3: Cohesive energy of metals (Econ) and maximum transferred energy
(Tmax(M)) from the 80 kV electron beam for the group 11 metal atoms. The ratio
Tmax(M)/Econ represents the energy received from the electron beam as a
percentage of metal cohesive energy.

Metal Tmax(M) Cohesive energy, Econ [Tmax(M)/Econ ] X 100
(eV) (eV/atom) (%)
Copper 2.97 3.49 85
Silver 1.75 2.95 59
Gold 0.96 3.81 o5

In a defect free, pristine SWNT, the d-orbitals of the encapsulated metal clusters are
able to interact with the m-electron system of the SWNT, with the transition metal
withdrawing electrons from the bonding orbital but donating electrons to the
antibonding orbital of the C=C double bond, (figure 2.18 a, b), which is analogous to
the Dewar-Chatt-Duncanson model describing bonding of an alkene to a metal
atom.®® When the metals are involved in bonding with the nanotube wall, the C-C
bonds are weakened which make them easier to break. On the other hand, when one
or more carbon atoms are missing from the sidewall of the SWNT (a vacancy-type
defect, figure 2.18 c and figure 2.1) the metal atoms are able to o-bond with the carbon
atoms. Furthermore, theoretical studies have shown copper absorbed into a vacancy
site is more stable than silver or gold, which is why only copper atoms are observed
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in the wall of the nanotube in this study, and no silver or gold.® The effectiveness of
M-C o-bonds can determine the thermodynamic stability of the defects in SWNTSs, as
a strong M-C bond can stabilise dangling bonds of carbon atoms which lowers the

activation barrier of C-C bond reformation.

.........

Figure 2.18: Schematic diagrams showing how the overlap of orbitals from a
defect free nanotube can interact with those of a transition metal atom leading
to M-C n-bonding (a, b). If a defect is present in the nanotube sidewall (c), the
dangling bonds of carbon atoms can engage in M-C ¢-bonding.

Theoretical simulations have been used to investigate the extent of the interaction
between coinage metals and the exterior of the nanotube wall. It has been shown that
copper and silver atoms adsorb over a C-C bond, whereas gold atoms adsorb above a
carbon atom. Furthermore, the M-C bond distance has been predicted to decrease
from Au > Ag > Cu implying that copper atoms interact more strongly with the carbon
relative to silver or gold, and this is in agreement with the stability of coinage metal-

olefin complexes in the bulk.5: 3

These direct space real-time observations of the coinage metals in SWNTs confirm
the extent of m-bonding between the metal cluster and side wall and agree with the

trend observed theoretically for metal clusters on the outside of the SWNT wall.

Once particles of transition metals become embedded within the wall of a SWNT,

carbon atoms can become dislodged to a particular metallic element specific degree
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(see equation 2.1) and undergo a process of electron beam induced ejection, or
alternatively the dislodged carbon atoms can stay within the SWNT, and engage with
the MNP to take part in a process of electron beam induced restructuring to form new
carbon nanostructures.'? Despite there being evidence in the literature of examples of
all group 11 MNPs catalysing the formation of SWNTSs on substrates, it appears that
in a nanotube, only the encapsulation of silver leads to the extension of the carbon
structure to form a nanotube within the nanotube.®23 It has been shown that
encapsulation of copper leads to the formation of a fullerene type structure, whereas
gold leads to the formation of gold carbide. This implies that copper promotes the
ejection of carbon atoms more so than silver and gold as clearly less carbon is needed
to form a fullerene, and therefore it can be proposed that copper forms a stronger bond
with carbon than gold or silver. In order for a metal to successfully catalyse the
formation of a new carbon structure, it needs to be able to bond with carbon atoms
but then readily dissociate. Given the high throughput of carbon atoms from AgNPs
required to form an extended carbon cylinder, silver therefore is shown to form
weaker bonds with carbon than copper. On the other hand, the formation of what
appears to be a stable gold carbide structure implies that bonding between silver and

carbon is strong.

2.4 Conclusion

Copper, silver and gold have been systematically studied inside SWNTs by the
encapsulation and subsequent decomposition of molecular precursors. Time-resolved
transformations and the visualisation of nanostructures have been carried out using
AC-HRTEM, and by careful comparison of the bonding of the coinage metals with
carbon, it has been shown that the metals engage in different processes depending on

their position in the periodic table. The electron beam can be used not only as an
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imaging tool, but also as a chemical initiator, leading to the creation of different
carbon nanostructures, and the formation of a copper-oxygen containing structure,

Cu20x (X > 1) has been shown.

This demonstrates the first instance in which metal atoms from all of the coinage
group elements have been systematically encapsulated into SWNTs and as well as
introducing the concept of using nanotubes as test tubes for the investigation of
nanoscale reactions, it has great implications for future work involving metal

catalysed transformations in carbon nanotubes.

2.5 Experimental

SWNTs (P2, arc discharge, Carbon Solutions, USA) were annealed at 600 °C for 15
min to open their termini and remove any residual amorphous carbon from their
internal cavities resulting in a 50% mass loss being observed. The metallic precursors,

Cu(acac)2, Ag(HFacac)(COD) and AuCOCI were used as supplied (Sigma Aldrich).

2.5 1 Encapsulation of Complexes

Each metal precursor (10 mg) was sealed under vacuum (107 bar) in a Pyrex ampoule
with freshly opened SWNTs (5 mg) and heated at slightly above their sublimation
temperature for 3 days to ensure penetration of the SWNT by the complexes (table
2.4 below). The samples were cooled rapidly, washed repetitively with
dichloromethane (4 x 25 mL), and filtered on PTFE membranes to remove any excess

material from the exterior of the SWNTSs.

Table 2.4: A summary of conditions required to form each encapsulated metal
species.

- Amount of compound o
Initial compound Sublimation temperature (°C)
(mmol)
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Cu(acac): 3.82x 10 2 110
Ag(HFacac)(COD) 2.36 x 102 120
AuCOCI 3.85x10° 125

2.5.2 Formation of MNPs@SWNT

Under atmospheres of argon, Cu(acac)2@SWNT (5 mg),
Ag(HFacac)(COD)@SWNT (5 mg) and AUCOCI@SWNT (5 mg) were each heated

in Pyrex tubes at 500 °C for 1 hr and allowed to cool down slowly.

2.5.3 Electron Microscopy

SWNTs filled with the encapsulated materials were dispersed in propan-2-ol using an
ultrasonic bath and drop cast onto lacey carbon-coated copper, or nickel in the case
of copper containing samples. TEM grids (Agar). HR-TEM imaging and electron
beam irradiation was carried out on a JEOL 2100 FEG-TEM microscope operated at
100 kV. AC-HRTEM was performed at the University of Ulm on a Cs corrected FEI
Titan 80-300 TEM operated at 80 kV with information limit enhancement by reduced
extraction voltage. All images were processed using Gatan Digital Micrograph, and
the quoted distances were measured by drawing a line profile and measuring the

electron intensity.

2.5.4 EDX Spectroscopy

Local EDX spectra were acquired for samples mounted on copper TEM grids (nickel
grids were used for copper containing samples) using an Oxford Instruments INCA
X-ray microanalysis system. The electron beam was condensed onto areas of

specimens suspended over holes of the amorphous carbon film.
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2.5.5 Raman Spectroscopy

The samples were separately dispersed in propan-2-ol, drop-cast onto Si(100)
supports. Raman spectroscopy was performed using a HORIBA Jobin Yvon
LabRAM HR spectrometer equipped with an automated xyz stage (Mérzhdauser).
Spectra were acquired using a 532 nm laser at 0.2mW power, in the range 50 to 4000
cmL, with 5 seconds and 8 accumulations per spectral window, using a 50x objective
and a 300 um confocal pinhole. To simultaneously scan a range of Raman shifts, a
600 lines/mm rotatable diffraction grating along a path length of 800 mm was
employed. Spectra were detected using a SYNAPSE CCD detector (1024 pixels)
thermoelectrically cooled to —60 °C. Before the spectra collection, the instrument was
calibrated using the Rayleigh line at 0 cm™ and a standard Si(100) reference band at

520.7 cm L.

2.5.6 Fluorescence-Detected X-ray Absorption Spectroscopy

All FD-XAS measurements were carried out on the XMaS beamline (BM28) at the
ESRF in Grenoble. Samples were deposited onto carbon tape, which was then
mounted onto a stainless steel sample holder. FD-XAS edge inflection points were
obtained by fitting a smoothing spline to the measured spectrum, and taking the first

derivative of the fitted spectrum.

2.5.7 Image Simulation

TEM image simulation was carried out using the multislice program QSTEM.
QSTEM uses the Dirac-Fock scattering potential of Rez et al.®® A fixed number of 20
slices per nanotube was chosen and images were calculated with a sampling of 0.05
nm per pixel. The aberration coefficients and defocus parameters df, CS, Al, and B2

were set according to the imaging conditions in the specific experiment. The
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convergence angle was fixed at 0.5 mrad. The effect of limited electron dose was

emulated by applying noise to the calculated images using a custom-made

Monte-Carlo program exploiting the Poisson statistics of electrons. Atomic models of

SWNTs were built using a custom-made program taking into account different

nanotube chiralities, if determinable in the experimental images. The structural

models of the inorganic nanomaterials are based on scaled bulk structures and the

model of Cu2Ox@SWNT was rendered and iteratively fitted to the experimental

results.
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Chapter Ill: Investigations into the
Behaviour of the Group 10 Metals
when Confined inside Single-Walled
Carbon Nanotubes

3.1 Introduction

The group 10 elements, consisting of platinum, palladium, and nickel are crucially
important for many industrial catalytic applications.r® However, very little is known
about their interactions with carbon at the atomic scale, and this is essential to allow
for a fundamental understanding of organometallic bonding, which is crucial for

catalysis and sensing purposes.

In addition to the formation of encapsulated metallic nanoparticles (MNPs) to allow
for the study of metal carbon interactions, it is also essential to find applications for
the materials produced, as nanoparticles have different properties to their bulk
analogues due to a high surface area to volume ratio.® ’ Furthermore, nanoparticles of
group 10 metals, and indeed controlled methods to make these materials are necessary
as they have potential use in a wide range of applications, such as nickel nanoparticles
(NINPs) for the hydration of CO>; palladium nanoparticles (PdNPs) for selective drug

delivery; and platinum nanoparticles (PtNPs) for small molecule sensing.* &12

As shown in Chapter 11, single-walled carbon nanotubes (SWNTS) can act as excellent
containers for small amounts of metallic atoms and can successfully be employed to
study properties of metals at the nanoscale. In this chapter, the method is going to be
reproduced to study the group 10 metals. Atomic precursors containing the three

metals will be inserted into SWNTSs, decomposed to form MNPs and studied using
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aberration-corrected high resolution transmission electron microscopy (AC-
HRTEM). Herein the interactions between the group 10 elements and SWNTSs has
been discussed, with noticeable trends in terms of morphology, catalytic properties

towards C-C bond formation, and metal-carbon (M-C) bonding observed.

3.2 Results

3.2.1 Materials Preparation

The transition metals palladium and platinum were encapsulated into SWNTSs in the
form of metal acteylacetonates (M(acac)z2), (M = Pt, Pd); and nickel in the form of
nickel hexafluoroacetylacetonate, Ni(HFacac),, (HFacac = ((CFzCO)2CH)’) which
were all easily be broken down into pure metal and volatile organic ligand (figure
3.1). The chosen complexes sublime without decomposition when heated under
vacuum (10° mbar), and so heating them at slightly above their sublimation
temperature in a sealed ampoule with SWNTSs led to their encapsulation. Excess
complex remained on the outside of the SWNTs, and this was removed using
dichloromethane, which selectively removes complexes from the exterior of

SWNTs.1

Heating the encapsulated complexes at 500 °C under argon for 1 hr led to the volatile
ligands being expelled from the SWNTSs, and the metal atoms aggregated into clusters
of ca. 50-60 atoms inside the internal channel of the SWNTSs (figure 3.1 a). The
encapsulation of the metal clusters formed inside the nanotubes was successfully
confirmed by HR-TEM and EDX spectroscopy using a focussed 100 keV electron

beam irradiating a small sample of ca. 5-10 filled SWNTSs (figure 3.1, b-d).
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Figure 3.1: a) A schematic representation showing how MNPs of the group 10
elements were synthesised in SWNTs. An appropriate precursor is sealed under
vacuum with SWNTs and heated slightly above its sublimation temperature for
3 days. The SWNTs are then washed with CH2Cl2 to remove unencapsulated
material, followed by heating at 500 °C under argon to form the MNPs; b-d)
EDX spectra recorded at 100 keV primary electron energy and integrated over
a small bundle of nanotubes confirm the presence of the different group 10
metals inside SWNTs: b) nickel, c) palladium and d) platinum. Copper and
silicon peaks are due to the specimen TEM grid. Inset of each EDX spectrum is

C Cu
Cu Cu
T 1
5 10
Energy (keV)
| -
Pd
O cu
= T T T 4 1 o 1
1 2 3 4 5
Energy (keV)
(o]
M
L T b T L ||  § =S T 1
1 2 3 4 5

Energy (keV)

100



a low-magnification micrograph showing bundles of nanotubes filled with each
metal. The scale bars are all 10 nm.

3.2.2 AC-HRTEM Analysis

AC-HRTEM has been used to investigate the materials formed, firstly as an imaging
technique to view the distances between atoms in each sample, but also as a high
energy experimental technique. Each material was irradiated with a constant electron
dose rate of ca. 2 x 10’ enm?s? and their resultant interactions with carbon

nanostructures monitored.

3.2.2.1 Nickel

Relative to the heavier group 10 elements platinum and palladium, nickel atoms
appear as a light contrast material, similar to carbon atoms. AC-HRTEM observations
at 80 kV reveal the nickel clusters as cubic and compact (figure 3.2 a). Slow rotational
motion allows for clear visualisation of the cubic lattice, which is consistent with the
space group of bulk nickel, Fm-3m. The (100) plane of the nickel cluster is present,

and the atoms appear to be spaced very similarly to that of bulk nickel (figure 3.2 b).

Figure 3.2: a) AC-HRTEM image showing nickel encapsulated within a SWNT.
The NiINP has formed a close pack cubic structure which is similar to the
structure of bulk nickel. The scale bar is 1 nm; b) The (100) crystal plane of bulk
nickel for comparison.

Nickel clusters adopt a variety of different sizes, and their size seems to influence

their behaviour. For example, when clusters of nickel atoms are relatively large, there
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appears to be a significantly stronger interaction with the nanotube sidewall which

rapidly leads to the breakage of SWNTSs (figure 3.3).

As soon as nickel has interacted with the wall of the SWNT it promptly causes a large
vacancy in the SWNT wall, which is of comparable size to the nickel cluster itself
and the cluster is then ejected by the SWNT. In this example, prior to breaking the
nanotube, the nickel cluster is attached to a long chain of adventitious carbon which
is also present inside the SWNT, however this long chain is quickly repelled once
contact is made with the sidewall, which shows a preference for the nickel cluster to
bond to the nanotube itself, and similar behaviour has been observed previously by

Lebedeva et al.**
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Figure 3.3: Sequential AC-HRTEM images showing how a large cluster of
encapsulated nickel interacts with the sidewall of a SWNT. Here, a NiNP cluster
attached to a carbon cylinder rapidly changes morphology (a, b) and makes
contact with the SWNT sidewall (c). The carbon cylinder previously attached to
the NiINP dissociates (d-f) during which time the NiINP cluster strongly
establishes itself as part of the sidewall. The NiNP cluster then detaches from the
sidewall (g-h). The scale bar is 1 nm. The images were taken over 60 seconds.

This cluster is relatively large and has an ordered cubic structure which appears to

facilitate the breakage of the SWNT in an efficient manner and is very similar to
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nickel cutting a nanotube, as shown previously by Lebedeva et al. However, the size
and shape of the cluster can be shown to directly influence the strength of interaction
between the nanotube and the sidewall. Sinitsa et al have shown that when a smaller
cluster of nickel atoms is present, the interaction between the cluster and the wall is
reduced which instead of breakage leads to the formation of a new carbon structure
(figure 3.4).%° Here a small cluster of NiNPs attached to the sidewall of a SWNT, but
instead of ejecting atoms of carbon from the nanotube wall, restructuring takes place.
Carbon atoms are removed from the wall of the nanotube but the NiNP facilitates the

formation of a new hemispherical carbon shell.
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Figure 3.4: Sequential AC-HRTEM images showing how a small cluster of nickel
interacts with the wall of a SWNT in real time. The NiNP makes contact with the
side of the SWNT (a) and withdraws carbon atoms from the wall (b-d). The
removed carbon atoms are reorganised in the form of a small carbon nanotube
which extrudes from the NiNP (e-h). The scale bar is 1 nm, and images were
taken over 80 seconds.

Initially there is a cluster of around 40 nickel atoms which is surrounded by a carbon
shell. This group of atoms then attaches to the SWNT sidewall which leads to carbon
from the wall being extracted by the small nickel cluster and using the energy of the
electron beam, this leads to the formation of a protrusion of carbon atoms, about 2 nm
long. In spite of the best efforts of the electron beam to damage the nanotube
completely, there is no evidence of nanotube breakage, just a large defect where

carbon atoms have been recycled from the wall into a cylinder (figure 3.4 h).

3.2.2.2 Palladium
Palladium atoms appear as a dark contrast material, and shown below is the (111)
plane of the palladium crystal which is in agreement with the crystal structure of bulk

palladium (figure 3.5).
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Figure 3.5: a) AC-HRTEM image showing PdNPs encapsulated within a SWNT.
The PANP has formed a hexagonal structure which is similar to the structure of
bulk palladium; (b) The (111) crystal plane of bulk palladium for comparison,
the scale bar is 1 nm.

Palladium appears to reorganise carbon structures; however, it doesn’t appear to

interact with the side wall of the SWNT which is very different to how nickel behaves,
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and no vacancy defects are promoted. There are no persistent interactions between
the metal and the nanotube sidewall, and on the contrary as the PANP approaches the

wall, it is actively repelled by the SWNT (figure 3.6).

Figure 3.6: Sequential AC-HRTEM images (left hand side) showing how PANPs
interact with the sidewall of a SWNT in real time. The cluster of palladium atoms
originates in the centre of the hollow cavity (a) and approaches the side which
causes a slight distortion in the wall of the nanotube (b). The PANP changes
morphology to become spherical (¢) and then moves back into the centre of the
nanotube which subsequently causes a distortion for the other side of the
nanotube wall (d). The scale bar is 1 nm. A corresponding model is shown to the
right hand side of each micrograph. The images were recorded over 200 seconds.

In addition to differences in the interactions between nickel and palladium with the
nanotube sidewall, there are significant changes when observing how palladium

interacts with adventitious carbon in the nanotube. When palladium is attached to a
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carbon bubble, there is an extraction of carbon atoms from one face of the cluster and
a growth of a carbon containing cylinder on the other side. A cluster of encapsulated
palladium atoms is interacting with amorphous carbon (figure 3.7 a), during this time,
the palladium cluster appears to change morphology brings it closer to the SWNT
sidewall. However, as similarly shown in the previous palladium example (figure 3.6)
the palladium atoms do not come into contact with the side wall (figure 3.7 b), and
there is a slight distortion in the sidewall to accommodate the PANP. Eventually a
carbon cylinder begins to extrude from the PANP (figure 3.7 c¢) until there is only

contact with carbon on one face of the PANP (figure 3.7 d)

Figure 3.7: Sequential AC-HRTEM series (left hand side) showing the
interactions between PdNPs and a chain of amorphous carbon in real-time.
Originally there appears to be a chain of carbon atoms either side of the PANP
(a). Subsequently, the PANP appear to migrate towards the wall of the SWNT
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(b) and amorphous carbon is moved from the left hand side of the PANP to the
right hand side (c) where the carbon chain appears to extend. A corresponding
model is shown to the right hand side of each micrograph. The scale bar is 1 nm
and images were recorded over 300 seconds.

3.2.2.3 Platinum
Platinum appears in the SWNT as a very dark contrast crystalline material (figure 3.8

a), which correlates with the (111) crystal plane of bulk platinum (figure 3.8 b).

Figure 3.8: a) AC-HRTEM image showing PtNPs encapsulated within a SWNT.
The PtNP has formed a hexagonal structure which is similar to the structure of
bulk platinum; (b) The (111) crystal plane of bulk platinum for comparison. The
scale bar is 1 nm.

Unlike the previous examples where nickel readily cut open the nanotube wall, and
palladium evaded it, the platinum atoms readily attach to the sidewall of the nanotube,
but there is no breakage of the SWNT sidewall; rather the PtNPs remain as part of the
sidewall (figure 3.9). When a PtNP is attached to a hemispherical carbon bubble
(figure 3.9 a), it begins to migrate towards the wall of the SWNT, and originally the
PtNP appears to repel the wall, (figure 3.9 b) in a similar process to palladium (figure
3.6 b). Eventually platinum atoms engage in bonding with the nanotube sidewall
(figure 3.9 c) but in contrast to the nickel which rapidly weakens the C-C bonding
causing the nanotube to break, platinum readily attaches and dissociates with the

nanotube wall (figure 3.9 d, e, f). During this time, the carbon structure around the
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platinum cluster shrinks, and so there is no evidence of platinum promoting the

growth of small nanotubes.

P T 2, S et
* RS L V

Figure 3.9: Sequential AC-HRTEM images showing how a small cluster of
encapsulated platinum atoms interacts with the sidewall of a SWNT and
adventitious carbon. Initially, a PtNP attached to a hemispherical carbon bubble
(a) makes contact with the sidewalls of the SWNT (b,c). The hemispherical
carbon shell around the PtNP cluster shrinks as the electron beam ejects carbon
atoms from the structure (d-f). The scale bar is 1 nm and images were taken over

ca. 250 seconds.
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Similarly to nickel, but unlike palladium, a large size distribution of the nanoparticles
formed was observed, and PtNPs are also present in the form of a large rod, which

contains approximately 200-300 atoms of platinum.

When Pt nanoparticles are present as a large rod, (figure 3.10), they begin to migrate
towards a defect in the wall of the SWNT (figure 3.10 b), and single platinum atoms
engage in a process of bonding with the SWNT wall (figure 3.10 c). Over time, it
appears that the platinum cluster is beginning to vacate the nanotube (figure 3.10 d);
however, this doesn’t occur, and the platinum cluster changes morphology to become
a sphere which is the configuration with the least amount of surface energy (figure
3.10 e). Following this morphological transition, a process of rebuilding the wall of
the SWNT begins (figure 3.10 f), and excess carbon, some of which is inside the
nanotube, is used to anneal the sidewall (figure 3.10 g) until eventually the SWNT
has been fully healed, and a nanoprotrusion, similar to ones previously observed with

encapsulated osmium and ruthenium is formed.*®
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Figure 3.10: Sequential AC-HRTEM images showing how a large cluster of
platinum atoms interacts with the SWNT. The PtNPs migrate towards a defect
in the nanotube wall (b), platinum atoms insert into this defect (c) and the PtNP
starts a process of annealing the nanotube wall (d). Over time, the large cluster
of platinum atoms adopts the configuration which minimises its surface area,
and a large spherical carbon shell forms around it (e-h). The scale bar is 1 nm.
The images were recorded over 1000 seconds. Below each AC-HRTEM image is
a corresponding model.
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3.2.3 Electron Transfers within MNPs@SWNT

Cross correlating fluorescence-detected X-ray absorption spectroscopy (FD-XAS)
with Raman spectroscopy allows for the determination of both the oxidation state of
the material present inside the nanotube, and the vibrational characteristics of the host
nanotube respectively, thus allowing for a systematic understanding of the electron
transfer between the nanotube and encapsulated compound (table 3.1). The systematic
study of the excitation edge energy of each material, grouped together by their atomic
composition, and compared to the edge energy of known standards enables the

monitoring of oxidation state of the metal present in each material.

Upon encapsulation of Ni(HFacac)2@SWNT, the energy of the nickel K edge
decreases by 1.24 eV which indicates a slight increase of electron density on the nickel
centre upon encapsulation (figure 3.11 a,b; table 3.1), but the energy is still higher
than that of a Ni(ll) standard, NiCl,. Upon decomposition to Ni@QSWNT, the energy
of the nickel K edge decreases much further (an additional 12.12 eV) which is
characteristic of a neutral nickel species, and indeed this energy is only 0.88 eV

greater than that of bulk nickel

The position of the G band of the Raman spectra of the filled nanotubes can be
compared to that of an empty nanotube, but both are negligible suggesting there is no
charge transfer between the guests and their respective nanotubes upon encapsulation

(table 3.1).

For palladium containing species in SWNTS, the encapsulation of Pd(acac). leads to
a large decrease in the palladium Ly edge position compared to that of bulk Pd(acac)..
There is a decrease of just over 1 eV, which although is smaller than the decrease in

the nickel K edge energy for the encapsulation of Ni(HFacac)a, is similar to the energy
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of the edge in Pd(0), suggesting that negative charge is being transferred to the
palladium (figure 3.11 c,d). The Raman spectrum of Pd(acac).@SWNT compliments
this finding as an increase in the position of the G band (+4 cm™) is present which
suggests electron transfer from the nanotube to the guest (table 3.1). Thermal
decomposition of Pd(acac).@SWNT results in the formation of PA@SWNT, and the
position of the Ly edge of encapsulated palladium is similar to that of bulk palladium
metal (0.23 eV lower), with the Raman spectrum of PA@SWNT showing only a

negligible difference in the G band position when compared to an empty SWNT.

In contrast to the smaller group 10 elements, the FD-XAS of Pt(acac).@SWNT shows
a slight increase in the platinum Ly edge energy relative to that of a Pt(acac). control
sample, indicating a small reduction of electron density on the Pt centres inside the
nanotubes; (figure 3.11 e, table 3.1). However, Raman spectroscopy shows no shift
in the G band of the SWNT suggesting little or no charge transfer between the guest
and the nanotube upon encapsulation. This suggests that the molecule is becoming
more polarised in the nanotube, which implies weakening of the Pt-O bond and will

be discussed further in Chapter V.

Heating Pt(acac)>@SWNT under argon at 500 °C for one hr resulted in the
decomposition of Pt(acac), to form Pt@SWNT. The energy of the Pt Ly edge in
Pt@SWNT is increased significantly relative to bulk metallic Pt which suggests the
host SWNT depletes electron density around the metal. This correlates with a small
red shift of the G band in the Raman spectrum of the host nanotubes (-4 cm™),
confirming that some electron transfer takes place from platinum to the SWNT in the

Pt@SWNT material, leading to platinum in an oxidation state slightly above zero.
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Figure 3.11: Normalised FD-XAS of (a) encapsulated nickel compounds
compared to known standards. The encapsulation of Ni(HFacac): leads to a
decrease in the nickel K edge energy which shows an increase of electron density
onto the nickel. Upon formation of NiNPs, the edge decreases even further; b)
the first derivative of each smoothed spectrum, to determine the excitation edge
position; ¢) encapsulated palladium compounds compared to known standards.
The encapsulation of Pd(acac). leads to a decrease in the palladium Lin edge
energy of the Pd centre which shows an increase of electron density onto the
palladium. Upon formation of PANPs, the edge decreases even further and is
similar to that of bulk palladium; d) the first derivative of each smoothed
spectrum is shown, to determine the excitation edge position; €) platinum
compounds compared to known standards. The encapsulation of Pt(acac): leads
to an increase in the platinum L edge energy which shows a decrease of electron
density on the Pt. After decomposition to platinum, the edge decreases slightly
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but still remains much higher than that of bulk platinum and f) the first
derivative of each smoothed spectrum, to determine the excitation edge energy.

Table 3.1: Shifts in edge energy of the encapsulated group 10 metals with respect
to (w.r.t.) M(0) controls. Data for the nickel K edge, palladium L edge and
platinum L edge energies are shown. Where applicable the G band of materials
compared to that of a pristine SWNT have been recorded, and the direction of
charge transfer monitored.

G band
. . Edge energy position (cm™?) Direction of
Nlcknilaigpizlsnmg (eV) (shift w.r.t. (shift w.r.t. electron transfer
Ni(0), eV) pristine (if applicable)
SWNT)
Ni 8333.89 + 0.009 i
(0) f
. 8334.75 £ 0.099 No transfer
NI@SWNT (0.88) 1591 (+1) observed
. 8342.45 + 0.066
NiCl2 (8.56) -
. 8345.65 + 0.584 No transfer
Ni(HFacac).@SWNT (11.76) 1591 (+1) observed
. 8346.89 +0.066
Ni(HFacac): (13.00) -
G band
: Edge energy position (cm™) Direction of
con taliar?ilrlladrlrlljarl?erials (eV) (shift w.r.t. (shift w.r.t. electron transfer
g Pd (0), eV) pristine (if applicable)
SWNT)
3174.86 +0.073
Pd -
(0) f
3174.63 + 0.064 No transfer
PA@SWNT (-0.23) 1590 (0) observed
Pd(acac),@SWNT 3174'(%90*3)0'058 1504 (+4)  SWNT >Pd(acac)
3175.31 £0.183
3175.88 +0.072
Pd(acac) (1.04) -
G band
. - Edge energy position (cm™) Direction of
Platlnnl{]r;](:gg;csmmg (eV) (shift w.r.t. (shift w.r.t. electron transfer
Pt (0), eV) pristine (if applicable)
SWNT)
Pt 11561.30 £ 0.70 )
(0)
11562.16 + 0.74
Pt(acac) (0.86) -
Ptl; 11562.22 + 0.39 -
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(0.92)

Pt@SWNT 1156%380? 021 4586 (-4 Pt > SWNT
Pt(acac)2@SWNT 1156%6;7? 020 1590 (0) Pt> 0
o 11563.19 + 0.26 _
4 1.89)
SWNT i 1590 (0) :

3.3 Discussion

In contrast to the thermal treatment of Cu(acac)>@SWNT (Chapter 111), heating the
encapsulated group 10 molecules under argon only led to the loss of volatile ligands

and the presence of MNPs; no evidence of oxide formation was found (schemes 3.1,

3.2,3.3)
. 125°C . 500 °C .
Ni(HFacac), + SWNT —=>— 3= Ni(HFacac), @SWNT >~ Ni@SWNT
3 days 1 hr, Ar
105 mbar

Scheme 3.1: Formation of Ni@SWNT from a nickel containing precursor.

130 °C 500 °C

Pd(acac), + SWNT —————» Pd(acac), @SWNT — 3 Pd@SWNT
3 days 1 hr, Ar
10 mbar

Scheme 3.2: Formation of PA@SWNT from a palladium containing precursor.

150 °C 500 °C
Pt(acac), + SWNT W Pt(acac), @SWNT m» Pt@SWNT
r, Ar

10" mbar

Scheme 3.3: Formation of Pt@SWNT from a platinum containing precursor.

When observing the dynamics of clusters of the group 10 atoms, nickel clusters appear

to have undergone extensive fragmentation, and although a few large clusters were
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observed, most were small and highly dynamic under the electron beam. This is of
contrast to palladium clusters, which don’t appear as dynamic under the electron
beam, and there was no evidence of single atoms becoming detached from the main
cluster. On the other hand, platinum atoms appear fast moving, and there is evidence
of individual atoms getting detached from the small cluster (figure 3.10) but not the

large rod.

Analogous to the group 11 metals (Chapter Il), the ratio Tmax (M) to Econ(M) can be
used as a guide to qualitatively show the amount of Kinetic energy an atom receives
from the 80 keV electron beam (table 3.2).

Table 3.2: Cohesive energy of metals (Econ) and maximum transferred energy
(Tmax(M)) from the 80 kV electron beam for the group 10 metal atoms. The ratio

T(M)/Ecoh represents the energy received from the electron beam as a percentage
of metal cohesive energy.

Metal Tmax(M) Cohesive energy, Econ [Tmax(M)/Econ] x 100
(eV) (eV/atom) (%)
Nickel 3.23 4.44 73
Palladium 1.78 3.89 46
Platinum 0.97 5.84 17

Nickel atoms are shown to receive the highest proportion of energy required for their
ejection from the bulk, and so it would be expected that nickel would act more
dynamically under the electron beam, followed by palladium and platinum. Nickel
clusters are observed to have highly effective interactions with the sidewall of the
nanotube, with the extensive formation of multi-vacancy defects, which leads to the
rapid breakage of the nanotube sidewall. This is significant as controlled cutting of
the SWNT sidewalls is extremely important for the fabrication of nanoscale electronic

devices 1819
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Conversely no persistent Pd-C interactions are found, which shows a very weak
interaction between the cluster and sidewall, whereas PtNPs appear to effectively
interact with the sidewall. For both large and small clusters, platinum atoms insert
into vacancies in the sidewall and assist in annealing the sidewall by removing

defects.

Similarly, there are more single trapped atoms of platinum than palladium or nickel.
These are atoms which have formed o—bonds with the carbon atoms surrounding
defects in the nanotube wall. Once single metal atoms become embedded within the
nanotube, the C-C bonds of the nanotube wall can become dislodged to an atom
specific degree, where they are either ejected from the nanotube, or engage with the
MNP and become involved in a process of restructuring to form new carbon

structures.

Nickel atoms promote the formation of hemispherical nano-buds by attaching to the
sidewall of a SWNT and using the carbon atoms removed from the SWNT sidewall
by the electron beam to form small carbon structures. This process happens quite fast,
owing to the effectiveness of nickel in removing atoms from the nanotube sidewall,
and expediently the nano-bud is formed. Palladium metal clusters effectively catalyse
the formation of extended carbon cylinders, but in the case shown previously (figure
3.7) the carbon is from the opposite face of the cluster, and it simply passes through,
extruding from the other side. Since palladium has been shown to interact with the
sidewall very weakly, this is unsurprising. On the other hand, platinum clusters are
shown to effectively catalyse small hemispherical carbon shells, but no extended
cylinders were observed. Platinum therefore has been shown to anneal carbon

nanostructures most effectively as it forms relatively strong bonds with carbon atoms
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but can then easily dissociate, and is the most effective of the three elements, since

palladium struggles to bond to carbon and nickel bonds too strongly.

3.4 Conclusion

The group 10 metals have been successfully encapsulated into SWNTs and their
interactions with carbon studied, which has allowed for comparisons and trends to be
shown throughout the group (figure 3.12). Nickel appears to form the most effective
bonds with carbon, as it readily attaches to both the sidewall of the SWNT and
adventitious carbon. This is of contrast to palladium, which although readily
restructures carbon into cylinders, doesn’t seem to engage in any bonding with the
nanotube sidewall. Platinum seems the most effective element at entering the sidewall
of defective SWNTs and healing them. As a contrast, nickel engages in strong o-
bonding with SWNTs which results in the irreversible destruction of the SWNT
sidewall. Similarly, although palladium doesn’t engage in bonding with sidewalls, it

is very effective at restructuring adventitious carbon inside the SWNT,

GI’OUE X Structure/ nature Formation of Promotion of defect
of metal clusters carbon shells - formation in SWNTs

MY

Small clusters are diffuse,
large more crystalline

%

Diffuse metallic cluster

Hemispherical nano-
bud formation

b LI
Elongated carbon
cylinder

B 1 Ree
AUt o sasel

Well defined metallic Small hemispherical
cluster carbon shell healing of defect

Cohesive energy

Restructuring of sidewall defects

Metal-carbon mt-bonding

s
Metal-carbon o-bonding
Passivati%\‘ metal cluster

Figure 3.12: Schematic representation of the observed trends of the group 10
metals inside SWNTSs, when studied using 80 keV AC-HRTEM.

In order for a metal to be an effective catalyst, it must bind strongly to another material
but also readily detach, and this study has shown that platinum atoms would be the
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most appropriate catalysis as they form strong bonds with carbon, but readily
disengage. This is shown by how effectively nanotube sidewall defects are

restructured.

The group 10 metals are widely used for catalytic and detection processes, and the
findings from this investigation have very exciting implications as it shows just how
effective each metal is relative to the others, and forms the basis of the investigation

into the sensing properties of group 10 metals at the nanoscale, Chapter VI.

3.5 Experimental

SWNTs (P2, arc discharge, Carbon Solutions, USA) were annealed at 600 °C for 15
min to open their termini and remove any residual amorphous carbon from their
internal cavities resulting in a 50% mass loss being observed. The metallic precursors,

Ni(HFacac),, Pd(acac). and Pt(acac). were used as supplied (Sigma Aldrich).

3.5.1 Encapsulation of Complexes

Each metal precursor (10 mg) was sealed under vacuum (107 bar) in a Pyrex ampoule
with freshly opened SWNTs (5 mg) and heated at slightly above their sublimation
temperature for 3 days to ensure penetration of the SWNT by the complexes (see table
3.3 below). The samples were cooled rapidly and repetitive washing with
dichloromethane (4 x 25 mL) was performed to remove any excess material from the

exterior of the SWNTSs.
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Table 3.3: A summary of conditions required to form each encapsulated metal

species.

Sublimation

Initial compound  Amount of compound (mmol) temperature (°C)

Ni(HFacac); 2.12x 10 2 125
Pd(acac) 3.28 x 10?2 130
Pt(acac): 2.54 x 102 150

3.5.2 Formation of MNPs@SWNT

Under atmospheres of argon, Ni(HFacac):@SWNT (5 mg), Pd(acac)2@SWNT (5
mg), Pt(acac).@SWNT (5 mg) were heated at 500 °C for 1 hr and allowed to cool

down slowly.

3.5.3 Electron Microscopy

SWNTs filled with the encapsulated materials were dispersed in propan-2-ol using an
ultrasonic bath and drop cast onto lacey carbon-coated copper TEM grids (Agar). HR-
TEM imaging and electron beam irradiation was carried out on a JEOL 2100 FEG-
TEM microscope operated at 100 kV. Aberration-corrected TEM was performed at
the University of Ulm on a Cs corrected FEI Titan 80-300 TEM operated at 80 kV
with information limit enhancement by reduced extraction voltage. All images were
processed using Gatan Digital Micrograph, and the quoted distances were measured

by drawing a line profile and measuring the electron intensity.
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3.5.4 EDX Spectroscopy

Local EDX spectra were acquired for samples mounted on lacey carbon-coated
copper TEM grids using an Oxford Instruments INCA X-ray microanalysis system.
The electron beam was condensed onto areas of specimens (bulk specimen or

nanotube bundles) suspended over holes of the amorphous carbon film.

3.5.5 Raman Spectroscopy

The samples were separately dispersed in propan-2-ol, mounted onto Si(100)
supports. Raman spectroscopy was performed using a HORIBA Jobin Yvon
LabRAM HR spectrometer equipped with an automated xyz stage (Mérzhduser).
Spectra were acquired using a 532 nm laser at 0.2mW power, in the range 50 to 4000
cmL, with 5 seconds and 8 accumulations per spectral window, using a 50x objective
and a 300 um confocal pinhole. To simultaneously scan a range of Raman shifts, a
600 lines/mm rotatable diffraction grating along a path length of 800 mm was
employed. Spectra were detected using a SYNAPSE CCD detector (1024 pixels)
thermoelectrically cooled to —60 °C. Before the spectra collection, the instrument was
calibrated using the Rayleigh line at 0 cm™ and a standard Si(100) reference band at

520.7 cm L.

3.5.6 Fluorescence-Detected X-ray Absorption Spectroscopy

All FD-XAS measurements were carried out on the XMaS beamline (BM28) at the
ESRF. Samples were deposited onto carbon tape, which was then mounted onto a
stainless steel sample holder. FD-XAS edge inflection points were obtained by fitting
a smoothing spline to the measured spectrum, and taking the first derivative of the

fitted spectrum.
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Chapter IV: A One-Pot-One-Reactant
Synthesis of Platinum Compounds at
the Nanoscale

4.1 Introduction:

The development of new methodologies for the controlled arrangement of molecules
and atoms into highly ordered arrays is vitally important for harnessing the functional
properties emerging at the nanoscale due to the effects of confinement, which are
essential for catalytic, electronic and biomedical applications. The cylindrical internal
cavity of single-walled carbon nanotubes (SWNTSs) provides an effective template for
control of the exact positions and orientations of molecules and atoms and has been
successfully applied to the construction of nanoscale architectures from a variety of

metals,' organic molecules,*® and inorganic compounds.’*2

A striking example of the power of this technique was reported by Chuvilin et al. who
demonstrated that sulfur-terminated graphitised nanoribbons, practically impossible
to fabricate by synthetic chemistry routes, can be spontaneously formed from
inexpensive, readily available precursors, such as tetrathiafulvalene, in one step
within SWNTs.*® 1 More recently, very narrow double-walled carbon nanotubes
have been demonstrated as effective containers for templating the important, but still
elusive, allotrope of carbon, carbyne.’® Shi et al. demonstrated that at high
temperature the host nanotube can template the formation of this new allotrope of
carbon and protect it from undesired side reactions, thus paving the way for the first
bulk production of carbyne. These examples clearly demonstrate the intrinsic ability

of the SWNTSs to direct chemical reactions and control the dimensionality of products
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formed inside nanotubes, where the product structure is crucially determined by the

internal diameter of the nanotube.

Low-dimensional inorganic materials, including transition metal chalcogenides, are
currently of particular interest due to the fact that their semiconducting electronic
properties can be precisely tuned by shaping their structures into nanoribbons, in an
analogous fashion to graphene.'® While the host nanotube can control the dimensions
of the inorganic structure, control of the stoichiometry is typically achieved by
immersing open SWNTs into a molten inorganic compound with the desired,
predetermined chemical composition, so that the nanotube becomes filled with
cations and anions in the correct ratio due to capillary forces. A now ubiquitous
technique, it has led to the encapsulation of many inorganic compounds, such as
LaCls,'” KI,'8 Col,,*® SnTe,?° and Baly,® yielding nanostructures with well-defined
composition and morphology, and physical properties often different to those found
in the bulk (see Chapter 1, section 1.3). However, the need to melt inorganic
compounds in this method imposes severe limitations on the choice of encapsulated
materials, as many important inorganic materials, such as metal sulfides, decompose
before melting or melt at extremely high temperature, e.g. the melting point of MoS>

is 1185 °C.%

The direct synthesis of inorganic compounds inside nanotubes can offer an attractive
alternative which may significantly broaden the scope of inorganic compounds that
are confined to the nanoscale. The nanotube in this case acts simultaneously as a
nanoscale reactor and a template for controlling the dimensions of inorganic
structures. As shown in Chapter I, inorganic synthesis inside nanotubes has been
successfully applied by Eliseev et al. to the synthesis of CAS@SWNT by treating pre-

encapsulated Cdl», inserted into nanotubes from the molten phase, with sulfur at high
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temperature.?? This elegantly avoids the problem that bulk CdS has a melting point of
1750 °C, precluding the molten phase filling of this material. Similarly, the formation
of low-dimensional MS; (M = Mo, W?*) in multi-walled carbon nanotubes has been
demonstrated by Wang et al. via the decomposition of molecular complexes
demonstrating the further potential for tailoring bespoke semiconducting inorganic

materials with nanoscale precision.

In this study, the use of carbon nanotubes as nanoreactors in stepwise and one-pot
inorganic syntheses has been advanced, highlighting the advantages and limitations
of the different approaches. Using the compounds of platinum as models, a new
strategy for the fabrication of inorganic nanomaterials with controlled structure and
composition has been outlined. Conducting the chemical transformations inside the
host nanotube allows structural determination of the reaction products with atomic
precision by aberration-corrected high resolution transmission electron microscopy
(AC-HRTEM) and aberration-corrected scanning transmission electron microscopy
(AC-STEM), while a unique approach based on cross-correlation of fluorescence-
detected X-ray absorption spectroscopy (FD-XAS) and Raman spectroscopy applied
at each stage of inorganic synthesis in carbon nanotubes enables determination of the
exact oxidation state of metal in inorganic compounds formed inside nanotubes and
the vibrational properties of the host nanotube respectively. This methodology
enables changes in host-guest interactions from one stage of inorganic synthesis to
another to be monitored by multiple techniques for the first time, providing a
systematic understanding of the electron transfer between the nanoreactor and

encapsulated compound during all stages of the formation process.
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4.2 Results and Discussion:

4.2.1 Stepwise Synthesis

The stepwise formation of inorganic materials in SWNTSs can be achieved by selecting
an appropriate metal precursor, i.e. small volatile metal complexes consisting of the
required metallic element for the desired inorganic material, and inserting them into
the nanotube (figure 4.1 a), followed by thermal treatment to remove the volatile
ligand from the nanotube cavity (figure 4.1 b), with the sequential addition of a non-
metallic element which reacts with the metal to form a desired inorganic compound.
If necessary, more reaction steps can be added to convert the inorganic compound to

another product (figure 4.1 d).
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Figure 4.1: Schematic illustration depicting how inorganic materials can be
formed using nanotubes as templates; a) the encapsulation of a selected metal
precursor for the desired metallic element followed by thermal decomposition to
form MNPs@SWNT; b) the addition of the second element by adding a second
precursor followed by chemical reaction to form the inorganic material; c) the
formation of inorganic materials using a one-step filling process in which both
precursors, metallic and non-metallic, are added at the same time followed by
chemical reaction; d) the transformation of one encapsulated inorganic material
to another by treatment with a suitable reagent inside the nanotube.
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To explore and evaluate this approach for inorganic synthesis in SWNTSs, platinum
acetylacetonate, Pt(acac)> was inserted into SWNTs from the gas phase, with the
excess removed from the exterior of SWNTSs by applying a selective dichloromethane
washing technique,® leaving only Pt(acac), molecules that are encapsulated within
the nanotube, Pt(acac)2@SWNT. FD-XAS of Pt(acac)2@SWNT shows a slight
increase in the platinum Ly edge energy relative to that of a Pt(acac). control sample
(table 4.1) indicating a small reduction of electron density on the metal centre of
Pt(acac): inside the nanotubes (figure 4.2 a,b); however, Raman spectroscopy (figure
4.2 c) shows no shift in the G band of the SWNT suggesting little or no charge transfer
between the guest and the nanotube upon encapsulation (as shown previously in
Chapter 111, section 3.2.3).%6 Heating Pt(acac).@SWNT under argon at 500 °C for 1
hr resulted in the decomposition of Pt(acac). and the release of metallic platinum into
the SWNT cavities in the form of cylindrical nanoparticles with an average length of
1.5 nm and diameter of 1.0 nm as confirmed by HR-TEM imaging (figure 4.2 d inset).
As shown in Chapter Ill, and table 4.1 below, the energy of the Pt Ly edge in
Pt@SWNT is increased significantly relative to bulk metallic platinum which
suggests the host SWNT depletes electron density around the metal. This correlates
well with a small but measurable red shift of the G band in the Raman spectrum of
the host nanotubes, confirming that some electron transfer takes place from metallic
platinum to SWNT in the Pt@SWNT material, leading to platinum in an oxidation

state slightly above zero (table 4.1)
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Table 4.1: A summary of the electron transfers taking place in the materials
produced. The energy of the platinum L edge of the materials produced is
compared to known standards, and shown with respect to (w.r.t.) the energy
of the platinum L edge for Pt(0).Where applicable the shift in G band of the
SWNT is listed, and the direciton of charge transfer taking place within each
material is summarised.

Sample Original G band position Direction of
excitation (cmt) (shift electron
edge (eV) w.r.t. pristine transfer (if
(shift w.r.t. SWNTs (cm™?)) applicable)
Pt(0) (eV)

Pt 11561.30 + -
0.70 (0)
Pt(acac).l,@SWNT 11561.84 + 1595 (+5) Pt € SWNT
0.03 (0.54)
Pt(acac): 11562.16 + - -
0.74
(0.86)
Ptl, 11562.22 + - -
0.39
(0.92)
Pt@SWNT 11562.30 £ 1586 (-4) Pt > SWNT
0.21
(1.00)
PtL@SWNT 11562.52 + 1590 (0) No transfer
0.24 observed
(1.22)
Pt(acac).@SWNT 11562.67 + 1590 (0) Pt 20, see
0.20 chapters 111 and
(+1.37) v
Pt(acac)2(SCN)>@SWNT  11563.00 + 1585 (-5.0) Pt > SWNT
0.13
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(1.70)

Ptl4 11563.19 + - -
0.26

(1.89)

Pt(acac):l» 11563.34 + - -
0.24

(2.04)

PtS;@SWNT 11563.58 + 1590 (0) No transfer
0.22 observed

(2.28)

Pt(acac)2(SCN), 11563.63 + - -
0.12

(2.33)

SWNT - 1590 -

In the next step, Pt@SWNT was treated with iodine vapour (figure 4.1 b) leading to
the direct synthesis of platinum iodide inside nanotubes, Ptl.@SWNT, from the
constituent elements (figure 4.2 f, inset). Raman spectroscopy shows that the G band
of the host nanotube in Ptl,@SWNT returns to a similar position to that of empty
SWNTs, and FD-XAS shows that the energy of the Pt edge of Ptl.@SWNT is similar
to that of known Pt (Il) complexes, with both methods agreeing that no electron
transfer takes place between the nanotube and charge-neutral compound Ptlz, which
contrasts with the observed Pt to SWNT electron transfer in Pt@SWNT as described
above, or SWNT to iodine electron transfer described for 1.@SWNT in the
literature.?® Addition of H2S to PtlL@SWNT led to the transformation of platinum

iodide to the platinum sulfide compound PtS;@SWNT (figure 4.1 d) which in a
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similar fashion to the iodide exhibits no electron transfer with the nanotube as the
Raman G band position in PtS;@SWNT coincides with that of empty SWNTSs. This
is in agreement with FD-XAS showing a Pt excitation edge energy similar to that of
known Pt (IV) complexes (table 4.1), thus confirming a charge-neutral PtS; material
inside the nanotube. This series of chemical transformations inside carbon nanotubes
clearly illustrates that stepwise inorganic synthesis involving transformations of a
metal complex to metal nanoparticles, to metal iodide and to metal sulfide can be
achieved in SWNTSs with each stage verified by TEM, as well as FD-XAS and Raman
spectroscopy revealing the nature of the interactions between the inorganic

compounds and the host nanotube.

In a separate experiment, both Pt(acac). and l> were encapsulated in SWNT
simultaneously, from the gas phase followed by heat treatment of the encapsulated
molecules (Pt(acac) + I)@SWNT that triggers a chemical reaction between
Pt(acac)2 and I2 to form Ptl.@SWNT in one step, which is analogous to a popular
one-pot synthetic approach in preparative chemistry in the absence of SWNTs (figure
4.1¢). This platinum iodide appears to be identical to the same compound formed in
the stepwise process above, which clearly indicates the advantages of the one-pot
synthesis in nanotubes, allowing for the bypass of several stages of the stepwise
approach, i.e. Pt(acac), insertion and thermal decomposition, followed by I, insertion
into SWNTSs. While both of these approaches appear to be effective in controlling the
dimensions of inorganic nanostructures, being strictly defined by the diameter of
SWNTs, detailed analysis of the elemental composition of the inorganic products
reveals a problem of stoichiometry control. Unlike organic molecular compounds,
inorganic materials have a capacity for non-stoichiometric ratios of the constituent

elements, which is evident from energy dispersive X-ray (EDX) analysis indicating
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that the materials synthesised inside nanotubes in both approaches have a non-
stoichiometric ratio of metal and halogen/chalcogen. Specifically, the content of
iodine in Ptl.@SWNT appears to be consistently higher that predicted for Ptl, (figure
4.2 e), and traces of iodine still remain present in the nanotubes even after conversion
of Ptl,@SWNT to PtS;@SWNT (figure 4.2 f). This observation clearly highlights the
challenge of controlling the correct proportions of reactants in nanotubes; I, is more
volatile than Pt(acac). and has a lower vapour pressure which means that it will
always be loaded into the nanotube in excess of the Pt precursor, thus making the
removal of extra iodine difficult, even after platinum iodide is transformed into
platinum sulfide (figure 4.2 f). As even a small deviation from the exact
stoichiometric composition causes drastic effects in the physiochemical properties of
inorganic materials, such as in the case of silicon doping with nitrogen or boron;
diamond doping with nitrogen; or boron nitride doping with carbon, effective control
of the ratios of the elements is of paramount importance in inorganic synthesis at the

nanoscale.
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Figure 4.2: a) Normalised FD-XAS showing the platinum Lin edge of materials
in SWNTSs using a stepwise approach compared to that of bulk Pt(acac)2; b) the
first derivative of each spectrum is shown, to determine the excitation edge
position; ¢) Normalised Raman spectra showing how the G band of the nanotube
shifts depending on the encapsulated material. The encapsulation of molecular
species (Pt complexes or I2) leads to electron transfers between the nanotube and
guest; however, the encapsulated PtX (X = | or S) compounds exhibit no change
in G band meaning that no charge transfer is taking place; d) an EDX spectrum
of Pt@SWNT, a low magnification TEM image (the white arrows showing Pt) of
the sample is shown inset; e) an EDX spectrum of Ptl.@SWNT formed using the
one-pot method. An excess of iodine is present in the sample. Inset is a TEM
image showing clusters of Pt atoms (white arrow) and | atoms (red arrow) within
the SWNT; and f) an EDX spectrum of PtS2@SWNT formed from the treatment
of Ptl2@SWNT with H2S. Traces of iodine are still present in the sample. Inset
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isa TEM image of PtS2@SWNT formed by the transformation of Ptl. @SWNT.
In agreement with the EDX spectrum, excess iodine is present (red arrow); (the
scale bars are all 2nm, all EDX spectra were recorded at 100 keV primary
electron energy and integrated over a small bundle of nanotubes. Copper peaks
are due to the TEM specimen grid.

4.2.2 Encapsulation of Precursors

A possible solution to this challenge can be found by designing a molecular precursor
where the elements are present in the desired stoichiometric ratio for a specific
inorganic product, which can then be encapsulated and converted into inorganic
material in SWNTSs in a one-pot/one-reactant synthesis (figure 4.3). The advantage of
such an approach is that it involves a single step and the stoichiometric ratio of the
metal and halogen/chalcogen components in the material formed can be carefully
tuned. The use of coordination compounds of transition metals offers excellent
possibilities for controlling the composition and stoichiometry of the reactants. For
example, the coordination environment of four-coordinate platinum complexes, such
as Pt(acac)2, can be expanded to six-coordinate by appending two extra ligands to the
axial positions, which can carry the correct amounts of the desired non-metallic
element (scheme 4.1). For example, the addition of two iodide or two thiocyanate
ligands that occupy the two axial positions in the octahedral complex of platinum
allows fixing of the ratio of metal to halogen or chalcogen to 1:2 thus ensuring the
correct stoichiometry of the inorganic compound formed inside the nanotubes (figure

4.3).
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Figure 4.3: Schematic illustration depicting how inorganic materials can be
formed using nanotubes as templates. The formation of a) Ptl.@SWNT; and b),
PtS2@SWNT are shown using our methodology. In general a molecular
precursor which contains all of the required elements, in the correct
stoichiometry for the desired inorganic material, is encapsulated. The thermal
treatment of the resultant precursor then leads to decomposition, chemical
reaction to form the inorganic material in the nanotubes and expulsion of any
volatile by-products into the gas phase.

To illustrate the principle of one-pot/one-reactant synthesis in nanoreactors, the
molecular precursors trans-bis(acetylacetonato)di-iodoplatinum and
bis(acetylacetonato)di-thiocyanatoplatinum containing Pt:l (1:2) and Pt:S (1:2)
respectively were prepared by reacting Pt(acac). with I> to give Pt(acac).l2, and then
reacting Pt(acac).l» with AgSCN to afford Pt(acac)2(SCN)z, using previously reported

methods (scheme 4.1).27 28

S
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O O= 0 | O=
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Scheme 4.1: The formation of Pt(acac)z12 and Pt(acac)2(SCN)2 from Pt(acac)a.

The resultant Pt(acac)2X2 (X = 1, figure 4.3 a; SCN, figure 4.3 b) compounds were
added to SWNTSs and sealed in an ampoule under vacuum (10 bar). Heating at a

temperature slightly above the sublimation points of the platinum complexes allowed
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the precursor molecules to penetrate the open ends of the nanotubes and become
encapsulated. The excess material was removed from the nanotube surface by
washing with CHCly, leaving only molecules inserted in the nanotubes. Interestingly,
the encapsulation of Pt(acac)2l@SWNT led to a significant reduction in the
absorption energy of the Pt Ly edge indicative of an increase of electron density onto
the Pt centres as compared to free Pt(acac).l. (figure 4.4 a,b, table 4.1)), which is
complimented by a significant blue-shift of the Raman G band of the host SWNT
(figure 4.2 b), implying electron transfer from the nanotube to the guest molecule
which has not be observed for any other Pt compounds in this study. In contrast,
Pt(acac)2(SCN).@SWNT showed a decrease in the Pt edge energy in the FD-XAS
(figure 4.4 c,d) and a red shift of the nanotube G band (figure 4.2 b), indicating that
the electron is transferred in the opposite direction to the previous complex, i.e. from
Pt(acac)2(SCN)2 to SWNTs. A simple thermal treatment led to the facile
transformation of the molecular precursors to the desired inorganic structures,
PtL@SWNT and PtS;@SWNT (figure 4.3) with the stoichiometric 1:2 metal to

halogen/chalcogen composition, as confirmed by EDX spectroscopy (figures 4.4 e,

f).
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Figure 4.4: a,c) Normalised FD-XAS showing the Pt Lin edge of materials
formed in SWNTSs, using molecular precursors containing suitable amounts of
material for the formation of Ptl.@SWNT (a) and PtS2@SWNT (c); The first
derivative of each spectrum is shown to the right of each plot; (b) shows the first
derivative of platinum and iodine containing compounds in SWNTSs, and (d_
shows the first derivative of Pt and S containing compounds in SWNTs); EDX
spectra recorded at 100 keV primary electron energy and integrated over a small
bundle of nanotubes showing e), Ptl.@SWNT; and f), PtS2@SWNT, both
formed via the thermal decomposition of molecular precursors containing the
desired stoichiometric ratios of the two elements inside SWNTSs. The spectra
confirm the successful formation of the inorganic materials inside the nanotubes
in each case. Copper peaks are due to the TEM specimen grid.
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4.2.2.1 Pth@SWNT

While the new one-pot-one-reactant approach clearly enabled a precise control of the
stoichiometry, it is essential to verify the atomic structure of the inorganic compounds
formed in this method, to ensure that the new molecular precursors still deliver
inorganic materials with well-defined atomic structures. AC-HRTEM is one of the
most direct tools for the structural characterisation of inorganic materials formed
within SWNTSs, as the precise atomic composition and any distortions in the crystal
lattice can be clearly visualised to determine the effects of nanoscale confinement.?*
29,30 AC-HRTEM of the PtlL@SWNT sample prepared by the one-pot-one-reactant
approach revealed high filling of Ptl, within the SWNTSs (figure 4.5 a) in which the
entire channel was filled with the crystalline inorganic material. In a representative
example, an individual filled nanotube with a diameter of ca. 1.52 nm, similar to that
of an (11,11) SWNT (figure 4.5 c), is observed to contain a quasi-one-dimensional
Ptl crystal characterised by a close-packed cubic lattice (figure 4.5 c). Bulk Ptl; has
a monoclinic unit cell with space group P1 21/C, but due to the confinement effects
of the nanotube, a new form of Ptl» is present, with bond lengths and angles around
the platinum atoms derived from the asymmetric unit of the bulk crystal structure of
Ptl,.3! This forms a new cubic plane (figure 4.5 b), with only small lattice distortions
observed in the confined nanocrystals compared to spacings in the asymmetric unit in
the bulk phase. Lattice measurements in experimental AC-HRTEM images showed
regular spacings between atomic positions in the direction parallel to the nanotube of
0.39 nm, compared to a distance of 0.38 nm between iodine atoms in the asymmetric
unit of bulk Ptl>. An electron density profile map (figure 4.5 d) generated from the
area under the red line (figure 4.5 c¢) confirms the periodicity of the interatomic

spacings. Such a level of distortion in inorganic structures is consistent with the

138



literature and is a result of the confined lattice adapting to the nanotube channel in
order to increase van der Waals interactions with the nanotube sidewalls.® 1”30 A fast
Fourier transform (FFT, figure 4.5 e) shows the crystallinity of the material. Similarly,
there appears to be a slight increase in the observed diameter of the SWNT due to an
elliptic distortion of the nanotube channel to accommodate the Ptl species which has
also been reported previously for such systems, such as Col.@SWNT in Chapter |
(section 1.3.2.1).*® Computational modelling was utilised to generate a 3D model of
Ptl,@SWNT (figure 4.5 f) to enable comparison with experimental AC-HRTEM
images. Scherzer defocussed AC-HRTEM images were then calculated for a (11,11)
SWNT and the derived crystal fragment using QSTEM TEM simulation and are in

good agreement with the experimentally obtained image (figure 4.5 c).
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Figure 4.5: a) An AC-HRTEM micrograph showing a bundle of Ptl.@SWNT in
which the majority of the SWNTs are highly filled with inorganic material, the
scale bar is 5 nm; b) An extended portion of the crystal structure of Ptl. derived
from the asymmetric unit of bulk Ptl2 with key atomic distances shown; the grey
and purple spheres represent platinum and iodine atoms respectively; ¢) an AC-
HRTEM micrograph showing a small section of a 1.52 nm SWNT containing
Ptl2 material and the corresponding atomic distances to the structure in b) are
shown. A QSTEM simulation (80 kV) showing a projection of how a portion of
the derived Ptl2 structure could fit inside an (11,11) SWNT, complimented by
the cross-section of computational simulation to show its shape in the nanotube,
the scale bar is 0.5 nm; d) an electron density profile map generated from the
red line in (c) confirmed the periodicity of the interatomic distances; e¢) an FFT
showing crystallinity of the material; f) a geometry optimised model showing
how the proposed Ptl2 crystal would fit into a (11,11) SWNT.

AC-HRTEM shows many different orientations of Ptl inside the SWNT, and it is
possible to perform QSTEM simulations on different projections of the geometry
optimised model. The resultant simulated TEM images correlate very well with the

experimental TEM images which supports the proposed models (figure 4.6).
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Figure 4.6: Series showing a model of Ptl,@SWNT (top row) with the corresponding
AC-HRTEM image (80 kV, middle row) and image simulation (QSTEM, 20 slices per
image, bottom row). The model has been tilted by 45° (middle column) and 90° (right
column). The corresponding HR-TEM images and subsequent simulations are shown
underneath each model.
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In bright-field AC-HRTEM images (figures 4.5, 4.6) the observed contrast of atoms
is proportional to Z%°, where Z is the atomic number of the element which usually
results in large differences in contrast between heavy and light elements making it
easy to discriminate between them; however, this technique is less efficient at
distinguishing between two heavy elements such as Pt (Z=78) and | (Z=53) present
in our material. Consequently, it is important to confirm the identities of the atoms
within the lattice using a complimentary technique, aberration-corrected scanning
transmission electron microscopy (AC-STEM). With AC-STEM the intensity of
contrast is proportional to Z% where a depends on the detector angle and is typically
1.7-1.8%2 making it easier to distinguish between two heavy atoms within the same
structure. AC-STEM images of Ptl.@SWNT clearly show a cubic lattice (figure 4.7
a), similar to that observed with AC-HRTEM and correlates well with the proposed

model of encapsulated Ptl; (figure 4.7 b).
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Figure 4.7 a) AC-STEM image showing a SWNT containing Ptl2 in which the
SWNT is highly filled with the inorganic material, the scale bar is 1 nm; b) AC-
STEM micrograph showing a small section of a SWNT containing Ptl2 material
and the corresponding atomic distances to the derived structure of Ptlz. The
material adopts a cubic configuration analogous to that observed in the bright
field images in figure 4.5, the scale bar is 0.5 nm.

4.2.2.2 PtS2,@SWNT

AC-HRTEM images of PtS;@SWNT material prepared in the one-pot/one-reactant
synthesis clearly show extended inorganic nanostructures within the channels of
SWNTs (figure 4.8 a). In contrast to the encapsulated Ptl,@SWNT, only platinum
atoms can be visualised by AC-HRTEM in this sample due to the significant
difference between the atomic numbers of sulfur and platinum. The encapsulated
material in PtS;@SWNT is characterised by a hexagonal lattice analogous to that of
bulk PtS; (figure 4.8 b). The edge of the encapsulated PtS; adopts a zigzag

conformation, with only sulfur atoms in contact with the nanotube sidewall (Figure

143



4.8 c,d) and the Pt-Pt separations of the encapsulated PtS, matching those in the bulk

PtS,.

An AC-STEM image of PtS;@SWNT (figure 4.8 e) clearly shows a hexagonal lattice
of platinum atoms matching that in AC-HRTEM images for this material (figure 4.8
c). The Pt-Pt interatomic distances appear to be in much closer agreement with bulk
PtS2 with only a small increase in the direction parallel to the principal SWNT axis.
Although the nanotube sidewall cannot be observed in AC-STEM, in contrast to the
images obtained using bright field AC-HRTEM, only three layers of platinum atoms

are present in this sample suggesting that the host nanotube is narrower (figure 4.8 f).
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Figure 4.8: a) An AC-HRTEM micrograph showing a bundle of nanotubes
containing PtS2 material. The majority of SWNTs appear to be highly filled, and
a single standing tube is visible, the scale bar is 5 nm; b) a portion of the crystal
structure of bulk PtS2, with key atomic distances shown; the grey and yellow
spheres represent platinum and sulfur atoms respectively; ¢) an AC-HRTEM
micrograph showing a small section of a 1.32 nm SWNT containing PtSzand Pt-
Pt interatomic distances corresponding to PtS: structure tilted by 45° are shown;
a QSTEM simulation (80 kV) showing how PtS: could fit inside a SWNT,
complimented by a computational simulation to show its morphology in the
nanotube; d) a geometry-optimised model depicting the cross section of
PtS2@SWNT; e) an AC-STEM image showing what appears to be a single strand
of PtS2in a SWNT, the material adopts a hexagonal configuration analogous to
that shown in c); however, there are only three layers of atoms present suggesting
that the nanotube is narrower; furthermore, a STEM simulation (200 kV)

145



showing how PtS: could fitinside a (11,11) SWNT, complimented by a simulation
to show its morphology in the nanotube; f) a geometry-optimised model
depicting the cross section of PtS2@SWNT.

4.3 Conclusion

Inorganic synthesis at the nanoscale is an important, but challenging task because of
the need for simultaneous control of the dimensionality and stoichiometry of
nanostructures. Carbon nanotubes, acting as nanocontainers effectively provide strict
control of the size and shape of nanostructures, as has been demonstrated in this study
by employing SWNTSs as reaction vessels for the direct inorganic synthesis of a series
of platinum containing compounds at the nanoscale. A detailed comparison of the
stepwise and one-pot synthetic approaches clearly illustrates the advantages of the
latter in terms of efficiency. However, the stepwise approach offers an excellent
opportunity for studying the mechanisms of host-guest interactions between the
SWNT and encapsulated compounds. It has been shown that a combination of FD-
XAS and Raman spectroscopy can probe both the inorganic compound and the
nanotube properties, and shed light on the direction and magnitude of electron transfer
between the nanotube and compound inside. For example, two structurally related
platinum complexes Pt(acac)2l2 and Pt(acac)2(SCN)2 have shown opposing electronic
interactions with SWNTSs, withdrawing or donating electron density from/to the host
nanotube, which alters both the oxidation state of the Pt and the vibrational properties
of the SWNT. However, neither one-pot nor stepwise approaches appeared to be able
to provide sufficient control of the stoichiometry in the inorganic products formed

inside the nanotube.

A solution to this problem was found by exploiting the diversity of the coordination
chemistry of platinum complexes acting as precursors for the inorganic

nanostructures. The coordination environment of the platinum atom in the precursor
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complex was expanded by appending extra ligands bearing the necessary elements (I
or S) in a correct and precise proportion to platinum, thus paving the way to
stoichiometrically controlled synthesis inside nanotubes, as demonstrated by the
synthesis of novel Ptl,@SWNT and PtS;@SWNT nanostructures in the new one-pot-
one-reactant approach with the specifically designed multi-element containing
precursors. The new strategy for inorganic synthesis at the nanoscale was shown to
be versatile and universal, enabling the formation of previously inaccessible quasi-
one-dimensional platinum containing nanomaterials suitable for a variety of
technological applications. These range from electronic devices where electronic
doping of the nanotube is precisely modulated by electron transfer between the SWNT
and encapsulated compound, to new catalytic platforms exploiting the unique
chemical properties of platinum compounds, where the shape of the crystal and
oxidation state of the metal are controlled by steric and electron interactions with the

host nanotube.

4.4 Experimental

4 4.1 Materials

SWNTs (P2-SWNTs, arc discharge, Carbon Solutions, USA) were annealed at 600
°C for 15 min to open their termini and remove any residual amorphous carbon from
their internal cavities resulting in a 50% weight loss being observed. The platinum
precursor, Pt(acac). was used as supplied (Sigma Aldrich). The substituted platinum
precursors Pt(acac)zl,2” and Pt(acac)2(SCN).?® were synthesised in accordance with

published procedures.
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4.4.1.1 Pth@SWNT

Pt(acac)2 (90 mg, 0.229 mmol) and freshly opened SWNTs (25 mg) were sealed
together under vacuum (107 bar) in a Pyrex ampoule and heated at 150 °C for 3 days
to ensure penetration of the SWNT by the Pt(acac).. The ampoule was cooled rapidly
in ice-water and repetitive washing with dichloromethane (4 x 25 mL) was performed,
followed by filtration to remove any excess material from the exterior of the SWNTSs,
forming Pt(acac).@SWNT. Under at atmosphere of argon, Pt(acac).@SWNT (10
mg, 0.0196 mmol) was heated at 500 °C for 1 hr and allowed to cool down slowly
forming Pt@SWNT. This sample was sealed in a Pyrex ampoule with an excess of I,

and heated at 110 °C for 3 days to give Ptl,@SWNT.

Alternatively, Pt(acac)zl2 (10 mg) was sealed in a Pyrex ampoule under vacuum (10
® par) with freshly opened SWNTs (5 mg) and heated for 3 days at 150 °C. The
ampoule was cooled rapidly in ice water and then heated under argon at 500 °C for 1

hr to give Ptl,@SWNT

4.4.1.2PtS;@SWNT
Argon was passed over Pt @SWNT (5.7 mg) in a tube furnace for 1 h. The sample
was then heated in the presence of a moderate H,S gas flow (ca. 15mL/min) at 550

°C for 2 h. The sample was then allowed to cool by 5 °C/min under argon.

Alternatively, Pt(acac)2(SCN)2 (10 mg, 0.0196 mmol) was sealed under vacuum (10
® bar) in a Pyrex ampoule with SWNTs (5 mg) and heated at 130 °C for 3 days. After
rapidly cooling in ampoule in ice water, the sample was washed with chloroform (4

x 10 mL), then heated under argon at 500 °C for 1 hr to give PtS;@SWNT.
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4.4.2 Electron Microscopy

SWNTs filled with the encapsulated materials were dispersed in propan-2-ol using an
ultrasonic bath and drop cast onto lacey carbon-coated copper TEM grids (Agar). HR-
TEM imaging was carried out on a JEOL 2100 FEG-TEM microscope operated at
200 kV. AC-HRTEM was performed at the University of Ulm on a Cs corrected FEI
Titan 80-300 TEM operated at 80 kV with information limit enhancement using
reduced extraction voltage. AC-STEM was performed at the University of
Birmingham using a 200 kV JEOL 2100F microscope fitted with a high angle annular

dark field (HAADF) detector. All images were processed using Gatan Digital

Micrograph, and the quoted distances were measured by drawing a line profile and

measuring the electron intensity.

4.4.3 EDX Spectroscopy

Local EDX spectra were acquired for samples mounted on TEM grids using an
Oxford Instruments INCA X-ray microanalysis system. The electron beam was
condensed onto areas of specimens (bulk specimen or nanotube bundles) suspended

over holes of the amorphous carbon film.

4.4.4 Raman Spectroscopy

Raman spectroscopy was performed using a HORIBA Jobin Yvon LabRAM HR
spectrometer equipped with an automated xyz stage (Mé&rzh&user). Spectra were
acquired using a 532 nm laser at 0.2 mW power, in the range 50 to 4000 cm™2, with 5
seconds and 8 accumulations per spectral window, using a 50x objective and a 300
um confocal pinhole. To simultaneously scan a range of Raman shifts, a 600 lines/mm
rotatable diffraction grating along a path length of 800 mm was employed. Spectra

were detected using a SYNAPSE CCD detector (1024 pixels) thermoelectrically
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cooled to —60 °C. Before the spectra collection, the instrument was calibrated using

the Rayleigh line at 0 cm™ and a standard Si(100) reference band at 520.7 cm ™.

4.4.5 Image Simulation

TEM image simulation was carried out using the multislice program QSTEM.
QSTEM uses the Dirac-Fock scattering potential of Rez et al.3* A fixed number of 20
slices per nanotube was chosen and images were calculated with a sampling of 0.05
nm per pixel. The aberration coefficients and defocus parameters df, CS, Al, and B2
were set according to the imaging conditions in the specific experiment. The
convergence angle was fixed at 0.5 mrad. The effect of limited electron dose was
emulated by applying noise to the calculated images using a custom-made
Monte-Carlo program exploiting the Poisson statistics of electrons. Atomic models of
SWNTs were built using a custom-made program taking into account different
nanotube chiralities, if determinable in the experimental images. The structural
models of the inorganic nanomaterials are based on scaled bulk structures and the
complex models (PtX@SWNT) are rendered and iteratively fitted to the experimental
results.

STEM image simulation was performed using both a kinetic approach (for speed) and
frozen phonon multislice method to check for dynamical scattering effect. 3+ * The
simulation was performed at 200keV, with a Cs of 10 um, convergence angle of 25
mrad, inner collection angles 60 mrad, outer collection angle of 160 mrad, and a

mechanical vibration factor of 0.1A.

4.4.6 Fluorescence-Detected X-ray Absorption Spectroscopy (FD-XAS)

All FD-XAS measurements were carried out on the XMaS beamline (BM28) at the
ESRF. Samples were deposited onto carbon tape, which was then mounted onto a
stainless steel sample holder. FD-XAS edge inflection points were obtained by fitting

150



a smoothing spline to the measured spectrum, and taking the first derivative of the

fitted spectrum.
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Chapter V: Monitoring Nanoscale
Transformations using Fluorescence-
Detected X-ray Absorption
Spectroscopy

5.1 Introduction

Metal nanoparticles (MNPs) have attracted considerable interest recently due to their
applications in catalysis and sensing.}* In order to comprehensively unlock the
potential of these materials, it is important to fully understand how they form. As
shown in Chapters Il and 111, due to advances in aberration-corrected high resolution
transmission electron microscopy (AC-HRTEM), it is possible to not only view nano-
sized materials in direct space and real time, but also apply energy and initiate
chemical transformations, such as the formation of highly crystalline platinum
nanoparticles from amorphous platinum, or the breakage of a SWNT sidewall
catalysed by encapsulated nickel nanoparticles (Chapter I11). Prolonged irradiation of
a sample by electron beam irradiation results in the displacement of carbon atoms and
bond dissociations, leading to the gradual destruction of the sample being analysed
which is a generally undesirable process.>’ Therefore, whilst it is possible to monitor
inorganic transformations using AC-HRTEM, electron microscopy is an invasive
analytical technique which can perturb the intrinsic structures of materials and mask

chemical transformations.

As shown in previous chapters, fluorescence-detected X-ray absorption spectroscopy
(FD-XAS) can be employed as a technique to characterise nanomaterials by probing

amongst other qualities, the oxidation state of materials, and so can be used as a
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method of discriminating between the encapsulated precursors and the product
formed upon their heating.® ® This is possible since the shape and magnitude of the
spectral features from each compound are different, which corresponds to variations
in the oxidation states of the materials.® Notably, unlike AC-HRTEM, it is a bulk
technique which involves exposing a sample to X-rays, over an area typically on the
order of mm? and so is also non-destructive at the conditions required for obtaining
data. This is advantageous as it allows the material to then be retained for further

analysis.

As well as using this technique to characterise materials statically, it is also possible
to form a material, apply an external stimulus such as heat, and perform FD-XAS in-
situ. Subsequently, time resolved FD-XAS is an appropriate technique for obtaining
information on the formation mechanisms of MNPs. For example, the nucleation
process of AuUNPs has been investigated by Wai et al. using in-situ XAS and allowed
for the proposal of a detailed reaction mechanism, as intermediates were detected.!
Additionally, Ohyama et al. showed how the formation of AuNPs is affected by the
presence of dodecanethiol and a catalytic activity dependence on the size of AuUNPs
was observed.'?> More recently, Jiang et al. have demonstrated that the reduction of
Pt** ions can be investigated using the same technique,'® and so observing how the
edge energies of each material change as a function of temperature should allow for

a detailed explanation of the properties of each transformation.

Carbon nanostructures such as single-walled carbon nanotubes (SWNTSs), are
extremely interesting as they contain distinctive nanoscale channels which can be
filled with a variety of different materials including inorganic salts,'**® organic
molecules,’” ¥ and metallic nanoparticles.!®?* The mechanical, chemical and

physical properties of MNPs can be altered upon encapsulation into SWNTs which
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can lead to changes in catalytic activity, as is observed for the synthesis of ammonia
catalysed by ruthenium nanoparticles.??> Furthermore, the stability of platinum
nanoparticles can be improved upon encapsulation into carbon nanostructures which
in turn could lead to a decrease in platinum consumption for catalytic processes.?® Not
only can SWNTSs act as sheaths to improve the efficiency of MNPs, their unique one-
dimensional channel allows them to act as nano test tubes which ensures that the

analysis and reaction of encapsulated molecules can be done with ease.

As shown previously, the thermal treatment of Cu(acac):@SWNT leads to the
formation of Cu,Ox@SWNT (Chapter 1I), whereas the thermal treatment of
Pt(acac)2@SWNT leads to the formation of Pt@SWNT (Chapter I11). When observed
at static temperatures, the M(acac).@SWNT (M= Cu, Pt) precursors have many
noticeable differences to their respective products, with changes in their electronic
properties, physical morphology and chemical properties all being observed. Herein,
the formation of Cu,Ox@SWNT from Cu(acac)2@SWNT, and Pt@SWNT from
Pt(acac)>@SWNT has been investigated using FD-XAS, and this has allowed for the

precise temperature of each respective transformation to be determined.
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5.2 Results and Discussion

5.2.1 Ex-situ Decomposition of Cu(acac),@SWNT to Cu;Ox@SWNT

As shown in Chapter Il, Cu(acac)2@SWNT (figure 5.1 a) can be heated under an inert

atmosphere at 500 °C to form Cu,Ox@SWNT (figure 5.1 b, scheme 5.1), where x >
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Figure 5.1: AC-HRTEM images showing a) Cu(acac):@SWNT, the darker
contrast features (red arrows) are copper, whereas the lighter contrast material
is a mixture of adventitious carbon and remnants of the acetylacetonate ligand
which is decomposing under the electron beam; b), Cu2Ox@SWNT. The
structure adopts a highly crystalline cubic arrangement. The scale bars are 0.5
nm and below each AC-HRTEM image is a geometry optimised model of the
structures in a (10,10) SWNT.

110 °C 500 °C

—_— 2P T ((x1)-2)- ((x-1)2)+
Cu(acac), + SWNT 3 days Cu(acac), @SWNT 1 hr. Ar [Cu,0,] @SWNT
10° mbar

Scheme 5.1: The formation of Cu20x@SWNT, by first encapsulating Cu(acac):
into SWNTSs and then heating.

Raman spectroscopy reveals a large blue shift in the position of the G band of
Cu0x@SWNT relative to an empty SWNT and Cu(acac).@SWNT (+11 cm),
(figure 5.2), indicating charge transfer from the SWNT to the encapsulated material.?*
The model of Cu,O@SWNT (figure 5.1 b) shows an excess of oxygen atoms in the

material, and so it is probable that the resultant structure has a slight negative charge,

156



which results in a transfer of electron density being observed from the nanotube and

hence the blue shift of the G band, as described in Chapter 11.2°

:
f

Cu,0 @SWNT

Cu(acac),@SWNT

Raman intensity (arb. units)

T T T e e LTSRS S
1520 1540 1560 1580 1600 1620 1640

Raman shift (cm™)

Figure 5.2: Normalised Raman spectra focussing on the G band of
Cu20x@SWNT (blue) and Cu(acac)2@SWNT (red) compared to an empty
SWNT (back). Whilst there is a negligible shift in the G band spectra of
Cu(acac)2@SWNT relative to empty SWNTs, the position of the G band of
Cu20x@SWNT sample increases significantly (+11 cm™).

FD-XAS was recorded for both materials. The energy of the copper K edge of both
materials was taken, and compared to the copper K edge of a variety of standards

(table 5.1).
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Table 5.1: Copper K edge energy of Cu(acac)2@SWNT, Cu20x@SWNT, and
known standards relative to copper metal.

Formal Cu _
] S Difference from Cu K
Material oxidation Cu K edge (eV)
edge of Cu(0) (eV)
state
Cu 0 8975.53 £ 0.079 0

Cu20x@SWNT 1 8980.42 + 0.037 4.89
Cu(CO2CHg) 1 8982.18 +0.061 6.65
Cu(acac). 2 8984.76 £ 0.370 9.23
Cu(acac)2@SWNT 2 8986.76 + 0.093 11.23

An increase in the K edge energy of copper in Cu(acac)>@SWNT is observed relative
to the unencapsulated material which suggests a decrease of electron density on the
copper centre when the complex is encapsulated. As the Raman data does not show
any significant change in the G band of the SWNT for Cu(acac)>@SWNT, this
demonstrates that any charge transfer that takes place in this material occurs only in
the complex itself, and does not involve the SWNT. Since FD-XAS shows a decrease
of electron density on the copper atom upon encapsulation, it is proposed that the
nanotube has acted to polarise the Cu-O bonds, resulting in greater shift of electron
density from the Cu atom to O atoms, such that the Cu-O bond becomes more ionic

(figure 5.3 a).

Upon heating to 500 °C a significant decrease in the energy of the copper K edge from
Cu(acac)2@SWNT to Cu20x@SWNT occurs which indicates that the copper centre
has gained electron density. The energy is similar to that of a known Cu(l) complex,

copper (1) acetate, but is slightly lower, and is therefore is consistent with the
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formation of a Cu(l) species, but with electron density being transferred from the

nanotube to the guest compound (figure 5.3 b).

Figure 5.3: Models of (a) Cu(acac)2@SWNT and (b) Cu20x@SWNT showing
charge transfers taking place within the guest species (blue arrows depict the
flow of negative charge). With Cu(acac):2@SWNT electron density is shifted
further from the copper atom to oxygen atoms resulting in the polarisation of
the bonds, whereas for Cu20x@SWNT, negative charge is transferred from the
nanotube wall to the guest material.

Not only are the positions of the copper K edge of Cu(acac).@SWNT and Cus-
Ox@SWNT significantly different, their shapes also vary. While the FD-XAS of
Cu(acac).@SWNT shows a sharp transition between 8.972 to 8.993 keV (figure 5.4
a), the spectrum for Cu20x@SWNT has a slightly broader range (8.969 to 8.992 keV)
with a distinct feature at 8.98k eV (figure 5.4 b). All of the spectra were smoothed
using Matlab, and figure 5.4 gives an example of how accurate the smoothing was.
The points represent the raw data, and the black line shows the curves produced as a

result of the smoothing.
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Figure 5.4: Normalised FD-XAS of (a) Cu(acac)2@SWNT and (b)
Cu20x@SWNT. The Cu20x@SWNT was formed ex-situ and both spectra were
recorded at room temperature. The shape of the two spectra are noticeably
different, with an extra feature observed at 8.98 keV for the spectrum of
CUZOX@SWNT.
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5.2.1.1 Attempted Monitoring of the Shift with in-situ Heating

Clearly, the AC-HRTEM images of Cu(acac)2@SWNT before and after heat
treatment demonstrate that different materials are present inside the nanotube, and
this is supported by both the Raman and FD-XAS data which show changes in
electronic states of the SWNT and guest compound upon heating. Therefore the
sample was heated slowly, and systematically monitored using FD-XAS to

investigate whether the precise transition could be observed.

The encapsulated metallic precursor Cu(acac)2@SWNT (5 mg) was placed in a glass
capillary tube and held in position with glass wool (figure 5.5 a.1). The tube was
placed within an aluminium frame, and sealed in place using wax, to ensure no air
could enter the system. The frame was then placed in position above a heater (figure
5.5 a.4) and attached to a helium source (in figure 5.5 a.2, out figure 5.5 a.3, flow rate
ca. 30 mL/min), and the system was purged with helium for 15 min to ensure all air
was removed from the capillary tube. Finally, the system was heated rapidly (at a rate

of 50 °C/s) which allowed for precise control of temperature when needed.
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Figure 5.5: Photographs from the ESRF showing a) how the sample of
Cu(acac)2@SWNT was prepared for the heating experiment. A small amount of
Cu(acac)2@SWNT was placed in a glass capillary tube (1), which was placed in
a steel frame and mounted above a heat source (4). A helium gas flow was
attached (2), to purge the system of air and provide an inert atmosphere; b) the
position of the X-ray source (5) relative to the sample (6) and fluorescence
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detector, (7). The red arrow represents the flow of X-rays, and the green arrow
shows the fluorescence signal, which is detected perpendicular to the X-ray
source.

Initially, a spectrum of Cu(acac).@SWNT was recorded at room temperature and the
sample was heated to 100 °C (at a rate of 50 °C/s), held at this temperature for 5 min
and another spectrum was recorded. X-rays (figure 5.5 b.5, red arrow) were tuned to
the required energy for the copper K edge (8.988 keV) and travelled through the
sample (figure 5.5 b.6) and X-ray fluorescence (green arrow) was detected

perpendicularly (figure 5.5 b.7).

After obtaining a spectrum of the sample at 100 °C, which took approximately 8 min,
the temperature of the arrangement was increased from 100 °C to 125 °C, held for 5
min and a subsequent spectra recorded, the scan took approximately 8 min and this
process continued in 25 °C steps until there was no further change in the energy of
the edge position. Cu(acac)@SWNT was consequently heated to 300 °C over ca. 120
min. Each spectrum was smoothed using a Matlab function, and all spectra were

collated and compared with that of Cu2Ox@SWNT formed ex-situ (figure 5.6)
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Figure 5.6: FD-XAS obtained for Cu(acac)2@SWNT at 25 °C (purple line), then
heated to 100 °C (blue) followed by subsequent heating at 25 °C increments. As
the temperature increases, the shape of each spectrum changes, and gradually
appears to resemble that of Cu2Ox@SWNT formed ex-situ.

When the edge region of all the spectra are closely examined (figure 5.7), it is clear
that the energy of the edge decreases as a function of temperature (figure 5.7 a). The
first derivative of the edge position at each temperature has been shown which allows
for the exact position of the energy to be recorded (figure 5.7 b), and at temperatures
below 175 °C, the edge occurs at around 8.9889 keV; however, when heated to 175
°C, there is a decrease of around 5 eV to 8.9838 keV. After further heating to 200 °C

the edge decreases by another 5 eV to 8.9787 keV.

The sample was further heated to 300 °C, but no additional shift in the energy of the
edge was observed. Since the energy of the copper K edge of Cu(acac)>@SWNT
(8.9867 keV) has a standard deviation of 0.0183 eV, and the copper K edge of
Cu20x@SWNT (8.9763 keV) has a standard deviation of 0.0933 eV, a change of 10

eV is clearly significant. This experiment has shown that the edge energy of
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Cu(acac)2@SWNT decreases as a function of temperature and is only 2eV greater

than the edge position of Cu20x@SWNT formed ex-situ.
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Figure 5.7: The specta from figure 5.6, zoomed in to show how the position of the
edge changes as a function of temperature. There is a significant decrease in the
position of the edge (ca. 5eV) at 175 °C, which is depicted by the first derivatives
of each edge (b).
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As shown by the first derivative plots of each spectrum (figure 5.7 b), the position of
the edge decreased after 175 °C. The values before 175 °C are typical of that of
Cu(acac)2@SWNT, whereas the data obtained at higher temperatures is more
indicative of the formation of a reduced copper species, and is similar to that of Cu-
20x@SWNT formed ex-situ. Figure 5.8 shows how the energy of the Cu edge varies
as a function of temperature, with the energy positions of Cu2Ox@SWNT formed ex-

situ and monitored at 25 °C and 300 °C shown for reference (red squares).
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Figure 5.8: A plot showing how the energy of the copper K edge in
Cu(acac)2@SWNT changes as a function of temperature. Between the starting
temperature of 25 °C (green square) and 150 °C the edge energy remains around
8.988 keV, followed by a significant decrease in the edge energy around 175 °C.
After 200 °C the position of the edge stabilises at around 8.9784 keV, which is a
similar energy to the edge positions of Cu2Ox@SWNT formed ex-situ (red
squares).

Since the heat dependent FD-XAS showed that a significant decrease in the edge

energy occurs around 175 °C, an additional sample of Cu(acac)2@SWNT was
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prepared and heated at 175 °C for 1 hr and the edge energy constantly monitored
(figure 5.9 a). The energy the edges were compared to the edge of Cu(acac): at 25 °C
(green square) and Cu.Ox@SWNT formed ex-situ (red line figure 5.9 a). It is
important to note that as a control, Cu,Ox@SWNT formed ex-situ was monitored at
both 25 °C and 300 °C to ascertain whether the edge is affected by temperature
change, and no change was observed, and consequently is assumed to remain constant
with temperature. It was envisaged that holding the sample at a temperature around
the experimentally obtained transition point should allow for a very gradual change
to be observed. After the first spectrum was recorded at 175 °C, a process which took
8 min, a decrease of 8 eV in the edge energy was observed, and after prolonged

heating no further change was observed.

Monitoring how the edge energy changes when held around the temperature of
formation allowed for detailed kinetic behaviour to be observed. By comparing how
close the values obtained were when Cu(acac)>@SWNT was held at 175 °C, to
Cu(acac)z at 25 °C and Cu,0x@SWNT formed ex-situ, it is possible to evaluate how
far the reaction has completed. If the edge obtained for Cu,Ox@SWNT (8.9763 keV)
represents 100% conversion, and the values for the edge of Cu(acac)>@SWNT
obtained at 25 °C represents 0% conversion, the first value obtained from heating
Cu(acac)2@SWNT to 175 °C (ca. 8.9784 keV) represents 80% conversion, and the
subsequent energies also hover around this point, implying no further reaction at 175
°C (figure 5.9 b). Therefore the rate of transformation is too fast and takes place on a

time scale quicker than FD-XAS measurements.
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Figure 5.9: a) A plot showing how the edge energy changes when
Cu(acac)2@SWNT is heated at 175 °C for 1 hr. Initially there is a decrease (8 eV)
from that of Cu(acac)2@SWNT at 25 °C (green square), but over time, there is
no significant difference at 175 °C, and all values remain within 0.3 eV of each
other. The edge energy of CuOx@SWNT formed ex-situ is shown for
comparison (red line); b) A plot showing the reaction completion of
Cu(acac)2@SWNT to Cu20x@SWNT as a function of time. After heating
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Cu(acac)2@SWNT from 25 °C to 175 °C, the reaction rapidly takes place and a
rate of 80% conversion to Cu20x@SWNT is observed.

Cu(acac)2@SWNT has been heated to form Cu,Ox@SWNT, and the changes
monitored using FD-XAS. It has been shown that the transition occurs rapidly at
around 175 °C which is a significantly lower temperature than that for bulk Cu(acac):
which shows that encapsulation within the hollow channel of the SWNT lowers the
activation energy (Ea) needed for the reaction.?® By comparing data obtained from the
FD-XAS of Cu(acac)2@SWNT with bulk Cu(acac)., a decrease of electron density
on the copper is observed upon encapsulation which is caused by the Cu-O bonds
being polarised which weakens the bonding and subsequently lowers the energy
required. Confinement into a SWNT lowers the activation barrier of transformations
since van der Waals interactions polarising the bonds reduce the bond enthalpy (figure
5.10), and so less energy is required to transform Cu(acac)@SWNT into

CUZOX@SWNT.27
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Figure 5.10: A reaction energy profile hypothetically comparing the formation
of Cu20x@SWNT from Cu(acac)2@SWNT. Although there are more stages due
to the necessary encapsulation and release of products, the stabilisation of the
transition state via van der Waals forces can reduce the activation energy
necessary for the reaction to proceed. Adapted from Miners et al., 2016.28

Cu(acac)2@SWNT was further heated to 500 °C to completely replicate the ex-situ
experiment, and the position of the copper K edge was monitored; however, no further
change in the shape of the edge, or position was found to occur, and so the energy of
the edge and shape of the spectrum never fully reaches the position for
Cu20x@SWNT formed ex-situ. This could be caused by the ability of the nanotube
to stabilise the charge of the formed species, i.e. it is possible that this sample has a
higher loading of material that the sample formed ex-situ, and so the nanotube is
physically unable to transfer anymore charge, therefore this needs to be investigated

further.
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5.2.2 Transformation of Pt(acac),@SWNT to Pt@SWNT

In addition to copper, platinum has attracted significant interest due to its applications
in catalysis and sensing.* 23! However, unlike Cu(acac).@SWNT, when
Pt(acac)@SWNT is heated to 500 °C in an inert atmosphere, platinum nanoparticles

form, with no oxide present (Chapter 111, Scheme 5.2).

150 °C 500 °C
Pt(acac), + SWNT Pt(acac)y @SWNT — 3= Pt@SWNT
i 3 days ’ 1hr, Ar e
10"° mbar

Scheme 5.2: The formation of Pt@SWNT from the encapsulation and
subsequent heating of Pt(acac).

AC-HRTEM analysis of Pt(acac).@SWNT shows discrete clusters of complex
(figure 5.11 a). Upon heating the sample at 500 °C, the volatile acetylacetonate ligands
are removed from the platinum, leading to the formation of a metallic structure (figure

5.11 b).

Figure 5.11: AC-HRTEM images of a) Pt(acac)2@SWNT, the red arrows show
the platinum atoms, and b) Pt@SWNT. The scale bars are 2 nm. Below each AC-
HRTEM image is a geometry optimised model of each structure in a (10,10)
SWNT.

Raman spectroscopy has been performed on Pt(acac)>@SWNTs and Pt@SWNT

(figure 5.12), with attention being placed on the G band of the structures, relative to
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empty SWNTs. Whilst there is only a negligible change in the position of the G band
upon the encapsulation of Pt(acac)., upon thermal decomposition to Pt@SWNT, the
G band red shifts by 4 cm™ which is indicative of an electron transfer from the Pt to

the SWNT, which is opposite to the shift observed for Cu,Ox@SWNT.
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Figure 5.12: Normalised Raman spectra showing how the G band of the
nanotube shifts depending on the encapsulated material. The encapsulation of
Pt(acac)2@SWNT leads to a negligible change in the position in the G band of
the SWNT compared to empty SWNTSs, and upon thermal decomposition the
position of the G band decreases more significantly (4 cm).

There is an increase in the energy of the platinum Ly edge of Pt(acac). upon its
encapsulation into SWNTs which is similar to the increase in the copper K edge
observed upon encapsulation of Cu(acac)2@SWNT. An increase of 1.48 eV occurs
(table 5.2), which although seems small is significant given the small standard

deviations of each sample. Again, this increase in edge energy, complimented by no
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change in the G band of the SWNT being observed in Raman, is attributed to the

SWNT polarising the Pt-O bonds in the Pt(acac), complex (figure 5.13).

Figure 5.13: models of Pt(acac):@SWNT (a) and Pt@SWNT (b) showing
electron transfers taking place within the materials (blue arrow depicts flow of
electron charge). For Pt(acac)2@SWNT electron density is being shifted from
the platinum atom to oxygen atoms which results in the polarisation of the bonds,
whereas for Pt@SWNT, electron density is being transferred from the platinum
to the carbon atoms of the nanotube wall.
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Table 5.2: Platinum L edge energy of Pt(acac)2, Pt(acac)2@SWNT and
Pt@SWNT, compared to known standards and relative to Pt metal.

Sample Formal Pt Linedge Energy difference from Pt (eV)
Pt eV)
oxidation
state
Pt 0 11554.98 + 0
0.239
Pt(acac): 2 11556.08 + 1.10
0.045
Pt@SWNT 0 11556.24 + 1.26
0.002
Ptl, 2 11556.99 + 2.01
0.050
Pt(acac).@SWNT 2 11557.56 + 2.58
0.021

Upon thermal decomposition to form Pt@SWNT, the edge energy decreases by ca.
1.32 eV to 11556.24 eV (figure 5.14), which, again, although much smaller than the
change which occurred for the copper K edge, is significant given the standard
deviation for each material. Although the formation of platinum leads to a decrease
in the edge energy, it is still significantly higher (1.26 eV) than the edge of bulk
platinum which suggests a decrease of electron density on the platinum. This is
complimented by the Raman data which shows a decrease in the G band suggesting
charge has been transferred from platinum to the SWNT. Such electron transfers from
encapsulated MNPs to SWNT are not uncommon, and have been reported for many

encapsulated metal nanoparticles such as europium and erbium.3% 3
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Figure 5.14: Normalised FD-XAS of (a) Pt(acac):@SWNT and Pt@SWNT (b).
Both samples were recorded at room temperature, and there is a decrease in the
position of the platinum L edge after thermal decomposition

176



5.2.2.1 Attempted Monitoring of the Shift with in-situ Heating

In a similar method to the investigation of Cu(acac)>@SWNT, Pt(acac)>.@SWNT was
heated up from 100 °C to 350 °C in an inert atmosphere. An FD-XAS was recorded
at 25 °C intervals, and the platinum edge energy monitored at these temperatures, with
the whole heating taking approximately 2 hr (figure 5.15). Similarly to the in-situ

heating of Cu(acac).>@SWNT, the edge generally decreases; however, not as sharply.

—25°C
——100°C
—125°C
150 °C
175 °C
200 °C
225°C
—250°C
—275°C
——300°C
—325°C
——350°C

— PI@SWNT

T T T T T T T T T T T T T T T 1
1140 1145 1150 1155 1160 1165 1170 1175 11.80

Intensity (arb. units)

Energy (keV)

Figure 5.15: FD-XAS obtained for Pt(acac)2@SWNT at 25 °C (purple line), then
heated to 100 °C (blue) followed by subsequent heating at 25 °C intervals. As the
temperature increases, the morphology of each spectra changes, and gradually
appears to resemble that of Pt@SWNT formed ex-situ.

Although the position of the edge inflections are all quite similar in value (figure 5.16
a), the first derivative has been taken of each edge (figure 5.16 b) and these show a

gradual decrease in the position of the edge.
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Figure 5.16: The Pt Lin edge of FD-XAS spectra of Pt(acac)2@SWNT heated
from 100 °C to 350 °C at 25 °C intervals. Pt(acac):@SWNT at room temperature
and Pt@SWNT formed ex-situ are shown for comparison. There is a decrease of
ca. 1 eV in the edge of Pt(acac)2@SWNT upon heating, as shown in the first
derivatives of each spectrum (b).

In contrast to the heating of Cu(acac).@SWNT, the change in the edge energy as a
function of temperature is much more gradual (figure 5.17). The energy remains

constant at 100 °C, decreases linearly between 100 and 175 °C, then remains
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constantly around 11557.0 keV before decreasing further after 275 °C. Eventually,
the edge approaches that of Pt@SWNT formed ex-situ, 11556.24 eV, as shown by the

red squares.

11.5580 —
11.5575
< 115570+
(0]
=
>
© 11.5565 -
=,
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11.5560 -
11.5555 - . . T : .
0 100 200 300

Temperature (°C)

Figure 5.17: A plot showing how the Pt L edge of Pt(acac)2@SWNT decreases
as a function of temperature. At 100 °C the edge is similar to that of
Pt(acac):@SWNT at room temperature, however with heating the edge
decreases. Overall there is a decrease of ca. 1.3 eV which is indicative of the
platinum Lin edge of Pt@SWNT formed ex-situ. The edge energies of Pt@SWNT
obtained statically at 25 °C and 350 °C are shown for reference (red squares).

Similarly to the decomposition of Cu(acac).@SWNT, there is a decrease in the edge
energy position (1.4 eV) upon heating, which is comparable to the difference observed
between Pt(acac).@SWNT and Pt@SWNT measured statically. In the same way as
the investigation into Cu(acac).@SWNT, a new sample of Pt(acac)2@SWNT was
prepared and held at 175 °C for 1 hr. FD-XAS measurements each took 10 min to
complete, and were constantly obtained throughout, with the edge energy monitored
as a function of time (figure 5.18 a). In contrast to Cu(acac)>@SWNT where there

was a sharp decrease in the edge energy during the first 10 min, with
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Pt(acac)>@SWNT, there is a slight decrease in the edge energy over time when held
at 175 °C. Additionally, kinetic behaviour can be monitored by examining the value
of the edge at 175 °C compared to Pt(acac).@SWNT at 25 °C and Pt@SWNT formed
ex-situ. After initially heating the sample, the edge energy suggests a conversion of

ca. 50%, which slowly increases over time (figure 5.18 b).
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Figure 5.18: a) A plot showing how the edge energy changes when held at 175 °C
for a set amount of time, and compared to Pt(acac)2@SWNT at 25 °C (green
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square) and Pt@SWNT (red line). There is a slight decrease in the edge energy
over time; b) A plot showing how Pt(acac).@SWNT to Pt@SWNT as a function
of time, as calculated by monitoring the position of the Pt Liii edge of the sample
at 175 °C.

Similarly to the transformation of Cu(acac)2@SWNT, it has been demonstrated that
Pt(acac).@SWNT can be heated to form a new material, with FD-XAS being an
appropriate method to analyse the system in-situ. In the same way to copper, the
transformation has been showed to occur at a much lower temperature than observed
in bulk Pt(acac),, as free Pt(acac), decomposes at around 280 °C.3* Again, this can be
attributed to the polarisation of the Pt-O bond as caused by the nanotube. Unlike the
transformation of Cu(acac).@SWNT to Cu.Ox@SWNT, the formation of Pt@SWNT
from Pt(acac)>@SWNT has a few significant differences, the most striking being that
there is only 1.32 eV difference between the edges of encapsulated Pt and Pt(acac),
compared to 12 eV between Cu(acac)>@SWNT and Cu2Ox@SWNT but this can be
attributed to the nature of the platinum L, edge compared to the copper K edge.
Additionally, the transition appears much less defined as there is only a gradual
decrease in the edge energy and not a sharp drop around 175 °C which was observed
with copper. Unlike the transformation of Cu(acac):@SWNT, heating
Pt(acac)2@SWNT at 175 °C only leads to ca. 50% transformation, and even after
heating for 1 hr no significant change was observed which shows that a higher

temperature is needed to achieve full decomposition.

5.3 Conclusion

FD-XAS has been used to monitor how the oxidation state of the metals in both
Pt(acac)>@SWNT and Cu(acac)2@SWNT change upon heating. Whilst only
preliminary, the results of this investigation provide a solid basis for investigating

transformations inside SWNTs, since clear quantifiable trends are shown
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spectroscopically. The changes in edge energy, and therefore oxidation states of the
metal centres occur rapidly, and a majority of both of the materials was converted
within the first 10 min at 175 °C. This shows a dramatic decrease in the decomposition
temperatures of both the acetylacetonate complexes when confined into SWNTS, and
can be attributed to polarisation of the M-O bonds which lowers the Ea for bond
dissociation. Complimentary use of Raman spectroscopy and FD-XAS supports this
hypothesis, as polarisation of the encapsulated complexes upon encapsulation is

shown, but no electron transfers to the host nanotube is observed.

In order to fully ascertain whether Cu(acac).@SWNT heated gradually up to 500 °C
produces the same material as produced ex-situ, detailed AC-HRTEM images of the
products formed from in-situ heating are required, and monitoring the transformation
in-situ by Raman could also prove to be enthralling in revealing what has occurred to
the sample. Additionally, since the edge energy of Pt(acac).@SWNT never fully

reached the position of Pt@SWNTSs, further analysis of this is also required.

It has been shown that the temperature for MNP formation from metallic precursors
iIs much lower than previously thought, which has profound implications on the
conditions required to transform materials in nanotubes and could possibly lead to a

paradigm shift in the field of nanomaterials synthesis within carbon nanoreactors.

5.4 Experimental

Pt(acac).@SWNT (M = Pt, Cu) were prepared as previously explained in Chapters 11

and I11.
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5.4.1 Fluorescence-Detected X-ray Absorption Spectroscopy (FD-XAS)

All static-temperature FD-XAS measurements were carried out on the XMaS
beamline (BM28) and SpLine (BM25a) at the ESRF. Samples were deposited onto
carbon tape, which was then mounted onto a stainless steel sample holder. FD-XAS
edge inflection points were obtained by fitting a smoothing spline to the measured

spectrum, using Matlab, and taking the first derivative of the fitted spectrum.

In-situ experiments were performed on the SpLine (BM25a) at the ESRF.
M(acac).@SWNT (5 mg) was placed in a glass capillary tube and held in position
(figure 5.5 a.1). The tube was placed within an aluminium frame, sealed, placed in
position above a heater (figure 5.5 a.4) and attached to a helium source (in figure 5.5
a2, out figure 5.5 a3, flow rate ca. 30 mL/min). Prior to all experiments, the system
was purged with helium for 15 min to ensure all air was removed from the capillary

tube. Finally, the system was heated rapidly (at a rate of 50 °C/s) and spectra recorded.

5.4.2 Electron Microscopy

SWNTs filled with the encapsulated materials were dispersed in propan-2-ol using an
ultrasonic bath and drop cast onto lacey carbon-coated copper TEM grids (Agar). HR-
TEM imaging was carried out on a JEOL 2100 FEG-TEM microscope operated at
200 kV. Aberration-corrected HR-TEM was performed at the University of Ulm on a
Cs corrected FEI Titan 80-300 TEM operated at 80 kV with information limit
enhancement using reduced extraction voltage. All images were processed using
Gatan Digital Micrograph, and the quoted distances were measured by drawing a line

profile and measuring the electron intensity.
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5.4.3 Raman Spectroscopy

Raman spectroscopy was performed using a HORIBA Jobin Yvon LabRAM HR

spectrometer equipped with an automated xyz stage (Méarzh&user). Spectra were

acquired using a 532 nm laser at 0.2mW power, in the range 50 to 4000 cm ™, with 5

seconds and 8 accumulations per spectral window, using a 50x% objective and a 300

um confocal pinhole. To simultaneously scan a range of Raman shifts, a 600 lines/mm

rotatable diffraction grating along a path length of 800 mm was employed. Spectra

were detected using a SYNAPSE CCD detector (1024 pixels) thermoelectrically

cooled to —60 °C. Before the spectra collection, the instrument was calibrated using

the Rayleigh line at 0 cm™ and a standard Si(100) reference band at 520.7 cm ™.
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Chapter VI: Applications of Metal
containing Carbon Nanostructures

6.1 Introduction

Metal nanoparticles (MNPs) have many industrial and biological applications, in
areas such as magnetic separation,® targeted drug delivery,? and data storage.> * It is
becoming vitally important to sense small molecules, especially from a biological
perspective, and in a society where diabetes mellitus type Il is becoming increasingly
prevalent, the attraction of a highly selective and sensitive glucose sensor is clear.
This is especially true given that contemporary methods of monitoring blood glucose
levels involve disposable strips which contain enzymes that have to be produced by

cultivating bacteria, and therefore a more sustainable approach is desired.®

Electrochemistry can be employed as a method of sensing small molecules, and is a
technique that works by delivering electrons needed for a redox process to proceed in
the presence of a catalyst, which are traditionally enzymes. At present, enzymatic
based electrochemical sensors are ubiquitous and these dominate the field due to the
high selectivity of the enzymes which enables the manufacturing of sensors that can
detect infinitesimal quantities of specific molecules.” For example, the enzyme
glucose oxidase is widely used for the biological sensing of glucose,® but
unfortunately the lack of enzymatic performance in sub-optimal conditions (such as
an extreme pH or temperature) and problems surrounding competitive inhibition

remain their biggest disadvantage.®

On the other hand, MNPs supported on a surface can be used as an alternative to

enzymes for the sensing of small molecules electrocatalytically. Although the action
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of each individual electrochemical sensor is unique to the molecule being probed
(analyte) and the sensor, a metal centre is present and the sensing mechanism is
provided by a catalytic process usually involving a redox couple.!® Applying a
specific potential to a metal containing material can lead to it being oxidised or
reduced, which causes a significant change in the current at that particular potential.
Metal organic frameworks,'! and zeolites,'? are among nanoporous materials which
can be employed in the sensing of small molecules and gases, as their intrinsic
morphologies enable them to be tailored for the sensing of particular analytes through
the tuning of their internal cavity dimensions; although there are drawbacks
surrounding the syntheses of such structures, such as low synthetic yield, and thermal

instability.*3

Due to their ability to confine molecules and size selectivity, carbon nanostructures
(CNs) may hold the key to producing a highly selective and sensitive non-enzymatic
glucose sensor. The nano-sized channels which CNs possess can encapsulate MNPs
and protect them from external conditions which would otherwise decrease their
efficiency.'* ¥ The deposition of MNPs on CNs for catalytic and sensing applications
is highly documented,'®?° but there are few examples of sensing with materials
encapsulated within CNs. The group 10 metals and their oxides were shown to be
highly effective for the electrochemical probing of glucose,?: ?? and so throughout
this section, the ability of group 10 metal and metal oxide nanoparticles encapsulated

into CNs to detect glucose will be investigated.

The diameter of SWNTSs are ca. 0.7 — 2 nm and upon encapsulation of molecules and
formation of MNPs they act as templates, with the MNPs occupying almost the full
width of the SWNT, with a gap of ca. 0.3 nm accounting for the van der Waals radii

of both host and guest (figure 6.1). This tight fit results in a relatively low surface-
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area of interaction between the encapsulated MNPs and a prospective analyte (such
as glucose which is shown below as an example), and therefore MNPS@SWNT are

not the most suitable material for small molecule sensing, and a wider CN is required.
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Figure 6.1: Schematic diagram with accompanying AC-HRTEM image showing
the size of glucose compared to MNPsS@SWNT. In this example, the MNPs are
PdNPs, and these effectively block the internal cavity of the SWNT from glucose
which restricts contact with PANPs beyond the first PANP.

Hollow graphitised carbon nanofibres (GNFs, figure 6.2) are carbon structures which
consist of a smooth outer surface but internally contain step-edges of rolled up layers
of graphene 2-3 nm high. The internal diameters of GNFs range from 20-150 nm
which is significantly wider than SWNTS, and so these step-edges provide favourable,
stabilised environments for MNPs to bind, due to an increase in surface area, and

therefore increased van der Waals interactions.®
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Figure 6.2: A HR-TEM image (a) and model (b) of a hollow graphitised carbon
nanofibre (GNF). The hollow cavity with a diameter of ca. 50 nm contains step-
edges on which small particles can reside (as demonstrated by the green circles).
Due to the large diameter of the GNF, glucose molecules (pictured) can readily
enter the GNF channel and access many MNPs which are deeper inside the
nanostructure.

Herein, the synthesis of group 10 metal nanoparticles and their oxides encapsulated
inside GNFs has been reported. All materials have been fully structurally
characterised and their sensitivity towards glucose at a range of concentrations has
been monitored. This investigation demonstrates an important application for MNPs
encapsulated within CNs and could eventually lead to the development of more stable,

accurate, ergonomic blood glucose sensors.

6.2 Results and Discussion

6.2.1 MNPs Encapsulated within GNFs

In order to encapsulate MNPs into GNFs, appropriate precursor metal complexes
were identified. As an adaptation of the encapsulation of group 10 metal complexes
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into SWNTs, (Chapter Il1), M(acac). (M = Pt, Pd) and Ni(HFacac),, (HFacac =
((FsCCO).CH)) were heated in the presence of GNFs at slightly above their
sublimation temperatures under vacuum (see Experimental, section 6.4 for the exact
temperatures). The quantity of metal complex used was chosen by calculating the

amount of compound required for a 2% metal loading by weight.

Each encapsulated complex was then heated at 500 °C under argon for 1 hr, resulting
in the loss of the volatile organic ligands and aggregation of metal atoms to form

metal nanoparticles in GNFs.

6.2.1.1 Materials Characterisation

High resolution transmission electron microscopy (HR-TEM) has been used to
analyse the materials produced (figure 6.3). NiNPs appear as a low contrast material
(figure 6.3 a) compared to platinum and palladium which will be discussed later, and
have a mean particle size of 4.10 nm. Closer inspection of individual particles (figure
6.3 b) reveals lattice spacing of 0.19 nm, which is consistent with the spacing between
the (111) planes of bulk nickel.2® Additionally, the encapsulation of palladium (figure
6.3 ¢) led to the formation of slightly larger nanoparticles (mean diameter of 6.63 nm).
Furthermore, closer inspection of individual PANPs revealed a lattice spacing of 0.23
nm (figure 6.3 d) which is consistent of the spacing between the (111) planes of bulk

palladium.?*

As shown previously (Chapter IV), in bright field TEM, the contrast of each material
is directly proportional to the square root of the atomic number, Z, which leads to the
elements with a larger atomic number having a higher contrast, and consequently,
PtNPs appear with very high contrast (figure 6.4 e), and a mean particle size of 5.32

nm is observed.? As stated earlier, the step-edges provide a favourable environment
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for PtNPs to form on (figure 6.4 f). The particles near the step edge appear to have a
lattice spacing of 0.20 nm, which is consistent with the (200) plane spacing observed

in bulk platinum.

Figure 6.3: HR-TEM images showing (a,b) nickel; (c,d) palladium; and (e,f)
platinum encapsulated within GNFs. The contrast of the nanoparticles depends
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on the atomic number of the elements present, with platinum appearing the
darkest, followed by palladium and nickel. Although each sample was prepared
to give a 2% metal loading by weight, a larger amount of platinum appears to
have been encapsulated than palladium or nickel.

Despite the quantity of metallic precursor being calculated to allow for precisely 2%
loading for each metal into GNFs, it is clear from the TEM images that there is a
higher loading of platinum inside the GNFs compared to palladium and nickel in each
of their respective samples. Thermogravimetric analysis (TGA, figure 6.4) confirms

that the filling rate was higher for platinum (1.9%), than palladium (1.1 %) and nickel

(0.9 %).26
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Figure 6.4: TGA of Pt@GNF (red), PA@GNF (blue) and Ni@GNF (green)
compared to an empty GNF (black). TGA confirms the mass of each metal inside
GNFs; 0.9% for nickel, 1.1% for palladium and 2% for platinum.

EDX spectroscopy was employed to characterise the materials (figure 6.5 a-c) and
confirmed the presence of nickel, palladium and platinum in each of the respective
samples. Additionally, powder X-ray diffraction (XRD) proved to be an effective
method for characterisation of the samples, as the nature of the GNFs, being highly
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ordered, defined structures, yielded characteristic diffraction patterns and the
encapsulation of different MNPs leads to the appearance of other peaks corresponding
to a particular crystal lattice. The powder XRD data obtained for Ni@GNF (red line,
figure 6.5 d) shows no noticeable differences when compared with that of an empty
GNF (black line, figure 6.5 d), but this can be attributed to the small size of the NiNPs
making them undetectable using powder XRD.?’

The powder XRD obtained for PA@GNF also appears very similar to that of empty
GNFs, although there is a small peak at 39° which can be attributed to the (111) lattice
of palladium (figure 6.5 €),%* and the weakness of the signal could be due to the small
size of the nanoparticles formed. Conversely, the powder XRD of Pt@GNF shows a
variety of strong peaks at 40°, 46° and 68° which can be attributed to the (111), (200)

and (220) planes of platinum respectively (figure 6.5 f).2
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Figure 6.5: (a-c) EDX spectra of NiI@QGNF (a), PA@GNF (b) and Pt@GNF (c).
Copper and silicon signals originate from the grid used for analysis, powder
XRD of (d) Ni@GNF, (e) PA@GNF and (f) Pt@GNF (red line), each compared
to that of an empty GNF, back line. Characteristic crystal planes of each sample
are present which proves the occurrence of each MNP in each sample (where
applicable).

6.2.1.2 Sensing Glucose
Initially, as a control experiment to ascertain the characteristics of glucose sensing,
bulk platinum was used as the sensor. A three electrode cell was prepared, with a

platinum working electrode, vitreous carbon counter electrode, Ag/AgCI reference
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electrode, and 0.1 M NaOH as the electrolyte. Cyclic voltammograms (CVs) were
performed with potential sweeps between -0.1 V and 1.0 V, and to investigate the
glucose sensing abilities of bulk platinum, 10 mM of glucose was added to the

solution and a CV was performed.

Upon addition of glucose, an anodic wave at -0.6 V is observed (figure 6.6) which is

attributed to the chemisorption and oxidation of glucose to the Pt (scheme 6.1).%
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1.0x10° —
8.0x10° —
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Current (A}

2.0x10°

0.0 4
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-4.0x10° = v T v T T T T 1
-1.0 -05 0.0 0.5 1.0

Applied Potential (V vs. Ag/AgCl)

Figure 6.6: Cyclic voltammogram of a platinum wire working electrode without
glucose (black) and with 10 mM glucose (red). A cyclic potential sweep was
performed between -1.0 V and 1.0 V, a Ag/AgCI reference electrode and a
platinum wire counter electrode were used and all CVs were performed in NaOH
(0.1 M) as the supporting electrolyte at 293 K, at a scan rate of 100 mVs*. The
anodic wave at -0.6 V is attributed to the chemisorption and oxidation of glucose.

Following the adsorption and oxidation of glucose onto the Pt surface at -0.6 V,?°
(scheme 6.1) electrochemical dissociation of the NaOH electrolyte takes place and

OH" anions adsorb onto the surface of the Pt, creating PtOH (scheme 6.2).

The PtOH then oxidises the adsorbed glucose to glucolactoate which in turn reduces
the PtOH to Pt, resulting in a decreased current being observed at the electrode for

platinum reduction on the reverse sweep at -0.4 V (scheme 6.3).
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This demonstrates that bulk platinum can be used for sensing glucose and provides a
viable mechanism for the oxidation. A system was devised whereby the three
nanomaterials could be used to compare and contrast their ability to sense glucose.
Each MNP@GNF sample was dispersed in propan-2-ol alcohol and Nafion, to form
a concentrated suspension which was then drop-cast onto glassy carbon electrodes
(GCEs) and left to dry (figure 6.7). Nafion was included to adhere the materials to

GCEs more efficiently, which in turn improved the durability of the sensors.*
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Potentiostat

Figure 6.7: A three electrode set-up is used, with a platinum counter electrode,
Ag/AgCl reference electrode and the MNP@GNF deposited on a GCE working
electrode.3!

For healthy humans, the concentration of glucose in blood is usually between 4-7
mM; however, for an individual with diabetes mellitus, these levels constantly rise
above 10 mM and so for any of these materials to be considered as viable alternatives
to current glucose sensors, it is important that they detect glucose in a wide range.*
The first material to be investigated was Pt@GNF. This was drop-cast to the GCE
and systematically added to solutions of NaOH with increasing concentrations of
glucose (0 mM to 12.5 mM, in 2.5 mM increments), and CVs were performed at each

concentration (figure 6.8 b) and compared to that of a GCE (figure 6.8 a).

Upon addition of 2.5 mM glucose, a cathodic wave appears at -0.47 V (figure 6.8 b,
orange line) which can be attributed to the formation of glucolactone. Upon
subsequently increasing the glucose concentration, the cathodic wave gets larger and
the current decreases linearly for concentrations of glucose below 10 mM, but then
rises linearly for concentrations above this (figure 6.8 €). This result shows that the
material is sensitive to glucose, and for concentrations of glucose below 10 mM, the
concentration is directly proportional to the current. An increase in current at higher

concentrations makes this material unsuitable for use as a glucose sensor as it would
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be impossible to distinguish between high and low concentration materials, and so

other materials need to be investigated.

The CVs of PA@GNF (figure 6.8 ¢) and Ni@GNF (figure 6.8 d) were recorded using
the same concentrations of glucose. Both nanomaterials show sensitivity towards
glucose when compared with GCE. Pd@GNF showed a linear dependence on current
for glucose concentrations of between 2.5 mM and 10 mM (figure 6.8 f). The gradient
of the linear region (2.963 x 10’AmM™), can be used to show how sensitive the
material is to glucose, but is lower than that observed for many other non-enzymatic
glucose sensors,?® and so whilst this result is encouraging, the small linear range and
low sensitivity suggest that this is not practical for monitoring changes in blood
glucose concentration, and no substantial trend was also observed between the

glucose concentration and current for the NINP@GNF sensor (figure 6.8 d,g)
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Figure 6.8: Cyclic voltammograms of (a) a GNF electrode, (b), a Pt@GNF
electrode (c) a PA@GNF electrode and (d) a Ni@GNF electrode with various
concentrations of glucose; 0 mM (red), 2.5 mM (orange), 5.0 mM (yellow), 7.5
mM (green), 10 mM (blue) and 12.5 mM (purple). A cyclic potential sweep was
performed between -1.0 V and 0.6 V for (a), -1.0 V and 0.7 V for (b), (c) and (d).
A Ag/AgCI reference electrode and a platinum wire counter electrode were used
and all CVs were performed in NaOH (0.1 M) as the supporting electrolyte at
293 K and at a scan rate of 100 mVs™; e) A plot showing how the concentration
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of glucose affects the current of the cathodic wave of Pt@GNF ((b) inset); f) how
the concentration of glucose affects the cathode wave of PA@GNF ((c) inset) and
f), a plot showing how glucose concentration affects the current of the cathodic
of NI@GNF ((d) inset).

6.2.2 Metal Oxides Encapsulated within GNFs

MNPs@GNF have shown promising results for the sensing of glucose, but lack a
wide ranging linear current response to the analyte. Examples in the literature have
shown that multi-walled carbon nanotubes decorated with nickel oxide act as an
effective glucose sensor,'® and so to ascertain whether the encapsulated group 10
metal oxides were effective glucose sensors with improved efficiency, the three
encapsulated MNP species were oxidised to form MxOy@GNF.

The group 10 MNPs were oxidised by heating in air at elevated temperatures for 5 hr.
It has been established that MNPs can act catalytically to oxidise GNFs,*® and so TGA
of the MNPs@GNFs was used to determine the precise oxidation temperatures of
GNFs in the presence of MNPs, to avoid inadvertently oxidising the GNFs in the
process. TGA proved to be a valuable tool to quantitatively ascertain the precise
amount of encapsulated metal (figure 6.4) and can also be used to qualitatively
demonstrate how different metal nanoparticles catalyse the oxidation. The sample is
heated, its mass is constantly monitored, with decreases in mass caused by the
formation of volatile compounds such as CO2 which are formed upon oxidation of the

GNF.

6.2.2.1 Materials Characterisation

6.2.2.1.1 Nickel Oxide Formation
As shown by the TGA, in the presence of nickel, GNFs begin to oxidise in air at

around 600 °C, and so heating Ni@GNF in air at 550 °C for 4 hr led to the formation

of Ni2Os without oxidising the GNF, as determined by powder XRD and HR-TEM.
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Ni2Oz is present in the GNFs as small particles with a mean size of 4.70 nm (figure
6.9 a). Closer inspection of one the nanoparticles reveals a lattice spacing of 0.25 nm,
(figure 6.9 b). Powder XRD of Ni.Oz:@GNF (figure 6.9 c, blue line) shows a peak at
32°which can be attributed to the (002) plane of Ni>Og, but also a peak at 45° is present
which is due to the (111) plane of Ni. Upon heating Ni@GNF, the average particle
size increased from 4.10 nm to 4.70 nm, and so this supports the assignment that
NiNPs were too small to be detected before heating (figure 6.5 d) and that Ni»Oz and

NiNPs of increased diameter are present in this new sample.?” 3
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Figure 6.9 (a,b) HR-TEM images of Ni2Os@GNF. The metal particles (circled)
are slightly larger than those of nickel, and this is reflected in (c), the powder
XRD (blue line) which shows peaks for the formation of Ni2Oz and NiNPs, when
compared to that previously obtained for Ni@GNF before heating (red line).
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6.2.2.1.2 Palladium Oxide Formation
Heating PA@GNF in air at 500 °C for 4 hr led to the formation of PAO@GNF, as

determined by powder XRD and HR-TEM (figure 6.10 a). Similarly to the formation
of Ni20O3 from Ni, heating Pd to form PdO has led to an increase in nanoparticle size,
with a mean size of 8.95 nm being observed. The observed particles have a lattice
spacing of 0.26 nm, which corresponds to spacings between the (101) planes of PdO
(figure 6.10 b). Powder XRD confirms the formation of PAO@GNF (6.10 c), with
peaks at 39° 60° and 71° corresponding to the (101), (200) and (220) planes

respectively.3*
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Figure 6.10: (a,b) HR-TEM images of PAO@GNF. The particles are slightly
larger than those of Pd. The PdO nanoparticle has a lattice spacing of 0.26 nm
which corresponds to the (101) plane spacing of bulk PdO. This is present in (c),
the powder XRD spectra (blue line) as a peak at 39° along with the (200) and
(220) planes at 60° and 71° respectively, which don’t appear in the spectra of
Pd@GNF (red line).

6.2.2.1.3 Platinum Oxide Formation
As shown by the TGA (figure 6.4) PtNPs readily catalysed the oxidation of GNFs at

500 °C, and so a much lower temperature than for the two previous MNPs, 400 °C,
was chosen. Heating Pt@GNF in air at 400 °C for 5 hr led to the formation of

PtO2@GNF as confirmed by powder XRD and HR-TEM (figure 6.11).
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Upon oxidation, the mean particle size has increased (from 6.63 nm to 8.95 nm) and
HR-TEM reveals a lattice spacing of 0.17 nm which is consistent with the (110) plane
spacing of PtO.. The powder XRD peaks at 33° 39° and 58° are consistent with the
respective (111), (101) and (110) planes of PtO2, which confirms the presence of the
oxide (figure 6.11 ¢).*

The powder XRD also shows peaks at 40° 46° and 68° which are consistent with
PtNPs still being present, although the considerable decrease in intensity of these
peaks relative to the diffractogram of only Pt@GNF suggests that either there are

fewer PtNPs, their crystallinity has decreased or they have become smaller.
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Figure 6.11: (a,b) HR-TEM images of PtO2@GNF. The particles are slightly
larger than those of PtNPs. Closer inspection of the PtO2 nanoparticle shows a
lattice spacing of 0.26 nm which corresponds to the (110) plane spacings of bulk
Pt. This is present in (c), the powder XRD spectra (blue line) as a peak at 58°,
along with the (100) and (101) planes at 33° and 39 respectively, which don’t
appear in the spectra of Pt@GNF (red line).

6.2.2.2 Glucose Sensing using MOx@GNF
CVs of NiOx@GNF were performed in varying concentrations of glucose (figure 6.12

a). Upon addition of glucose to the system, a redox couple occurs at around -0.4 V
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which suggests that the system is sensitive to glucose, but no trend is observed upon
increasing the glucose concentration (figure 6.12 d). The CVs of Ni.Os@GNF at
varying concentrations of glucose appear different to those of Ni@GNF (figure 6.8
d). This is interesting as although this sample also contains NiNPs, the response to
glucose is different to that of just NI@GNF and so the response can be attributed to
the formation of Ni>Os.

CVs of PAO@GNF were performed at varying concentrations (figure 6.12 b). Prior
to the addition of glucose, there is a broad anodic wave at -0.6 V, and a sharp cathodic
wave at -0.45 V (red line). Systematically increasing the glucose concentration not
only results in a slight positive shift in the position of these waves, but also a change
in the wave current. Monitoring both the cathodic and anodic currents as a function
of concentration reveals that the currents increase linearly in the range 2.5 mM to 12.5
mM glucose (figure 6.12 ), which is within the ideal range for anthropological blood
glucose sensing.

Similarly, CVs of PtO.@GNF with varying concentrations of glucose reveal an
anodic wave at -0.7 V which linearly increased in current upon further addition of

glucose (figure 6.12 c).
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Figure 6.12: CVs of (a) a Ni2Os@GNF electrode, (b) a PAO@GNF electrode, (c)
a PtO2@GNF electrode with various concentrations of glucose; 0 mM (red), 2.5
mM (orange), 5.0 mM (yellow), 7.5 mM (green), 10 mM (blue) and 12.5 mM
(purple). A cyclic potential sweep was performed between -1.0 V and 0.7 V, a
Ag/AgCI reference electrode and a Pt wire counter electrode were used and all
CVs were performed in NaOH (0.1 M) as the supporting electrolyte at 293 K and
at a scan rate of 100 mVs™; d) A plot of how the cathodic wave at -0.42 V for the
NiOx@GNF electrode changes as a function of concentration, and no trend is
observed; e) Plots showing how the anodic (red line) and cathodic (black line)
wave currents change for the PAO@GNF electrode as a function of glucose
concentration, and f) a plot showing how the anodic wave at -0.7 V for the
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PtO2@GNF electrode increases linearly with glucose concentration between 2.5
mm and 7.5 mM, before increasing more gradually.

By considering the gradient of the current responses to concentration graphs (figures
6.8 e-g and 6.12 d-f) it is possible to determine which materials are most sensitive to
glucose, as a larger current response across a given concentration range enables
intermediate concentrations to be determined more accurately. PtO2@GNF has
therefore been shown to be the most effective glucose sensor, followed by
PdO@GNF.

As shown by TGA and HR-TEM analysis, although the mass of molecular precursors
was precisely calculated to give a 2% metal loading by weight for each, more platinum
was encapsulated than nickel or palladium. Since more platinum was present inside
the GNFs, a large current was observed, as defined by the Cottrell relation.®® The main
forces responsible for stabilising MNPs inside GNFs are van der Waals forces, and
since platinum has a higher atomic number than palladium and nickel, PtNPs can be
held more stably inside GNFs.*> 3" Conversely, very little nickel was observed inside
the GNFs.

Furthermore, the Sabatier principle is a concept which defines an effective catalytic
surface to be one that both effectively binds to reactants but readily dissociates, and
therefore is neither too reactive nor too inert.>® The AC-HRTEM measurements
performed on group 10 metals in SWNTS (Chapter I11) demonstrate that nickel binds
very effectively to carbon, followed by platinum and then palladium, and so it is
possible that PtO, nanoparticles are able to both bind and dissociate from glucose
molecules most effectively.

In addition, the MOx@GNF samples were found to perform better than their

encapsulated MNP precursors. This can be attributed to an increase in Lewis acidity
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of the metal atoms upon oxide formation, which would increase their affinity towards

hydroxide groups, facilitating the electrochemical reaction

6.3 Conclusions

The syntheses of MNPs@GNF (M= Ni, Pd, and Pt) and their subsequent oxides has

been performed, and the materials fully structurally characterised (Schemes 6.5-6.7).

(o]

125 °C 500 °C . _
Ni(HFacac), + GNF , WNi(HFacac)z@GNF T NiNPS@GNF 73 Ni;O3GNF
10" mbar Ar Air

Scheme 6.5: The formation of nickel oxide nanoparticles inside GNFs.

130 °C o 500 °C
Pd(acac), + GNF 3 WPd(acac)z@GNF 513ohor_c> PdNPS@GNF5T> PdO@GNF
10°® mbar Ar Air

Scheme 6.6: The formation of palladium oxide nanoparticles inside GNFs.

140 °C 500 °C 400 °C
Pt(acac), + GNF 3 WPt(acac)Z@GNF T> PtINPs@GNF W PtO,@GNF
r, .
10% mbar Ar Air

Scheme 6.7: The formation of platinum oxide nanoparticles inside GNFs.

A three electrode cell was implemented to probe the sensing capabilities of all
synthesised nanomaterials, and whilst all materials were shown to be sensitive to
glucose, PAO@GNF and PtO.@GNF proved to be the most effective, with noticeable

trends in the CVs upon varying the concentration of glucose (table 6.1)

211



Table 6.1: A summary of materials synthesised, and their response to glucose
concentration

Material Redox wave (V) Linear range Gradient (AmM?)
(mM)
Ni@GNF Cathodic -0.7 0-5 1.461 x 10
Pd@GNF Cathodic -0.7 2-10 2.693 x 10”7
Pt@GNF Cathodic -0.5 0-75 -2.339x 10°
Ni2O3@GNF Anodic/Cathodic - -
-0.4
PdO@GNF Cathodic -0.4 2-12 1.478 x 10°
Anodic -0.6 2-12 4170 x 107
PtO.@GNF Anodic -0.7 2-12 2.482 x 10°

For these materials to become commercially viable it is necessary to investigate their
electrochemistry at a much wider range of glucose concentrations, and to examine the
durability of the catalysts over longer periods of time. Additionally, in the blood there
are many electroactive compounds which could interfere and produce an electrical
response themselves, such as Bilirubin, a component of bile, and a variety of
proteins.®® In order to validate the efficiency of these materials to sensing glucose in
the blood, the sensitivity of MNPs@GNF towards these other components would
need to be investigated, although a benefit of using encapsulated MNPs is that
molecules above a particular size won’t be able to enter the GNFs.

The results of this investigation provide a basis for future development of non-

enzymatic glucose sensors from encapsulated metal oxide nanoparticles.

6.4 Experimental

All chemicals, unless otherwise stated were purchased from Sigma Aldrich chemical

company, and used as purchased.
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6.4.1 Synthesis of MNPs@GNF

Group 10 metal-containing complexes (x mg) were sealed under high vacuum (10
mbar) with dried (500 °C for 1 hr) PR19 GNFs (10 mg) in a Pyrex ampoule. Each
system was heated to slightly above the temperature of the initial compound’s
sublimation (table 6.2) for 3 days, and then cooled rapidly. Each product was then
sealed in Pyrex ampoule under argon and heated at 500 °C for 1 hr to form
MNPs@GNF (M= Ni, Pt, Pd).

Table 6.2: Experimental parameters for the formation of each MNPsS@GNF (M=

Ni, Pt, Pd).
nitial Massof  Encapsulation ~ ©xidation
nitia

Material compound  temperature  emperature
compound C)
(mg) (°C)
Ni@GNF  Ni(HFacac). 1.610 125 550
500
Pd@GNF Pd(acac). 0.573 130
Pt@GNF Pt(acac): 0.403 150 400

6.4.1.1 Synthesis of MxOy@GNF

MNPs@GNF (5 mg) (M= Ni, Pt, Pd) were each heated at a specified temperature (see

Table 6.2) for 5 hr and then left to cool to room temperature.

6.4.2 HR-TEM Analysis

GNFs filled with the encapsulated materials were dispersed in propan-2-ol using an
ultrasonic bath and drop cast onto lacey carbon-coated copper TEM grids (Agar). HR-
TEM imaging and electron beam irradiation was carried out on a JEOL 2100 FEG-

TEM microscope operated at 200 kV.
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6.4.3 EDX Spectroscopy

Local EDX spectra were acquired for samples mounted on TEM grids using an
Oxford Instruments INCA X-ray microanalysis system. The electron beam was
condensed onto areas of specimens (bulk specimen or nanotube bundles) suspended

over holes of the amorphous carbon film.

6.4.4 Powder XRD Analysis

Powder X-ray measurements were performed using a PANalytical X’Pert Pro
diffractometer with a Cu K (o) radiation source (A= 1.5432 nm, 40 kV, 40 mA) in
Bragg-Bretano geometry using a Si zero background holder. All samples were
moistened with propan-2-ol to aid GNF adhesion and parameters for a typical

experiment were:

Start angle: 5°

Stop angle: 80°

Step size: 0.0525°
Time/step: 6080 s
Scan speed: 0.0020°s

6.4.5 Thermogravimetric Analysis

Thermogravimetric measurements were performed using a TA Q500
thermogravimetric analyser. All samples were performed in air on platinum pans. The
parameters for all experiments were:

Ramp: 10 °C/min from 20-1000 °C
Isotherm: 10 min @ 1000 °C
Air flow: 60 mL/min
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6.4.6 Electrochemical Experiments

All electrochemistry was carried out using an Autolab PGSTAT302N pontentiostat.
For the electrochemical experiments using the synthesised materials, a three-electrode
cell was set up with a GCE covered with the sample as the working electrode,
platinum wire as the counter electrode and a Ag/AgCl (sat. KCI) reference electrode.
The electrolyte was made up of 25 mL 0.1 M NaOH, diluted with deionised water.
The modified GCE was produced by spotting 10 - 15 uL of a solution containing
HPLC grade propan-2-ol (10 pL), the sample material (0.5 mg) and Nafion 5 %
perfluorinated resin solution (10 pL) which had been sonicated for 15 min onto a
polished (microfibre cloth) GCE and leaving to dry at room temperature. Before
measurements were taken, the electrolyte was degassed with argon for ca. 20 min and
stirred magnetically and briefly degassed again between additions of glucose solution.
Glucose concentrations, potential ranges, step potentials and scan rates have been

quoted in the Results and Discussion section where applicable.
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Concluding Remarks

The production of inorganic nanostructures and controlled methods for their
fabrication have never been more important, especially since it is becoming
increasingly necessary to encroach the frontiers of material synthesis and delve into
the nanoscale realm. This thesis, which demonstrates the formation of novel
compounds and hybrid architectures; an innovative synthetic approach for their
formation; and subsequently suggests future applications of the synthesised
nanomaterials, contributes to this ever growing and essential area of research in a

variety of different aspects.

It is crucial to explore how metal nanoparticles (MNPSs) act on the atomic scale, not
only to harness their potential for future applications, but also to gain a fundamental
appreciation for the role of metals in catalysis, and thus their interactions with carbon
comprehensively need to be studied. Single-walled carbon nanotubes (SWNTSs) have
proved to be excellent candidates as nano-sized test tubes, and two different groups
of metals have been methodically investigated. In Chapter Il, the group 11 metals
were encapsulated into SWNTS, and this represents the first systematic study of the
interactions between the coinage metals with carbon on the atomic scale. Although
the three metals were found to promote the formation of different carbon
nanostructures on the nanoscale such as the formation of fullerene type structures by
copper nanoparticles; extended carbon cylinders by silver nanoparticles; and a metal
carbide with gold nanoparticles; neither of these three metals extensively damaged
the SWNT sidewall and so all transformations were easily viewed using aberration-

corrected high resolution transmission electron microscopy (AC-HRTEM).
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This is of contrast to the group 10 metals which were systematically investigated in
Chapter 111, where profound differences in the interactions between each MNP and
carbon, both from the SWNT sidewall and also adventitious carbon in the nanotube
were observed. While small clusters of nickel nanoparticles (NiNPs) promoted the
formation of small hemispherical nanobuds, palladium nanoparticles (PdNPs) were
found to stimulate the growth of elongated carbon cylinders, and platinum
nanoparticles (PtNPs) led to the formation of small hemispherical carbon shells.
Additionally, it was found that NiNPs readily engaged in bonding with the nanotube
sidewall, rapidly leading to its demise, whereas PdNPs had a very minimal interaction
with the sidewall. On the other hand, PtNPs were shown to readily enter defects in
the sidewall of SWNTs and heal them, which demonstrates the striking differences in

reactivity between the three metals in this particular group of the periodic table.

In addition to the encapsulation of MNPs into SWNTSs, a novel methodology to
synthesise inorganic compounds in SWNTs has been developed, resulting in the
fabrication of new, low-dimensional forms of PtXoc@SWNT (X =1, S). Both stepwise
and one-pot synthetic approaches for the formation of the platinum compounds have
been implemented, with each having their own merits. The stepwise approach
provides an excellent opportunity to both spectroscopically and microscopically
probe the mechanisms of inorganic material formation, and it has been shown that by
the complimentary use of fluorescence-detected X-ray absorption spectroscopy (FD-
XAS) and Raman spectroscopy, a full understanding of electron transfers between the
host nanotube and guest inorganic nanomaterial can be achieved. However, when
using a stepwise approach, the stoichiometry of products cannot be guaranteed, as
each of the atomic precursors have different physical and chemical properties leading

to differing encapsulation rates inside the SWNT channel. To combat this, the
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coordination environment of the metal centre was expanded to append new ligands,
leading to the stoichiometrically controlled syntheses of Ptb@SWNT and
PtS2@SWNT, which were both fully structurally characterised using a variety of
different techniques. QSTEM TEM simulation and aberration-corrected scanning
transmission electron microscopy (AC-STEM) imaging proved invaluable tools for
both confirming the structural information observed by AC-HRTEM and
discriminating between the different metal and non-metal components inside the
SWNT. Although the encapsulated PtS; was found to have the same crystal structure
as in the bulk, Ptl> was found to have a different structure which is a result of

confinement inside the SWNT.

The simultaneous necessity to control both stoichiometry and morphology of
nanostructures represents the most challenging task for the synthesis of materials at
the nanoscale, but the use of SWNTSs provides a solution to this, and it is envisaged
that once an all-encompassing understanding of the mechanisms of inorganic
syntheses at the nanoscale has been obtained, both the metal centre and ligands could
be systematically changed which could lead to the intelligent design of a whole new

range of bespoke nanoscale materials.

Motivated by the desire to master inorganic chemistry at the nanoscale, attempts have
been made to comprehensively understand the mechanisms of formation of such
materials, and this has involved both microscopically monitoring reactions using AC-
HRTEM to probe reactions in direct space and real time, and also spectroscopically
by using FD-XAS. Advancements in AC-HRTEM imaging have allowed not only for
the observation of nanostructures with atomic precision, but also for the electron beam
to be used as a source of controlled energy to drive chemical transformations, and

once the intricate process of electron beam interactions with materials are fully
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understood, mechanisms of reactions on the single molecular level can be uncovered.
The invasive nature of the electron beam can unfortunately pose a problem when
trying determine intrinsic structure of materials inside the nanotube, but recent
advancements in AC-HRTEM imaging have led to the development of an AC-
HRTEM which uses an electron beam with the energy as low as 20 keV, allowing for
atomic resolution imaging with vastly diminished sample degradation.® This will have
profound implications on the structural analysis of materials, especially beam
sensitive samples such as cell tissues and proteins, making it possible to study organic

reactions on the atomic scale.

As part of the quest to probe transformations at the nanoscale, FD-XAS has been used
to monitor transformations of encapsulated coordination complexes M(acac)-
2@SWNT (M = Cu, Pt) to inorganic materials during heating. A unique methodology
was developed to probe the oxidation states of each of the metal centres, and it was
found that transformations occur at a much lower temperature than observed for the
bulk materials, which has profound consequences for using the nanotubes as
nanoreactors and could lead to the development of a new set of synthetic procedures

for nanomaterials.

In addition to synthesising nanomaterials to gain a fundamental understanding of their
structures, it is also important to investigate avenues for potential applications for
such structures. As demonstrated in Chapter VI, MNPs (M = Ni, Pd, Pt) have been
prepared inside hollow graphitised carbon nanofibres (GNFs) and transformed to their
corresponding oxides where their ability to sense glucose has been examined. It was
found that although all materials were sensitive to glucose, the metal oxides were
more effective than just their corresponding metals, and this could potentially be

harnessed for the development of more efficient blood glucose sensors.
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As well as mono-metallic nanoparticles attracting a lot of interest due to potential
industrial applications, there is a growing interest surrounding alloyed nanoparticles,
so-called ‘nanoalloys’. These materials are of significant interest as catalysts, for
example Au-Ag nanoparticles attached to the surface of SWNTSs have been used to
capture CO.2 Furthermore, platinum containing nanoalloys were synthesised on a flat
surface and have shown to be effective catalysts for the oxidation of methanol,’
therefore the synthesis of such materials inside SWNTs could prove to be beneficial.
The feasibility of doing this has been demonstrated by Li et al. who described the
formation of bimetallic CoPt and FePt nanostructures inside multi-walled carbon
nanotubes,* and so as an extension it would be interesting to investigate the syntheses

of such structures in SWNTSs.

Overall, the use of AC-HRTEM to visualise individual atoms inside the quasi-one-
dimensional SWNTs has proved invaluable, as it has allowed the synthesised
materials to be viewed in direct space and real time, and the unique methodology of
cross correlating both FD-XAS and Raman spectroscopy has allowed the electronic
properties of the systems to be studied. Further spectroscopic techniques such as
electron energy loss spectroscopy (EELs) could prove beneficial to probing the
materials, as it is more sensitive to elements with a lower atomic number and therefore

be used to resolve the lighter elements present in this study.

In conclusion, this work has determined the metal-carbon bonding characteristics of
the late transition metals; synthesised novel, bespoke inorganic nanomaterials using
a variety of newly developed reaction pathways; established a new method for
monitoring transformations at the nanoscale both microscopically and
spectroscopically; and tested new hybrid nanomaterials for potential uses as glucose

sensors. The research represented in this thesis significantly contributes to the field of
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studying materials in SWNTSs. For most of the previous millennium, chemists have
relied on the use of laboratory glassware to investigate the chemical properties of
materials, but SWNTSs have proven to be a revolutionary new piece of apparatus for
studying materials on the atomic scale, as demonstrated by both the encapsulation of
late transition metals into SWNTSs and the formation of innovative low-dimensional
inorganic structures. Thus, this thesis opens a new chapter in the chemistry of
inorganic materials, not only by providing an analytical tool for viewing atomic level
chemical processes, but also advancing the synthetic methodologies for inorganic

materials, right at a time when the world needs them the most.
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