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Abstract

This thesis is concerned with the synthesis, structural characterisation and self assembly
of various nanocrystalline materials. These materials include gold, lead sulfide and lead
selenide with substantial focus given to the noble metal palladium. The aim of this
research was to obtain size and shape control over nanoparticles formed from solution
phase synthesis for various applications. This was realised with chemical techniques
using organic surfactants as growth controlling agents. The morphology, composition,
internal crystal structure and applicable properties of the as synthesised nanoparticles
were fully investigated to give a complete characterisation. Characterisation was carried
out using a number of techniques including Super and High Resolution Transmission
Electron Microscopy (SHREM, HREM), Synchrotron Powder X-Ray Diffraction (XRD),
Selected Area Electron Diffraction (SAED) and Energy Dispersive X-Ray Spectroscopy
(EDS).

The first chapter in this thesis focuses on the synthesis and self assembly of
monodisperse gold nanoparticles into nanoparticle superlattices (NPSLs), an exciting
new type of material. The nanoparticles were prepared using a well known chemical
method at room temperature. They were then arranged into NPSLs by a simple
evaporation technique. Intermediate structures to the SLs were isolated which gave an
insight into their formation. This showed that the NPs first self assembled into an
energetically unfavourable bilayer before forming the most thermodynamically
preferred three dimensional structure. This behaviour was due to the presence of

organic capping ligands.

The second chapter is concerned with the synthesis and characterisation of lead
chalcogenide nanoparticles (lead sulfide and lead selenide). These are semiconductor

materials which can provide a photocurrent when illuminated with infra-red radiation



which makes them ideal candidates for solar cell technology. The nanoparticles were
synthesised using a bench top solvothermal method. By varying the nature of the
surfactant system, the precursor and the reaction time and temperature a wide range of
nanoparticles with different sizes and shapes were prepared. A type of lead sulfide
nanoparticles was then chosen for capping ligand exchange experiments. The new
method developed here provides a facile route to water soluble lead chalcogenide
nanoparticles and a means to more easily extract a photocurrent when used in solar cell

applications.

The remainder of this thesis is focussed on the synthesis and structural characterisation
of palladium nanoparticles. Palladium is a very important catalytic metal therefore
control over its size and shape on the nanoscale is of primary concern. In the third
chapter of this thesis various types of palladium nanoparticles were produced using
solution phase techniques in a pressure reaction vessel. By varying the nature of the
surfactant system, the precursor and the reaction pressure, temperature and time the
size and shape of the resulting nanoparticles could be controlled. These included
spherical and worm-like nanoparticles as well as novel pod-like and highly branched
palladium nanostructures. These complex shapes were the first evidence of this kind of
morphology for palladium and provide a new and exciting material for catalytic

applications.

The final chapter in this thesis features a full structural characterisation and growth
mechanism for the novel, complex palladium nanostructures along with an investigation
into their catalytic and hydrogen absorption properties. The structural characterisation
of a palladium tripod provides the first direct evidence of complex growth from a
symmetrical nanoparticle core possessing the face centred cubic crystal structure. The
growth of the highly branched palladium nanostructures is then tracked in real time. It is
shown that the growth involves the formation of nuclei followed by tripod intermediates

and finally highly branched nanostructures. By varying the nature of the surfactant



system the kinetics of the reaction and hence the morphology of the resulting
nanostructures can be controlled. A full growth mechanism is therefore proposed. The
catalytic activity of the highly branched palladium nanostructures towards a simple
organic transformation reaction is investigated. Finally, the hydrogen absorption and
desorption properties of the highly branched nanostructures is explored. The results
presented here regarding palladium nanoparticles are applicable to other industrially

important noble metals such as gold, silver and platinum.

A final conclusion chapter is then presented along with ideas for future research.
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Chapter 1: Introduction

Chapter 1. Introduction

1.1 General Overview

Due to substantial interest over the past decade, there is now a significant amount of
well-developed synthetic methodology for the production of differing nanocrystalline
species. Due to their small size (typically 1 - 100 nm), nanoparticles can exhibit
unique electronic and physical properties to the corresponding bulk phase. The field
has been extensively pursued, not only for their many technological applications but
also for their fundamental scientific interest {Klabunde 2001}. The boundaries
between the molecular, nanocrystalline and bulk regimes are material dependant and
cannot be wholly defined. However, a range of around 100 to 10 000 atoms per
nanoparticle can be considered as a rough estimate of sizes for which the
nanocrystalline regime occurs. At this length scale the surface area to volume ratio of
the material is exceedingly large. Therefore the surface becomes very important in
determining the properties of the system; that is, the materials properties can be

manipulated by varying the size and shape of the nanoparticles.

The main goal in nanoparticle synthesis is the formation of nanoparticles with
uniform size, morphology, composition, internal structure and surface chemistry.
This is critical to the interpretation of most characterisation techniques and essential
to successfully mapping their size dependant properties. Recently, there has been
substantial focus on the shape control of nanoparticles into complex morphologies
such as rods, wires and branched ‘pod-like’ structures, as materials with designable

properties become a possibility.

The research literature concerning synthesis of nanoparticles is extensive and
envelopes a wide array of chemical and physical techniques which are broadly
separated into the ‘top-down’ approach, which utilises physical methods and the
‘bottom-up’ approach, which employs solution phase colloidal chemistry. Physical
methods often result in a large yield however size and morphology control is limited.
Solution phase chemical techniques can be used to synthesise nanoparticles with

controlled size and morphology due to the use of organic surfactant molecules.
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Surfactant molecules play a dual role in nanoparticle synthesis, i) they can act as
inhibitors in the growth stage thereby controlling the nanoparticle size and ii) they
can act as capping agents for the formed nanoparticles, enabling facile dispersion in a
target solvent. This enables the synthesis of uniform nanoparticles that can, for
instance; be easily deposited on a substrate, added as additives in polymeric coatings
or used in biological applications. Surfactant mediated synthetic methods include; the
use of inverse micelles, the hot injection method and Fischer-Porter bottle synthesis.
There are general synthetic aspects common to all solution phase syntheses that
enable the formation of a uniform sample. To prepare monodisperse spherical
nanocrystals it is essential to induce a single nucleation event and prevent additional
nucleation during the subsequent growth regime. This is commonly referred to as
‘burst nucleation’ and ‘the separation of nucleation and growth’ {Peng 1998, Peng

2002).

The aim of the project is to employ solution phase chemical techniques to synthesise
various monodisperse nanocrystalline materials including Au, PbS, PbSe and Pd.
These will be utilised for further applications including the formation of superlattices
and for use in solar cells. Special attention will be placed on morphology control of Pd
nanoparticles in an attempt to enhance catalytic activity. Structural investigation will
involve Super and High Resolution Transmission Electron Microscopy (SHREM,
HREM), Synchrotron Powder X-Ray Diffraction (XRD), Selected Area Electron
Diffraction (SAED) and Energy Dispersive X-Ray Spectroscopy (EDS).
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1.2 General Synthetic Considerations

The separation of nucleation and growth has been demonstrated in synthetic
procedures that undergo both heterogeneous and homogeneous nucleation. This is
most easily realised in heterogeneous nucleation where a seed mediated growth
mechanism physically separates the two regimes. Here, preformed nuclei are
introduced into the reaction solution and monomer is supplied to enable growth. The
additional monomer concentration is kept below the critical homogenous nucleation
concentration to suppress additional nucleation. In the target syntheses for this

project, homogeneous nucleation is the main process and will be discussed below.

The concept of ‘burst nucleation’ in homogeneous systems was proposed by LaMer
and colleagues who also developed the LaMer plot, a useful tool for visualizing burst

nucleation {La Mer 1950}.

Supersaturation

I -
Figure 1. La Mer plot showing the change of degree of supersaturation over time {Park 2007}.

In stage [ the concentration of monomer steadily increases with time due to either
reduction or decomposition of precursor. The energy barrier for homogeneous
nucleation is large enough that not all levels of supersaturation will induce
nucleation. In stage II the degree of supersaturation is high enough to overcome this
energy barrier and nucleation occurs. Nuclei form which reduces the monomer
concentration. When the residual monomer concentration falls below the critical
nucleation concentration, no new nuclei are formed and the system enters stage III,
the growth stage. Here the nanoparticle concentration reaches a maximum and all

residual monomer is used for growth.
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Figure 2. Shows the growth process of nanoparticles as a function of monomer concentration and

critical size {Yin 2005}.

The degree of supersaturation has previously been strongly correlated to the size
distribution by the Alivisatos group {Peng 1998}. They observed a fast increase in
nanoparticle size and a simultaneous narrowing of the size distribution in the early
stages of growth followed by an increase in the polydispersity as the growth rate
decreases. An injection of further precursor in the late stages of growth again induced

the preferred effect seen in the initial period.

The narrowing of the size distribution can be understood by considering the
dependence of the growth rate on the average size of the nanocrystal as shown in Fig
2. Nanoparticles with radii on the left hand side of the curve are unstable and
experience a negative growth rate, or dissolution, due to a large percentage of high
energy surface atoms. Nanoparticles with radii on the right hand side of the curve
experience a positive growth rate. The point at which neither dissolution nor growth

occurs is called the critical size and is dependent on the monomer concentration.

In a low monomer concentration regime, growth is slow and the critical size is likely
to lie within the distribution of nanoparticle sizes. This results in Ostwald ripening -
where the smaller nanoparticles dissolve and the resultant monomer is added to the

growth of the larger nanoparticles - resulting in a broad size distribution {Yin 2005}.
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The size distribution can be narrowed by the rapid addition of more monomer which
results in a high monomer concentration regime. This shifts the critical size to a
smaller value which may be smaller than the average nanoparticle size. This means
that all the nanoparticles are now larger than the critical size and positive growth
occurs. A narrowing of the size distribution is realised as smaller nanoparticles are
known to grow more rapidly than larger ones in high monomer concentration {Reiss

1951).

Lately, more focus has been placed on morphology control of nanoparticles as
materials with designable chemical and physical properties become possible. For
example; the exposing of different crystal facets in Pt nanoparticles to enhance
catalytic activity or the tuning of longitudinal and transverse surface plasmon
resonances in noble metal rods and wires {Tian 2007, Murphy 2008}. The two main
explanations for morphology control are the specific binding of surfactant molecules
to different crystal facets and the introduction of twinning in the nanoparticle nuclei.
The surface energy of a crystal facet is important as the energy barrier to monomer
addition is inversely proportional to the surface energy so higher energy
crystallographic faces grow faster {Lee 2003}. By the addition of a surfactant
molecule that selectively binds to a specific facet, you can lower the energy of that
face and promote the growth of the unbound facets. This has been used as an
explanation for the formation of PbS cubes, rods and multi-pods with the selective
addition of dodecanethiol {Lee 2002}. Twinning in nanoparticle nuclei has been
demonstrated to yield varying morphologies of Pd and Pt nanoparticles where the
degree of twinning is mainly determined by the reduction rate of the precursor

{Xiong 2007 (a)}.

Post-synthetic purification is essential to removing excess surfactant as this can
reduce the efficiency of the nanoparticles target properties e.g., photoluminescence
can be quenched or it can reduce access to the surface of catalytically active materials.
The nanoparticles may be purified by adding a small amount of non-solvent that is
miscible with the original solvent, e.g. ethanol to a solution of nanoparticles dispersed
in hexane. This increases the interparticle attraction and causes the nanoparticles to
precipitate out. The solution can then be centrifuged, the supernatant discarded and
the nanoparticles dispersed in the required solvent, e.g. hexane, toluene,

dichloromethane etc. Since the adsorption of the capping ligand is dynamic there
5
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needs to be a small excess in solution to ensure solubility. Other methods of
purification include liquid-liquid phase separation and size exclusion high

performance liquid chromatography (HPLC) {Tilley 2006, Wilcoxon 2006}.
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1.3 Semiconductors

When semiconductor materials are synthesised on the nanoscale, electronic and
optical properties can be observed which are not seen in the bulk phase. The
properties of these so called ‘quantum dots’ (QDs) can be explained by the quantum

confinement effect.

The band gap of a material can be defined as the difference in energy between the
valence and conduction bands and is typically in the range of 1.5 - 3 eV for a
semiconductor. When an electron is promoted to the conduction band a hole remains
in the valence band leading to an electron-hole pair or exciton. In a bound state the
electron-hole interaction occurs over a material dependant length scale, termed the
Bohr radius, which is determined by the strength of their Coulombic interaction

{Klimov 2006}.

If the physical nanoparticle diameter reduces below the Bohr radius, the energy
levels in the conduction and valence band become discrete (Fig 3). In addition, the
exciton becomes spatially confined and the materials band gap (E;) increases
resulting in a ‘blue shift’ of the optical properties. In semiconductor materials, the
blue shift becomes significant when nanoparticles are reduced to between 1 and 10
nm in size. The quantum confinement effect can be thought of as analogous to the
‘particle in a box’ phenomenon which is why QDs are often referred to as ‘artificial

atoms’.
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Figure 3. Bulk semiconductors have continuous conduction and valence bands with a fixed energy gap,
Eg in contrast to nanoparticles which have discrete energy levels and a size dependant Eg {Klimov

2007}.

The first evidence of photoluminescence from nanoscale semiconductor QDs was in
1993 from the Bawendi group who produced CdE (E = S, Se, Te) nanocrystals from a
synthetic procedure involving the high temperature thermolysis of precursors
{Murray 1993}. The hot injection method used involved the rapid injection of a cold
trioctylphosphine (TOP) solution containing Cd and the chalcogenide precursors into
a hot trioctylphosphine oxide (TOPO) solution. This created a supersaturated solution
that was relieved by a burst of nucleation. The overall monomer concentration
dropped below the critical nucleation concentration and concomitantly the
temperature was lowered which suppressed any subsequent nucleation events. All
residual monomer was therefore used for growth. With post preparative size
selection processes they were able to reduce the polydispersity to ¢ = 5 %. The
nanoparticles formed ranged in size from ~ 1.2 nm to 11.5 nm and displayed a
variation in emission wavelength of ~ 410 nm to ~ 680 nm, indicating size dependant

electronic transitions.
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Figure 4. Room temperature optical absorption spectra of CdSe nanoparticles dispersed in hexane and

ranging in size from 1.2 nm to 11.5 nm {Murray 1993}.

By controlled addition of hexadecylamine (HDA), Weller and co-workers were able to
improve on the synthesis and gain a polydispersity of only o = 4 % without post
preparative size selection procedures {Talapin 2001}. This outlines the importance of
the proper choice of coordinating surfactants in controlling growth. Bulkier
surfactants provide greater steric hindrance and hence slow nanoparticle growth. For
example, tributylphosphines provide smaller nanoparticles than triphenylphosphines
{Park 2005}. Certain capping species may be useful for controlling growth but
ineffective at enabling adequate dispersion. Therefore a mixture of
trialkylphosphines and carboxylic acids can be used to allow the nanoparticles
sufficient freedom to grow whilst limiting aggregation {Sun 1999}. An increase in
concentration ratio of surfactant to precursor can promote the formation of a greater

number of smaller nuclei and hence a smaller nanoparticle size {Murray 2001}.

Lead chalcogenide (IV-VI) semiconductor nanocrystals are infrared (IR) emitting

nanoparticles that are promising candidates for many applications including;

9
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fluorescent contrast agents for biomedical imaging, photodetectors, photovoltaic cells
and optical amplification media for telecommunications system {Sargent 2005}. Lead
chalcogenide nanoparticles have been synthesised in varying morphologies including
spheres, cubes, rods, hollow spheres, stars and dendritic structures {Rogach 2007}.
Since they are photoactive in the IR they show potential for harvesting the 45% of
terrestrial solar radiation that lies in this region of the spectrum {Lopez-Luke 2008}.
Lead chalcogenides nanocrystals have several advantages that make them promising
materials. They possess direct band gap transitions and have relatively narrow band
gaps (0.41, 0.278 and 0.31 eV for PbS, PbSe and PbTe respectively). In a direct band-
gap semiconductor the conduction and valence bands are directly above one another
in space and therefore recombination can occur with conservation of momentum. An
indirect band-gap semiconductor involves loss of momentum of the carrier through
the emission of a phonon (a quantum of heat manifested as the excitation of
molecular or lattice vibrations). This is a non radiative process and results in weak
emission strength. So direct band gap transitions typically have stronger emission
strength and are preferred for optical applications. The materials have large exciton
Bohr radii, 18 nm and 46 nm for PbS and PbS respectively, meaning that strong
quantum confinement effects can be seen in relatively large nanoparticles. They also
crystallize in the simple face centred cubic (fcc) crystal structure, which enables ease

of imaging and characterization.

The first reported hot injection synthesis of PbSe was by Murray et al in 2001 by
injecting trioctylphosphine selenide (TOPSe) into a solution of lead oleate, with
diphenyl ether as a solvent under nitrogen {Murray 2001}. By varying the
temperature from 90 - 220 °C they were able to tune the nanoparticle size from 3.5
nm to 15 nm. They also observed the characteristic blue shift of the absorption edge
in the resulting absorption spectra. Guyot-Sionnest used this system to investigate the
optical transitions and determined a quantum yield of up to 85 % - around 180 times
that of the most efficient and stable IR dye {Wehrenberg 2002}. This work was
followed by the formation of solution phase synthesized PbS nanocrystals which
employed oleic acid and TOP as the surfactants and was carried out in various high
boiling point organic solvents {Hines 2003}. The importance in the choice of the right
precursor was outlined by Houtepen et al in their synthesis of PbSe nanoparticles.
They showed that to obtain spherical nanoparticles the use of Pb-oleate precursor

completely free of acetate was essential. The presence of acetate causes star shaped
10
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nanoparticles to form through an oriented attachment mechanism due to the PbSe

nanoparticles inherent dipole moment {Houtepen 2006}.

,
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Figure 5. TEM images of PbSe nanoparticles at; (a) high resolution showing lattice fringes and (b) low

resolution displaying the monodispersity of the sample {Murray 2001}.

The photoluminescence of a semiconductor nanoparticle is related to the breaking of
crystal symmetry at the nanoparticle surface and therefore the condition of the
surface can affect quantum efficiency. Trap states that exist on the surface, for
example, crystal defects such as steps can cause non-radiative recombination.
Organic capping ligands serve to reduce the number of trap states at the surface and
provide electronic passivation of surface dangling bonds. However, epitaxial growth
of an inorganic material with higher E; onto the surface of the QD can more effectively
reduce phonon-assisted recombination. These so called ‘core-shell’ structures have
been synthesised from many materials including PbSe/PbS and CdSe/CdTe {Cui 2007,
Chin 2007, Koktysh 2007}. The dominant mode of exciton deactivation in
semiconductor nanoparticles is Auger recombination. Auger recombination is a non-
radiative process where the energy released from an electron-hole recombination is
not emitted as a photon but is transferred to a third particle (electron or hole) which
is shifted to a higher energy. This decay has a relatively low efficiency in bulk systems
but is enhanced in quantum confined nanoparticles {Klimov 2007}. While this effect
reduces the efficacy of QDs in photovoltaic applications, the understanding of Auger
decay has been an important step to understanding the fundamentals behind

nanoparticle lasers {Klimov 2000, Schaller 2006}.

The usual assumption is that the absorption of one photon by a semiconductor

produces one exciton with the photon energy in excess of E; dissipated as phonons.
11
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This indicates that the quantum efficiency for one photon is either 100 % or 0 %
{Schaller 2006}. However, this limit can be overcome through carrier multiplication
where one photon with energy hw > 2E; can potentially produce two excitons with the
number of generated excitons increasing by one as the photon energy increases by Ej.
While this effect occurs with low efficiencies in bulk semiconductors, it becomes
extremely efficient in ultra-small semiconductors {Schaller 2004}. Quantum yields of
300 % have been shown for PbS and PbSe QDs where the threshold for multiple
exciton generation was twice the lowest absorption energy {Ellingson 2005}. This
was improved upon by Schaller et al who showed photon to exciton conversion
efficiencies of up to 700 %, reducing the energy loss due to heat by 80 % {Schaller
2006}. This has positive implications for the production of QD solar cells. The current
maximum power conversion efficiency from a single junction solar cell is ~ 30 %
based on the assumption that one exciton is produced per photon {Shockley 1961}.
With carrier multiplication this can be increased to 42 % with a quantum yield of 200

% and 43 % with a quantum yield of 300 % {Hanna 2006}.

This project will involve the synthesis of PbS and PbSe nanoparticles of varying size
and morphologies with the target end use being solar cell technology. The hot
injection method will be the main synthetic procedure for the formation of the lead
chalcogenide nanoparticles. The surface of the QDs will be modified by addition of a
linking group. This will attach the nanoparticles to TiO2 which will act as a wide band
gap (3.2 eV) semiconductor, electron acceptor material. Therefore, under IR
irradiation the lead chalcogenide nanoparticles will inject electrons into the TiO:
providing a photocurrent. The presence of lead chalcogenide nanoparticles will
provide a much greater conversion efficiency when compared to TiO; itself which

absorbs only around 5% of the solar spectrum {Lopez-Luke 2008}.

12
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1.4 Noble Metals

The nanocrystalline states of the noble metals have experienced extensive research
over the past decade due to their interesting properties and the facile control over
their size and morphology. Gold nanoparticles have been in use for centuries with the
colour in stained glass windows and royal purple dye being attributed to the presence
of the finely divided colloid {Daniel 2004}. The colour of the nanoparticles of noble
metals can be changed by variation of their size and morphology. The observed
colour is due to a collective oscillation of electrons in the conduction band known as
surface plasmon resonance. The mean free path of electrons in gold and silver is ~ 50
nm so when the nanoparticle size is reduced below this, all electron interactions are
expected to occur at the surface {Eustis 2006}. When the wavefront of light with
wavelength larger than the nanoparticle size passes across the nanoparticle it causes
the electrons to polarize to one surface. As the waveform continues to travel it can set
up a standing oscillation of free electrons or surface plasmon resonance. This means
that the colour of the nanoparticle is directly related to the electron density at the
surface and hence dependant on its size and shape. Nanorods have been shown to
possess two distinct plasmon resonances; a transverse oscillation which is
independent of aspect ratio and a longitudinal oscillation which occurs at longer
wavelengths and varies with the aspect ratio {El-Sayed 2001}. Therefore, introducing
anisotropy into a system can have a profound effect on the surface plasmon
resonance. Hao et al produced branched gold nanoparticles that showed a 130 - 180
nm red shift of the surface plasmon resonance in relation to spherical nanoparticles
{Hao 2004}. Through electromagnetic simulations they showed that the nanoparticle
tips dominated the optical properties which agrees with the idea that plasmon
resonance is a surface effect. The electron oscillation also imparts a strong

interparticle van der Waals force on noble metal nanoparticles {Eustis 2006}.

The electron density of the environment will affect the ability of the nanoparticle
surface to hold charge and will also have an effect on the surface plasmon resonance.
This includes the dielectric constant of the solvent as well as the structure of the
capping molecule. The dependence of the resonance on the capping species can be
utilised for sensing purposes as a chemically bonded species will change the

electronic environment and induce an observable colour change.

13
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A common method for producing monodisperse gold and silver nanoparticles is the
use of reverse micelles or microemulsion. A microemulsion is a thermodynamically
stable dispersion of two relatively immiscible liquids stabilised by surfactant
molecules {Lin 2006}. surfactant molecules can self assemble as normal micelles (oil-
in-water), or reverse micelles (water-in-oil). nanoparticles such as Au, Ag and Pd are
commonly synthesised in a reverse micelle system consisting of cetyltrimethyl-
ammonium bromide (CTAB) as the surfactant, butanol as a cosurfactant and octane as
the oil phase. At an appropriate concentration the CTAB creates a spherical reverse
micelle surrounding a pool of water which subsequently dissolves the metal salt
precursor {Pileni 2003}. The metal salt is then reduced by the addition of a reducing
agent, e.g. NaBH4. This reducing agent is unstable with respect to hydrolysis in
neutral aqueous solution and is therefore used as a highly alkaline solution {Wilcoxon
2006}. Most metal salts used in this technique are soluble only at concentrations of
0.01 M to 0.1 M using surfactant concentrations of ~5 - 10 wt% (~ 0.2 M) {Hanna
2006}. This corresponds to only a few precursor molecules per micelle and hence, the
nanoparticle size is a result of micellar diffusion and collision. Due to the small size of
the reverse micelles they are subject to Brownian motion at ambient temperatures
{Cushing 2004}. Occasionally, a short-lived dimer will form with the two reverse
micelles evenly distributing the contents of their aqueous cores. They will then
separate, resulting in the eventual equilibrium distribution of all aqueous contents

and a product with nearly uniform size and shape.

The size of the product nanoparticle is related to the size of the reverse micelle which
increases linearly with increasing water content {Pileni 1997}. However, above a
water-surfactant ratio of ~ 10 - 15, the nanoparticle size does not drastically change

and an increase in polydispersity is observed.

x>

Figure 6. Reverse micelles showing control of size by water content.

14
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The nanoparticles then undergo a ligand exchange step where the CTAB molecules
surrounding the metal nanoparticles are displaced by a desired capping species, e.g.,
dodecanethiol. Here, the metal-thiol bond is typically stronger than the surfactant-
metal interaction and a spontaneous displacement of surfactant molecules will occur.
The dodecanethiol ensures solubility in an organic phase and the excess surfactant
can be removed by washing with a highly polar solvent such as n-methylformamide.
Further purification is carried out via introduction of a non-solvent and

centrifugation.

In some cases this procedure can yield a product with a significant degree of
polydispersity. A polydisperse product can be converted to a monodisperse one by
digestive ripening {Prasad 2002}. This involves refluxing the nanoparticles in the
presence of excess capping ligand and is highly effective in reducing the size
distribution for noble metal nanoparticles. The exact mechanism for this
phenomenon is not clear however it is evident that the efficacy of the technique relies
on the strength of the Au-ligand interaction {Prasad 2003}. It has also been proposed
that the electrostatic energy of the charged nanoparticles is the balancing force for

the increased curvature introduced into the system {Lee 2007}.

50 nmj:

Figure 7. TEM micrographs of Au nanoparticles before and after digestive ripening {Prasad 2002}.
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This project will utilise the reverse micelle method to produce monodisperse Au and
Ag nanoparticles for formation of nanoparticle superlattices as their facile synthesis
and propensity for undergoing digestive ripening make them ideal candidates. The
dependence of their optical properties on the surrounding environment means that

their inclusion into nanoparticle superlattices could yield some interesting effects.
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1.5 Palladium

The synthesis of platinum group metal nanoparticles with controllable size and
morphology has recently received much focus with a substantial amount of research
into palladium nanoparticles. Palladium serves as a primary catalyst for low-
temperature reduction of harmful emissions from automobiles or for organic
processes, such as the Suzuki, Heck and Stille coupling reactions {Xiong 2005 (a)}.
When used as a catalyst in the automobile industry only about 10 % of the metal is
active due to accessibility and poisoning issues. Therefore development of high
surface area, high performance Pd catalysts are of primary concern. It is well known
for its extraordinary capacity for hydrogen absorption - of which it can store up to
900 times its own volume - which makes it a promising material for hydrogen sensing
as well as energy storage for fuel cells. The crystalline structure of Pd is face centred
cubic (fcc) with a lattice constant of a = 3.8898 A. Small Pd nanoparticles (typically
<10 nm) in size show a surface plasmon resonance in the UV region which gives them
a black colour. This makes its optical properties difficult to observe due to strong
absorption at these wavelengths by glass and most solvents {Creighton 1991}.
However, calculations have indicated that the resonance peaks can be tuned from the
UV (330 nm) to the visible (530 nm) by morphology control {Kelly 2003}. A free Pd
atom has the configuration [Kr] 4d'° and is non magnetic at room temperature. Yet
upon reduction to the nanoscale the onset of ferromagnetism has been observed due
to i) reduced coordination at the surface, ii) the expansion of the lattice parameter,

and iii) breaking of local symmetry i.e., twinning {Sampredo 2003}.

For catalytically active materials, e.g., Pt and Pd the catalytic performance relies
heavily on the nanoparticle morphology. Anisotropic growth can greatly enhance
performance by increasing surface area and concomitantly exposing high index
crystal facets. El-Sayed and co-workers established the link between morphology and
catalytic properties through the formation of tetrahedral and spherical Pt
nanoparticles {Narayanan, 2004, Narayanan 2005}. Tian et al showed the importance
of the nature of the crystal facet in optimising the catalytic performance {Tian 2007}.
Extensively branched or porous nanostructures have the added benefit of possessing
absorption sites that are in close vicinity to each other through space. This has the

potential to increase the catalytic performance for reactions which involve two or
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more reactants as all molecules needed for the target reaction can be absorbed in
close proximity to each other reducing the need for diffusion across the catalyst
surface {Teng 2006}. The control of branched growth in nanoparticle systems is well
established in materials with polymorphism, e.g. CdS and CdSe {Joo 2003}. Here, the
controlled nucleation of a zinc-blende core is followed by the growth of wurtzite
phase branches which occurs along the inherently anisotropic c-axis of the hexagonal
cell structure. This type of polymorphism is not seen in highly symmetrical face
centred cubic (fcc) structures. Thus, while methods for producing isotropic
nanoparticles for noble metals are well established, the formation of branched

structures has yet to be comprehensively achieved.
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Figure 8. Series of images showing the introduction of high index facets in tetrahexahedral Pt

nanoclusters which saw an improvement in catalytic activity {Tian 2007}.

Common solution phase synthetic procedures for the formation of Pd nanoparticles
include; the reverse micelle synthesis, the polyol process, which uses a polymer,
generally poly(vinylpyrrolidone) (PVP) as a capping agent, thermolysis and precursor
decomposition/reduction in a pressure reaction vessel (Fischer-Porter bottle).
Palladium nanoparticles synthesised by reverse micelles are commonly

monodisperse and isotropic and have been used in the seed-mediated synthesis of
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anisotropic nanoparticles {Xiong 2005 (b)}. The polyol synthesis has been used for
the synthesis of uniform single crystal cuboctahedra nanoparticles by Xia et al, where
oxidative etching of the nuclei removed twinning and reduced anisotropy {Xiong
2005 (a)}. Xiong et al furthered this work by producing single crystal nanoboxes and
nanocages as well as observing a size dependence of the surface plasmon resonance
for Pd and core shell Pd/PdO nanocubes {Xiong 2005 (b), Xiong 2005 (c)}. Twinned
Pd nanostructures were produced in the polyol synthesis through the removal of
oxidative etching from the reaction system and Pd nanobars and nanorods were
formed through the introduction of a second polymer (ethylene glycol) with different
reduction properties {Xiong 2007 (b), Xiong 2007 (c)}. The polyol synthesis has
recently been most effective in controlling the morphology of Pd nanoparticles
however this project will focus on Fischer-Porter bottle synthesis. Fischer-Porter
bottles (shown in Fig 10) have previously been used to demonstrate the effect of

organo-metallic precursor on nanoparticle formation {Ramirez 2004}.

precursor
excess solution in
solvent T M 3;‘7071(1 ary

Figure 9. Picture of Fischer-Porter pressure reaction vessel.

The main goal of this project is the synthesis of Pd nanoparticles with morphological
control with the aim of increasing catalytic performance and gaining an
understanding of the fundamentals of complex nanoparticle growth. This will
primarily be achieved through the use of surfactant mixtures of differing ratios that

will serve to i) regulate the surface energy on different crystal facets controlling
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growth rate and ii) control the reduction kinetics which determines the degree of
twinning in the nanoparticle nuclei {Xiong 2007 (a)}. The reduction kinetics control
the rates of nucleation and growth which can influence morphology through so called

kinetic shape control {Yin 2005}.
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1.6 Superlattices

The self-assembly of size selected nanoparticles into ordered arrays or ‘superlattices’
presents an opportunity to form new and exciting materials with designable chemical
and physical properties. Here, the nanoparticles can be considered as ‘artificial atoms’
which self assemble into structures analogous to atomic crystals. The nanoparticles
reside in the lattice positions just as atoms do in atomic crystals. This presents the
possibility for collective properties arising due to their close proximity and
periodicity. The formation of superlattices requires a system of highly monodisperse
nanoparticles, usually with a polydispersity of less than 5%. The resulting structure of
the superlattice is dictated by a balance between attractive van der Waals and dipolar
forces and short range repulsions {Shevchenko 2006 (a)}. Nanoparticle superlattices
were first reported in 1989 and since then have attracted increasing attention. Early
work included the assembly of CdSe nanoparticles into 3D superlattices and the
assembly of Ag,S nanoparticles of differing sizes (3 to 6 nm) into 2D monolayers and
3D arrays {Bentzon 1989, Murray 1995, Motte 1995}. Work has been carried out on
superlattices of the noble metals Au and Ag which experience a strong interparticle

attraction due to an enhanced van der Waals force {Prasad 2003}.

Superlattices with a binary phase are also possible when two different sizes of
nanoparticle are self assembled. Shevchenko et al, produced an ABs type superlattice
of 4.5 nm and 2.6 nm CoPt3 nanoparticles with a structure analogous to CaCus
{Shevchenko 2006 (b)} Recently, superlattices containing two different types of
nanoparticle have been presented by the Murray group at IBM. These binary
nanoparticle superlattices (BNSL) have been dubbed ‘meta-materials’. The first BNSL
presented consisted of 11 nm y-Fe203 and 6 nm PbSe nanoparticles and displayed
AB13 and AB; type structures analogous to the intermetallic phases NaZn13z and AlB>
respectively {Redl 2003}. Recently, Murray et al have presented BNSLs with AB, AB;,
AB3, AB4, ABs, AB¢ and AB13 stoichiometry possessing cubic, hexagonal, tetragonal and
orthorhombic symmetries {Shevchenko 2006 (a)}. Assemblies with the same
stoichiometry were produced in several polymorphous forms isostructural with
various intermetallic compounds, e.g. AlB> and MgZn». Also presented were BNSL
with no known atomic equivalent, indicating that the discovery of further novel

crystal structures is a possibility.
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Figure 10. TEM micrograph of a BNSL isostructural with CaBs made from 13.4 nm Fe;03 and 5.0 nm Au
nanoparticles {Shevchenko 2006 (a)}.

A major contributor to the properties of nanoparticles is the choice of capping agent.
The spacing between nanoparticles can be changed by varying the length of the alkyl
chain. Nanoparticles also undergo interdigitation (overlap) of the capping species and
therefore the nature of branching of the alkyl chain is also important. The capping
species helps to dictate the structural and thermal stability of the superlattice. By
changing the interparticle distance, electronic transitions can be introduced. This has
been demonstrated for Ag nanoparticles, where a reversible insulator-metal
transition was demonstrated as the interparticle distance was changed from 12 to
less than 5 angstroms at near ambient conditions {Collier 1997}. Binary nanoparticle
superlattices of Ag>Te and PbTe have shown synergistic effects leading to enhanced

p-type conductivity {Urban 2007}.

There are myriad forces responsible for NPSL formation. In the self assembly of
model hard spheres entropy is the main driving force however additional forces must
be considered in the self assembly of nanoparticles. Sterically stabilised nanoparticles
can hold one or two noncompensated positive or negative elemental charges per
nanoparticle {Shevchenko 2006 (a)}. Also, semiconductor nanoparticles can exhibit
large dipole moments and polarisabilities {Cho 2005, Shanbhag 2006}. This is due to
different terminating species on the crystalline facets, e.g., Pb or Se, which gives them

a polar nature. The distribution of polar facets results in a dipole moment.
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Figure 11. Atomic reconstruction of the PbSe nanocrystal showing the difference in terminating

species of the facets and the direction of the resulting dipole moment {Lee 2003}.

The selective adsorption of capping ligand can also enhance the dipole-dipole
interactions between nanoparticles {Zhang 2005}. The capping agent exerts an
influence in nanoparticle self-assembly through steric hindrance and vdW

interactions. So in addition to entropy, the following interactions must be considered;

. Coulombic - repulsive and attractive.

. electric and magnetic dipole

o van der Waals

o steric hindrance

o higher order moments of charge distribution - charge-dipole,

dipole-induced dipole etc.

It is the balance between these forces and entropy as well as the nanoparticle size
ratio and relative concentrations which can give rise to new BNSL structures beyond

close packed.

Superlattices will be prepared by evaporating the colloidal solution directly onto
transmission electron microscopy (TEM) grids for ease of imaging. The important

variables to consider in SL formation are;

e nature of the substrate
e solvent choice

e concentration

e temperature

® Dpressure
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e interfacial surface area

The electron transparent substrates used are generally amorphous carbon but can be
formed by other materials, e.g. silicon nitride. Nanoparticle-substrate binding is
dynamic and therefore the nanoparticle-substrate affinity is important. The
nanoparticle must have a long enough residence time on the substrate to begin
crystallisation but also retain enough diffusional freedom to migrate across the
substrate and reach a position of minimum energy {Sigman 2004}. To form the SL, the
colloidal solution will be evaporated on the TEM grid. As the solvent evaporates the
nanoparticle concentration close to the three phase contact point (liquid-air-
substrate) increases until crystallisation occurs {Siffalovic 2007}. Therefore, the
meniscus of the solvent becomes important as this is the position of the three phase
contact point. The choice of solvent with the desired boiling point and polarity is
important. The boiling point dictates the speed of evaporation and by changing
solvent polarity the interparticle potential and the nanoparticle-substrate affinity can
be tuned. Solvent mixtures can be employed to further control the evaporation and
nanoparticle potentials. For example, a mixture of octane and octanol can be used. As
the lower boiling point octane evaporates the octanol percentage in the mixture rises.
This increases the interparticle potential and induces crystallisation. Temperature
and pressure are both pivotal to controlling evaporation rate however ambient

conditions are usually sufficient.
This project will focus on the formation of superlattices from Au nanoparticles.

Attention will be given to the analysis and characterisation of nanoparticle packing

and defects.

References

See end of Chapter 2.
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Chapter 2. Characterisation Techniques

Solution phase synthesis provides a facile method for controlling the overall size,
morphology and size distribution of various species of nanoparticles. These can be
suspended in organic solvents due to a passivating layer of organic surfactants.
Purification steps are carried out to minimise the amount of excess surfactant in
solution which enables characterisation. The sample is then characterised using
Super and High Resolution Transmission Electron Microscopy (SHREM, HREM),
Synchrotron Powder X-Ray Diffraction (XRD), Selected Area Electron Diffraction
(SAED) and Energy Dispersive X-Ray Spectroscopy (EDS).

HREM provides instant information on the size and morphology of the nanoparticles
as well as the size distribution. It allows us to directly observe the atomic packing of
the crystal surface and gives an insight into the overall crystal structure. EDS is used
in conjunction with electron microscopy and imparts information on the elemental
composition of a target sample. SAED provides information on the phase and
orientation of the material. It serves as a very valuable alternative to traditional X-ray
diffraction as it allows the analysis of single crystals on the nanometre length scale.
Synchrotron radiation will be used to gain real time data on the growth of our
nanostructures. By using this high energy X-ray source we are able to obtain XRD
spectra from various stages throughout the reaction and thus, an insight into their

growth.
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2.1 High Resolution Transmission Electron Microscopy
(HREM)

Over the past 75 years electron microscopy has developed into a sophisticated
technique for nanoscale imaging. By using electrons for imaging, electron
microscopes have realised resolution and magnification superior to traditional
optical techniques. The resolution or resolving power is defined as the closest spacing
between two points which still enables them to be distinguished as separate.
Traditional optical microscopes suffer from a resolution limit due to their reliance on
visible light where the maximum resolution possible is restricted by the wavelength

of optical light such that;

. A
resolution = 5

The wave-particle duality nature of the electron indicates that as its energy increases
its wavelength decreases. Therefore by controlling the energy of the electron you can
control its wavelength and ultimately surpass the resolution limit that restricts

optical microscopy.

(b)

Electron Source
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Final Image

Figure 13. (a) shows an HREM and (b) a schematic representation of the electron beam.
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High resolution transmission electron microscopy (HREM) is a powerful tool that
allows direct probing of structural information at the atomic level. A picture of an
HREM is shown in Fig 13a along with a schematic ray diagram in Fig 13b. The HREM
consists of an electron source which provides a beam of electrons that is then
controlled and focussed by magnetic fields to image materials and create electron
diffraction patterns. The electrons are produced by thermionic emission (Edison
effect) from either a tungsten filament or a lanthanum hexaboride (LaBs) single
crystal. Our instrument employs a self-biasing type LaBs emitter which possesses a
lower work function and operates at a lower temperature than a tungsten filament.
The electrons are then accelerated by a potential difference of 200 kV down the
optical axis enabling wavelengths (A = 0.0251 A) much smaller than the inter-atomic
distances in crystal lattices. Such a large potential difference accelerates the electrons
to velocities close to the speed of light which means relativistic effects become

important. Therefore the precise wavelength of the electrons is given by;

/1_ h(l_ﬁ2)1/4
(2m,e,E)"

Where h is Planck’s constant, me is the rest mass of the electron, e is the charge on an
electron, E is the accelerating voltage and f§ = v/c, where v and c are the velocities of

the electron and light in a vacuum respectively.

Below the electron gun are two or more condenser lenses. These focus the electrons
into an approximately parallel beam and control its diameter as it hits the specimen,
enabling the operator to control the intensity of illumination. Below the condenser
lens is the specimen chamber which allows a very small specimen to be placed
directly in line of the beam. Specific sample holders are used that can move the
sample along the plane normal to the optical axis, tilt the sample in relation to the
plane (double-tilt holder) or create variations in temperature (variable temperature
stage). The sample is immersed well within the magnetic field of the objective lens

which will be discussed below.

The electron beam passes through the sample where some electrons are diffracted
imparting partial structural information. The diffracted beam and the primary beam

are then recombined by the objective lens. The role of the objective lens is to form the
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first intermediate image and diffraction pattern, one of which will be enlarged by the

subsequent projector lenses.

The first projector lens can be switched between two modes, image and diffraction. In
image mode the lens is focussed on the intermediate image plane of the objective lens
and an image is formed with the final magnification controlled by the remaining
projector lenses. In diffraction mode the projector lens is focussed on the back focal
plane of the objective lens and a diffraction pattern is projected. So by manipulating
the projector lens either an image or a diffraction pattern can be propagated down
the optical axis and viewed on a fluorescent screen, photographic plate or CCD digital

camera.

There are key advantages to the use of electrons over X-rays. Due to the far stronger
interaction of electrons compared to X-rays with atoms, it is possible to image
individual sub-micron crystals. This is not possible with X-ray techniques such as
powder X-ray diffraction. A second advantage relates to the ‘phase problem’ inherent
in X-ray diffraction. The recombination of the diffracted beams by the objective lens
during the imaging process retains the phase information and eliminates the need for

subsequent mathematical operations.

Due to imperfections in the microscope, there are limitations to the structural
resolution that can be obtained. As the lens that recombines the diffracted beams,
imperfections in the objective lens become the limiting factor. Consideration should
be given to astigmatism, spherical aberration, chromatic aberration and beam
divergence. Astigmatism is caused by a deviation of the beam from a cylindrical
nature at a normal to the optical axis. In theory this can be completely corrected by
electromagnetic coils in the microscope. Therefore astigmatism requires a high
degree of control over the magnetic field. Spherical aberration occurs when parts of
the beam are focussed more strongly than others bringing them into focus on
different planes. In optical systems this can be corrected by using non-spherical
lenses. This cannot be employed in electron microscopes as the lens is the magnetic
field between the pole pieces of the objective lens and is difficult to control. The effect
can be somewhat countered by defocusing the beam resulting in a slight elongation of
the focal length. However, this results in poorer spatial resolution so may not always

be desirable. Chromatic aberration occurs because the focal length of the magnetic
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lens is dependent on the electron energies. A range of electron energies occur due to
the spread of thermal energies inherent in thermionic emission, as well as
fluctuations in the accelerating voltage. Beam divergence relates to a non-parallel
incident beam which occurs as the filament degrades from a point source to a larger

area of electron emission.

Recently, the use of aberration correction in electron microscopy has reduced
achievable point resolution to under 1 A {Kirkland 2008}. This can be achieved either
through direct or indirect methods, or a combination of both. Indirect methods
include exit wave reconstruction. This technique require a series of images to be
obtained along a focal path at nominal focal increments. The images are then
reconstructed a posteriori to create an aberration corrected image {Kirkland 2007}.
Direct methods involve the insertion of correctors into the electron optical column
which correct for the positive spherical aberration inherent in magnetic lenses
{Kirkland 2008}. These correctors contain pairs of hexapole and round doublet
transfer lenses and can correct all spherical aberrations out to third order {Hutchison

2005}

Other techniques for reducing the point resolution of an electron microscope include
decreasing the chromatic aberration and introducing an in-column energy loss filter.
For example, if the energy spread in the emission gun is reduced from 1 eV to 0.5 eV
the point resolution improves from 0.12 nm to less than 0.10 nm due to this decrease
in chromatic aberration {Kirkland 2008}. An in-column omega-type electron energy
filter further decreases the chromatic aberration by refining the spread of electron

energies {Tanada 1999, Hutchison 2005}.

In this study a JEOL 2011 TEM operating at 200 keV was primarily used for HREM
analyses. Samples were prepared by evaporating a colloidal solution onto a TEM grid
(strong carbon film on 200 mesh copper) purchased from ProSciTech (GSCu200C).
The software Gatan DigitalMicrograph was used to i) capture and process images and
ii) perform a fast Fourier transform (FFT) analysis on a high resolution HREM image
to a produce power spectrum. The software Crystal Maker was used to produce

model crystal structures.
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Additional SHREM experiments were performed on a JEOL 2200MCO field-emission
TEM with double aberration correctors operating at 200 keV located at Oxford

University Department of Materials.
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2.2 Diffraction Theory and Application

The phenomenon of diffraction is the interference cause by an object in the path of
propagating electromagnetic waves. This gives rise to a diffraction pattern that can
impart valuable structural information on the object. The analysis of diffraction
patterns is an important technique for the characterisation of nanocrystalline

materials.

A detailed account on diffraction theory is given by Atkins and also Williams and
Carter {Atkins 2006, Williams 1996}. One approach to the analysis of diffraction
patterns is to model the crystal as stacks of reflecting lattice planes d (see Fig 14
below). Consider two adjacent planes reflecting two parallel incident rays of the same
wavelength. The first ray strikes the upper plane at point D however the second ray
must travel an additional distance AB before striking the lower plane. The reflected
rays will have an additional path difference of BC. Therefore the net path difference

between the two rays will be

AB + BC=2dsin @

where 0 is the glancing angle.

B

Figure 14. Schematic representation of Bragg’s Law showing the path-length difference of AB + BC for

two parallel incident rays of the same wavelength.
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If the path length difference is not an integer number, the wave interference will be
destructive and no structural information given. However, if the path-length
difference is an integer number i.e.,, AB + BC = nA then the reflected waves interfere

constructively and a diffraction pattern is observed. This is expressed as Braggs Law:
nA =2dsin 6

Braggs Law allows for the investigation of spacing between the lattice planes; once 6

has been determined, d may be easily calculated. This in turn enables determination

of the crystal structure.

In this thesis structural information is taken from X-Ray Diffraction and Selected Area

Electron Diffraction techniques.
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2.2.1 Selected Area Electron Diffraction (SAED)

One of the great advantages of TEM analysis is the ability to observe images and
diffraction patterns for the same region simply by adjusting the electromagnetic
lenses. Diffraction information can be extracted by inserting an aperture in the
imaging plane of the objective lens. Only electrons passing through the aperture
contribute to the diffraction information. As the electrons travel through the
specimen, they may be scattered or remain unaffected by the specimen. This creates a
non-uniform distribution of electrons which contains all the structural and chemical

information of the specimen {Williams 1996}.

Single crystal SAED reveals a series of spots on the imaging surface that can be
indexed to the appropriate crystal structure and reveal its orientation. Diffraction of a
large number of randomly oriented crystals results in diffraction rings as shown in
Fig 15. Selected area diffraction is one of the major electron microscopy techniques
for identifying phases and determining the orientation of materials. In this study

SAED patterns were taken on film using a JEOL 2011 TEM operating at 200 keV.
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Figure 15. SAED pattern of fcc palladium clearly showing well developed rings.
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2.2.2 Synchrotron X-ray Diffraction (XRD)

Synchrotron radiation is the emission of light which occurs when a charged particle is
forced into a curved trajectory, e.g., an electron under the influence of the magnetic
field. When the target particles are accelerated to relativistic velocities, i.e. close to
the speed of light, radiation is emitted in a very narrow cone at a tangent to the
electron orbit. The energy of synchrotron radiation is therefore dependant on the
velocity of the orbiting electrons as well as the curvature or the ring which enables
radiation from infra-red to X-rays to be produced. The diffraction of the emitted X-ray
radiation when passed through a specimen imparts valuable structural information
which is crucial to form a complete characterisation. X-rays emitted in a synchrotron

have a number of important properties different to a lab source;

e high brightness - the radiation is hundreds of thousands of times brighter than
a lab source.

e highly collimated - this means the beam is parallel and experiences minimal
divergence.

e isemitted in very short pulses which can give real time information.

Figure 16. Schematic of a synchrotron radiation source.

Therefore synchrotron radiation can give superior resolution to lab source XRD
techniques as well as giving information on dynamic processes which enables the

user to monitor a reaction as it progresses.
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A schematic diagram of a synchrotron is shown in Fig 16. Electrons are generated in
the electron gun (1) and then accelerated to relativistic velocities by the linear
accelerator (2). The electrons have their energies increased in the booster ring (3)
and then are transferred to the outer storage ring (4). As the electrons are deflected
by the magnetic ring they emit radiation that travels down the beamline (5) to the

user end station (6).
In this study XRD analyses was taken from beamlines at both the Stanford

Synchrotron Radiation Lightsource (SSRL) at Stanford, California (Beamline # BL7-2)

and the Australian Synchrotron in Melbourne (Powder Diffraction Beamline).
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2.3 Energy Dispersive X-ray Spectroscopy (EDS)

Energy dispersive X-ray spectroscopy (EDS) is a useful analytical technique used in
conjunction with HREM that can impart valuable information on the composition of a
system. It uses the characteristic X-ray signature generated by a sample when
bombarded with electrons to reveal its elemental composition. Quantitative data can
also be obtained by comparing peak heights or measuring unknowns against a
standard. This technique also allows the detection of impurities that may be too low
in concentration to be detected by powder XRD. Data collection and analysis is a
relatively quick and easy process because the complete spectrum of energies is

obtained simultaneously.

When a beam of high energy electrons strikes a sample, X-rays may be generated.
Two processes occur; elastic scattering, used in X-ray imaging and inelastic scattering,
used for EDS. In elastic scattering the energy of the electron is conserved and its
propagating direction is changed by the potential of the target. In an inelastic
scattering process there is a finite change in the energy of the electron. The electrons
produced in the microscope are accelerated by a 200 kV potential difference and thus
possess enough energy to ionise an atom upon collision by removing an electron
before continuing on with reduced kinetic energy. If the electron is removed from one
of its inner shells an electron from an outer shell can relax into the vacancy thus
restabilising the atom. The energy loss associated with the relaxation from a higher
energy position to a lower energy position can either be emitted as a photon (X-ray)
or transferred to a secondary electron which is then emitted from the atom (Auger
electron). This energy is characteristic of the energy level separation of a specific
element and can therefore be used for elemental identification. An EDS spectrum of
Pd nanoparticles is shown in Fig 17. The peaks labelled Cu and C are due to these
materials being present in the TEM grid. Note that heavier elements such as Pd will

give rise to a higher number of transitions than lighter elements.
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Figure 17. EDS spectrum of Pd nanoparticles.

X-rays generated deep within a thick crystal can be absorbed by the surrounding
crystal structure and lead to erroneous data. Therefore, EDS analysis is optimised
when dealing with small or very thin crystals. X-ray detection is achieved through the
use of a lithium doped silicon semiconductor. This absorbs the X-ray which produces
and electron hole pair than in turn generates a current. The amount of X-rays the
detector can process at any given time is limited and therefore the input must be
optimised. An input that is too strong will enable detection of undesirable lower
energy emissions which can result in misleading data whereas a weak input will give

an unsatisfactory signal to noise ratio.

For EDS analysis JEOL Analysis Station software was used to analyse data obtained

from an EDS unit integrated into the a JEOL 2011 TEM.
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Chapter 3. Nanoparticle Superlattices (NPSL)

This chapter is concerned with the self organisation of monodisperse gold

nanoparticles into NPSLs.

Gold nanoparticles were synthesised using a previously reported microemulsion
method {Tilley 2003}. This technique presented a facile route to a monodisperse
sample of small spherical gold nanoparticles as described in the introduction section.
The gold nanoparticles synthesised here are capped with dodecanethiol. The strong
Au-S interaction enables easy replacement of the growth directing agent and the long
chain organic functionality provides sufficient stabilisation in organic solvents.
Dodecanethiol was also chosen as the organic stabiliser as it has previously been
shown to be the optimal length for forming ordered arrays of nanoparticles {Whetten

1999},

Variables in NPSL formation include nature of the substrate, solvent, concentration,
temperature, atmospheric pressure and interfacial surface area (i.e., tilt of the
substrate). Here focus will be give to the concentration of the colloidal solution as this
enables us to track the growth of the superlattices by forming intermediate
structures. Size distribution analysis is performed in the following experiments by

measuring the sizes of at least 2000 nanoparticles.
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3.1. Synthesis and Characterisation of Gold Nanoparticles

Experimental

Gold Nanoparticle Synthesis

In a 100 mL beaker 0.0788 g (0.2 mmol) gold (III) chloride (HAuCl4(H20)3) was added
to 2 g of cetyltrimethylammonium bromide (CTAB). To this was added 16.4 mL of
octane and 3.5 mL of 1-butanol. This was stirred which dissolved the gold salt
resulting in a light orange turbid solution. To this was added 2 mL of water. The
reaction solution was stirred and left to homogenise for 1 h resulting in a dark orange

solution.

Once homogenised 30.2 mg of NaBH4 in 8 mL H20 was added dropwise resulting in a
red wine/purple coloured solution. This was left to react for 1 h. After the completion
of the reaction 0.4 mL of a 0.5 molL-! (0.2 mmol) of dodecanethiol was added rapidly.

This was left to stir overnight resulting in a dark purple colour.

For purification the gold nanoparticles were washed twice with N-methyl-formamide
and once with water. The gold nanoparticles were soluble in various organic solvents

including hexane, toluene and dichloromethane.

Results

When the reducing agent was added the reaction solution turned a red-wine/purple
colour indicating the formation of nanostructured gold. The organic surfactant, CTAB,
was then displaced by dodecanethiol resulting in a stable solution in various organic
solvents. The first discarded N-methyl-formamide volume had a pale purple colour
indicating some of the gold nanoparticles did not undergo ligand exchange with
dodecanethiol, however the second and subsequent wash volumes were clear which

shows the majority of the nanoparticles did undergo the exchange.

Figure 1 shows full characterisation of the as synthesised gold nanoparticles. Figure
1la shows a low magnification EM image of gold nanoparticles which are ~ 4 nm in

size. Figure 1b shows a higher magnification EM image. The nanoparticles are
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experiencing some 2D packing due to their low polydispersity however the

concentration is too low to obtain a full nanoparticle monolayer.

AN
P s e P A {220}

Figure 1. Low magnification HREM image of 4 nm Au nanoparticles (a), high magnification image (b),
EDS spectrum of the imaged nanoparticles (c) and a SAED pattern of the imaged nanoparticles indexed

to fcc Au metal.

Figure 1c shows an EDS spectrum which shows that 85% of the sample is Au and 15%
of the sample is S. This S signal comes from the dodecanethiol capping ligand. The
electron diffraction pattern in Fig 1d is indexed to the fcc crystal structure of Au

metal.
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3.2 Formation of Gold Nanoparticle Superlattices (NPSL)

Scheme 1 shows the experimental setup for the formation of gold NPSL. A carbon
coated TEM grid is applied to a silicon wafer with a drop of toluene which is then
allowed to dry fixing the grid to the wafer. This is placed in a glass vial which is placed
on a 45° angle. The TEM grid/Si wafer is then immersed in colloidal solution. This is
left to completely evaporate at atmospheric temperature and pressure. The TEM grid
is then removed from the Si wafer and left under a lamp for 5 min to remove any

residual solvent.

Colloidal Solution ]
Meniscus

/
TEM Grid

Si Wafer

Schematic 1. Experimental setup for forming NPSLs.

3.2.1 Effect of size distribution on the formation of Gold NPSL.

The following experiments were performed to demonstrate the need for a
monodisperse product for the formation of NPSL. A polydispersity of less than 5 % is
commonly required for 2D hexagonal and subsequent 3D colloidal crystallisation
{Shevchenko 2006 (a), Urban 2007}. To control the size distribution of the resulting

nanoparticles the reducing agent was added at different rates.

45



Chapter 3: Nanoparticle Superlattices

Results

Figure 2a shows an HREM image of gold nanoparticles formed when the reducing
agent was added rapidly instead of dropwise. There are some regions of packed
nanoparticles however there is no long range ordering and the nanoparticles can be
regarded as being randomly positioned on the TEM grid. Figure 2b shows the size
distribution profile of the as synthesised gold nanoparticles. The nanoparticles are 4.5
+ 0.8 nm with a polydispersity of ¢ = 16.9 %. Here, the polydispersity is calculated as
the standard deviation from the mean nanoparticle size. The size distribution
observed here is therefore well above the 5 % value required for superlattice
formation. Figure 3 shows an HREM image of the as synthesised gold nanoparticles
when applied in higher concentration to the TEM grid. The entire ensemble of

nanoparticles is randomly agglomerated and there is no ordering of any type present.
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Figure 2. HREM image of Au nanoparticles formed by adding the reducing agent rapidly (a) and

corresponding size distribution profile (b).
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Figure 3. HREM image of Au nanoparticles formed by rapid addition of reducing agent.

Figure 4 displays gold nanoparticles formed when the reducing agent was added to
the reaction solution dropwise resulting in a monodisperse product. Figure 4a shows
an HREM image of the nanoparticles which can clearly be observed to form into a 2D
hexagonal arrangement. The nanoparticles organise over micrometre length
distances. This long range ordering is characteristic of a monodisperse product {Lin
2001, Rogach 2002}. Figure 4b shows a size distribution profile for nanoparticles
imaged in Fig 4a. The nanoparticles are 4.5 + 0.2 nm in size with a polydispersity from
standard deviation of ¢ = 4.7 %. The average interparticle spacing (distance from
edge to edge of adjacent nanoparticles) is 2.4 + 0.2 nm. This value is lower than the
length of two dodecanethiol molecules (average length ~ 1.5 nm each). This

difference in length arises due to interdigitation of the organic capping molecules

{Luedtke 1996}.

48



Chapter 3: Nanoparticle Superlattices

ol &

40 -

20

Percentage Composition (%)

4 6
Nanoparticle Size (nm)

Figure 4. HREM image of Au nanoparticles formed by dropwise addition of reducing agent (a) and

corresponding size distribution profile (b).
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3.2.2 Effect of concentration on the formation of Gold NPSL

To investigate the formation of 3D NPSLs the concentration of the colloidal solution
was incrementally increased before being deposited on the substrate. It was hoped
that by increasing the concentration in stages structural intermediates in the

formation of NPSLs could be isolated and characterised.

Results

Figure 5 shows the effect of doubling the concentration of gold nanoparticles in
toluene. Figure 5a shows a monolayer of gold nanoparticles with a second layer of
nanoparticles arranging directly above it. The monolayer is packed in a 2D hexagonal
arrangement characteristic of monodisperse product as previously observed (Fig 4a).
Again the nanoparticles are 4.5 * 0.2 nm in size with a polydispersity of ¢ = 4.7 % and
the average interparticle spacing is 2.4 £ 0.2 nm. A close up EM image is shown in Fig
5b which enables characterisation of the nanoparticle packing. This is shown
schematically in Fig 5c where the blue spheres are the original monolayer and the red

spheres represent those nanoparticles located in the second layer.
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Figure 5. (a) HREM image of two layers of monodisperse Au nanoparticles. (b) High magnification
HREM image of two layers of Au nanoparticles. (c) Schematic outlining the packing characteristics of

the bilayer observed in TEM.

From the schematic we can see that the second layer forms by the addition of
nanoparticles into the interstices between two adjacent nanoparticles on the initial
monolayer, the so called 2-fold ‘saddle’ site {Fink 1998, Zanchet 1999, Gutierrez-Wing
2000}. This forms a ‘ring’ of nanoparticles on the second layer and creates a site for
another nanoparticle to reside directly above a single nanoparticle on the first
monolayer. Therefore the second layer consists of the same 2D arrangement as the
first layer but rotated 30°. This creates a series of rings or ‘eye’ like formations on the

second layer as observed in Fig 5b.
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Figure 6 shows the formation of NPSL on a TEM substrate from a highly concentrated
colloidal solution. The concentration was increased ten times that originally used for
the formation of the monolayer in Fig 4a. The superlattice shown in Fig 6a is over 1
um? and shows rounded contours. Figure 6b shows that the nanoparticles are
arranged in an cubic close packed type structure. The red arrows point to defects in
the superlattice which are analogous to twin planes observed in atomic crystals. Note
the presence of singular nanoparticle ranging in size from 2.1 nm to 5.2 nm on the

TEM grid to the right of the superlattice.
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Figure 6. Low magnification HREM image of a Au NPSL (a), HREM image of a Au NPSL showing

superlattice defects as indicated by the red arrows (b).
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b)

Lo

Figure 7. Low magnification HREM image of a Au NPSL (a), SAED of the imaged NPSL indicating

oriented alignment (b).

Figure 7a shows a large NPSL 300 nm across and 400 nm long. The superlattice
consists of gold nanoparticles in a cubic arrangement characteristic of fcc type
packing viewed down a <100> zone axis. Figure 7b shows a SAED pattern with a band

type reflection which is indexed to the fcc gold crystal structure.

To confirm the analogous crystal structure of the gold NPSL the specimen was tilted
with respect to the electron beam and the projection compared to a model crystal
structure. Figure 8a shows a high magnification HREM image of the NPSL viewed in
Fig 7a clearly showing a cubic packing arrangement. This projection is comparable to
a model of fcc Au metal viewed down a <100> zone axis (Fig 8b). To confirm the fcc
like packing of the gold nanoparticles the specimen was tilted by -34.8° in the
goniometer y direction. The HREM image of this projection is shown in Fig 8c. This
projection is the same as is seen when the model crystal structure is tilted by the
same degree (Fig 8d). Therefore the gold NPSL can be characterised as consisting of
monodisperse gold nanoparticles arranged in a manner analogous to the fcc crystal

structure.
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Figure 8. (a) High magnification HREM image of Au NPSL showing a cubic stacking arrangement, and

corresponding image of model hard spheres (b). (c) The same region tilted by -34.8° in the goniometer

y direction in relation to the electron beam, and corresponding image of model hard spheres (d).
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3.3 Discussion on Formation of Gold NPSLs

The nanoparticles synthesised and displayed in Fig 1la-b show that the synthetic
method chosen provides a facile route to monodisperse gold nanoparticles. While
these nanoparticles are relatively monodisperse a 2D monolayer or 3D packing did

not occur due to the low concentration of the colloidal solution.

When the reducing agent was added to the reaction solution rapidly a polydisperse
nanoparticle ensemble was produced (Fig 2a). After evaporation of the colloidal
solution only randomly positioned nanoparticles were observed, i.e., there was no
evidence of long range ordering. When the concentration of the colloidal solution was
increased only randomly aggregated nanoparticles were observed (Fig 3). These
results indicate that i) adding the reducing agent dropwise is essential for a
monodisperse product and ii) a monodisperse product is needed to obtain 2D and 3D

packing.

The nanoparticles displayed in Fig 3a show the need for a monodisperse product in
order to obtain 2D hexagonal ordering. From size analysis in Fig 3b the nanoparticles
here have a polydispersity of ¢ = 4.7%, a small value when compared to ¢ = 16.9%
associated with the randomly positioned nanoparticles. This result confirms that a
size distribution of less than ¢ = 5% is needed for long range nanoparticle ordering

{Shevchenko 2006 (a), Urban 2007}.

When the concentration of the colloidal solution is increased we see the addition of a
second layer of nanoparticles (Fig 5). In the second layer the nanoparticles occupy
both two-fold saddle sites as well as being positioned directly above a nanoparticle on
the first monolayer. This creates a ‘ring’ like projection that is characteristic of a
CaCus (ABs) type crystal structure {Shevchenko 2002, Shevchenko 2006 (b)}. This is
unexpected for NPSL as the thermodynamically favoured and most commonly
observed position for a second layer nanoparticle is in the three-fold hollow sites
characteristic of close packing {Motte 1997, Lin 2001, Rogach 2002} The room
temperature equilibrium structure for dodecanethiol capped gold nanoparticles has
previously been shown through molecular dynamics simulations to be tetragonally

distorted fcc, a close packed structure {Luedtke 1996}. Therefore the anomalous
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packing observed in Fig 5a-b can be considered relatively high energy. The
nanoparticles positioned in two-fold saddle positions are not far from
thermodynamic equilibrium with a potential energy difference of only ~3 meV (0.1
kT) when compared to a three-fold hollow site {Zanchet 1999}. However, the
nanoparticles situated directly above another nanoparticle on the first monolayer

would possess a considerably larger potential energy.

This difference in energy is reflected in the packing densities for analogous crystal
structures of model hard spheres. Conventional close packed stacking has a packing
density of ¢ = 0.74 whereas the CaCus type structure has a lower packing density of ¢
= 0.67 {Steinhaus 1999, Uebayashi 2002}. This decrease in packing density creates a

higher energy ensemble.

The self assembly of nanoparticles into ordered structures shows a direct
dependence on the rate of crystallisation with slow growth rates tending towards the
formation of fcc type structures {Pusey 1989}. The formation of energetically
unfavourable structures would require rapid crystallisation. However, the present
method for superlattice formation uses conditions which are much more mild than
previous methods {Gutierrez-Wing 2000, Shevchenko 2002, Shevchenko 2006 (a),
Shevchenko 2006 (b)}. As such, the crystallisation rate can be expected to be slow
enough to produce the most thermodynamically preferred structure. Therefore
crystallisation kinetics are most likely not the reason for the formation of the high

energy packing observed.

In this case it is the presence of the soft organic capping ligand that promotes the
formation of the energetically unfavourable CaCus type structure. The organic
capping ligand has two main effects on the packing through i) the balance between

electrostatics and van der Waals forces and ii) steric repulsion.

Gold nanoparticles capped with dodecanethiol have been shown to possess either a
neutral or negative charge making electrostatics important in their self-organisation
{Shevchenko 2006 (b)}. Dispersion or van der Waals forces between the long alkyl
chains of the organic capping ligand are also known to be a main driving force to
direct the self assembly of nanoparticles {Zhang 2006, Shevchenko 2006 (a)}.

Therefore, the balance between electrostatic repulsion and van der Waals attraction
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is most likely a defining factor in the formation of the high energy CaCus type
structure {Fink 1998}.

The capping ligand also affects the packing through sterics. The interparticle spacing
of 2.4 = 0.2 nm observed here is considerably larger than that observed for other
dodecanethiol capped gold nanoparticles {Gutierrez-Wing 2000}. This leads to an
expansion of the monolayer in contact with the substrate. In this expanded state a
hollow site would keep the nanoparticles further apart than their dynamic radius
which results in an energy increase for that position {Zanchet 1999}. Therefore the 2-
fold saddle sites becomes energetically comparable to the hollow site (within 0.1 kT).
This leaves an empty site directly above a nanoparticle which is stabilised by the
presence of saddle occupied nanoparticles. This is subsequently filled resulting in the

CaCus type structure.

So while the final ordering of the two layers of atoms may not be the most
thermodynamically stable, the route of formation is thermodynamically comparable

to that of a close packed system.

The third layer then regains the thermodynamically favoured close packed ordering
as the hollow site again becomes the most energetically favourable position {Zanchet
1999}. This provides the link between the CaCus type structure observed in Fig 5a-b

and the large close packed superlattices observed in Fig 6a-b.

When the concentration of the colloidal solution was increased large, micrometre
superlattices were formed {Fig 6a-b}. These superlattices show rounded contours.
The absence of well defined superlattice facets maybe due to the relatively short time
of formation when compared to other methods which have produced highly faceted
colloidal crystals {Stoeva 2003, Oonishi 2007}. Presumably the short period of
formation does not provide enough time for nanoparticle diffusion across the
superlattice surface to form defined facets, i.e., there is insufficient time and energy

for superlattice ‘annealing’.

Observed on the right hand side of the superlattice in Fig 6b are randomly positioned
singular nanoparticles 2.1 nm to 5.2 nm in size. These nanoparticle sizes are outside

the measured size distribution in Fig 4b and are therefore considered polydisperse
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outliers. This is evidence of a kind of in-situ size selection procedure where only those
monodisperse nanoparticles are incorporated into the formation of the superlattice

while considerably smaller or larger nanoparticles are ejected.

The large superlattice observed in Fig 7a gave an SAED with a band-like reflection.
This is characteristic of oriented alignment in NPSL which means the lattice planes of
adjacent nanoparticles are aligned {Rogach 2002}. The bands are located on the {200}
and {220} reflections. Their positioning is analogous to the spots observed from an
SAED of a fcc crystal viewed down a <100> zone axis. This indicates that there is a
significant number of nanoparticle in the superlattice shown in Fig 7a that are

oriented along a <100> zone axis with respect to the electron beam.

The structure of the as formed superlattice is confirmed to be fcc through tilting

experiments.
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3.4 Summary

Monodisperse gold nanoparticles have been synthesised by a micro-emulsion
synthesis. These were then used in the formation of gold NPSLs from a colloidal
solution. Experiments show that a product with a small size distribution is needed for

long range nanoparticle ordering.

When a low concentration colloidal solution is used, a 2D hexagonally packed
monolayer is formed. As the concentration is increased a second layer is added and

subsequently large micrometre NPSLs are formed.

The bilayer of nanoparticles arrange in a relatively high energy structure due to the
presence of a soft organic capping ligand. The organic ligand promotes the formation
of high energy packing through sterics, electrostatics and van der Waals forces. A
third layer of nanoparticles then leads to a close packed thermodynamically favoured

arrangement.
Tilting experiments were performed which showed that the gold NPSLs possessed an

fcc type packing structure. Oriented alignment was shown to be present in the gold

NPSL.
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Chapter 4. Solution Phase Syntheses of Lead
Chalcogenide Nanoparticles

This part of the thesis is concerned with size and shape control of monodisperse lead
chalcogenide nanoparticles synthesised in the solution phase. This will produce
various types of nanoparticles which have application in solar cell technology. The
syntheses involve the decomposition of a lead salt in the presence of an organic
stabiliser ligand. For PbSe this is carried out in a non-coordinating solvent. For PbS
the organic stabiliser species plays a dual role as high boiling point solvent. Both Se
and S are used in their elemental state. A ligand exchange procedure will be
attempted which will replace the long chain organic stabiliser ligands with a shorter
chained species. This will allow for easier extraction of a photocurrent when used in

solar cell technology.

The general procedure presented here is commonly referred to as the ‘hot injection’
method. The hot injection method employed involves the rapid injection of the
chalcogenide source into a hot solution containing the lead salt and organic stabiliser.
This creates a supersaturated solution that will be relieved by a burst of nucleation.
The overall monomer concentration will then drop below the critical nucleation
concentration and suppress any subsequent nucleation events. As a result, an

ensemble of nanoparticles with a monodisperse size distribution is hoped to form.
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4.1 Solution Phase Syntheses of PbSe Nanoparticles

PbSe nanostructures have previously been synthesised using chemical vapour
deposition, ion beam assisted deposition and template assisted methods {Jian 2006,
Bierman 2007, Sima 2008}. However, the present study involves the synthesis of
PbSe nanoparticles in the solution phase. This method enables greater control over
size and shape of the nanoparticles and ultimately leads to a more monodisperse
product {Yin 2005}. Solution phase methods are less energy intensive than physical
techniques. They also have the added advantage of producing a colloidal solution that
can be easily applied to substrates leading to ease of fabrication for prototype solar

cells.

This section outlines those experiments performed on the synthesis of PbSe
nanoparticles using trioctylphosphine (TOP) as the organic stabiliser ligand. Size
distribution analysis is performed in the following experiments by measuring the

sizes of at least 2000 nanoparticles.

4.1.1 Reactions of Pb(Ac): in Trioctylphosphine (TOP) @ 150 °C -
Effect of Reaction Time

In this series of experiments a lead salt (Pb(Ac)2) precursor was thermally
decomposed in a coordinating solvent in the presence of a selenium source. The
method employed here is based on the first reported hot injection synthesis of PbSe
which produced monodisperse nanoparticles varying in size from 3.5 to 12 nm
depending on reaction temperature {Murray 2001}. Therefore, this method was used

in the following experiments with minor adjustments.

The following set of experiments looks at the structural evolution of PbSe
nanoparticles by extracting intermediate structures at 1, 5 and 10 min and the final

reaction product at 15 min.

Experimental

In a three necked round bottomed flask 0.5 g of Pb(Ac): and 2 mL of oleic acid (0A)
was added to 5 mL of diphenyl ether. The flask was then purged and filled with N> to
create an oxygen free atmosphere. The reaction solution was heated to 150 °C where

it was left to stir for 30 minutes to ensure the lead salt was fully dissolved. This
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resulted in a yellow solution. In a separate beaker 0.8 g of elemental Se was added to
5 mL of trioctylphosphine (TOP). This was heated on a hot plate to dissolve the Se and
form TOPSe.

The Pb(Ac)2/0A/diphenyl ether solution and TOPSe were then both cooled to room
temperature and mixed. In a separate three necked round bottomed flask 15 mL
diphenyl ether was heated to 150 °C. The Pb(Ac)2/0A/diphenyl ether/TOPSe solution
was then rapidly injected. This was left to react for 1, 5, 10 and 15 min at 150 °C. After

reaction completion the solution was left to cool for purification.

For purification of the sample, a 50:50 mixture of methanol and toluene was added to
flocculate the as synthesised nanoparticles when the reaction solution had reached
70 °C. The solution was then cooled to room temperature and centrifuged at 14 000
rpm for collection of the solid nanoparticles. These were subsequently washed by
suspending the pellet in toluene and ultrasonicating for 5 minutes. Additional
methanol was added again to flocculate the nanoparticles followed by centrifuging.
The purification process was repeated and the resulting purified sample was
suspended in toluene for TEM investigation. The as synthesised PbSe nanoparticles
could also be suspended in hexane, tetrachloroethylene and other non-polar solvents

if required.
Results : Experiment 1 (1 min Reaction Time)

When the Pb/OA/diphenyl ether solution was added to the TOPSe a light brown
colour resulted. This may be due to the formation of small nuclei. When the mixture
was injected into the hot diphenyl ether a dark brown/black solution resulted
indicating the formation of PbSe. An HREM image of the as synthesised nanoparticles

is shown in Fig 1a.
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Figure 1. (a) HREM image of as synthesised PbSe nanoparticles formed after 1 min reaction time. (b)

Corresponding SAED pattern indexed to the fcc crystal structure of PbSe.

The nanoparticles are 4.5 + 0.5 nm in size and have a roughly spherical morphology
however there is some elongation and irregularity to their shape. A SAED pattern is
shown in Fig 1b which is indexed to the face centred cubic (fcc) crystal structure of
PbSe (Space Group = Fm-3m). An EDS spectrum of the PbSe nanoparticles is shown in
Fig 2. The productis 62 % Pb and 38 % Se with additional peaks corresponding to the
copper grid and carbon film.
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Figure 2. EDS spectrum of the as synthesised PbSe nanoparticles.

65



Chapter 4: Solution Phase Syntheses of Lead Chalcogenide Nanoparticles

Results : Experiment 2 (5 min Reaction Time)

The as synthesised nanoparticles are shown in Fig 3a with size distribution analysis
shown in Fig 3b. The nanoparticles are 6.6 *+ 1 nm in size with a spherical
morphology. They have a polydispersity from standard deviation of ¢ = 6.3 %. This is
close to the theoretically predicted size distribution of 5 % required for colloidal
crystallisation {Shevchenko 2006}. In fact, the HREM image shows the nanoparticles
organising into a 2D hexagonal packing arrangement. This is indicative of a

monodisperse product.
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Figure 3. (a) HREM image of the as synthesised PbSe nanoparticles formed after 5 min reaction time

and (b) the corresponding size distribution profile.
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Results : Experiment 3 (10 min Reaction Time)

The as synthesised nanoparticles are shown in Fig 4a with size distribution analysis
shown in Fig 4b. The nanoparticles are 7.9 + 1.2 nm in size with a roughly spherical
morphology and a polydispersity from standard deviation of ¢ = 7.6 %. This
polydispersity is relatively large when compared to the value required for colloidal
crystallisation which is confirmed by the lack of long range hexagonal packing in the
HREM image. The nanoparticles are largely spherical however there is some faceting

present.
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Figure 4. (a) HREM image of the as synthesised PbSe nanoparticles formed after 10 min reaction time

and (b) the corresponding size distribution profile.

Results : Experiment 4 (15 min Reaction Time)

The as synthesised nanoparticles are shown in Fig 5a with a high magnification image
shown in Fig 5b. The nanoparticles have a rounded cube shape and are 14 + 1 nm in
size. They are randomly agglomerated which is unexpected considering their relative
monodispersity. The lattice planes of the two nanocubes shown in Figure 5b are not

aligned confirming the random orientation of the nanoparticles.
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Figure 5. (a) HREM image of the as synthesised PbSe nanoparticles formed after 15 min reaction time

and (b) high magnification TEM image.

4.1.2 Discussion Reactions of Pb(Ac): in Trioctylphosphine (TOP) @

150 °C - Effect of Reaction Time

Exp # | Precursor Surfactant Rxn Rxn Product
/Solvent Time Temp
(min) (oC)

1 Pb(Ac)2 TOP/ 1 150 spheres
diphenyl ether 4.5+0.5nm

2 Pb(Ac)2 TOP/ 5 150 spheres
diphenyl ether 6.6 £1nm

3 Pb(Ac)2 TOP/ 10 150 spheres/cubes
diphenyl ether 7.9+1.2nm

4 Pb(Ac)2 TOP/ 15 150 rounded cubes
diphenyl ether 14 +1 nm

Table 1. Results of PbSe synthesis at 150 °C in diphenyl ether using TOP as surfactant.
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Figure 6. Plot showing the increase in size of PbSe nanoparticles with increasing reaction time when

grown at 150 °C.

In the above set of experiments the structural evolution of the PbSe nanoparticles can
be observed. When reacted for 1 min, 4 to 5 nm spherical nanoparticles are produced.
As the reaction progresses the nanoparticles grow into 6.6 nm spheres, 7.9 nm
rounded cubes and finally nanocubes 14 nm in size. The increase in the size of the
nanoparticles with increasing reaction time can be seen in Fig 6. This increase can be
understood as an increase in total monomer addition to the crystal with longer
reaction time. However, the shape evolution from spherical to cubic morphology

requires more discussion.

At small sizes surface energy considerations dominate and spheres form due to the
minimisation of surface area to volume ratio {Pietryga 2004}. Therefore, in the
present system the lowest-energy morphology for PbSe nanoparticles on the 4 to 5
nm size regime is spherical. As the nanoparticles grow the inherent crystalline energy
begins to have a greater contribution on the overall energy. So, as the size of the
nanoparticle increases a cubic shape, arising from the fcc crystal structure of the

material, begins to emerge. Here, a cubic morphology is observed after 15 minutes
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reaction time which indicates that inherent crystalline energy begins to dominate the
overall nanoparticle energy at a size of ~ 14 nm. This leads to the emergence of a

cubic morphology.

4.1.3 Reactions of Pb(Ac): in Trioctylphosphine (TOP) @ 200 °C -
Effect of Reaction Time

In this set of experiments the reaction temperature was increased to 200 °C. Here it
was hoped that a higher injection temperature would create a faster nucleation burst
resulting in more distinct separation of the nucleation and growth steps and thus a
more isotropic, monodisperse reaction product. Furthermore, it has been shown that
the size at which the inherent crystalline energy begins to dominate the structure of
the nanoparticle is temperature dependant, with high temperatures favouring the
transition from a spherical to cubic shape at larger sizes {Lee 2002}. Therefore by
increasing the temperature of the reaction it was also hoped that larger spherical

nanoparticles could be formed.

Experimental

In a three necked round bottomed flask 0.25 g of Pb(Ac)z and 1 mL of oleic acid (0A)
was added to 2.5 mL of diphenyl ether. The flask was then purged and filled with N»
to create an oxygen free atmosphere. The reaction solution was heated to 150 °C
where it was left to stir for 30 minutes to ensure the lead salt was fully dissolved. This
resulted in a yellow solution. In a separate beaker 0.4 g of elemental Se was added to
2.5 mL of trioctylphosphine (TOP). This was heated on a hot plate to dissolve the Se
and form TOPSe.

The Pb(Ac)2/0A/diphenyl ether solution and TOPSe were then both cooled to room
temperature and mixed. In a separate three necked round bottomed flask 15 mL
diphenyl ether was heated to 200 °C. The Pb(Ac)2/0A/diphenyl ether/TOPSe solution
was then rapidly injected. This was left to react for 5, 15 and 30 min at 200 °C. After
reaction completion the solution was left to cool for purification which was carried

out as above.
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Results : Experiment 5 (5 min Reaction Time)

The as synthesised nanoparticles are shown in Fig 7a. The nanoparticles are roughly
spherical in morphology however some faceting is present. They are 10 + 0.8 nm in
size which makes them relatively monodisperse however there was no long range
ordering observed. Figure 7b shows an high magnification HREM image of the PbSe

nanoparticles. This shows that the nanoparticles are not perfectly spherical with

some elongation present.

Figure 7. Plot (a) Low magnification HREM image of PbSe nanoparticles formed after 5 min reaction
time at 200 °C. (b) High magnification HREM image of the PbSe nanoparticles with the white arrow
indicating elongation in the nanoparticle morphology. (c) SAED indexed to the fcc PbSe crystal

structure and (d) EDS spectrum of the as synthesised nanoparticles.
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The nanoparticle highlighted by the arrow has an elongated shape with an aspect
ratio of 1.44. Figure 7c shows a SAED pattern which is indexed to the fcc crystal
structure of PbSe. Figure 7d shows an EDS spectrum of the nanoparticles viewed in
Fig 7a and indicates the sample is 55% Pb and 45% Se (the additional unlabeled

peaks come from the carbon film and the copper grid).

Results : Experiment 6 (15 min Reaction Time)

The as synthesised nanoparticles are shown in Fig 8a. They are 14 * 2 nm in size and
possess a roughly cubic morphology however there are nanoparticles present with a
more spherical shape. The inset shows a SAED that is indexed to PbSe cubic crystal
structure. Figure 8b shows a single PbSe nanocube 14 nm in size. Atomic packing is
visible and along with the power spectrum in the inset shows this nanoparticle is
single crystal and is being viewed down a {100} zone axis. This is the commonly
observed terminating facet for a cubic nanoparticle. It possesses some shape
deviation due to the increased growth on its right hand edge. By analysis of the angles
of the lattice planes compared to the surface of the nanocube it can be observed that
this extended growth gives rise to a (110) facet and a high index (411) facet

terminating side of the nanocube.
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Figure 8. Plot (a) Low magnification HREM image of PbSe nanoparticles formed after 15 min reaction
time and corresponding SAED pattern (inset). (b) High resolution HREM image of a single cubic PbSe

nanoparticle with corresponding power spectrum (inset).
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Results : Experiment 7 (30 min Reaction Time)

The as synthesised nanoparticles are shown in Fig 9. They have a highly faceted, cubic
morphology and are 16 + 4 nm in size. So, while the shape distribution is more
uniform, the polydispersity has increased. This is evidenced by the lack of long range

ordering characteristic of a monodisperse product.

Figure 9. Plot (a) Low magnification HREM image of PbSe nanoparticles formed after 30 min reaction

time.
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4.1.4 Discussion Reactions of Pb(Ac): in Trioctylphosphine (TOP) @

200 °C - Effect of Reaction Time

Exp # | Precursor Surfactant Rxn Rxn Product
/Solvent Time | Temp
(min) (0C)

5 Pb(Ac): TOP/ 5 200 roughly spherical NPs
diphenyl ether 10 £ 0.8 nm

6 Pb(Ac): TOP/ 15 200 rounded cubes
diphenyl ether 14+ 2 nm

7 Pb(Ac)2 TOP/ 30 200 highly faceted cubes
diphenyl ether 16 £ 4 nm

Table 2. Results of PbSe synthesis at 200 °C in diphenyl ether using TOP as surfactant.
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Figure 10. Plot showing the increase in size of PbSe nanoparticles with increasing reaction time when

grown at 200 °C.

The above set of experiments shows the evolution of PbSe nanoparticles when grown

at a reaction temperature of nanoparticle 200 °C. A similar evolution of nanoparticle

morphology is observed as when grown at 150 °C. After 5 min slightly irregular

spherical nanoparticles are formed. These evolve into rounded faceted 14 + 2 nm
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nanoparticles at 15 min and finally highly faceted 16 * 4 nm nanocubes after 30 min.
A plot outlining the increase in nanoparticle size with longer reaction times is shown

in Fig 10.

After 5 min reaction time the nanoparticles grown at 200 °C are larger and more
faceted than those formed at 150 °C. After 15 min reaction time the nanoparticles are
a similar size to those formed at 150 °C however they are much more faceted.
Therefore, when produced at 200 °C the inherent crystalline anisotropy is beginning
to dominate at a smaller nanoparticle size than when reacted at 150 °C. This is in
direct contrast to the observations of Lee et al that a higher reaction temperature
would cause the transition from spherical to cubic to occur at larger nanoparticle

sizes.

This is due to the weak binding strength of TOP when compared to the dodecanethiol
capping agent used by Lee et al. The energy barrier to nucleation on the {111} facets
is reduced with weakly binding surfactants therefore growth is promoted along these
directions {Sugimoto 1983}. So, in the presence of the relatively weak phosphine-Pb
capping interaction monomer addition to the growing nanoparticle preferably occurs
along the <111> directions. The rate of monomer addition on the {111} faces is then
directly dependant on overcoming the associated energy barrier. Therefore the
growth rate along the <111> direction is promoted at higher temperatures. This leads

to the more faceted, cube like morphologies observed in smaller sized nanoparticles.
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4.2 Solution Phase Syntheses of PbS Nanoparticles

In this series of experiments the hot injection method was used for the formation of
PbS nanoparticles. A lead salt precursor was thermally decomposed in a coordinating
solvent in the presence of a sulphur source; in this case elemental sulphur. Previous
studies have involved the formation of PbS nanocubes in aqueous solution and
through high temperature autoclave reactions {Jiang 2001, Qi 2005, Cao 2006}. While
these experiments were able to easily produce cubic and rod-like nanoparticles, the
polydispersity was large indicating insufficient reaction control. Here, the use of long
chain organic stabilisers in a hot injection method is hoped to produce PbS

nanoparticles with uniform size and shape distribution.

Size distribution analysis is performed in the following experiments by measuring the

sizes of at least 2000 nanoparticles.

4.2.1 Reactions of Pb(Ac): in Hexadecylamine (HDA)

Lead (II) acetate (Pb(Ac)2) was chosen as the lead precursor as it has previously been
shown to be effective in the formation of chalcogenide nanoparticles {Warner 2006}.
Hexadecylamine was chosen as the solvent for these reactions as it has a high boiling
point of 332 °C. The solvent also has an amine termination which means it serves a
dual role as organic stabiliser. The reaction conditions presented here were modified
from a previous study on the formation and self assembly of CdS nanocrystals

{Warner 2006}.

4.2.1.1 Experiment 8 : Reaction of Pb(Ac)zin a 1:6 ratio of Pb:S in
HDA

An excess of sulphur has previously been shown to induce spontaneous superlattice
formation in the synthesis of CdS nanocrystals {Warner 2006}. For nanocrystal
superlattices to form, a monodisperse size distribution (o ~ 5%) is required
{Shevchenko 2006}. Therefore, in this experiment it was hoped that an excess of

sulphur would lead to a monodisperse size distribution.
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Experimental

In a three necked round bottomed flask 0.2 g of Pb(Ac)2 was added to 3 g HDA. The
flask was then purged and filled with N2 to create an oxygen free atmosphere. The
reaction solution was heated to 190 °C where it was left to stir for 10 minutes to
ensure the lead salt was fully dissolved. In a separate vial 100 mg of elemental S was

added to 2 g HDA. This was heated on a hot plate to dissolve the S.

The S/HDA mixture was then injected rapidly into the Pb(Ac)2/HDA solution. This
was left to react for 35 min at 190 °C. After reaction completion the solution was left

to cool for purification.

For purification of the sample, ethanol was added to flocculate the as synthesised
nanoparticles when the reaction solution had reached 70 °C. The solution was then
centrifuged at 14 000 rpm for collection of the solid nanoparticles. These were
subsequently washed by suspending the pellet in toluene and ultrasonicating for 5
minutes. Additional ethanol was added again to flocculate the nanoparticles followed
by centrifuging. The purification process was repeated and the resulting purified
sample was suspended in toluene for TEM investigation. The as synthesised PbS
nanoparticles could also be suspended in hexane, tetrachloroethylene and other non-

polar solvents if required.

Results

After injection of the S/HDA mix the reaction solution went black immediately
indicating the formation of PbS. An electron micrograph of the as-synthesised
nanoparticles is shown in Fig 11. Figure 11a shows PbS nanoparticles stacked in a 3D
arrangement. The nanoparticles range in size from 16 to 25 nm and have a highly

faceted cube morphology.
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Figure 11. HREM image of PbS nanocubes formed with a 1:6 Pb:S ratio in HDA (a) and a high
magnification HREM image showing oriented alignment of the nanocubes (b) with corresponding

power spectrum (inset).

Figure 11b shows a close up HREM image of two PbS nanocubes arranged above one

another. A fast Fourier transform (FFT) of the entire micrograph is shown in the
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inset. It shows two spots corresponding to the (200) reflection of PbS which indicates
the nanoparticles are being viewed down a <100> zone axis. The two nanocubes have

their lattice planes aligned in so called ‘oriented alignment’ {Cho 2005}.
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Figure 12. EDS spectrum of the as synthesised PbS nanocubes.

Figure 12 shows an EDS spectrum of the as-synthesised PbS nanocubes showing 52%

Pb and 48% S (the additional unlabeled peaks come from the carbon film and the

copper grid).

4.2.1.2 Experiment 9 : Reaction of Pb(Ac)zin a 1:3 ratio of Pb:S in
HDA

In this experiment the Pb:S ratio was increased to investigate the effect of a smaller S

€XCess.

Experimental

In a three necked round bottomed flask 0.1 g of Pb(Ac); was added to 4 g HDA. The
flask was then purged and filled with N; to create an oxygen free atmosphere. The

reaction solution was heated to 175 °C where it was left to stir for 30 minutes to
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ensure the lead salt was fully dissolved. In a separate vial 26 mg of elemental S was

added to 1 g HDA. This was heated on a hot plate to dissolve the S.

The S/HDA mixture was then injected rapidly into the Pb(Ac)2/HDA solution. This
was left to react for 5 min at 175 °C. After reaction completion the solution was left to

cool. Purification was carried out as above.

Results

After injection of the S/HDA mix the reaction solution went black immediately
indicating the formation of PbS. An electron micrograph of the as-synthesised
nanoparticles is shown in Fig 13. Figure 13a shows PbS nanoparticles 30 to 100 nm in
size and Fig 13b PbS nanoparticles 45 to 100 nm in size. Both micrographs show

nanoparticle ensembles of varying morphologies with a large polydispersity.

Figure 13. HREM images of PbS nanocubes formed with a 1:3 Pb:S ratio in HDA after 5 min reaction
time (a) & (b).

4.2.1.3 Experiment 10 : Reaction of Pb(Ac)zin a 2:1 ratio of Pb:S in
HDA

In this experiment an excess of lead precursor was introduced. Evidently an excess of
sulphur was not producing a monodisperse sample. An excess of lead was introduced
for two reasons. Firstly, the amine functionality of the HDA is known to preferentially

coordinate to Pb through it's lone pair {Cademartiri 2006}. Therefore a Pb rich
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surface will experience stronger stabilisation resulting in smaller, more isotropic
nanoparticles. Secondly, an excess of Pb means there is a high concentration of
monomer in the growth stage. Previously a high supersaturation of monomer in the
growth stage has been shown to be the ideal conditions for the growth of
monodisperse nanocrystals due to a delay of the onset of Ostwald ripening {Talapin
2001}.

Experimental

In a three necked round bottomed flask 0.75 g of Pb(Ac)2 was added to 4 g HDA. The
flask was then purged and filled with N2 to create an oxygen free atmosphere. The
reaction solution was heated to 165 °C where it was left to stir for 30 minutes to
ensure the lead salt was fully dissolved. In a separate vial 32 mg of elemental S was

added to 1 g HDA. This was heated on a hot plate to dissolve the S.

The S/HDA mixture was then injected rapidly into the Pb(Ac)2/HDA solution. This
was left to react for 5 min at 165 °C. After reaction completion the solution was left to

cool. Purification was carried out as above.

Results

After injection of the S/HDA mix the reaction solution went black immediately
indicating the formation of PbS. An electron micrograph of the as-synthesised
nanoparticles is shown in Fig 14. The micrograph shows large platelet like
nanostructures 50 to 100 nm in size. The rod like projections observed in the image

can be considered platelets viewed down an edge.
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Figure 14. HREM image of PbS nano-platelets formed with a 2:1 ratio of Pb:S.

Exp Pb:S Surfa- Rxn Rxn Product
# Ratio ctant Time Temp
(min) (°C)
8 Pb(Ac)2:S HDA 35 190 highly faceted cubes
1:6 16 - 25 nm
9 Pb(Ac)2:S HDA 5 175 various rounded morphologies
1:3 30-100 nm
10 | Pb(Ac)2:S HDA 5 165 platelets
2:1 50 - 100 nm

Table 3. Results of PbS synthesis using HDA as solvent and surfactant.
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4.2.1.4 Discussion on Reactions of Pb(Ac): in Hexadecylamine (HDA)

The above set of experiments shows that increasing the Pb:S ratio in HDA results in
an increase in the size of the nanostructures. However, an increase in the Pb:S ratio
also results in the loss of shape control and a greater polydispersity. A ratio of 1:6
resulted in highly faceted, relatively monodisperse nanocubes. When this was
increased to 1:3 the cubic morphology was largely maintained however the
polydispersity of the sample was much greater. When an excess of Pb was introduced
(2:1), size and shape control of the resulting nanoparticles was lost resulting in large
polydisperse platelets. This is in contrast to the study performed by Cademartiri et al.,
which showed that an excess of Pb monomer lead to smaller, more isotropic
nanoparticles {Cademartiri 2006}. In this study, oleylamine (OLA) was used as the
surfactant. This indicates that although HDA and OLA both have a long chain organic
structure and a terminating amine functionality, their surface stabilisation behaviour

is dissimilar.

The nanocubes formed in Exp 8 showed oriented alignment and organised into a 3D
stacking arrangement. Oriented alignment occurs due to the origin of a dipole
moment on the nanoparticle {Cho 2005}. This is counter-intuitive for the highly
symmetrical fcc crystal structure but arises due to the different electro-negativities of
Pb and S. A terminating facet covered exclusively in Pb or S will be polar in nature.
Therefore a distribution of polar facets around the nanoparticle will lead to a local

dipole moment.

4.2.2 Reactions in Oleylamine (OLA)

In the above experiments size and shape manipulation was not realised which
indicates HDA does not provide sufficient control over nanoparticle growth.
Therefore, oleylamine (OLA) was chosen as an alternative solvent/surfactant as it had
previously been shown to yield monodisperse PbS nanoparticles {Joo 2003}. The
following experiments are performed under synthetic conditions modified from the

method of Joo et al.
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4.2.2.1 Experiment 11 : Reaction of Pb(Ac)zin OLA

In the initial experiment a 1:1 ratio of Pb:S was used in accordance with the ratios

used by Joo et al {Joo 2003}.

Experimental

In a three necked round bottomed flask 0.38 g of Pb(Ac)2 was added to 4 mL OLA. The
flask was then purged and filled with N2 to create an oxygen free atmosphere. The
reaction solution was heated to 90 °C where it was left to stir for 20 minutes to
ensure the lead salt was fully dissolved. In a separate vial 32 mg of elemental S was

added to 1 mL OLA. This was heated on a hot plate to dissolve the S.

The S/OLA mixture was then injected rapidly into the Pb(Ac)2/OLA solution. This was
left to react for 1 h at 200 °C. After reaction completion the solution was left to cool

for purification.

For purification of the sample, 50/50 methanol and toluene was added to flocculate
the as synthesised nanoparticles when the reaction solution had reached 70 °C. The
solution was then centrifuged at 14 000 rpm for collection of the solid nanoparticles.
These were subsequently washed by suspending the pellet in toluene and
ultrasonicating for 5 minutes. Additional methanol was added again to flocculate the
nanoparticles followed by centrifuging. The purification process was repeated and

the resulting purified sample was suspended in toluene for TEM investigation.

Results

After injection of the S/HDA mix the reaction solution went black immediately
indicating the formation of PbS. An electron micrograph of the as-synthesised
nanoparticles is shown in Fig 15. Figure 15a shows a low magnification image of the
as-synthesised nanoparticles. They possess a rounded spherical morphology and are
25 to 60 nm in size indicating a large polydispersity. Figure 15b shows a higher
magnification image. The nanoparticles are randomly agglomerated which indicates
OLA is not providing sufficient stabilisation for nanoparticles of this size. Figure 16
shows a EDS spectrum which shows 62 % Pb and 38% S. The peak ~ 1.9 keV is due to

silicon contamination of the TEM grid.
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Figure 15. (a) Low magnification HREM image of PbS nanoparticles formed with a 1:1 ratio of Pb:S in

oleylamine and (b) high magnification image.
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Figure 16. EDS spectrum of the as synthesised PbS nanoparticles.
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4.2.2.2 Experiment 12 : Reaction of PbClzin OLA in a 1:1 ratio of Pb:S

The above experiment gave a polydisperse nanoparticle size and shape. Houtepen et

al,, recently observed that lead precursors completely free of acetate were required to
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obtain monodisperse spherical nanoparticles. In their method Pb(Ac)2 was converted
to Pb-oleate through a preliminary reaction. In the present study it was decided to
use PbCl; as the lead precursor and remove the acetate from the reaction scheme
altogether. A 1:1 ratio of Pb:S was maintained in order to compare the effect of

precursor substitution.

Experimental

In a three necked round bottomed flask 0.28 g of PbCl; was added to 4 mL OLA. The
flask was then purged and filled with N2 to create an oxygen free atmosphere. The
reaction solution was heated to 160 °C where it was left to stir for 20 minutes to
ensure the lead salt was fully dissolved. In a separate vial 32 mg of elemental S was

added to 1 mL OLA. This was heated on a hot plate to dissolve the S.

The S/OLA mixture was then injected rapidly into the Pb(Ac)2/OLA solution. This was
left to react for 30 min at 160 °C. After reaction completion the solution was left to

cool for purification which was carried out as above.

Results

After injection of the S/HDA mix the reaction solution went black immediately
indicating the formation of PbS. An electron micrograph of the as-synthesised

nanoparticles is shown in Fig 17.
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Figure 17. Low magnification HREM image of PbS nanoparticles formed with a 1:1 ratio of Pb:S using

PbCl; as precursor.
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Figure 18. Size distribution analysis of the nanoparticles imaged in Fig. 17.
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The nanoparticles have a rounded cubic morphology and are 14 * 6 nm in size with a
polydispersity from standard deviation of 6 = 22 %. The size distribution is shown in

Fig 18.

4.2.2.3 Experiment 13 : Reaction of PbClzin OLA in a 1:2 ratio of Pb:S

The above experiment shows that by eliminating acetate from the reaction solution, a
product with a uniform shape distribution can be realised. The size distribution is still
relatively large at 0 = 22 % therefore in the following two experiments the Pb:S ratio

was systematically changed for the reasons outlined in Exp 10.

Experimental

In a three necked round bottomed flask 0.38 g of PbCl; was added to 4 mL OLA. The
flask was then purged and filled with N2 to create an oxygen free atmosphere. The
reaction solution was heated to 120 °C where it was left to stir for 20 minutes to
ensure the lead salt was fully dissolved. In a separate vial 32 mg of elemental S was

added to 1 mL OLA. This was heated on a hot plate to dissolve the S.

The S/OLA mixture was then injected rapidly into the Pb(Ac)2/OLA solution. This was
left to react for 30 min at 120 °C. After reaction completion the solution was left to

cool to room temperature for purification which was carried out as above.

Results

After injection of the S/HDA mix the reaction solution went black immediately
indicating the formation of PbS. An electron micrograph of the as-synthesised
nanoparticles is shown in Fig 19. Figure 19a shows rounded PbS nanocubes 12 + 5
nm in size. There are small regions where the nanocubes are assembled in a 2D cubic
arrangement however the polydispersity is too large to allow long range ordering. Fig
19b shows a close up HREM image of one of the PbS nanocubes. The nanoparticle is
10 nm in size and has a rounded cube-like morphology. From analysis of the atomic
packing and the two fold symmetry of the power spectrum this nanoparticle can be
characterised as being viewed down a <100> zone axis. Size distribution analysis is
shown in Fig 20. The nanoparticle ensemble has a polydispersity from standard
deviation of 0 = 21 %. Figure 21 shows EDS analysis of the region of nanoparticles

viewed in Fig 19a showing 58 % Pb and 42% S.
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Figure 19. (a) Low magnification HREM image of PbS nanoparticles formed with a 1:2 ratio of Pb:S
using PbCl, as precursor. (b) High magnification HREM image of a single PbS nanocube with

corresponding power spectrum (inset).
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Figure 20. Size distribution profile of PbS nanoparticles formed with a 1:2 ratio of Pb:S using PbCl; as

precursor.
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Figure 21. EDS spectrum of PbS nanoparticles formed with a 1:2 ratio of Pb:S using PbCl; as precursor.
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4.2.2.4 Experiment 14 : Reaction of PbClzin OLA in a 2:1 ratio of Pb:S

As seen above an excess of S produced rounded cube like nanoparticles with a
relatively large polydispersity. In this experiment an excess of Pb was introduced in
the hope that a Pb rich surface would experience increased stabilisation leading to

monodisperse, isotropic nanoparticles.

Experimental

In a three necked round bottomed flask 0.56 g of PbCl; was added to 4 mL OLA. The
flask was then purged and filled with N2 to create an oxygen free atmosphere. The
reaction solution was heated to 160 °C where it was left to stir for 20 minutes to
ensure the lead salt was fully dissolved. In a separate vial 32 mg of elemental S was

added to 1 mL OLA. This was heated on a hot plate to dissolve the S.

The S/OLA mixture was then injected rapidly into the Pb(Ac)2/OLA solution. This was
left to react for 30 min at 160 °C. After reaction completion the solution was left to

cool for purification which was carried out as above.

Results

After injection of the S/HDA mix the reaction solution went black immediately
indicating the formation of PbS. An electron micrograph of the as-synthesised

nanoparticles is shown in Fig 22. Size distribution analysis is shown in Fig 23.
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Figure 22. High magnification HREM image of PbS nanoparticles formed with a 2:1 ratio of Pb:S using
PbCl; as precursor. The nanoparticle marked by a white circle has its corresponding power spectrum

shown in the inset.
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Figure 23. Size distribution profile of PbS nanoparticles formed with a 2:1 ratio of Pb:S using PbCl; as

precursor.
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The nanoparticles formed here are spherical and have an average size of 8 + 2 nm and
a polydispersity from standard deviation of o = 14 %. They possess a much more
uniform size and shape distribution than previously achieved for PbS. The
nanoparticle highlighted by the white circle shows atomic resolution and it's power
spectrum is shown in the inset. This nanoparticle can be characterised as being

viewed down a <110> zone axis.

Exp Pb:S Surfa- Rxn Rxn Product
# Ratio ctant Time Temp
(min) (0C)
11 | Pb(Ac)2:S OLA 60 200 rounded cubes
1:1 25-60 nm
12 PbCl>:S OLA 30 160 rounded cubes
1:1 14 + 6 nm
13 PbCl,:S OLA 5 165 rounded cubes
1:2 12+5nm
14 PbCl,:S OLA 5 165 spheres
2:1 8+2nm

Table 4. Results of PbS synthesis using OLA as solvent and surfactant.

4.2.2.5 Discussion on Reactions in Oleylamine (OLA)

The introduction of OLA into the reaction solution as surfactant and solvent enabled
sufficient control over the size and shape distribution of the resulting PbS
nanoparticles. When a 1:1 ratio of Pb(Ac)2:S was used a sample with a polydisperse
size and shape distribution was obtained. This is due to the presence of the acetate
counter ion which is thought to lead to a destabilisation of the growing nanoparticle
and inhomogeneous growth {Houtepen 2006}. When the Pb(Ac): precursor was
replaced with PbCl, a sample with a uniform shape distribution was produced. With
no coordinating acetate present in the reaction solution the growing nanoparticle
experiences homogeneous stabilisation from the OLA leading to a uniform shape

distribution. The nanoparticles produced in a 1:1 ratio of PbCl2:S have a rounded
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cubic shape which indicates that the inherent crystalline energy is beginning to

influence the thermodynamically favourable morphology {Pietryga 2004}.

When an excess of S is introduced (1:2 reaction) the nanocubes become more faceted.
Here a larger proportion of the growing nanoparticle will be terminated by S species.
Sulfur has a weaker binding interaction with amine than Pb and therefore the
terminating facets will experience decreased stabilisation {Cademartiri 2006}. A
faceted cube morphology is indicative of decreased stabilisation, and hence increased

growth, on the {111} type facets.

When an excess of Pb was introduced (2:1) monodisperse, spherical nanoparticles
were formed. This is due to the saturation of terminating facets by Pb. The strong Pb-
N interaction leads to increased surface stabilisation and a more uniform product.
The size of the nanoparticles was also reduced which is in agreement with the

observations of Joo et al {Joo 2003}.
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4.3 Capping Exchange Experiments on PbS Nanoparticles

As was observed above, long chain organic surfactants such as OLA are essential for
gaining size and shape control in the growth of PbS nanoparticles. They also provide
solubility in most organic solvents and a steric barrier to precipitation and
agglomeration. However, when the final goal is to extract a photocurrent from the
PbS nanoparticles, these long chain organics become a hindrance. Under IR
irradiation lead chalcogenide nanoparticles produce an exciton (electron-hole
pair).To produce a photocurrent this electron-hole pair must be spatially separated
before recombination can occur. When a long chain organic species is used to cap the
nanoparticle the electron tunnelling distance is too long to allow sufficient charge
separation. A small interparticle spacing reduces the energy barrier to electron
tunnelling and improves conductivity {Moody 2008}. Therefore decreasing the
capping ligand chain length is imperative to extracting sufficient photocurrent from
PbS QDs. This can however, lead to destabilisation of the nanoparticle with respect to
precipitation and agglomeration. Therefore the size of the nanoparticles undergoing
capping exchange must be relatively small to ensure adequate dispersion. Due to the
uniform distribution of shape and small size of the nanoparticles grown from a 2:1
ratio of Pb:S, these reaction conditions were chosen for capping exchange
experiments. This will also create nanoparticles that are surface terminated by Pb

atoms which will provide sites for stabilisation and capping exchange.

Thioglycolic acid (TGA or mercaptopropionic acid) was chosen as the short chain
organic stabiliser. It has a dual functionality with a carboxylate group at one end and
a thiol at the other. Carboxylic acids have a strong affinity for TiO, whereas the thiol
possesses a strong binding interaction with heavy metal cations {Lopez-Luke 2008}.
Therefore it was hoped the thiol would displace the amine functionality of OLA at the
nanoparticle surface leaving the carboxylate group available for attachment to a
titania surface. Thiol treatment of lead chalcogenide nanoparticles has been shown to
have beneficial effects on PV device performance through shortening the interparticle

distance and improved surface passivation {Barkhouse 2008}.
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Experimental

In a three necked round bottomed flask 0.56 g of PbCl; was added to 4 mL OLA. The
flask was then purged and filled with N2 to create an oxygen free atmosphere. The
reaction solution was heated to 160 °C where it was left to stir for 20 minutes to
ensure the lead salt was fully dissolved. In a separate vial 32 mg of elemental S was
added to 1 mL OLA. This was heated on a hot plate to dissolve the S. The S/OLA
solution is then rapidly injected into the Pb/OLA solution. The reaction solution is left

to return to 165 °C where it is left to react for 30 min.

While still under nitrogen the reaction solution is cooled to 70 °C and a 10 % solution
of TGA in toluene is injected. This is reacted at 70 °C for 3 h before being cooled to
room temperature and left stirring for a further 12 h. PbS/TGA nanoparticles are
recovered by the addition of a 50:50 toluene and ethanol solution and centrifuging at
4000 rpm. The nanoparticles were then washed twice with a 50:50 toluene and
ethanol solution and dispersed in H20. A second aliquot was taken after the first
centrifugation. To this was added toluene to suspend the nanoparticles still capped

with OLA. This was washed twice and subsequently suspended in hexane.

Results

The TGA capped nanoparticles formed a clear brown solution in H2.0 and were stable
for weeks. Figure 24a shows a HREM image of the OLA capped nanoparticles as
removed after the first centrifuging step with size distribution analysis shown in Fig
24b. The nanoparticles have a spherical morphology and are 8.2 + 3.1 nm in size with

a polydispersity from standard deviation of o = 32 %.
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Figure 24. (a) Low magnification HREM image of OLA capped PbSe nanoparticles and (b)

corresponding size distribution profile.

Figure 25a shows a HREM image of the TGA capped nanoparticles suspended in H20

with size distribution analysis shown in Fig 25b. The nanoparticles have a spherical

morphology and are 8.2 £+ 1.3 nm in size with a polydispersity from standard

deviation of 0 = 9.9 %.
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Figure 25. (a) Low magnification HREM image of TGA capped PbS nanoparticles and (b) corresponding

size distribution profile .

Figure 26 shows two sample vials displaying PbS dispersed in hexane and H:0
respectively. The sample vial on the left contains OLA capped PbS nanoparticles. All
the nanoparticles are suspended in the hexane layer with no mixing into the aqueous
layer below. The sample vial on the right shows PbS nanoparticles capped with TGA

and similarly, shows no mixing of nanoparticles into the upper organic layer.
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Figure 26. OLA capped PbS nanoparticleS suspended in hexane layer (left) and TGA capped PbS

nanoparticles suspended in aqueous layer (right).

4.3.1 Discussion on Capping Exchange Experiments on PbS
Nanoparticles

The above result shows that a successful capping exchange process has occurred for
the as synthesised PbS nanoparticles. The nanoparticles shown in Fig 24a are capped
with oleylamine and are readily dispersed in toluene. On the other hand, the
nanoparticles shown in Fig 25a are capped with TGA and are readily dispersed in

H-O0.

Therefore, a capping exchange process can be observed where the TGA ligands have
readily displaced the oleylamine ligands on the surface of the nanoparticle. This is
due to the stronger Pb-S interaction when compared to the Pb-N interaction {Ahrland
1958}. Both Pb and thiol are soft bases with large electronegativities. This enables

thiol to readily displace the hard base amine functionality on the surface Pb atoms.
The nanoparticles capped with TGA have a much smaller size distribution when

compared to those nanoparticles capped with oleylamine. This indicates an in-situ

size selection process occurring during the capping exchange process.
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The size distribution is narrowed due to the removal of smaller and larger
nanoparticles when transferred from the organic to the aqueous phase. For the larger
nanoparticles capping exchange has occurred however the smaller size of TGA when
compared to oleylamine means they no longer provide sufficient stabilisation for the

nanoparticles to be suspended in solution.

For the smaller nanoparticles it is most likely that the capping exchange process did
not occur due to a stronger Pb-N interaction. Ligand to nanoparticle binding is usually
driven by coordination to the surface atom {Wei 2009}. Smaller nanoparticles have a
higher curvature which means the surface Pb possess a lower coordination to

surrounding S species.

This reduces the electron density on the Pb and leads to a stronger contribution from
the lone pair on the coordinating N species. Therefore, the higher curvature gives to a
stronger Pb-N interaction and a more strongly bound oleylamine species resulting in

an unsuccessful capping exchange process.
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4.4 Summary

The above experiments present different synthetic methods for the synthesis of PbSe

and PbS nanoparticles.

The synthesis of PbSe nanoparticles was carried out at different reaction
temperatures using TOP as the organic surfactant. When carried out at 150 °C the size
and shape of the nanoparticles could be determined by controlling the reaction time.
As the reaction time was increased the size of the nanoparticles also increased. This
was accompanied by a transition from a spherical to cubic shape at ~ 14 nm
nanoparticle size. The transition in morphology is due to the domination of the
inherent crystalline energy at larger nanoparticle sizes. The smaller spherical
nanoparticle showed 2D hexagonal ordering which is characteristic of a
monodisperse product. Likewise, a longer reaction time resulted in larger
nanoparticles when the reaction was carried out at 200 °C. There was also shape
control realised however the transition to cubic nanoparticles occurred at smaller
sizes. So, using TOP as a surfactant the size and shape control of PbSe nanoparticles

was realised by controlling the temperature and time of the reaction.

The synthesis of PbS nanoparticles was carried out using different precursor ratios
using HDA and OLA as different organic surfactants. When PbS nanoparticles were
synthesised using HDA no control over size and shape was realised. This synthesis
resulted in large cubic nanoparticles and randomly agglomerated PbS platelet like
structures. However, when Pb(Ac); was replaced with PbCl; as precursor and OLA
was employed as surfactant the size and shape of the resulting nanoparticles could be
controlled. Here an increase in the Pb:S ratio resulted in smaller, more monodisperse

nanoparticles.

A successful capping exchange process was performed on PbS nanoparticles which
enabled their dispersion in water. This process replaced the long chain organic
compound oleylamine with the smaller organic capping ligand TGA. The addition of a
shorter chain capping ligand to the surface of the nanoparticle will enable extraction

of a photocurrent when used in solar cell applications.
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Chapter 5. Solution Phase Syntheses of Palladium
Nanostructures

This chapter is concerned with the solution phase synthesis of palladium
nanostructures. Novel synthetic techniques were developed to control the size and
shape of the resulting nanostructures. The synthetic approach described here
involves the reaction of an organometallic precursor in the presence of an organic
surfactant in a pressure reaction vessel (Fischer-Porter bottle). Fischer-Porter bottles
have previously been shown to be successful in the formation of platinum

nanostructures {Ren 2007 (a), Ren 2007 (b)}.

The Fischer-Porter bottle consists of a pressure resistant glass reservoir that is
attached to a bivalve system which allows the regulation of atmospheric pressure and
composition. A small volume of reaction solution is placed in a secondary vial which
is lowered into the bottle. This is typically accompanied by an excess of solvent in the
base of the bottle. This reduces unwanted evaporation from the reaction solution by
saturating the atmosphere. In the present synthesis hydrogen gas is introduced with
a total pressure of between 1 and 3 bar. The whole apparatus is then placed in a

laboratory oven to regulate reaction temperature.

The main goal of these experiments is the synthesis of Pd nanoparticles with
morphological control. This is with the aim of increasing catalytic performance and
gaining an understanding of the fundamentals of complex nanoparticle growth. Size
distribution analysis is performed in the following experiments by measuring the

sizes of at least 2000 nanoparticles.
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5.1 Reactions with Pd(PPhz)4

The use of organometallic precursors in nanoparticle synthesis has previously
allowed mild reaction conditions (low temperature, low pressure) while still
delivering effective control over nanoparticle growth {Chaudret 2005}. Furthermore,
the coordinating ligand of the organometallic precursor has previously been shown to
be a factor in the shape control of palladium nanoparticles in solution phase synthesis
{Ramirez 2004}. The coordinating ligands provide a means to control the reactivity of
the precursor as well as providing an additional stabiliser for the growing
nanoparticle in  solution. For the first series of experiments
tetrakis(triphenylphosphine)palladium(0) was chosen as the palladium precursor as
it is readily available and only has one type of coordinating ligand. Oleylamine was
chosen as the organic stabiliser as it has previously been shown to allow shape

control in platinum nanoparticles {Ren 2007 (a)}.

7z NH>

Scheme 1. Molecular structure of oleylamine.

5.1.1: Reaction of Pd(PPhs)4 in low concentration in anisole

In this experiment tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)s) was
reacted at 100 °C under a hydrogen atmosphere in the presence of a stabilising agent.
Anisole (B.P. 154 °C) was chosen as a suitable reaction solvent. It should be noted
here that anisole has a terminating methoxy group which could possibly coordinate
with the growing palladium nanoparticle. Coordinating solvents have previously been
demonstrated to participate in the stabilisation of platinum nanoparticles {Bardaji

1997}

Experimental

11.6 mg (0.01 mmol) of Pd(PPh3)s was dissolved in 2 mL of anisole in a 10 mL

reaction vial. To this was added 33 pL (0.1 mmol) of oleylamine. This reaction
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mixture was sonicated until a clear yellow solution resulted. The vial was suspended
in a Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the bottle. The
bottle was purged 5 times with hydrogen gas and then filled with 3 bar Hz. The

Fischer-Porter bottle was then placed in a reaction oven at 100 °C for 20 h.

For purification of the sample, methanol was added to flocculate the as synthesised
nanoparticles. The solution was centrifuged at 14 000 rpm for collection of the solid
nanoparticles. These were subsequently washed by suspending the pellet in toluene
and ultrasonicating for 5 minutes. Additional methanol was added again to flocculate
the nanoparticles followed by centrifuging. The purification process was repeated

and the resulting purified sample was suspended in toluene for TEM investigation.

Results

Following the reaction a dark brown/black solution resulted which indicated the
formation of palladium nanoparticles. After purification a dark brown solution was
obtained which was then prepared for TEM characterisation. The solution was stable

on the timescale of observation.

Figure 2. HREM image of palladium nanoparticles synthesised by the reaction of Pd(PPh3)s in low

concentration in anisole.
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Figure 3. EDS spectrum of the as synthesised Pd nanoparticles.

The nanoparticle marked in the top right hand of Fig 2 has an elongated rod shape. It
is 7 nm long with an aspect ratio of 2. The lattice planes are clearly visible and are
indexed as (111) lattice planes. This indicates the nanoparticle is being viewed down
a <110> zone axis. The nanoparticle marked in the middle of the image is spherical
and 5.5 nm in size. Analysis of the atomic packing indicates the lattice planes visible
are from the (200) reflection. The angle between the lattice planes is close to 60 °
which means the nanoparticle is being viewed down a <111> zone axis. Both the
<111> and the <110> crystal faces are common terminating surfaces for palladium
nanoparticles {Xiong 2007 (a)}. The remainder of the sample consists of similar sized
nanoparticles and smaller nanoparticle nuclei around 1 nm in size. The nuclei are just
visible on the above micrograph due to contrast issues associated with the presence
of excess organic surfactant. Figure 3 is an EDS spectrum of region corresponding to
the EM image. This EDS spectrum shows that the sample is 70% Pd with the
remainder due to Si and P impurities from the TEM grid. There is no evidence of P in
the EDS spectrum which indicates that the triphenylphosphine complex has been

effectively purified.
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5.1.2 : Reaction of Pd(PPhs)4 in high concentration in anisole

In this experiment the overall concentration of the organometallic precursor and the
organic surfactant was increased by five times. An increase in concentration of
precursor had previously been shown to induce morphological change in platinum
nanoparticles {Ren 2007 (a), Ren 2007 (b)}. In this study, a high concentration
reaction solution resulted in Kkinetically controlled growth conditions and the
formation of highly monodisperse octapod nanocubes. This was in comparison to a
low concentration reaction solution which produced primarily thermodynamically
favoured faceted nanocubes. It was hoped that in the present palladium system the
increase in concentration would produce nanostructures which were not

thermodynamically favoured, i.e. had complex morphologies.

Experimental

116.1 mg (0.1 mmol) of Pd(PPhs3)s was dissolved in 4 mL of anisole in a 10 mL
reaction vial. To this was added 0.329 mL (1 mmol) of oleylamine. This reaction
mixture was sonicated until a clear yellow solution resulted. However, some
particulate remained due to solubility issues. The vial was suspended in a Fischer-
Porter bottle with 10 mL of excess anisole in the bottom of the bottle. The bottle was
purged 5 times with hydrogen gas and then filled with 3 bar H2. The Fischer-Porter
bottle was then placed in a reaction oven at 100 °C for 20 h. Purification was carried

out as above.

Results

This reaction resulted in a dark brown/black solution which was stable on the

timescale of observation.
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Figure 4. HREM image of palladium nanoparticles synthesised by the reaction of Pd(PPhs)s in high

concentration in anisole (a) and the corresponding size distribution profile (b).

Figure 4a shows an electron micrograph of the as synthesised palladium
nanoparticles. They are 2.2 # 1.3 nm in size and roughly spherical in shape. The
selected area electron diffraction (SAED) pattern is shown in the inset and is indexed
to fcc palladium metal. The size distribution of the sample is shown in Fig 4b. The

nanoparticles have a polydispersity from standard deviation of 29 %.

5.1.3 : Reaction of Pd(PPhs)4 in toluene

In this experiment anisole was replaced with toluene as reaction solvent.
Experiments 5.1.1 & 5.1.2 showed small spherical nanoparticles. It was thought the
coordination ability of anisole to the growing nanoparticle was restricting growth as
it provides a greater degree of stabilisation to the growing nanoparticle. By
substituting non-coordinating toluene it was hoped that growth would occur at a
faster rate resulting in growth conditions which were not thermodynamically

favoured.

Experimental

116.1 mg (0.1 mmol) of Pd(PPh3)s was dissolved in 2 mL of toluene in a 10 mL
reaction vial. To this was added 0.329 mL (1 mmol) of oleylamine. This reaction
mixture was sonicated resulting in a green/yellow turbid solution, presumably due to

the decreased solubility of the palladium precursor in toluene when compared to
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anisole. The vial was suspended in a Fischer-Porter bottle with 10 mL of excess
anisole in the bottom of the bottle. The bottle was purged 5 times with hydrogen gas
and then filled with 3 bar H. The Fischer-Porter bottle was then placed in a reaction

oven at 70 °C for 40 h and 110 °C for 24 h. Purification was carried out as above.

Results

This reaction resulted in a dark brown/black solution which was stable on the

timescale of observation.
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Figure 5. HREM image of palladium nanoparticles synthesised by the reaction of Pd(PPhs)4 in toluene

(a) and corresponding size distribution profile (b).

Figure 5a shows an electron micrograph of the as synthesised palladium
nanoparticles. The nanoparticles are 2.8 + 1.1 nm and are roughly spherical in shape.
The size distribution is shown in Fig 5b and the polydispersity from standard

deviation is calculated to be 15 %.

5.1.4 : Reaction of Pd(PPhs)s with low surfactant ratio - temperature
profile

In this experiment the surfactant to precursor ratio was reduced to 3:1. The earlier
change in the coordination ability of the solvent was unsuccessful in promoting shape
control. Therefore it was hoped that a reduction in overall stabilising ability of the

surfactant system would increase the growth rate and promote the formation of
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complex nanoparticle shapes. A temperature profile was employed in an attempt to

vary the rate of growth.

Experimental

116.1 mg (0.1 mmol) of Pd(PPhs)s was dissolved in 3 mL of toluene in a 10 mL
reaction vial. To this was added 0.099 mL (0.3 mmol) of oleylamine. The light green
reaction mixture turned dark green upon sonication. The vial was suspended in a
Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the bottle. The
bottle was purged 5 times with hydrogen gas and then filled with 3 bar Hz. The
Fischer-Porter bottle was then placed in a reaction oven and subjected to a
temperature profile of; 80 °C for 17 h, 110 °C for 24 h, 80 °C for 24 h and 107 °C for 12

h . Purification was carried out as above.

Results

This reaction resulted in a black solution with visible particulate. A typical EM image

is shown in Fig 6.

Figure 6. HREM image of palladium nanoparticles synthesised by the reaction of Pd(PPh3). with a low

surfactant ratio.
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The as synthesised nanoparticles range in size from 3 to 10 nm. There are various
nanoparticle shapes present including spheres, elongated spheres and rounded
triangles (see circled nanoparticle). An exact calculation of the polydispersity is not

possible due to the shape variation present.

5.1.5: Reaction of Pd(PPhs3)4 - separation of nucleation and growth

The experiments performed above gave nanoparticles with large size distributions. In
order to reduce this polydispersity greater control over the nucleation and growth
processes is needed. In this experiment a temporal separation of nucleation and

growth was explored as per the La Mer model {Park 2007}.

Experimental

55.7 mg (0.05 mmol) of Pd(PPh3)s was dissolved in 1.5 mL of toluene in a 10 mL
reaction vial. To this was added 0.165 mL (0.5 mmol) of oleylamine. The light green
reaction mixture turned dark green upon sonication. The vial was suspended in a
Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the bottle. The
bottle was purged 5 times with hydrogen gas and then filled with 3 bar H;. The
Fischer-Porter bottle was placed at room temperature and the solution left to react
for 65 h. The bottle was then moved to an oven where it was left to react at 110 °C for

24 h. Purification was carried out as above.

Results

This reaction resulted in a black solution with an EM image of the sample shown in
Fig 7. The sample consists of spherical nanoparticle nuclei and larger worm like
nanoparticles. The spherical nanoparticles range in size from 1.5 nm to 5 nm and
show a relatively large polydispersity. The worm-like nanoparticles vary greatly in
length from 6 to 32 nm however they are relatively uniform in width (3 to 3.5 nm).
The worm-like nanoparticle indicated by the white arrow was the longest observed

with an aspect ratio of ~10.
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Figure 7. HREM image of palladium nanoparticles synthesised by the reaction of Pd(PPh3)4 in a process

that temporally separated nucleation and growth.

5.1.6 Discussion of Reactions with Pd(PPh3z)4

These results show that reactions of Pd(PPhz)s predominantly lead to spherical
nanoparticles 1-5 nm in size. This can be understood by the strong Pd-P interaction
where the presence of strongly coordinating phosphine ligands typically leads to
small spherical nanoparticles for palladium {Ramirez 2004, Son 2004}. The resulting
black colour of the reaction solutions is expected as palladium nanoparticles <10 nm
in size do not show a surface plasmon resonance between 300 and 1500 nm {Xiong

2005 (b)}.

Experiment 5.1.1 resulted in nanoparticles with a wide size distribution and a
variation in shape (spheres and rods with a small aspect ratio). When the overall
concentration of precursor and stabilising agent was increased (Experiment 5.1.2)
the nanoparticles became purely spherical in shape and the size distribution was

slightly reduced. This is due to the coordinating ability of anisole. It is known that the
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Pd-O interaction is lower in binding strength when compared to the Pd-N interaction

{Ahrland 1958}.

Since organic stabilisation is a dynamic effect this difference will lead to an
inhomogeneous stabilisation of the growing nanoparticle even in the presence of the
strong binding phosphine ligand {Murray 1993, Yin 2005}. Therefore, the selected
facets interacting with anisole will experience a destabilisation when compared to
those bound by oleylamine. This will result in the promotion of growth in the
associated direction. In the low concentration regime (Exp 5.1.1) the amount of
oleylamine available for stabilisation is small. Therefore certain faces of the growing
nanoparticle will be stabilised by anisole. These particular faces will experience
weaker stabilisation and enhanced growth leading to rod like nanoparticles. In
contrast, the high concentration regime (Exp 5.1.2) contains sufficient oleylamine
concentration to stabilise the entire surface of the growing nanoparticle. Therefore,

the growing nanoparticle is fully stabilised leading to spherical nanoparticles.

When anisole is replaced by the non-coordinating solvent toluene (Exp 5.1.3) the
nanoparticles formed remain spherical however the size distribution reduces from 29
% to 15 %. This is due to a faster nucleation event which gives a reduction in
polydispersity {Park 2007}. In the presence of coordinating anisole the precursor will
experience solvation which will serve to stabilise it against decomposition. However,
in the absence of a coordinating solvent the precursor is more readily decomposed
leading to a more rapid supersaturation and a faster, more homogeneous nucleation

event.

For Exp 5.1.4 the overall surfactant ratio was reduced. This resulted in nanoparticles
with a rounded shape 3-5 nm in size. These nanoparticles can be characterised as
spherical nanoparticles which have coalesced. Coalescence occurs as there is an
insufficient concentration of organic stabiliser present to provide a stable system.
This coalescence effect was also seen in Exp 5.1.5 where a highly polydisperse sample
including long worm-like coalesced nanostructures was formed. The formation of
worm-like structures with a high aspect ratio indicates orientation alignment of the

nanoparticles before coalescence however this could not be confirmed by HREM.
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So, when Pd(PPhs)s was used as palladium precursor, predominantly spherical
nanoparticles were formed. There was some slight shape variation due to the
interplay of interacting species present in the reaction solution however the
difference in binding strengths was not large enough to form complex
nanostructures. Due to the strong Pd-P interaction, growth is restricted isotropically
leading to spherical nanoparticles. For shape control over the system a ligand with
weaker binding characteristics must be introduced {Ramirez 2004}. This will enable
the organic surfactant to play a greater role in shape control by selectively binding to

different crystal facets.
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5.2 Reactions with [PdCl2(NCMe):]

As the reactions with a strongly bound phosphine palladium complex consistently
gave small spherical nanostructures a new organometallic palladium complex was
investigated. Bis(acetonitrile)dichloropalladium(II) ([PdCl2(NCMe)z]) was chosen as
it contains an acetonitrile ligand which binds through a nitrogen moiety. Nitrogen has
a weaker binding interaction with palladium than phosphorous in accordance with
the theory of hard and soft acids and bases. Therefore it was expected that the
stabilising effect of the organometallic ligands would be reduced and the organic

surfactant would play a greater role in reaction and morphology control.

5.2.1: Reaction of [PdClz(NCMe):] in low concentration

In this experiment [PdCl2(NCMe).] was reacted under a hydrogen atmosphere in the
presence of oleylamine. Toluene was chosen as organic solvent as it is non-
coordinating and the precursor is readily soluble. This reaction was performed at low
overall precursor and surfactant concentration in accordance with previous Fischer-

Porter bottle synthesis {Ren 2007 (a)}.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 5 mL of toluene in a 10 mL
reaction vial. To this was added 0.329 mL (1 mmol) of oleylamine. This reaction
mixture was sonicated until a clear colourless solution resulted. The vial was
suspended in a Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the
bottle. The bottle was purged 5 times with hydrogen gas and then filled with 3 bar H,.

The Fischer-Porter bottle was then placed in a reaction oven at 80 °C for 24 h.

For purification of the sample, methanol was added to flocculate the as synthesised
nanoparticles. The solution was centrifuged at 14 000 rpm for collection of the solid
nanoparticles. These were subsequently washed by suspending the pellet in toluene
and ultrasonicating for 5 minutes. Additional methanol was added again to flocculate
the nanoparticles followed by centrifuging. The purification process was repeated
once with dichloromethane and a second time with toluene. The resulting purified

sample was suspended in toluene for TEM investigation.
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Results

Following the reaction a black solution resulted which indicated the formation of

palladium nanoparticles. The solution was stable on the timescale of observation.
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Figure 8. HREM image of palladium nanoparticles synthesised by the reaction of [PdCl,(NCMe).] in low

concentration (a) and corresponding EDS spectrum (b).
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Figure 8a shows an EM image of the as synthesised nanoparticles. A SAED pattern is
shown in the inset which is indexed as the fcc palladium crystal structure. The
nanoparticle distribution in Fig 8a is bimodal; consisting of nanoparticles 8 to 16 nm
in size and nanoparticle nuclei 1 to 5 nm in size. Unlike the small spherical
nanoparticles synthesised with Pd(PPhs)s as precursor the larger nanoparticles
formed here are predominantly faceted polyhedra. The circled nanoparticle is 15 nm
in size and displays 5-fold symmetry. This can be characterised as a multiply twinned
decahedral nanoparticle which is a commonly synthesised morphology for palladium
{Choo 2006, Xiong 2007 (a), Lim 2007}. An EDS spectrum is shown in Fig 8b which
shows the sample is 100% Pd.

5.2.2: Reaction of [PdCIz(NCMe):] in high concentration

In this experiment the overall precursor and surfactant concentration was increased
in order to induce structural change. A high precursor concentration has previously
been shown to be essential for the formation of complex nanoparticle morphologies

through kinetic shape control {Yin 2005}.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.329 mL (1 mmol) of oleylamine. This reaction
mixture was sonicated until a clear colourless solution resulted. The vial was
suspended in a Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the
bottle. The bottle was purged 5 times with hydrogen gas and then filled with 3 bar H,.
The Fischer-Porter bottle was then placed in a reaction oven at 80 °C for 20 h.

Purification was carried out as above.

Results

Following the reaction a black solution resulted with a metallic layer covering the
meniscus. Electron microscopy images of the as synthesised nanoparticles are shown
in Fig 9a-d. Figure 9a shows faceted polyhedra nanoparticles 10 -25 nm in size. The

nanoparticle indicated by the white circle projects a six-fold symmetry shape. This is
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consistent with a multiply twinned fcc icosahedral structure {Kirkland 1991}. Present

also are three fold symmetry triangle nanostructures 25 to 35 nm in size. The

remainder of the nanoparticles have undefined morphologies.

Figure 9. HREM image of palladium nanoparticles synthesised by the reaction of [PdCl(NCMe);] in
high concentration (a). The nanoparticle highlighted by the white circle has a multiply twinned
icosahedral morphology. (b) High magnification image of the palladium nanoparticles with pod-like
and anisotropic morphologies highlighted. (c) SAED pattern of the as synthesised nanoparticles

indexed to fcc crystal structure of palladium. (d) Nanoparticle nuclei 1 - 5 nm in size.

Figure 9b shows a close up image of the as synthesised nanoparticles. The
nanoparticle indicated by the blue arrow is 30 nm in length. It clearly shows four
‘pod-like’ branches extending at right angles away from a central core. The dark

contrast in the centre of the nanoparticle also indicates a fifth branch is extending
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along the axis of the electron beam. The nanostructure indicated by the red arrow is
75 nm long and 45 wide and possesses a complex, indefinable shape. Figure 9c shows
a SAED pattern for the as synthesised nanoparticles and is indexed to the fcc crystal
structure of palladium. Figure 9d shows nanoparticle nuclei 1 - 5 nm in size which
indicates a bimodal size distribution for this reaction. Again there is some obvious

coalescence of the nuclei with ‘worm-like’ nanoparticles up to 15 nm in length.

5.2.3: Reaction of [PdCIz(NCMe):] at 100 °C

The previous experiment produced nanoparticles with morphologies ranging from
small spherical nuclei to polyhedra and triangles. Therefore the high concentration
conditions chosen above are promising for the formation of complex morphologies
however there is still the problem of a bimodal size and shape distribution. Therefore,
in the next two experiments the reaction temperature was varied in an attempt to
create a uniform sample. In this experiment reaction temperature was increased in an

attempt to cause faster nucleation that is separated from the growth process.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.329 mL (1 mmol) of oleylamine. This reaction
mixture was sonicated until a clear colourless solution resulted. The vial was
suspended in a Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the
bottle. The bottle was purged 5 times with hydrogen gas and then filled with 3 bar H,.
The Fischer-Porter bottle was then placed in a reaction oven at 100 °C for 42 h.

Purification was carried out as above.
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Results

Figure 10. HREM image of palladium nanoparticles synthesised by the reaction of [PdCl;(NCMe):] at
100 °C (a) and high magnification HREM image (b).

Figure 10a shows an HREM image of the as-synthesised nanoparticles. There is a
large size distribution with nanoparticles ranging in size from 8 to 20 nm. The
nanoparticles are predominantly polyhedra with some indefinable shapes present.
Interestingly there is a large 60 nm nanoparticle with three fold symmetry present in
the bottom left of the micrograph. This type of structure can form through elongated
growth from a twinned triangle nanoparticle {Maksimuk 2007}. Figure 10b shows a
high magnification image of the as synthesised nanoparticles. The nanoparticles are
highly faceted and display multiple twinning. The nanoparticle indicated by the white
arrow is 22 nm in size and displays five fold symmetry characteristic of a multiply
twinned decahedra structure. It should be noted that although there is no evidence of

a bimodal distribution in this sample the polydispersity is very large.
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5.2.4: Reaction of [PdCl2(NCMe):] at room temperature

In this experiment the investigation into the effect of reaction temperature was

continued by decreasing to room temperature.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe)z] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.329 mL (1 mmol) of oleylamine. This reaction
mixture was sonicated until a clear colourless solution resulted. The vial was
suspended in a Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the
bottle. The bottle was purged 5 times with hydrogen gas and then filled with 3 bar H,.
The Fischer-Porter bottle was then placed in a reaction oven at room temperature for

20 h. Purification was carried out as above.

Results

Figure 11a shows a low resolution EM image of the as synthesised palladium
nanoparticles. The nanoparticles are predominantly formed as polyhedra that are 6
1.5 nm in size. The inset shows a SAED which is indexed as fcc palladium. Figure 11b
shows a close up HREM image of one of the polyhedra. The visible lattice planes are
(111) and (200) in nature which means these facets are being viewed down a <110>
zone axis. When compared to previous literature HREM experiments the nanoparticle
can be characterised as a multiply twinned fcc icosahedra viewed along a <112> zone
axis {Penisson 1989}. Figure 11c shows an EDS spectrum of the imaged nanoparticles
and indicates the sample is 100% Pd. Figure 11d shows the size distribution analysis
of the EM image in Fig 11a. The sample has a Gaussian size distribution with a

polydispersity from standard deviation of 6 = 13 %.
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Figure 11. (a) HREM image of palladium nanoparticles synthesised by the reaction of [PdClz(NCMe),]
at room temperature. (b) High magnification image of one the palladium nanoparticles which is
characterised as having a multiply twinned icoshedra morphology. (c) EDS spectrum of the as

synthesised nanoparticles. (d) Corresponding size distribution profile.

5.2.5 Discussion of Reactions with [PdClz(NCMe):]

When Pd(PPh3)s was used as precursor small spherical nuclei 1 - 5 nm in size were
the major product due to the strong Pd-P binding interaction. At these sizes a
spherical morphology is energetically preferred due to the minimisation of surface
energy. However, it is known that once the nuclei grow past a certain size internal
crystalline energy considerations begin to dominate and well-defined
crystallographic facets form on the nanoparticle surface {Xiong 2007 (a)}. This is
indeed what is observed in the above experiments with [PdCl2(NCMe):] as precursor.
The growth of the nanoparticles is not as strongly restricted due to the weaker
binding strength of the nitrogen functionalities present (organic surfactant and
acetonitrile ligand) resulting in larger, more faceted structures. The highlighted
nanoparticle in Figure 8a (Exp 5.2.1) and the nanoparticle in Fig 11b (Exp 5.2.4) are
bound by {111} facets and characterised as multiply twinned fcc decahedral and
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icoseahdral nanoparticles respectively {Choo 2006, Xiong 2007 (a), Lim 2007}. The
formation of twin defects in nanoparticles is primarily driven by a minimisation in
surface energy. The surface energies corresponding to commonly exposed
crystallographic facets increases in the order {111} < {100} < {110} {Wang 2000,
Zhang 2004}. In nanoparticles the extra energy caused by twinning is compensated
for by maximising the surface coverage with low energy {111} crystal facets, thus
achieving a lower overall energy {Ajayan 1988}. Therefore multiply twinned fcc
icosahedra and decahedra are widely accepted as thermodynamically favoured

morphologies for palladium nanoparticles {Elechiguerra 2006, Berhault 2007}.

For Exp 5.2.1 there is a bimodal distribution of nanoparticle size and shape which
indicates insufficient separation between nucleation and growth. This problem
persisted when the concentration was increased (Exp 5.2.2) however new more
elaborate nanoparticle morphologies were observed, including triangle shapes.
Triangle nanoparticles have previously been observed for palladium where the shape
was explained by the presence of a single {111} twin along the basal plane of the
nanoparticle {Xiong 2005 (b)}. This experiment also produced evidence of new
structures with indefinable morphologies. The nanostructure indicated by a blue
arrow in Fig 9b was, at the time, the first observation of a pod-like morphology for
palladium. Therefore, the conditions chosen for Exp 5.2.2 are promising for the
formation of complex morphologies however the bimodal distribution present

indicates that there is insufficient control over the reaction processes.

When the reaction temperature was increased to 100 °C (Exp 5.2.3) the distribution
of the nanoparticles was no longer bimodal. The increase in temperature induced a
single nucleation stage which lead to a Gaussian distribution of nanoparticle size and
shape. However the polydispersity was still large which indicates insufficient control
over the reaction. This is due to the high temperature of the reaction and the dynamic
nature of the surfactant-nanoparticle interaction. If the reaction temperature is too
high the surfactant molecules are more likely to leave the nanoparticle surface

leading to uncontrolled growth {Yin 2005}.

As the reaction temperature was decreased to room temp (Exp 5.2.4) we observed
the formation of a relatively monodisperse product (¢ = 13 %.). This is because at

room temperature the surfactant resides primarily on the nanoparticle surface
126



Chapter 5: Solution Phase Syntheses of Palladium Nanostructures

leading to sufficient stabilisation and control over nanoparticle growth. Therefore,
room temperature can be considered as the appropriate temperature range for

sufficient control over the growth of palladium nanoparticles for this technique.
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5.3 Reactions with [PdClz(NCMe):] at Room Temperature :
Changing the Surfactant System and Structural Evolution

The previous experiments showed that [PdCI;(NCMe)z] was a promising precursor
for the formation of complex palladium nanoparticle morphologies. Sufficient control
over the reaction processes was only observed at mild growth conditions. However,
to introduce complex nanoparticle shapes the growth rate must be increased {Yin
2005}. To achieve this at room temperature variation of the organic surfactant system
is required as the onset of shape control can be induced through selective adhesion
{Yin 2005}. Therefore in the following experiments the nature of the surfactant
system was varied in an attempt to introduce shape complexity while still
maintaining reaction control. Oleic acid was introduced as it is structurally similar to
oleylamine and the addition of a carboxylic acid functionality has previously been

shown to induce shape change in nickel colloids {Bradley 2000}.

O

Scheme 1. Molecular structure of oleic acid.

5.3.1: Reaction of [PdClz(NCMe):] with a 1:1 mixture of oleylamine
and oleic acid as surfactant at room temperature

In this experiment the effect of the surfactant system was investigated by introducing
oleic acid in a 1:1 ratio with oleylamine. The Pd-0O interaction is weaker than the Pd-N
interaction (Ahrland 1958). Therefore it was hoped that the addition of oleic acid
would lead to destabilisation of certain crystal facets and the introduction of shape

complexity.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.165 mL (0.5 mmol) of oleylamine and 0.158 mL (0.5
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mmol) of oleic acid. This reaction mixture was sonicated until a clear yellow solution
resulted. The vial was suspended in a Fischer-Porter bottle with 10 mL of excess
anisole in the bottom of the bottle. The bottle was purged 5 times with hydrogen gas
and then filled with 3 bar Hz. The Fischer-Porter bottle was then left at room

temperature for 20 h.

For purification of the sample, methanol was added to flocculate the as synthesised
nanoparticles. The solution was centrifuged at 14 000 rpm for collection of the solid
nanoparticles. These were subsequently washed by suspending the pellet in toluene
and ultrasonicating for 5 minutes. Additional methanol was added again to flocculate
the nanoparticles followed by centrifuging. The purification process was repeated
once with dichloromethane and a second time with toluene. The resulting purified

sample was suspended in toluene for TEM investigation.

Results

Figure 12a shows an EM image of the as synthesised nanostructures. The
nanostructures how long needle like projections extending away from a central core.
Figure 12b shows a close up EM image of a palladium nanostructure 100 nm in size. It
shows extensive needle like projections giving rise to a ‘highly branched’ palladium
nanostructure with a high surface area. Another example is shown in Figure 12c, this
nanostructure is 70 nm in size and shows branching occurring radially away from the
centre in a pseudo-six fold symmetry. The branches are relatively uniform in size and
shape with each having an aspect ratio of ~ 7. An EDS spectrum of the as synthesised

nanoparticles is shown in Fig 12d and indicates the product contains palladium only.
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Figure 12. (a) HREM image of palladium nanostructures formed by the of [PdCl;(NCMe);] with a 1:1
mixture of oleylamine and oleic acid as surfactant at room temperature. (b) High magnification image
of a 100 nm highly branched palladium nanostructure. (c) High magnification image of a highly
branched palladium nanostructure 70 nm in size and (d) EDS spectrum of the as-synthesised

nanostructures.

5.3.2 : Reaction of [PdClz(NCMe):] with a 1:1 mixture of oleylamine
and oleic acid as surfactant at RT for 10 minutes

The experiment above showed that by varying the nature of the surfactant system the
size and morphology of the as synthesised nanostructures could be manipulated. A
ratio of 1:1 oleylamine and oleic acid produced complex, highly branched

nanostructures with a high surface area. This is in contrast to when only oleylamine
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is used as the surfactant which lead to the formation of polyhedral nanostructures.
The highly branched nanostructures are unexpected morphologies for palladium as
when it crystallises it does so in the highly symmetrical fcc crystal structure.
Therefore, to introduce shape complexity there must be a breaking of the crystal
symmetry and the introduction of kinetic shape control {Yin 2005}. To investigate the
underlying growth processes of these unexpected morphologies an insight into the
structural evolution of the nanoparticles is required. To investigate the growth
evolution of the highly branched nanostructures the reaction time was varied to

isolate structural intermediates.

The current experiment was carried out to isolate palladium nanoparticles after 10

min reaction time.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.165 mL (0.5 mmol) of oleylamine and 0.158 mL (0.5
mmol) of oleic acid. This reaction mixture was sonicated until a clear yellow solution
resulted. The vial was suspended in a Fischer-Porter bottle with 10 mL of excess
anisole in the bottom of the bottle. The bottle was purged 5 times with hydrogen gas
and then filled with 3 bar Hz. The Fischer-Porter bottle was then place in a reaction
oven at room temperature for 10 min. Purification was carried out as above. The
supernatant retrieved after the first purification step was a clear yellow indicating the

presence of unreacted precursor.
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Results

Figure 13. (a) High magnification HREM image of as synthesised pod-like palladium nanostructures.

The nanoparticles marked by (a) are tripod in shape and the nanoparticles marked by (b) have a bipod
shape. (b) EDS spectrum of the palladium pod-like nanostructures. (c) High magnification HREM image
showing the tripod nanoparticles with the maximum yield obtained of 40% {Watt 2009}.

Figure 13a displays a typical EM image of the obtained nanoparticles. Variously
shaped nanoparticles are present in the solution including tripods and bipods, as well

as other irregularly shaped anisotropic nanoparticles. The nanoparticles labelled (a)
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are Pd tripods and the nanoparticles labelled (b) show a linear rod or bipod
morphology. The remainder of the sample is made up of nanoparticles with various
degrees of branching and other anisotropic morphologies. The inset in Fig 1 shows
the selected area electron diffraction pattern of the sample in the image which was
indexed to the fcc structure of Pd. Elemental analysis from EDS (Fig 13b) indicates
that the sample is 100% Pd. Figure 13c shows an HREM image with a high yield of
tripod nanoparticles. From analysis of TEM images of over 2000 nanoparticles, the
relative yields of the morphologies formed were; bipods (in 17 % yield), tripods (28
%) and multipods (7%).

Figure 14. High magnification HREM images of pod-like palladium nanoparticles; (a) a tripod

morphology, (b) a different type of tripod shaped nanoparticle, (c) a bipod nanoparticle and (d) a

multipod nanoparticle.
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Figure 14a-b shows some of the interesting nanoparticle morphologies formed in the
present experiment. Fig 14a shows a tripod nanoparticle 30 nm in size. It's arms are
relatively uniform in length ranging from 16 to 20 nm with aspect ratios of 5. The
arms are exactly 60 © apart indicating perfect three fold symmetry. The nanoparticle
in Figure 14b is only 16 nm in size but also shows a tripod symmetry. Its arms are
again uniform in length at 10 nm with aspect ratios of ~ 2. Figure 14c shows a
nanostructured palladium bipod with two arms extending at an angle of 125 © from
each other. They are both 22 nm in length with aspect ratios of ~ 5. Note there is a
small increase in angle between the bipod arms when compare those of the tripod
morphology. Figure 14d shows a 30 nm multi-pod nanoparticle with 5 arms, 13 * 2
nm in size, extending away from a central core. The arms all extend along the plane of

the nanoparticle in a pseudo-five fold symmetry.

Figure 15. High magnification HREM image of an as synthesised tripod shaped palladium nanoparticle.
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Figure 15 shows a HREM image of an as synthesized tripod. The nanoparticle consists
of a central core with three arms extending away from the centre. The angle between
each arm is 120° indicating perfect three fold symmetry. The arms are relatively
uniform in length ranging from 12 - 13 nm with aspect ratios close to 3. The lattice
planes visible on the tripod arms are (200) and (111) in nature indicating the tripod
arms are viewed down a [110] zone axis. Each arm shows a twin plane running along
its length in the direction of growth. The twin plane runs parallel to the {111} planes
along the long axis of the tripod arm indicating that it is a (111) twin boundary. The
tip of the arm exhibits a rounded contour. Analysis of the atomic packing in the image
indicates that arm growth is occurring in the [112] direction. Note that the projection
of lattice planes of the tripod in Fig 15 is different to the tripod in Fig 14b. This will be
explained in detail in Chapter 6.1.

5.3.3 : Reaction of [PdCl2(NCMe):] with a 1:1 mixture of oleylamine
and oleic acid as surfactant at RT for 30 minutes

In this experiment the investigation into the nanoparticle structural evolution was
continued by extending the reaction time to 30 min. The previous experiment
isolated pod-like intermediates however a structural link between these and the

highly branched nanostructures is also required.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.165 mL (0.5 mmol) of oleylamine and 0.158 mL (0.5
mmol) of oleic acid. This reaction mixture was sonicated until a clear yellow solution
resulted. The vial was suspended in a Fischer-Porter bottle with 10 mL of excess
anisole in the bottom of the bottle. The bottle was purged 5 times with hydrogen gas
and then filled with 3 bar Hz. The Fischer-Porter bottle was then left at room
temperature for 30 min. Purification was carried out as above. The supernatant
retrieved after the first purification step was a clear yellow indicating the presence of

unreacted precursor.

Results

Figure 16a-b shows HREM images of palladium nanoparticles synthesised after 30

minutes. The nanoparticles in Fig 16a are 18 to 30 nm in size and have indefinable
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morphologies. The nanoparticles marked by white arrows have pseudo-three fold
symmetry and therefore look to have grown from the tripod nanostructures isolated
in Exp 5.3.2. However, a secondary type of growth has occurred along random

crystallographic directions leading to a broad, leaf-like structure.
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Figure 16. (a) High magnification HREM image of as synthesised palladium nanostructures formed
from a reaction of [PdCl;(NCMe),] with a 1:1 mixture of oleylamine and oleic acid as surfactant at RT
for 30 minutes. (b) High magnification image of a palladium nanostructure clearly showing a

secondary type of ‘leaf-like’ growth.
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Figure 17. Synchrotron XRD pattern of the as synthesised palladium nanostructures formed from a
reaction of [PdCl;(NCMe),] with a 1:1 mixture of oleylamine and oleic acid as surfactant at RT for 30

minutes.

Figure 17 shows an XRD pattern taken from the Australian Synchrotron (AS) facility.

The pattern is clearly indexed to fcc palladium with no impurities present.
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5.3.4 : Reaction of [PdCl2(NCMe):] with a 1:1 mixture of oleylamine
and oleic acid as surfactant at RT for 20 minutes

Experiments 5.3.2 and 5.3.3 produced pod-like and leaf-like nanoparticles after 10
min and 30 min reaction time respectively. These nanoparticles are intermediates to
the highly branched nanostructures. Equally important however in investigating the
structural evolution is the isolation of nanoparticle nuclei, that is, the structural
precursor to the pod-like nanoparticles. Because of the nature of the Fischer-Porter
bottle it is difficult to quench the nanoparticle formation at reaction times less than
10 minutes. Therefore to slow the reaction and gain more control over the isolation of

intermediates the pressure of the hydrogen atmosphere was reduced to 1 bar.

In this experiment structural precursors to the pod-like nanoparticles were isolated
by reducing the pressure of the hydrogen atmosphere to 1 bar and extending the

reaction time to 20 min.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.165 mL (0.5 mmol) of oleylamine and 0.158 mL (0.5
mmol) of oleic acid. This reaction mixture was sonicated until a clear yellow solution
resulted. The vial was suspended in a Fischer-Porter bottle with 10 mL of excess
anisole in the bottom of the bottle. The bottle was purged 5 times with hydrogen gas
and then filled with 1 bar Hz. The Fischer-Porter bottle was then left at room

temperature for 20 min. Purification was carried out as above.

Results

Figure 18a shows an EM image of the as synthesised nanoparticles. The sample
consists of nanostructured polyehdra 6 to 10 nm in size. Also present are triangle
shaped nanoparticles ~ 8 nm in size and nanostructured tripods 8 to 15 nm in size.
The nanoparticle indicated by the white arrow is a tripod 12 nm in size. Figure 18b
shows a high magnification HREM image of a nanoparticle 14 nm in size. Analysis of
the atomic packing indicates this nanoparticle is a multiply twinned fcc icosahedra

viewed down a <112> zone axis {Penisson 1989} . This is similar to the nanoparticle
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seen in Fig 5.2.4b except the nanoparticle shown here displays the start of single

branched growth in the [112] direction.

Figure 18. (a) HREM image of palladium nanoparticles formed from a Reaction of [PdCl;(NCMe),] with
a 1:1 mixture of oleylamine and oleic acid as surfactant at RT for 20 minutes. (b) High magnification

HREM image of a multiply twinned icosahedra nanoparticle with the start of branched growth present.
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5.3.5: Reaction of [PdClz(NCMe):] with a 1:1 mixture of oleylamine
and oleic acid as surfactant at RT under 1 bar H: for 80 min

In this experiment the reaction time was extended to 80 min for the isolation of

further structural intermediates.

Experimental

25.9 mg (0.1 mmol) of [PdClz(NCMe)z] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.165 mL (0.5 mmol) of oleylamine and 0.158 mL (0.5
mmol) of oleic acid. This reaction mixture was sonicated until a clear yellow solution
resulted. The vial was suspended in a Fischer-Porter bottle with 10 mL of excess
anisole in the bottom of the bottle. The bottle was purged 5 times with hydrogen gas
and then filled with 1 bar Hz. The Fischer-Porter bottle was then left at room
temperature for 80 min. Purification was carried out as above. The supernatant
retrieved after the first purification step was a clear yellow indicating the presence of

unreacted precursor.

Results

Figure 19a-c shows EM images of palladium nanoparticles synthesised after 80
minutes. The low magnification EM image in Fig 19a shows examples of a relatively
large variety of nanoparticle shapes and sizes. The sample contains nanostructured
tripods 15 to 20 nm in size and bipods 20 to 35 nm in size similar to those seen in Exp
5.3.2 as well as other nanoparticles with indefinable morphologies. Present also are
tripod and bipod nanoparticles which have experienced the secondary type of growth
leading to leaf-like structures. Figure 19b shows an 80 nm bipod nanoparticle with
secondary non-direction specific growth occurring on the sides of the nanoparticle.
Figure 19c shows a 38 nm tripod nanoparticle with a similar leaf-like structure to that
seen in Fig 5.3.3 b. Fig 19d shows an EDS spectrum which indicates the sample is 96%

Pd with the remaining 4% coming from Si impurities on the TEM grid.
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Figure 19. (a) HREM image of palladium nanoparticles formed from a reaction of [PdCI;(NCMe)] with
a 1:1 mixture of oleylamine and oleic acid as surfactant at RT under 1 bar H; for 80 min. (b) High
magnification HREM image of a bipod nanoparticle with secondary growth evident. (c) High
magnification HREM image of a tripod nanoparticle with the same type of secondary growth occurring

and (d) EDS spectrum of the as-synthesised palladium nanoparticles.
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Figure 20. Synchrotron XRD pattern of the as synthesised palladium nanostructures formed from a
reaction of [PdCI;(NCMe);] with a 1:1 mixture of oleylamine and oleic acid as surfactant at RT under 1

bar H; for 80 min.

Figure 20 shows an XRD pattern taken from the Australian Synchrotron (AS) facility.

The pattern is clearly indexed to fcc palladium with no impurities present.

5.3.6 : Reaction of [PdClz(NCMe):] with a 1:1 mixture of oleylamine
and oleic acid as surfactant at RT under 1 bar H; for 160 min

In this experiment the investigation into the nanoparticle structural evolution was

continued by extending the reaction time to 160 min.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.165 mL (0.5 mmol) of oleylamine and 0.158 mL (0.5
mmol) of oleic acid. This reaction mixture was sonicated until a clear yellow solution
resulted. The vial was suspended in a Fischer-Porter bottle with 10 mL of excess
anisole in the bottom of the bottle. The bottle was purged 5 times with hydrogen gas
and then filled with 1 bar Hz. The Fischer-Porter bottle was then left at room
temperature for 80 min. Purification was carried out as above. It should be noted here
that the supernatant after the first purification step was clear and colourless which

indicates the complete consumption of precursor.
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Figure 21. (a) HREM image of palladium nanoparticles formed from a reaction of [PdCl;(NCMe);] with

a 1:1 mixture of oleylamine and oleic acid as surfactant at RT under 1 bar H; for 160 min with
corresponding SAED pattern (inset). (b) Highly branched palladium nanostructure 120 nm in size and

(c) highly branched palladium nanostructure 80 nm in size.

Figure 21a shows a low magnification EM image of the highly branched palladium
nanostructures synthesised in a surfactant system containing a 1:1 ratio of oleic acid
and oleylamine. The palladium nanostructures are 85 +/- 15 nm in size and each

nanoparticle displays extensive branching with the branches growing radially away
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from a central core. The selected area diffraction (SAED) pattern of the nanoparticles
observed is shown in the inset and can be readily indexed to the fcc structure of
palladium. Figure 21b-c show higher magnification images of single nanostructures.
Figure 21b shows a close up image of a 120 nm palladium nanostructure. The
nanoparticle branches have a broad leaf like structure and exhibit a rounded tip. The
contrast difference across the nanoparticle indicates that the branches can grow
along all radial directions. Likewise the 80 nm nanostructure in Fig 21c possesses

branches extending in all radial directions from a central core.

Figure 22. High resolution HREM image of one of the nanostructure branches clearly showing atomic

packing.

Figure 22 shows an HREM image of one of the porous palladium branches. Atomic
packing is clearly visible enabling characterization and shows that the branch is being
viewed down the [110] direction. The branch has a twin boundary running down it’s

length in the direction of growth. On the lower side of the twin there is a kink site
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which changes the direction of the (200) lattice fringes by 20°. Along with the change
in contrast, this indicates that from the edges of the branch towards the twin
boundary there is an increase in thickness perpendicular to the basal plane. These
palladium nanostructures also possess high index surfaces as will be shown in the
next Chapter. Figure 23 shows an XRD pattern taken from the Australian Synchrotron
(AS) facility. The pattern is clearly indexed to fcc palladium with no impurities

present.
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Figure 23. Synchrotron XRD pattern of the as synthesised palladium nanostructures formed from a a
reaction of [PdCl;(NCMe);] with a 1:1 mixture of oleylamine and oleic acid as surfactant at RT under 1

bar H; for 160 min.

5.3.7 Discussion with [PdClz(NCMe):] at Room Temperature : Effect
of Surfactant System and Structural Evolution

Experiment 5.3.1 showed that structural change could be induced by controlling the
nature of the surfactant system. When a 1:1 ratio of oleylamine and oleic acid was
used complex, highly branched nanostructures with a high surface area were formed.
This is in contrast to when only oleylamine is used as the surfactant which lead to the
formation of symmetrical polyhedral nanostructures. This presents an interesting

result as the formation of these types of highly branched nanostructures has not

145



Chapter 5: Solution Phase Syntheses of Palladium Nanostructures

previously been observed for palladium. In solution phase synthesis, palladium
nanostructures typically form as thermodynamically favoured polyhedra structures
or 1-D nanorods {Xiong 2007 (b), Choo 2006}. The surfaces of these types of
nanostructures are limited to low index facets due to their lower surface-solution

interface energy {Xiong 2007 (a), Tian 2008}.

So, by altering the nature of the surfactant system a simple solution phase synthesis
for the formation of highly branched, high surface area palladium nanostructures has
been developed. These complex morphologies are not thermodynamically favoured

which indicates nanoparticle growth is no longer thermodynamically controlled.

By quenching the reaction at 10 minutes (Exp 5.3.2), pod-like nanoparticles were
isolated. This was also the first evidence of pod-like morphologies for nanostructured

palladium.

The controlled growth of branched or pod-like shapes is well established in
polymorphic materials such as CdS and CdSe {Joo 2003, Peng 2002, Asokan 2007}.
For CdS and CdSe, pod-like shapes are made through the controlled nucleation of a
zinc-blende core followed by the growth of wurtzite phase branches which occurs
along the inherently anisotropic c-axis of the hexagonal unit cell. However, this type
of polymorphism is not seen in most face centred cubic (fcc) metals such as
palladium. Thus, while solution methods for producing faceted polyhedra structures
are well established for fcc materials, the formation of pod-like and highly branched

structures is less common and had not previously been achieved for palladium.

When the reaction time was extended to 30 min a secondary type of growth is
observed from the pod-like nanoparticles (Exp 5.3.3). This growth occurs in no

specific crystallographic direction leading to a broad leaf-like structure {Lou 2006}.

The shape distribution for the highly branched (Exp 5.3.1) and pod-like nanoparticles
(Exp 5.3.2) was relatively large, with a wide range of morphologies present. Also, the
maximum yield obtained was around 40 %. Therefore, it is apparent that in the
current system Fischer-Porter bottle synthesis does not provide precise experimental

control. This is most likely due to thermal gradients associated with heat transfer
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from the reaction oven to the reaction solution through the bottle. This will cause

inhomogeneous nucleation resulting in a range of nanoparticle shapes and sizes.

However, by reducing the pressure of the hydrogen atmosphere to 1 bar the reaction
was slowed and greater reaction control was realised. Firstly, this enabled the
isolation of structural precursors to the pod-like nanoparticles. These intermediates
were largely symmetrical but showed evidence of a structural transition to complex
morphologies. The nanoparticle in Figure 18b clearly shows the start of branched

growth from a multiply twinned fcc icosahedra nanoparticle.

With a low hydrogen pressure leaf like intermediates were isolated at 80 min
reaction time (Exp 5.3.5). These conditions were maintained and the reaction time
extended to 160 min (Exp 5.3.6). The nanostructures formed after 160 min had a
highly branched morphology similar to the nanostructures observed in Exp 5.3.1.
However due to a higher degree of reaction control the size distribution was much

smaller when formed under a low pressure hydrogen atmosphere.

In each reaction carried out to isolate structural intermediates the supernatant
following the first centrifugation step had a yellow appearance with the intensity of
the colour decreasing with increasing reaction time. This indicates unreacted

precursor and confirms that the experiments were quenched at intermediary stages.

So, the above experiments show that the structural evolution of the highly branched
nanostructures occurs through polyhedra nuclei and pod-like intermediates. A
secondary type of growth then occurs from the pod-like nanostructures to give the
highly branched morphologies. A complete structural characterisation of the pod-like
and highly branched nanostructures will be given in the next Chapter along with the

proposal of a full growth mechanism.
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5.4 Reactions with [PdClz(NCMe):] : Effect of Surfactant
System

The previous experiments showed that the introduction of a carboxylic acid
functionality into the surfactant system resulted in complex shaped palladium
nanostructures. Therefore, in the following experiments the effect of the nature of the
surfactant system on morphology was investigated. To do this the ratio of oleylamine
to oleic acid was systematically adjusted. The reactions were all performed under
mild conditions which were previously shown to give the sufficient reaction control.
Along with Experiments 5.2.4 and 5.3.6 the experiments performed below will give
show the effect of oleylamine:oleic acid ratio on the formation of palladium
nanostructures. The surfactant ratios used will be 1:0, 3:1, 1:1, 1:3 and 0:1

(oleylamine:oleic acid).

5.4.1: Reaction of [PdClz(NCMe):] with a 3:1 mixture of oleylamine
and oleic acid as surfactant at RT under 1 bar H; for 160 min

In this experiment a ratio of oleylamine to oleic acid of 3:1 was introduced into the

reaction solution.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.237 mL (0.75 mmol) of oleylamine and 0.083 mL
(0.25 mmol) of oleic acid. This reaction mixture was sonicated until a clear light
yellow solution resulted. The vial was suspended in a Fischer-Porter bottle with 10
mL of excess anisole in the bottom of the bottle. The bottle was purged 5 times with
hydrogen gas and then filled with 1 bar H». The Fischer-Porter bottle was then left at

room temperature for 160 min.

For purification of the sample, methanol was added to flocculate the as synthesised
nanoparticles. The solution was centrifuged at 14 000 rpm for collection of the solid
nanoparticles. These were subsequently washed by suspending the pellet in toluene
and ultrasonicating for 5 minutes. Additional methanol was added again to flocculate

the nanoparticles followed by centrifuging. The purification process was repeated
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once with dichloromethane and a second time with toluene. The resulting purified

sample was suspended in toluene for TEM investigation.

Results

Figure 24a shows an EM image of the as synthesised nanoparticles. This sample
consisted of nanostructured polyhedra 5 to 10 nm in size and triangle nanoparticles
10 to 12 nm large. The remainder of the nanoparticles have indefinable morphologies
due to the emergence of asymmetric growth. Figure 24b shows an SAED which is

indexed to the fcc palladium crystal structure and Figure 24c shows an EDS which

indicates the sample is 100% Pd.

Figure 24. (a) HREM image of palladium nanoparticles formed from Reaction of [PdCl;(NCMe);] with a
3:1 mixture of oleylamine and oleic acid as surfactant at RT under 1 bar H; for 160 min. (b)

Corresponding SAED and EDS spectrum (c).
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5.4.2: Reaction of [PdClz(NCMe):] with a 1:3 mixture of oleylamine
and oleic acid as surfactant at RT under 1 bar H: for 160 min

In this experiment a ratio of oleylamine to oleic acid of 1:3 was introduced into the

reaction solution.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe)z] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added 0.079 mL (0.25 mmol) of oleylamine and 0.248 mL
(0.75 mmol) of oleic acid. This reaction mixture was sonicated until a clear dark
yellow solution resulted. The vial was suspended in a Fischer-Porter bottle with 10
mL of excess anisole in the bottom of the bottle. The bottle was purged 5 times with
hydrogen gas and then filled with 1 bar H». The Fischer-Porter bottle was then left at

room temperature for 160 min. Purification was carried out as above.
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Figure 25. (a) HREM image of palladium nanoparticles formed from reaction of [PdClz(NCMe),] with a

1:3 mixture of oleylamine and oleic acid as surfactant at RT under 1 bar H; for 160 min with
corresponding SAED pattern (inset). (b) Low magnification HREM image. (c) High magnification HREM

image of the as synthesised palladium nanostructures and (d) EDS spectrum.

Figure 25a shows an EM image of the as synthesised nanostructures. They are
relatively large in size ranging from 160 to 200 nm with extensive branching
occurring radially away from a central core. The branches seen on these structures do
not extend as far away from the central core as those structures seen in Exp 5.3.6. The
inset shows a SAED which is indexed to the fcc palladium crystal structure. Figure
25b shows a low magnification image of a typical region of the EM grid. The
nanostructures all show a highly branched morphology and have a relatively large

polydispersity ranging in size from 80 to 300 nm. Figure 25c shows a high
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magnification EM image of the palladium nanostructures. The branched
nanostructure in the centre of the image is 70 nm in length and displays extensive
branching. However, the branches observed here are shorter and more rounded than
those seen in Exp 5.3.6. In the lower left of the image another type of palladium
nanostructure is observed. This is 45 nm long and 35 nm at the base and converges to
a rounded point to give a ‘leaf like morphology. Fig 25d shows an EDS spectrum

which indicates the sample is 100% Pd.

Figure 25. (a) High magnification HREM image of one of the palladium nanostructures branches with

associated power spectrum (inset).

Figure 25 shows a high magnification HREM image of the ‘leaf’ like structure
observed in Fig 24c. The fast Fourier transform (FFT) of the image is shown in the

inset with spots corresponding to {111} and {200} reflections. Analysis of the atomic
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packing and the power spectrum indicates this structure is being viewed down a
<110> zone axis. The rough edge of the nanostructure indicates the presence of high
index facets on the surface edges of the nanostructure. (Chapter 6 contains an in
depth HREM analysis of the surface of one of the highly branched palladium

nanostructures).

5.4.3: Reaction of [PdClz(NCMe):] with oleic acid only as surfactant
at RT under 1 bar H: for 160 min

In this experiment oleic acid only was used as the organic surfactant for the reaction.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene in a 10 mL
reaction vial. To this was added nd 0.330 mL (1 mmol) of oleic acid. This reaction
mixture was sonicated until a clear dark orange solution resulted. The vial was
suspended in a Fischer-Porter bottle with 10 mL of excess anisole in the bottom of the
bottle. The bottle was purged 5 times with hydrogen gas and then filled with 1 bar H,.
The Fischer-Porter bottle was then left at room temperature for 160 min. Purification

was carried out as above.

Results

Figure 26a-b show EM images of the as synthesised palladium structures. These are
on the micrometre length scale yet still show some evidence of branching. A higher
magnification EM image of one of the microstructures is shown in Fig 26b. Lattice
planes are visible indicating the product is crystalline and the power spectrum in the
inset shows the structure is being viewed down a {111} zone axis. A SAED pattern is
shown in Fig 26c. The presence of large spots and the absence of complete rings
indicates the structure is polycrystalline with relatively large crystal domains. An EDS

spectrum (Fig 26d) shows that the productis 100% Pd.
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Figure 26. (a) HREM image of palladium nanoparticles formed from reaction of [PdClz(NCMe),] with
oleic acid only as surfactant at RT under 1 bar H; for 160 min. (b) High magnification HREM image and

corresponding power spectrum (inset). (c) SAED pattern and (d) EDS spectrum.

5.4.4 Discussion of Reactions with [PdCl2(NCMe):] : Effect of
Surfactant System

Along with Exp 5.3.6 and Exp 5.2.4 the above experiments show the influence of the
nature of the surfactant system on the morphology of the resulting nanoparticle.
When oleylamine only is used small polyhedra nanoparticles result (Fig 11a). A ratio
of 3:1 oleylamine to oleic acid gives predominantly polyhedra nanoparticles however
there are some nanoparticles with the beginning of complex growth (Fig 24a). A 1:1

ratio of the surfactants gives highly branched palladium nanostructures (Fig 21a).
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When the oleic acid concentration is increased to a ratio of 1:3 large nanostructures
are formed (Fig 25a-b). They still possess extensive branching however the branches
are shorter and more rounded with a smaller aspect ratio. Also, the polydispersity of
the product has increased indicating a loss in reaction control. When purely oleic acid
is used as the surfactant micrometre sized structures are formed (Fig 26a). So, as the
oleic acid concentration is increased we observe the emergence of shape complexity

in the resulting nanoparticles.

Purely oleylamine gives symmetrical polyhedral nanoparticles which are
thermodynamically favoured morphologies for palladium {Elechiguerra 2006,
Berhault 2007}. This indicates that when oleylamine is used as a surfactant growth is

occurring under thermodynamically controlled conditions.

When oleic acid was introduced into the surfactant system shape complexity was
observed. This indicates that the growth is not as effectively restricted as with purely
oleylamine. This is to be expected due to the weak Pd-O binding interaction which
will reduce the overall stabilisation of the growing nanoparticle {Ahrland 1958}. The
complex, highly branched shapes observed with increased oleic acid concentration
are examples of nanostructures grown under kinetic control {Yin 2005}. When purely
oleic acid is used, large micrometre crystallites are formed. Presumably oleic acid
does not have sufficient stabilising ability to restrict growth to the nanoscale for this

system.
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Figure 27. Precursor solution containing different ratios of oleylamine to oleic acid and [PdCI>(NCMe):]

in powder form (inset).

Figure 27 shows a photo of five precursor solutions containing [PdCl2(NCMe)z] and
varying ratios of oleylamine and oleic acid. When purely oleylamine (far left) is used
as the surfactant the precursor solution is clear and colourless. As the oleic acid
concentration is increased the precursor solution gains a yellow colour. When purely
oleic acid is used (far right) the precursor solution is a bright orange colour. This is
the same colour as [PdClz(NCMe)z] in powder form (inset). Also, the solubility of the
precursor decreases with increasing oleic acid concentration. This indicates that
there is a ligand exchange process occurring between the precursor and the
oleyamine which facilitates dissolution and removes the distinct colour. Presumably
the strong Pd-N binding interaction replaces the Cl ligands leading to a partly
decomposed precursor. When purely oleic acid is used weak Pd-O binding interaction

is not able to displace the Cl ligands.

Previous studies have argued that a strong ligand-metal binding strength will
decrease the reactivity of the monomers leading to a high chemical potential in the

growth stage {Yu 2003}. These conditions then lead to elongated or complex shapes.
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In contrast, in the current system, symmetrical polyhedra nanoparticles are formed

when a ligand (surfactant) with strong binding characteristics is introduced.

By introducing a weaker binding surfactant the growth conditions shift from
thermodynamically controlled to kinetically controlled. This introduces shape
complexity therefore an investigation into growth kinetics is required to understand
the effect of the surfactant system on nanoparticle shape. A full investigation on the
growth kinetics of the various palladium nanostructures was performed at the
Stanford Synchrotron Radiation Lightsource at Stanford University, California. These
results will be discussed in the following Chapter along with the development of a

complete growth mechanism.
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5.5 Summary

Palladium nanoparticles with a wide variety of sizes and morphologies have been
synthesised though the reaction of organometallic precursors under a hydrogen
atmosphere. The experiments were carried out in a pressure reaction vessel (Fischer-
Porter bottle) which enabled facile control over the hydrogen pressure and reaction
temperature. Organic surfactant molecules were used as stabilisers directing

nanoparticle growth.

When the palladium precursor Pd(PPh3)s was used predominantly small, spherical

nanoparticles resulted due to the strong Pd-P binding interaction.

When this precursor was replaced with [PdClz(NCMe).] the first evidence of an
complex morphology was observed. Here, the organic stabiliser species had a greater
influence on the growth of the nanoparticles enabling new morphologies. When
[PdCIz(NCMe)2] was reacted at mild reaction conditions a monodisperse sample of

multiply twinned polyhedra nanoparticles was formed.

By introducing a second surfactant with weaker binding characteristics into the
reaction mixture, highly branched, high surface area palladium nanostructures were
formed. These were shown to evolve from multiply twinned fcc icosahedra
nanoparticles via a pod-like (tripod) intermediate structure. A secondary type of
growth then occurred from the tripod nanoparticles to give the highly branched

structures.
Experiments involving different ratios of the two surfactant species showed that the

nature of the surfactant system directly determines the resulting morphology of the

nanostructure.
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Chapter 6. Full Characterisation and Growth
Mechanism of Palladium Nanostructures

In this chapter full characterisation of a selection of the palladium nanostructures
synthesised is the Chapter 3 is presented. This includes a full structural
characterisation of the novel palladium tripod nanoparticles through tilting electron
microscopy experiments. Structural investigations of a hexagonal platelet, a bipod

nanostructure and a multipod nanostructure are also presented.

The kinetics of growth for highly branched palladium nanostructures are then
presented through in-situ synchrotron XRD experiments. This section will show the
effect of temperature and the surfactant system on the kinetics of the reaction and

hence the morphology of the resulting nanoparticle.

A full growth mechanism for the formation of the highly branched palladium
nanostructures will then be offered based on the above characterisations. Finally, the
catalytic and hydrogen absorption properties of the highly branched palladium

nanostructures will be presented.
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6.1 Super High Resolution Electron Microscopy (SHREM) of
Palladium Tripod Nanoparticles

The tripod nanostructures synthesised in Exp 5.3.2 were the first evidence of a pod-
like morphology for nanostructured palladium. Due to it’s highly symmetrical fcc
crystal structure the emergence of nanoparticles with three fold symmetry is
unexpected for palladium. Therefore a full investigation into the nanoparticle
structure was required. An understanding of the internal structure is critical to
determine the mechanism of nanoparticle growth which will be valuable for future
work with all nanostructured fcc materials. Therefore these structures were selected
for Super High Resolution Electron Microscopy (SHREM) experiments. The following
set of SHREM experiments were performed on a JEOL 2200MCO field-emission TEM
with double aberration correctors located at Oxford University Department of
Materials. SHREM gives a two dimensional image of a three dimensional object.
Therefore the information gathered by this technique can be regarded as a 2D
projection of the nanoparticle. For this reason certain images may not relate directly
to the nature of the nanoparticle surface therefore reference is made to previous

SHREM experiments and simulations.

6.1.1 Experiment 1 : SHREM Analysis of a Palladium Tripod viewed
down a <111> Zone Axis

Results

Figure 1la shows an SHREM image of an as synthesised palladium tripod. The
nanoparticle consists of a central core with three arms extending away. The atomic
packing is visible on all three arms enabling characterization and the lattice planes
can be seen to meet at a point in the centre of the tripod. The angle between each arm
ranges from 115-126° which agrees with the three fold symmetry associated with a
tripod. Each arm shows a twin plane running along its length in the direction of arm
growth. The twin plane runs parallel to the {220} planes along the long axis of the

tripod arm. The tip of the arm exhibits a rounded contour.
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Figure 1. (a) Aberration corrected SHREM image of an as synthesised palladium tripod nanoparticle.

(b) High magnification image of the palladium tripod arm as highlighted in Fig 1a. The image clearly

shows the atoms in a hexagonal packing arrangement.
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The arms labelled A and C are relatively uniform with lengths of 9.0 nm and 8.5 nm
and aspect ratios of 2.3 and 2.1 respectively. Arm B is slightly shorter with a length of
6.2 nm and an aspect ratio of 1.3. Figure 1b shows the atomic packing on one of the

tripod arms. The hexagonal symmetry is characteristic of <111> oriented close

packed layers of the fcc structure.

Figure 2. Power spectrum of the nanoparticle shown in Fig 1a. Indexed as the fcc palladium metal
crystal structure viewed down a <111> zone axis. The inset shows the streaking in the spots due to

crystal defects.

The three fold symmetry of lattice planes observed in the nanoparticle core above has
previously been seen for multiply twinned fcc icosahedral nanoparticles being viewed
down a <111> zone axis {Fleuli 1988, Penisson 1990, Ling 2009}. Multiply twinned

fcc icosahedra are widely accepted as a thermodynamically stable morphology for
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nanostructured palladium {Ling 2009}. The fast Fourier transform FFT of the image
of the entire nanoparticle is shown in Fig 2. The spots are arranged in three fold
symmetry and can be indexed to the fcc palladium metal crystal structure viewed
down a <111> zone axis. Therefore, the centre of the tripod nanoparticle can be
characterised as a multiply twinned fcc icosahedral nanoparticle with branch growth
occurring in three symmetry equivalent directions. From the FFT and analysis of the

atomic packing the arm growth can be observed to occur in the <112> direction.

Further study of the power spectrum yields some interesting features. The {220}
spots show a streaking pattern that is often observed in electron diffraction patterns
of structures possessing crystal defects or an anisotropic morphology {Zurbuchen
2001, Maksimuk 2007}. Streaks are commonly caused by an irregular arrangement of
lattice planes; either because the d spacing varies or because the planes are randomly
displaced, i.e. by a stacking fault, where the streaking occurs perpendicular to the
defect. {Champness 2001}. A magnified image of a (220) spot is shown in the inset of
Fig 2. Three distinct streaks are present in a three-fold rotational symmetry which
correspond to the tripod arms. The streaks occur perpendicular to the twin planes on

the tripod arms which indicates they arise due to the crystal defects.

6.1.2 Experiment 2 : SHREM Analysis of Palladium Tripods viewed
down a <112> Zone Axis

When preliminary EM experiments were carried out on the tripod nanoparticles two
different projections of the structure were observed (Chapter 5 Fig 15 and Fig 14b).
The first has been described above and characterised as being viewing down a <111>

zone axis. Here, a complete investigation of the second projection is given.

Results

Figure 3a shows an as synthesised palladium tripod viewed down a different
orientation to the nanoparticle presented in Fig 1a and Fig 15. It has arm lengths
between 5.8 and 6.7 nm with aspect ratios of between 1.3 and 1.7. Each arm
possesses a twin boundary that runs along its entire length in the direction of growth.
The twin boundary on arm A is bound by two facets viewed down a <110>
orientation as determined by analysis of the atomic packing. Arms B and C are both
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bound by one (110) facet and one (111) facet. The (220) lattice planes corresponding
to the (111) facet are just visible on the SHREM image.

The FFT of the image of the entire nanoparticle is shown in Fig 3b. The power
spectrum is a superposition of spots originating from the different types of facets on

the tripod arms.

The spots arise from the <111> and <110> zone axes of the tripod arms with
additional spots from with the centre of the nanoparticle. From the power spectrum
and analysis of the atomic packing the nanoparticle centre can be seen to possess
two-fold symmetry and a set of (111) planes and (220) planes . This indicates a
<112> orientation with respect to the beam. This <112> projection of the central core
has previously been seen in HREM analysis of fcc icosahedra {Penisson 1989}. This
projection is also confirmed through multi-slice HREM simulations where the same
two-fold symmetry is observed {Kirkland 1991}. Therefore this palladium tripod
nanoparticle also consists of a multiply twinned fcc icosahedra nanoparticle with arm

growth occurring in three symmetry equivalent directions.
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(a) Aberration corrected SHREM image of a Pd tripod nanoparticle viewed down a <112>

Figure 3

zone axis with its corresponding power spectrum shown in (b)
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Figure 4. Aberration corrected SHREM image of an as synthesised Pd tripod nanoparticle viewed

down a <112> zone axis. The blue arrow points to a twin plane in the nanoparticle and the red arrows

point to step edges on the surface of the tripod arm.

Figure 4 shows a HREM image of another palladium tripod viewed down a <112>
orientation with respect to the central core with the two (110) facets clearly showing
atomic packing. A twin boundary is labelled with the blue arrow. The angle between
(220) planes across the twin is 138° which is in good agreement with the
theoretically expected angle of 141°. Step edges (labelled with red arrows) are visible
on the side of the nanoparticle indicating the tripod is terminated by high index

facets.
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6.1.3 Experiment 3 : SHREM Tilting Experiment

The previous experiments show that the central core of the tripod nanoparticles
analysed can be characterised as a multiply twinned fcc icosahedra viewed down
either a <111> zone axis (Exp 6.1.1) or a <112> zone axis (Exp 6.1.2). To confirm that
the structure of the tripod is identical in each instance a tilting experiment was

carried out on an isolated tripod.

Results

Figure 5a shows the nanoparticle with the specimen stage set to standard viewing
conditions. Analysis of the atomic packing and the power spectrum (Fig 5b) indicates
the tripod is viewed along a <111> direction as previously observed in Exp 1. Figure
5c shows the nanoparticle with the specimen stage tilted by 14° in the goniometer x
direction and it is clear from the atomic packing that the nanoparticle has changed its
orientation in the electron beam. The power spectrum of the entire nanoparticle is
shown in Figure 5d and contains a superposition of spots from an fcc structure
viewed down <111> and <110> zone axes. This corresponds to the exposed facets on
the tripod arms with additional spots originating from a <112> orientation of the
icosahedral centre of the nanoparticle. Due to heating in the electron beam a
reconstruction of the nanoparticle is also seen over the timescale of observation as

atoms migrate to lower energy positions that are thermodynamically more stable.
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Fig 5. Aberration corrected SHREM images from a tilting experiment performed on an isolated tripod.
(a) shows the nanoparticle viewed along a <111> zone axis with its corresponding power spectrum
shown in (b). Panel (c) shows the nanoparticle tilted through 14¢ with the corresponding power
spectrum shown in (d). The spots marked with white circles and black squares correspond to the
{111} and the {110} facets of the tripod arms respectively and the spots marked with white hexagons

correspond to the {112} orientation of the nanoparticle core.

This experiment shows that a multiply twinned fcc icosahedra nanoparticle can give
the same projections in the electron micrograph as seen in Exp 6.1.1 and Exp 6.1.2
depending on it’s orientation with respect to the electron beam. Therefore, the two
tripod nanoparticles observed in Exp 6.1.1 and Exp 6.1.2 can be considered as

possessing identical internal structure.
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6.1.4 Discussion on Super High Resolution Electron Microscopy
(SHREM) of Palladium Tripod Nanoparticles

SHREM experiments show that the as synthesised tripod nanoparticles consist of a
multiply twinned fcc icosahedral core with arm growth occurring in three symmetry
equivalent directions. Each arm contains a single twin plane. The icosahedral core is
commonly viewed down either a <111> or <112> direction with the projection of the
lattice planes differing according to its orientation in the beam. Tilting experiments
confirm that both orientations are from the same internal structure. A reconstruction
of the atoms on the nanoparticle under prolonged beam exposure indicates that this

pod-like morphology is kinetically favoured.

Complex nanostructures are not uncommon for fcc materials, for example, nanorods
have been synthesized for noble metals Au, Ag and Pd {Gai 2002, Chen 2004, Xiong
2007 (b)}. However, these were grown from the elongation of decahedral nuclei and
did not show a branched or pod-like structure. Here the first pod-like growth for
palladium was observed. Icosahedral nuclei have recently been used to explain the
formation of pod like structures in platinum, but direct evidence for the morphology
of the nuclei was not provided {Maksimuk 2007}. Therefore the first direct evidence

of pod-like growth from icosahedral nuclei for any fcc metal is provided here.
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6.2 Super High Resolution Electron Microscopy (SHREM) of
Other Interesting Morphologies

Along with the tripod nanostructures, palladium nanoparticles of other interesting
morphologies were formed. Three types were selected for SHREM experiments; a
hexagonal platelet nanoparticle, a four-armed multipod nanoparticle and a bipod

nanoparticle.

6.2.1 Experiment 4 : SHREM Analysis of Palladium Hexagonal
Platelet

In this experiment a palladium nanoparticle with a six-fold symmetry hexagonal
platelet morphology was isolated and examined. Hexagonal platelets have previously
been synthesised for palladium however an investigation into their structure is of

interest due to the nature of twinning {Xiong 2005 (a)}.

Results

Figure 6a shows a SHREM image of the as synthesised hexagonal platelet
nanoparticle. It shows six-fold symmetry with rounded growth at each of the six
vertices. The power spectrum from FFT analysis is shown in Fig 6b and contains six
{220} spots in three fold symmetry. Therefore the nanoparticle can be indexed as

possessing the fcc palladium crystal structure viewed down a <111> zone axis.
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1/3{422}

Figure 6. TEM image of an as synthesised Pd hexagonal platelet type nanoparticle (a) and its
corresponding power spectrum (b). The power spectrum shows forbidden 1/3{422} reflections which

are indicative of a single (111) twin boundary running parallel to the base of the nanoparticle.

The spots in the power spectrum labelled 1/3{422} are commonly seen for hexagonal
platelet nanoparticles with the fcc crystal structure {Salzemann 2005, Xiong 2005
(a)}. These are usually forbidden reflections for fcc but arise due to a single (111)
twin plane that runs parallel to the base of the nanoparticle {Germain 2003}.
Therefore the hexagonal platelet observed here is bound by two (111) facets and

contains a single (111) twin defect along its basal plane.

6.2.2 Experiment 5 : SHREM Analysis of Palladium Multipod

In this experiment the structure of an isolated palladium multipod nanoparticle with
four arms was investigated using SHREM. Just as the palladium tripod nanoparticle
was the first evidence of a pod-like morphology for nanostructure palladium, this
nanoparticle is the first evidence of a multipod morphology. Therefore an

investigation into its internal structure is required.

Results

Figure 7a shows an SHREM image of the as synthesised palladium multipod. It
possess four arms which range in size from 10 to 12 nm with aspect ratios between
1.6 and 3. Analysis of the atomic packing of the multipod arms shows (111) and (200)
lattice planes indicating a (110) terminated facet on each of the arms.
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Figure 7. Aberration corrected SHREM image of an as synthesised Pd multipod nanoparticle viewed
down a <112> zone axis (a) and its corresponding power spectrum (b). The spot marked with a white
hexagon corresponds to the (111) lattice planes in the central core of the nanoparticle. The spots
marked with white circles and squares correspond to the (111) and (200) lattice planes of the (110)
terminated facets respectively. The spots marked with black circles correspond to (220) lattice planes

originating from a (111) terminated facet on the other side of the twin plane.

174



Chapter 6: Full Characterisation and Growth Mechanism of Palladium Nanostructures

Each arm possesses a (111) twin plane extending in the direction of growth. The arms
are in a cross formation with the obtuse angle between them 114°. This is close to the
angle between the arms of a tripod nanoparticle which indicates some structural
similarities. An FFT is shown in Fig 7b which enables full characterisation of the
nanoparticle. The spots marked with a white hexagon corresponds to (111) lattice
planes in the central core of the nanoparticle. This is characteristic of a <112>
oriented multiply twinned fcc icosahedra {Penisson 1989}. The spots marked with
white circles and squares correspond to the (111) and (200) lattice planes of the
(110) terminated facets respectively. The spots marked with black circles correspond
to (220) lattice planes originating from a (111) terminated facet on the other side of
the twin plane. Therefore, the nanoparticle can be characterised as possessing a
multiply twinned fcc icosahedra core in a <112> orientation with arm growth
extending in four symmetry related directions. Each arm contains a (111) twin plane
and is terminated by one (110) facet and one (111) facet. This is isostructural with
the palladium tripod nanoparticle examined in Exp 2 but with the addition of another
arm. From looking at the orientation of the arms with respect to the lattice planes on
the nanoparticle core the multipod can be seen to arise due to a ‘split’ in the upper

arm of the tripod.

6.2.3 Experiment 6 : SHREM Analysis of Palladium Bipod

In this experiment a palladium bipod nanoparticle was isolated and examined. Two-
dimensional nanostructures are relatively common for palladium however these are
usually formed through the elongation of decahedral or cubic nanoparticles into
nanorods or nanobars respectively {Xiong 2007 (a), Xiong 2007 (b)}. Therefore, the
bipod morphology observed in the current experiments is a new type of two-
dimensional structure for nanostructured palladium. Note, this experiment was

performed at VUW on a JEOL 2010 operated at an acceleration voltage of 200 keV.
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Results

Figure 8a shows an HREM image of an as-synthesised palladium bipod nanoparticle
30 nm long with an aspect ratio of 4. Analysis of the atomic packing shows that the
resolved facet is (110) terminated. The power spectrum is shown in the inset and
confirms this orientation. The bipod possesses a (100) twin plane running its entire
length, this is in contrast to the tripod arms which possess a (111) twin plan (see Exp

2). Each end of the bipod extends in a <110> direction.

The overall shape of the nanoparticle is unusual as it has a central ‘hump’ with an
undulating surface along the length of the nanoparticle. This indicates that the
structure of the bipod is different to that previously observed for 2D palladium
nanostructures. Unfortunately however, the bipod nanoparticles were not examined
using SHREM and the resolution limit of the electron microscope at VUW was not
sufficient to fully investigate the internal structure. Therefore the structure of the
palladium bipod nanoparticle is still unknown and requires additional

experimentation.

Figure 8. High magnification TEM image of an as-synthesised palladium bipod nanoparticle and its

corresponding power spectrum (inset).
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6.3 In-Situ Synchrotron X-ray Diffraction Studies on the
Growth of Palladium Nanostructures

By careful manipulation of reaction conditions various sizes and morphologies of
palladium nanostructures have been produced (see Chapter 3). These include
thermodynamically favoured polyhedra nanoparticles as well as pod-like and highly
branched nanostructures which are examples of morphologies not grown under
thermodynamic control (i.e., kinetically controlled). It was shown that the nature of
the surfactant system was directly involved in determining the morphology of the
resulting nanostructures. This indicates that the surfactant system is also directly
involved in controlling the kinetics of the reaction. Therefore an insight into the
specific growth kinetics, and how these are effected by the surfactant system, is

required.

To probe the kinetics of growth for palladium nanostructures, in-situ synchrotron X-
ray diffraction (XRD) experiments were carried out at Stanford Synchrotron
Radiation Lightsource (SSRL). Since it is difficult to gain information on growth
kinetics with post synthetic characterisation techniques, in-situ XRD was needed as a

method that can measure structural dynamics in real time.

In this section the effect of temperature and the nature of the surfactant system on
the kinetics of the growth of palladium nanostructures is investigated using this

technique.

Experimental - Synchrotron XRD Setup

Experiments were performed at the Stanford Synchrotron Radiation Lightsource
(SSRL) on BL7-2 in a specially made reaction cell shown in Fig 9. The cell was
developed by Soshan Cheong and Alan Rennie of VUW. The cell was 30 mm high and
20 mm wide and was placed in a ceramic heating block on the beamline. It contained
a circular reaction chamber 5 mm in diameter and 1 mm thick which was aligned
with the beam. The cell windows were made from X-ray transparent Kapton
(polyimide) film. Fifty microlitres of reaction solution was injected into the reaction
chamber which was then filled with 2 bar H». The experiments were conducted using
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radiation of 1 = 1.0 A (12.4 keV). Diffractograms were collected over the Pd(111) peak
between 26 values of 18° and 22°, using step scans of 0.02 °/step. Growth of the fcc

Pd(111) diffraction peak was observed and monitored every 300 s, for 70 min.

Figure 9. In-situ reaction cell for Synchrotron XRD experiments.

6.3.1 Experiment 7 : In-situ Synchrotron X-ray Diffraction on the
Growth of Highly Branched Palladium Nanostructures - Effect of
Temperature

In this set of experiments the effect of temperature on the kinetics of growth of the
highly branched nanostructures was investigated. The experiments were performed
with a surfactant system of 1:1 oleylamine and oleic acid as this surfactant ratio gave

the most uniform product of complex nanostructures (see Exp 5.3.2).
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Experimental

25.9 mg (0.1 mmol) of [PdCI2(NCMe):] was dissolved in 1 mL of toluene. To this was
added 0.165 mL (0.5 mmol) of oleylamine and 0.158 mL (0.5 mmol) of oleic acid. This
reaction mixture was sonicated until a clear yellow solution resulted. Fifty microlitres
of the reaction solution was injected into the reaction cell which was then purged and
filled with 2 bar Hz. The reaction cell was then placed on the ceramic heating block

which was preheated to 25 °C.

This experiment was then repeated at 35 °C, 50 °C and 70 °C.

Results

Figure 10 shows the (111) reflection of palladium tracked over the course of a typical
reaction displaying the formation of a crystalline product. The measured diffraction
signal is from crystalline nanostructures in solution as there was no deposition of
product on the cell window at the completion of the reaction. Fig 10 shows the
evolution of the crystalline product grown at 25 °C and Figures 11-13 show the
growth at 35 °C, 50 °C and 70 °C respectively. At 25 °C there is a relatively low yield in
crystalline product. The yield increases as the temperature is increased except for the

reaction performed at 70 °C where there is another decrease.
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Figure 10. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

were grown at 25 °C.
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Figure 11. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

were grown at 35 °C.
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Figure 12. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

were grown at 50 °C.
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Figure 13. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

were grown at 70 °C.

To gain information on the difference in reaction kinetics for the four different

temperatures chosen the peak area was plotted against elapsed reaction time (Fig
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14). Each reaction showed an increase in peak area corresponding to the formation of
crystalline palladium. The lattice parameter was calculated as 3.89 A for each reaction
which is consistent with bulk palladium. The lattice parameter is expected to
decrease with decreasing nanoparticle diameter however the size of the
nanostructures formed here are large enough to possess a lattice parameter close to
the bulk {Qi 2002, Qi 2005}. Each plot reaches a maximum before the nanoparticles
grow too large to remain in suspension and settle out of the beam path leading to a
decrease in peak area. The time taken to reach a maximum area is plotted in Fig 15
for the four reaction temperatures. This plot clearly shows a decrease in the time

taken to reach a maximum peak area.

Variation in Temperature
0.025
0.02 - o—25C
0.015 - —8—-35C
3
< 001 - 70C
0.005 - 50C
0 L L T T T T T
0:00:00 0:14:24 0:28:48 0:43:12 0:57:36 1:12:.00 1:26:24
Elapsed Time (min)

Figure 14. Peak area plotted against reaction time for palladium nanoparticles grown at different

reaction temperatures.
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Figure 15. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

were grown at 70 °C.

Figure 16 shows the grain size as calculated by the Scherrer equation using the full
width at half maximum (FWHM). The nanostructures grown at 25 °C had an average
grain size of around 7.5 nm. This remained relatively constant throughout the
experiment, however due to peak broadening and uncertainty in the measurements,
particularly at the initial reaction times when the diffraction peak is at its weakest
and broadest, there may be some unobserved variation. For the 35 °C, the grain size
grows from 8 nm at 10 min reaction time to 10 nm at 20 min reaction time. This then
remains constant for the remainder of the reaction. As the temperature was increased
to 50 °C different behaviour was observed. The grain size at the early stages of the
reaction was ~ 14 nm. This steadily decreased to a 9 nm grain size at 50 min where it
remained constant till the reaction completion. A similar behaviour was observed for
the 70 °C reaction. The grain size was ~ 12 nm in the early stages of the reaction,

lowering to 10 nm after ~ 30 min.

183



Chapter 6: Full Characterisation and Growth Mechanism of Palladium Nanostructures

Grain Size (Scherrer eqn)

16.00
=K
e = ¥1\
12.00
—e—25C
10.00 AN ——B X
: . —m—35C
8.00 n AN ; " 70C
\/ / \\/‘\/ \’_‘\‘\‘ —*—50C
6.00 & <

4.00

Size (nm)

2.00

0.00 ' T T : :
0:00:00 0:14:24 0:28:48 0:43:12 0:57:36 1:12:00 1:26:24

Elapsed Time (min)

Figure 16. Real time tracking of the grain size of palladium nanoparticles when grown at differing

temperatures as calculated by the Scherrer equation.

6.3.2 Experiment 8 : In-situ Synchrotron X-ray Diffraction on the
Growth of Highly Branched Palladium Nanostructures - Effect of
Surfactant Ratio

In the following set of experiments the reaction kinetics for the formation of various
palladium nanoparticle morphologies was investigated. This was done by varying the
nature of the surfactant system as in Sections 5.3 and 5.4. Oleylamine and oleic acid
were introduced in different ratios; 1:0, 3:1, 1:1, 1:3 and 0:1. To ensure that the
timescale of the reaction better suited synchrotron experiments the cell temperature
was raised to 35 °C; 10 °C above that used to form the nanoparticles used in Fishcer-
Porter bottle synthesis. This lead to a slight decrease in reaction times when

compared to previous experiments performed in the Fischer-Porter bottle.

Experimental

25.9 mg (0.1 mmol) of [PdCl2(NCMe):] was dissolved in 1 mL of toluene. To this was
added 10 equivalents of total surfactant in varying ratios. This reaction mixture was
sonicated until a clear solution resulted. Fifty microlitres of the reaction solution was

injected into the reaction cell which was then purged and filled with 2 bar H». The
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reaction cell was then placed on the ceramic heating block which was preheated to 35

°C.

Five experiments were carried out in these conditions corresponding to oleylamine

and oleic acid in different ratios; 1:0, 3:1, 1:1, 1:3 and 0:1.

Results

Figures 17-21 show the (111) reflection of palladium tracked over the course of each
reaction displaying the formation of a crystalline product. The measured diffraction
signal is from crystalline nanostructures in solution as there was no deposition of
product on the cell window at the completion of the reaction. The lattice parameter
was calculated as 3.89 A for each reaction which is consistent with bulk palladium.
Again, the size of the nanostructures formed here are large enough to possess a lattice
parameter close to the bulk {Qi 2002, Qi 2005}. Figure 17 shows the reaction
progression when purely oleylamine is used as the surfactant. Figures 18-21 show
the reaction progression for oleylamine to oleic acid ratios of 3:1, 1:1, 1:3 and purely
oleic acid respectively. The overall reaction yield increases with an increase in oleic
acid concentration to a maximum with a 1:1 ratio. The reaction yield then decreases
for the 1:3 and 0:1 surfactant ratios. When purely oleic acid was used as the
surfactant system a second peak emerged after ~ 14 min reaction time. This had a 20
value of 19.21 which corresponds to a lattice parameter of 4.02 A, a 3.34 % increase.

This indicates the emergence of the ff phase of palladium hydride.

185



Chapter 6: Full Characterisation and Growth Mechanism of Palladium Nanostructures

0.09

0.08

0.07

Figure 17. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

with a surfactant ratio of 1:0 oleylamine to oleic acid at 35 °C.
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Figure 18. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

with a surfactant ratio of 3:1 oleylamine to oleic acid at 35 °C.
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Figure 19. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

with a surfactant ratio of 1:1 oleylamine to oleic acid at 35 °C.
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Figure 20. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

with a surfactant ratio of 1:3 oleylamine to oleic acid at 35 °C.
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Figure 21. Plot showing the increase in the (111) reflection of palladium metal when nanoparticles

with a surfactant ratio of 0:1 oleylamine to oleic acid at 35 °C.
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Figure 22. Peak area plotted against reaction time for palladium nanoparticles grown with different

ratios of oleylamine and oleic acid.
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Figure 22 shows the elapsed reaction time as the relative concentration of oleic acid
is increased which gives an insight into the kinetics of the reaction as a function of
surfactant ratio. Again each plot reaches a maximum before the nanoparticles grow
too large to remain in suspension and settle out of the beam path leading to a
decrease in peak area. Both the samples with a majority oleylamine concentration
and little or no oleic acid (1:0 and 3:1) show a long reaction time with the maximum
for each occurring at around 44 min. The same reaction time is seen with the 1:1
ratio. As the oleic acid concentration ratio is increased there is a reduction in the
reaction time. A ratio of 1:3 shows a maximum at 33 min and when the surfactant is
purely oleic acid (0:1), the reaction time is reduced to ~10 min. These experiments
clearly show that by increasing the oleic acid concentration the rate of the reaction is

increased.

6.3.3 Discussion on SSRL

Experiment 7 showed that an increase in reaction temperature led to a decrease in
the time taken to reach a maximum peak area. This corresponds to an increase in the

reaction rate which is expected according to the Arrhenius equation.

For the reactions carried out at 25 °C and 35 °C the calculated grain size was
relatively constant. This is consistent with a multiply twinned nanoparticle
morphology. However, for the reactions performed at 50 °C and 70 °C there was a
decrease in the average grain size over the course of the reaction. This can be
attributed to rapid growth of relatively large crystallites which grow too large to be
suspended and settle out of the beam path. This leaves only smaller crystallites
contributing to the diffracted signal at the later stages of the reaction resulting in a

smaller calculated grain size.

Experiment 8 showed that the nature of the surfactant system was directly involved
in determining the kinetics of the reaction. As the oleic acid concentration was
increased the elapsed time to maximum peak area declined indicating an increase in
the reaction rate. A full discussion on the effect of the surfactant system will be given

below in Section 6.4.
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When purely oleic acid was used as surfactant the emergence of a $-PdH signal was
observed. This behaviour was noted and fully investigated at the Australian

Synchrotron (see Section 4.6).
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6.4 Growth Mechanism for the Formation of Highly
Branched Palladium Nanostructures

In this thesis, two novel morphologies for nanostructured palladium metal have been
formed; tripod nanoparticles (Exp 5.3.2) and the highly branched nanostructures
(Exp 5.3.6). As these are unexpected morphologies for the highly symmetrical fcc
crystal structure of palladium an investigation into their growth mechanism is of
great concern. This will provide an understanding into the growth of complex
nanostructures from all fcc materials including industrially important metals such as

gold, silver, platinum and nickel.

In this section a growth mechanism and mechanism of action of the surfactant system
is proposed for the formation of tripod nanoparticles and highly branched
nanostructures. This is done in direct comparison to the commonly formed

thermodynamically favoured polyhedra structures observed in Exp 5.2.4.

The thermodynamically favoured polyhedra nanoparticles were formed when purely
oleylamine was used as surfactant (hereafter referred to as the 1:0 reaction). When
oleic acid was introduced in a 1:1 ratio (hereafter referred to as the 1:1 reaction) the

formation of tripod and highly branched nanostructures was observed.
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Figure 23. HREM images showing the evolution of the highly branched nanostructures. (a) A tripod
shaped nanoparticle formed after 30 min, (b) an intermediate morphology after 80 min, (c) after 120

min and (d) a fully formed nanostructure after 160 min.

Figure 23 shows HREM analysis on the structural evolution of the highly branched
nanostructures taken from experiments performed in Chapter 5. Figure 23a shows a
nanoparticle 14 nm in size (see Exp 5.3.4). Analysis of the atomic packing indicates
this nanoparticle is a multiply twinned fcc icosahedra viewed down a <112> zone axis
{Penisson 1989}. This is similar to the polyhedra nanoparticles formed in the 1:0
reaction (Exp 5.2.4) except the nanoparticle shown here displays the start of single

branched growth in a <112> direction.

Figure 23b shows a nanoparticle 45 nm in size which displays a tripod morphology

(see Exp 5.3.2). A tripod morphology forms when arm growth occurs in three
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symmetry equivalent [112] directions from multiply twinned fcc icosahedra {Watt

2009}

The nanoparticle in Fig. 23c is 65 nm in size and retains the tripod backbone with

three fold symmetry (see Exp 5.3.5). This intermediate structure possesses a

secondary type of growth which has occurred from the tripod arms. This growth

occurs along random crystallographic directions and leads to a broad, leaf-like

structure. Figure 23d displays a nanoparticle 120 nm in size and is the final reaction

product formed after 160 min (see Exp 5.3.6). The secondary growth has continued at

various angles away from the tripod backbone leading to a high surface area

branched structure. Extensive branching has occurred along radial directions from

the nanoparticle core to give a highly branched morphology.
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Figure 24. Time resolved synchrotron XRD results tracking the growth of the palladium

nanostructures; (b) peak area vs reaction time plot for the 1:0 reaction and (c) for the 1:1 reaction.
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Figure 24 directly compares results from the in-situ- XRD experiments for the 1:0 and
1:1 reactions performed at 35 °C. For the 1:0 reaction there is a relatively slow and
constant growth rate, as shown in Fig. 24a, which results in the polyhedra
nanoparticle shapes observed in Exp 5.2.4. This slow, constant growth indicates that
for the 1:0 reaction growth occurs under thermodynamic control to produce
thermodynamically favoured polyhedra {Yin 2005}. In contrast, for the 1:1 reaction
(Fig. 24b) there are three distinct growth stages leading to the formation of the highly
branched nanostructures. Stages I-1Il each possesses different growth kinetics as
described below and can be related to the structural evolution observed by HREM

analysis (Fig 23).

Stage |

The growth rate for Stage I of the 1:1 reaction is relatively slow and comparable to
the growth rate of the entire 1:0 reaction. For this stage, HREM analysis shows the
formation of multiply twinned fcc icosahedral nuclei (Fig 23a). This is the same
polyhedra structure formed in the 1:0 reaction (see Experiment 5.2.4) Therefore,
during the slow growth of Stage I of the 1:1 reaction thermodynamically favoured

multiply twinned fcc icosahedra nuclei form.

Stage 11

During Stage II of the 1:1 reaction there is a two fold increase in the growth rate when
compared to Stage I. This indicates growth is no longer thermodynamically controlled

and kinetically controlled growth conditions are present {Yin 2005}.

In solution phase synthesis of nanoparticles, kinetically controlled growth conditions
can lead to branched growth {Yin 2005}. This process was observed in Fig 23a with
the start of branched growth from a multiply twinned icosahedra nuclei. In our case
novel tripod shapes form due to branch growth occurring along three symmetry

equivalent [112] directions from the icosahedra nuclei (Fig 23b) {Watt 2009}.

Therefore, as palladium crystallises in the highly symmetrical fcc crystal structure the

formation of a branched shapes requires both a breaking of the crystal symmetry,
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introduced through defects in the icosahedral nanoparticle nuclei, and growth

conditions which are kinetically controlled.

It should be noted that although the nanoparticles in Stage Il are now growing under

kinetic control, growth is still occurring along selected crystallographic directions.

Stage III

In Stage III there is another two-fold increase in the growth rate compared to Stage II.
This increase follows the formation of the tripod branches and is due to the start of
the secondary growth observed in Fig 23c. This secondary growth leads to the ‘leaf-
like’ intermediate structures. The growth rate is now four times as fast as in Stage |
which indicates this type of secondary growth is ultra-fast and kinetically controlled,

occurring very far from thermodynamically controlled conditions.

Because of the rapid rate and distinctly kinetic nature of the ultra-fast growth, the
adatom adsorption rate does not depend on the crystal facet where adsorption
occurs. Hence growth occurs along no preferred crystallographic direction {Lou
2006}. This leads to randomly oriented branch growth occurring in any radial

direction away from the nanoparticle core to give the highly branched morphology.

In contrast, the extensive branching observed in dendritic nanostructures formed in
the solution phase is dependant on crystallographic direction and is typically a result
of diffusion limited aggregation or oriented attachment mechanisms {Xiao 2001, Wen
2006, Zhou 2007}. The ultra-fast kinetic growth described here leads to branching
irrespective of the crystal facet. Therefore, this growth provides a route towards the
formation of complex nanoparticle shapes from nuclei with any morphology and

surface energy.

Following the ultra-fast growth (after 45 minutes, end of stage III) the peak area

begins to decline as the nanoparticles settle out of the beam path.

Therefore, from HREM and XRD experiments, the formation of the palladium
polyhedra nanoparticles is shown to occur through slow, thermodynamically

controlled growth. In contrast, formation of the highly branched nanostructures
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occurs through; (i) the formation of multiply twinned fcc icosahedra nuclei, (ii)
kinetically controlled branch growth to form a tripod backbone and (iii) ultra-fast
secondary kinetic growth occurring in any crystallographic direction from the tripod

arms.

In the present system, the kinetics of growth, and hence the final nanoparticle
morphology, are controlled by the surfactant system. The difference in surface
stabilisation ability of the amine and acid functionalities determines the growth
kinetics by controlling the rate of monomer supply to the nanoparticle surface {Sau

2004},

When the rate of adatom diffusion across the nanoparticle surface to stable positions
is faster than the rate of adatom adsorption, growth is thermodynamically controlled
and thermodynamically favoured morphologies form. Conversely, when adatom
adsorption occurs at a faster rate, growth becomes kinetically controlled leading to

more complex nanoparticle shapes {Yin 2005}.

The carboxylic acid functionality of oleic acid possesses a weaker binding strength to
palladium compared to the amine functionality of oleylamine {Ahrland 1958, Jun
2005}. Introducing weaker binding oleic acid (1:1 reaction) will reduce the overall
degree of surface stabilisation of the growing nanoparticle by the surfactant system.
This allows rapid adatom adsorption and kinetically controlled growth conditions

resulting in highly branched structures.

This is in contrast to the 1:0 reaction where oleylamine binds strongly to the surface
of the growing nanoparticle. Therefore, the icosahedral nuclei experience strong
stabilisation effects hindering adatom adsorption. Growth conditions are then
thermodynamically controlled and thermodynamically favoured polyhedral

structures are maintained.
When purely oleic acid is used as surfactant micron sized crystallites form;

presumably because there is not enough stabilising ability by oleic acid to restrict

growth to the nano-scale for this system (see Exp 5.4.3).
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6.5 Catalytic Studies of Highly Branched Palladium
Nanostructures

Highly branched nanostructures are ideally suited to catalysis as a high surface area
and the presence of high index facets are well known to lead to increases in catalytic
activity {Tian 2008}. High index facets have a higher density of atomic steps, ledges,
kinks and dangling bonds, all of which often exhibit much higher reaction activities
{Tian 2007, Ma 2008}. Here, high magnification HREM was performed to probe the
nature of the nanostructure surface and determine if high index facets were present.
The catalytic properties of the highly branched palladium nanostructures were then

investigated by James Cookson of Johnson Matthey, UK.

The palladium nanostructures were supported onto activated carbon and the
resulting catalysts (Pd-NS/C) were examined and compared to commercially
available palladium catalysts (Johnson Matthey 1% Pd/C 87L) for the hydrogenation
of nitrobenzene. The catalytic hydrogenation of nitrobenzene to aniline is commonly
used as a standard test for the activity of heterogeneous catalyst systems {Gelder
2002}. In addition to this, the reaction has great commercial importance in its own
right, in the industrial production of aniline for the polyurethane industry

{Weissermel 2007}.

Experimental

The HREM experiment was performed at VUW on a JEOL 2010 operated at an

acceleration voltage of 200 keV.

Pd NS/C catalysts were prepared by dissolving Pd NS in toluene, via sonication. The
resulting black suspension was stirred at room temperature for 18 hours with
sufficient activated carbon (1.0g of activated carbon) to generate a 1% (by weight) Pd
NS/C catalyst. After this time, the resulting suspension was filtered, revealing a clear
filtrate. The subsequent black solid was thoroughly washed with toluene (100ml),
methanol (100ml), water (100ml) and methanol (100ml) in order to remove any

excess ligands present. The solid was then dried in a vacuum oven before use.

The Pd NS/C was compared in the hydrogenation of nitrobenzene with 1% Pd/C

(Johnson Matthey, 87L). The test was undertaken using a Baskerville autoclave
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connected to a Buchi pressflow gas controller. The reaction occurred at 50°C, under 2
bar of dihydrogen, and stirred at approximately 1000 rpm. In each test, 5ml of a 0.1M
methanol solution of nitrobenzene (containing 0.1M of mesitylene) was used with a
1:1000 molar ratio of metal to substrate. Subsequent GC analysis was undertaken

using a CPSIL-5 column, with mesitylene as an internal standard.

Results

Figure 25a shows an HREM image of one of the nanoparticle branches viewed down a
<110> direction. A close up of the branch is shown in Fig 25b. Analysis of the atomic
packing in Fig 25b confirms the presence of high index facets. The arrows point to
atomic vacancies on the branch edge which create a series of alternating (200) and
(111) microfacets. These microfacets combine to form the high index (113) facet. This

is shown schematically in Fig. 25c.
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Figure 25. Analysis of the surface of one of the highly branched nanostructures. (a) HREM image of one
of the nanoparticle branches, (b) close up HREM image of the nanoparticle branch showing clear
atomic packing. The black arrows point to atomic vacancies on the nanoparticle surface. (c) Schematic

showing how the atomic vacancies lead to high index (113) facets.
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The Pd-NS/C material showed considerable activity for the hydrogenation of
nitrobenzene. After 30 minutes, there was no further hydrogen uptake, indicating
that the reaction had reached completion. Subsequent analysis by gas
chromatography confirmed this, revealing that all of the starting material had been
consumed and aniline was the sole product. The formation of intermediate products
such as hydroxylamines, oximes or para-aminophenols was not observed; the
presence of which can be observed in less active catalytic systems or those that have

been deliberately poisoned {Gao 1998}.

The commercially available catalyst was also examined under the same reaction
conditions. In this case, the reaction was complete within 20 minutes, again with
complete conversion to the desired product. However, with the higher dispersion of
this catalyst, this increase in activity is to be expected. What is significant is that the
Pd NS/C catalysts display activities nearly the same as that of commercially available
analogues, despite the presence of residual oleylamine stabilising ligands. The novel
shapes of the palladium nanostructures offer the possibility of the unique facets to
provide alternative selectivities for specific chemoselective reactions. The

investigation into such transformations is ongoing.
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6.6 In-Situ Synchrotron X-ray Diffraction Studies on the
Formation of Palladium Hydride

Palladium is well known for its ability to absorb hydrogen in high concentrations and
is a promising material in hydrogen storage and gas sensing applications {Suleiman
2006, Pundt 2004}. It shows exceptional promise for practical use as it absorbs
hydrogen at ambient temperature and pressure {Yamauchi 2008}. Palladium exists in
two distinct hydride phases labelled as a- and f- corresponding to low and high
concentrations respectively. The a-phase is a solid solution with hydrogen atoms
randomly occupying interstitial sites within the fcc metal lattice {Ingham 2008}. As
more hydrogen dissolves the lattice constant increase linearly with pressure until the
B-phase appears. In the -phase hydrogen atoms occupy octahedral lattice sites. If all
octahedral sites were occupied the crystal structure would be analogous to NacCl.
However, the stoichiometric composition has never been attained so the structure
can be considered a defective NaCl type arrangement {Jewell 2006}. The gap between
these two phases is known as the miscibility gap. The existence of the miscibility gap
is due to an energy barrier associated with the incorporation of hydrogen atoms onto
lattice sites and the accompanying structural transition {Ingham 2006}. Previous
studies have shown that a decrease in nanoparticle size leads to a narrowing of the
miscibility gap {Pundt 1999, Sachs 2001, Suleiman 2003, Yamauchi 2006}. That is, in

smaller nanoparticles the a- and S-phases of palladium hydride can co-exist.

In Experiment 7 the emergence of the f-phase of palladium hydride (f-PdH) was
observed. To investigate the hydrogen absorption properties of the palladium
nanostructures, in-situ XRD experiments were carried out at the Australian

Synchrotron (AS) in Melbourne, Australia.

Experimental - Synchrotron XRD Setup

Experiments were performed at AS on the Powder Diffraction Beamline in the same
reaction cell used at SSRL (see Fig 9). The cell windows were made from X-ray
transparent Kapton (polyimide) film. The experiments were conducted using
radiation of A = 1.0 A (12.4 keV). Diffractograms were collected between 26 values of
2° and 35° which included the {111} and {200} reflections of both @-PdH and the S-
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PdH phases. Information on hydrogen absorption on each species was taken from the

corresponding {111} reflection only.

Experimental

The reaction solution used was identical to that used for the 0:1 experiment in

Section 4.3.2.

25.9 mg (0.1 mmol) of [PdCl2(NCMe)z] was dissolved in 1 mL of toluene. To this was
0.330 mL (1 mmol) of oleic acid. This reaction mixture was sonicated until a clear
dark orange solution resulted. Fifty microlitres of the reaction solution was injected
into the reaction cell which was then purged and filled with 3 bar Hz. The entire
reaction cell was then placed in a reaction oven and left to react at the desired
temperature and reaction time. The reaction cell was then quickly transferred to the

beamline and measurements were initiated.

6.6.1 Reaction for 30 min at 90 °C

For this reaction the solution was placed in an oven and the nanostructures grown at
90 °C for 30 min. The reaction cell was then removed from the oven and quickly
transferred to the beamline where the measurements were carried out at room
temperature. The kapton windows appeared black after reaction in the oven

indicating the formation of nanocrystalline palladium.

Results

Figure 26 shows an XRD spectrum of the reaction solution showing the {111} and

{200} reflections for both a-and the - phase.
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Figure 26. Synchrotron XRD spectrum showing the {111} and {200} reflections for both a-and the (-
phase.

Figure 27 shows a plot of peak area against time for the {111} reflection of both a-
PdH and S-PdH. At t = 0 min the peak area of a-PdH is roughly 2.5 times that of the f-
PdH. The p-PdH signal then increases rapidly and after 3 min on the beamline
becomes larger than the a-PdH signal. The [-PdH then increases slowly to a
maximum at 15 min observation time. This is accompanied by a similar decrease in
the area of the a-PdH signal. At 15 min the valve on the reaction cell is opened to the
atmosphere (indicated by the black arrow). This sees an immediate and rapid
decrease in the -PdH signal accompanied by an equally sharp increase in the signal

of a-PdH phase.
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Figure 27. Plot of peak area against time for the {111} reflection of both a-PdH and gB-PdH for

nanostructures grown at 90 °C for 30 min.

6.6.2 Reaction for 30 min at 70 °C

For this reaction the solution was placed in an oven and the nanostructures grown at
70 °C for 30 min. The reaction cell was then removed from the oven and quickly
transferred to the beamline where the measurements were carried out at room
temperature. The kapton windows appeared black after reaction in the oven

indicating the formation of nanocrystalline palladium.

Results

Figure 28 shows a plot of peak area against time for the {111} reflection of both the a-
PdH and f-PdH phases. At t = 0 min there is no signal from a-PdH which indicates that
the entire volume of palladium exists in the f-PdH phase. At t = 20 min the reaction
cell was exposed to the atmosphere (black arrow). There is a sharp decrease in the
peak area which can be attributed to manual error in opening the valve moving the
sample in the beam path. In this instance there is a lag of ~ 60 min before the -PdH
signal begins to decline. At t = 84 min the a-PdH signal appears and begins to grow

gradually until a maximum at t = 151 min. This is accompanied by a decrease in the (-
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PdH which occurs over the same time period. At t = 114 min both signals have the

same peak area.
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Figure 28. Plot of peak area against time for the {111} reflection of both a-PdH and p-PdH for

nanostructures grown at 70 °C for 30 min.

205



Chapter 6: Full Characterisation and Growth Mechanism of Palladium Nanostructures

—=— B-PdH

4.05

4.04 n \

4.03 "h_-

Lattice Parameter (A)

\

u

4.02 \
||
\
]

nn N
"'h___w__, n -
4.01 "

Time (min)

Figure 29. Plot of lattice parameter against time for palladium nanostructures when grown at 70 °C for

30 min.

Fig 29 shows a plot of the lattice parameter for the S-PdH phase against observation
time. The lattice parameter is constant at a = 4.041 A in the initial stages of the
reaction. This corresponds to a 3.9 % expansion of the lattice parameter when
compared to palladium metal. When the reaction cell is exposed to the atmosphere at
t = 24 min the lattice parameter drops sharply to a = 4.035 A. The lattice parameter
then decreases gradually over the next 60 min to a = 4.022 A. At t = 64 min there is a
rapid decrease in the lattice parameter to a = 4.011 A (Bun). The lattice parameter
then remains relatively constant at this value until the end of observation. The
increase in lattice parameter at the end of observation is due to uncertainty in the

measurement.
Comparing the plot of lattice parameter to the plot of peak area of both a-PdH and £-

PdH shows that, after exposure to the atmosphere, the a-PdH phase is not observed

until Sminis reached.
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6.6.3 Reaction for 2 h at 90 °C

For this reaction the solution was placed in an oven and the nanostructures grown at
90 °C for 2 h. The reaction cell was then removed from the oven and quickly
transferred to the beamline where the measurements were carried out at room
temperature. The kapton windows appeared black after reaction in the oven

indicating the formation of nanocrystalline palladium.

Results

Figure 30 shows a plot of peak area against time for the {111} reflection of both a-
PdH and fS-PdH phases. In the initial stage of the reaction (¢ = 0 min to ¢t = 25 min)
there is a sharp decrease in the strength of the a-PdH signal accompanied by an
increase in the $-PdH. The 5-PdH signal remains constant after reaching a maximum.
At t = 45 min the reaction cell was exposed to the atmosphere (black arrow). After
exposure, the (-PdH signal remains constant for ~ 60 min before beginning to
decrease at t = 100 min. The S-PdH signal decreases rapidly until around ¢ = 120 min
where the rate of decrease slows. The signal reaches a minimum at ¢t = 200 min. This
decrease in (-PdH signal is accompanied by an increase in the a-PdH signal. Again
this increase begins rapidly before gradually slowing and reaching a maximum at ¢ =

200 min.
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Figure 30. Plot of peak area against time for the {111} reflection of both a-PdH and g-PdH for

nanostructures grown at 90 °C for 2 h.
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Figure 31. Plot of lattice parameter against time for palladium nanostructures when grown at 70 °C for

30 min.
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Fig 31 shows a plot of the lattice parameter for the 5-PdH phase against observation
time. From ¢ = 0 min to ¢ = 10 min the lattice parameter is constant (a = 4.020 A). At ¢
= 10 min there is a rapid increase in the lattice parameter to a maximum of a = 4.027
A. This corresponds to a 3.5 % expansion of the lattice parameter when compared to
palladium metal. When the reaction solution is exposed to the atmosphere there is a
decrease in the lattice parameter. This rate of decrease is initially slow but become
more rapid until a minimum lattice parameter (Smn) is reached at ¢t = 100 min (a =
4.010 A). The lattice parameter then remains constant at this value until the end of

observation.

Comparing the plot of lattice parameter to the plot of peak area of both a-PdH and £-
PdH shows that, after exposure to the atmosphere, the a-PdH phase is not observed

until Sminis reached.

6.6.4 Discussion on Formation of Palladium Hydride

The above results show that the as synthesised palladium nanostructures are able to

easily absorb hydrogen.

In the initial stage of Exp 6.6.1 a-PdH is the dominant phase. The f-PdH then grows at
the expense of the a-PdH as the reaction solution cools. This is due to the increased
solubility of hydrogen in both toluene and Pd at lower temperatures. When the
reaction solution is exposed to the atmosphere there is an immediate and rapid

desorption of hydrogen.

For Exp 6.6.2 there is slightly different behaviour. In the initial stages of the reaction
there is no a-PdH signal present and $-PdH is the dominant phase. Presumably 70 °C
is cool enough to allow sufficient absorption of hydrogen to form the  phase. After
the reaction solution is exposed to the atmosphere there is a gradual decrease in the
pB-PdH signal accompanied by a decrease in the lattice parameter as shown in Fig 29.
This is associated with desorption of hydrogen and the relaxation of the crystal lattice

tO ﬁmin.
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In this instance, the decrease in lattice parameter begins gradually but becomes rapid

before reaching Smin.

When Buin is reached the miscibility gap is crossed and a transformation occurs and
a-PdH is formed. The a-PdH signal then increases steadily at the cost of the -PdH

signal until all hydrogen has been desorbed from octahedral lattice sites.

For Exp 6.6.3 we again observe a-PdH to be the dominant phase in the initial stages of
the reaction. This is due to the high reaction solution temperature of 90 °C which does
not allow sufficient hydrogen concentration for the formation of the - phase. As the
reaction solution cools the a-PdH signal decreases along with a rapid increase in the
p-PdH signal. When the reaction solution is exposed to the atmosphere there is an
immediate decrease in the lattice parameter as shown in Fig 31. When the lattice
parameter reaches fmin a transformation to a-PdH occurs. Again this signal increases
at the expense of the -PdH signal with H desorption beginning slowly but becoming

more rapid before reaching Smin.

So, for both Experiments 6.6.2 and 6.6.3, as the lattice parameter decreases there is

an increase in the rate of desorption of hydrogen.

The nanostructures grown at 70 °C experience a 3.9 % expansion of the lattice
parameter when compared to a-PdH. Those nanostructures grown 90 °C see a 3.5 %
increase. Both have a similar Bmin of a = 4.01 A. This indicates that those
nanostructures grown at 70 °C absorb a greater concentration of hydrogen than those

grown at 90 °C.

This is due to the likely difference in surface area of the two types of nanostructures.
Those structures formed at 90 °C will possess a higher surface area as faster reaction
kinetics are known to lead to more complex nanostructures {Watt 2009}. It has
previously been shown that a decrease in the surface area to volume ratio of a
nanoparticle leads to an increase in lattice expansion {Suleiman 2003}. This is indeed
what is observed here where the less complex nanostructures formed at 70 °C

experience a larger lattice expansion.
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It should be noted that the as formed nanostructures experience desorption of
hydrogen at RT. This is in stark contrast to most hydrides which must be heated to ~
200 °C for hydrogen release {Berube 2007}.
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6.7 Summary

We have synthesized palladium nanoparticles of varying shapes including tripod,
bipod, multipod and highly branched type nanostructures using a pressure reaction
vessel (Fischer-Porter bottle). The formation of branched or pod-like structures is the

first evidence of these types of morphologies for palladium metal nanoparticles.

Using High Resolution Transmission Electron Microscopy (HREM) techniques we
have shown that the palladium tripod nanoparticles grow from multiply twinned fcc
icosahedral nuclei. The growth of highly branched palladium nanostructures has been
tracked using synchrotron XRD and compared to HREM analysis to show that these
structures also grow from multiply twinned fcc icosahedra nuclei via a tripod

intermediate.

The growth mechanism involves surface selective capping by the organic surfactant
which determines the resulting morphology. When a surfactant with strong binding
characteristics is used a thermodynamic growth regime occurs and the nuclei grow
into isotropic shapes. When a surfactant with weaker binding characteristics is
introduced the growth regime becomes kinetic in nature. The combination of
twinning in the nuclei and kinetic growth conditions causes anisotropic branch
growth to occur and pod-like structures are formed. When this occurs in three
equivalent directions a tripod morphology results. A type of secondary ultra-fast
kinetic growth then occurs from the tripod intermediate along no specific

crystallographic direction resulting in highly branched nanostructures.

The palladium nanostructures demonstrate good activity in the hydrogenation of
nitrobenzene to aniline where the formation of the desired product occurs at a

similar rate to commercially available catalysts.

The palladium nanostructures also show good absorption of hydrogen gas - an
important application for palladium in the possible hydrogen economy. The
formation of f-PdH was observed which was followed by desorption of hydrogen at
room temperature upon exposure to the atmosphere. However, the more complex the

nanostructure the less hydrogen absorbed. Therefore, the highly branched palladium
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nanostructures investigated here may not possess the optimal morphology for

hydrogen absorption characteristics.
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Chapter 7. Conclusions & Future Work

In this thesis the synthesis, structural characterisation and self assembly of various
nanocrystalline materials was investigated. Using solution phase chemical methods
nanoparticles of gold, lead sulfide, lead selenide and palladium were produced.
Various techniques including SHREM, HREM, XRD, EDS and SAED were then used to

give a full characterisation of the as synthesised nanoparticles.

The major outcomes of this work will be presented below along with their relevance
in comparison to current literature. The following sections will also give ideas for

future research.

7.1 Nanoparticle Superlattices

By simple evaporation of a colloidal solution onto a TEM grid the formation of Au
NPSLs was observed. To investigate their formation the concentration of the colloidal
solution was varied and structural intermediates produced. It was shown that the
superlattices grew from a hexagonally packed monolayer into an energetically
unfavourable bilayer. The addition of a third layer of nanoparticles lead to
thermodynamically preferred close cubic packing. The formation of an energetically
unfavourable bilayer was found to be due to the presence of the organic capping
ligand. This work provides a fundamental understanding of the formation of single

species NPSLs and will be of value for future research.
Future Work

Future work should focus on the optimisation of conditions for growing NPSLs and
the incorporation of various other NP types with the goal of producing binary

nanoparticle superlattices (BNSLs).

The NPSLs formed here show a considerable amount of defects in their structure.
Therefore the growth conditions need to be optimised to produce the largest, most
defect free NPSLs possible. This will be accomplished by varying the temperature,

pressure, solvent type and concentration of the colloidal solution. In order to produce
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BNSLs a second type of monodisperse NP needs to be introduced to the colloidal
solution. These also need to be highly monodisperse with a size distribution of ¢ <
5%. The scope for this next stage of research is immense as it is only limited by the
library of different nanoparticle types available. Recent studies have produced BNSLs
with a wide array of analogous crystal structures including one example of
quasicrystals possessing rotational symmetry but lacking translational symmetry
{Shevchenko 2006, Talapin 2009}. These studies indicate that the structural

investigation into different types of BNSLs is far from complete.

Full structural characterisation is required for all NPSLs formed. This includes defect
analysis and investigation into their thermal stability. High thermal stability is an
essential property if these types of materials are to be used in practical applications.
Recent studies on Au NPSLs have shown them to be fluorescent and useful for SERS
{Nishida 2009, Shibu 2009}. Therefore future research should also include the
investigation of new properties and applications. This will be realised by conducting

optical, electronic and magnetic measurements.

7.2 Solution Phase Syntheses of Lead Chalcogenide
Nanoparticles

Through a hot injection method this study produced a wide array of PbS and PbSe
nanoparticles. These included spherical, cubic and platelet morphologies. A new
ligand exchange method was established which allows for facile fabrication of TGA
capped PbSe nanoparticles. Thiol treatment of lead chalcogenide nanoparticles has
been shown to have beneficial effects on PV device performance through shortening
the interparticle distance and improved surface passivation {Barkhouse 2008}.
Therefore, this new method is an exciting advance for the incorporation of lead

chalcogenide nanoparticles into photovoltaic devices.
Future Work

The next stage in this work is a complete characterisation of the optical properties of
the as synthesised PbS and PbSe nanoparticles. Absorption and photoluminescent

profiles for each type of monodisperse lead chalcogenide nanoparticle is required.
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Special focus needs to be placed on the sample used for capping ligand exchange as

this will provide another means to observe the in-situ size selection procedure.

Lead chalcogenide nanoparticles have previously been shown to undergo multiple
exciton generation (MEG); that is a quantum efficiency greater than 1. Recent work
has demonstrated MEG in a photovoltaic device with an increase in internal gain of
2.7 times the quantum confined bandgap {Sukhovatkin 2009}. Therefore, a full
calculation of quantum efficiency is also required for the monodisperse samples

produced here to investigate their potential as MEG materials.

Recent studies have demonstrated power conversion efficiencies as high as 4.2 %
from a PbS colloidal quantum dot photovoltaic device {Johnston 2008}. This shows
that the field of harvesting IR radiation is seeing rapid progress. Therefore, the
application of PbS-TGA nanoparticles into solar cells needs to be investigated by
linking the PbS-TGA NPs to a conducting substrate. This can include but is not limited
to indium tin oxide (ITO) and titania (TiO2) surfaces or spheres. The next step will be
their incorporation into a prototype cell to investigate the extraction of a
photocurrent. After this proof of principle has been established a refinement of the
nanoparticle size and shape can be performed to optimise the photocurrent from a

working cell.

7.3 Synthesis, Characterisation and Growth of Palladium
Nanoparticles

Through the use of a pressure reaction vessel (Fischer-Porter bottle) the growth of
palladium nanoparticles was controlled to produce a large range of sizes and shapes.
The developed method used organic surfactants as growth directing agents in a
solution phase synthesis. It was shown that by varying the nature of the surfactant
system the kinetics of nanoparticle growth could be controlled and hence the

resulting size and shape of the palladium nanoparticles.

Thermodynamically preferred nanoparticle morphologies were formed when a
strong binding surfactant was used due to a slow growth rate. When a weaker
binding surfactant was introduced faster growth kinetics were observed resulting in

the formation of pod-like and highly branched complex morphologies.
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The observation of a tripod nanoparticle was the first evidence of a pod-like
morphology for nanostructured palladium. Through SHREM experiments it was
shown that the nanoparticle grew from a multiply twinned icosahedral core. This was
the first direct evidence of complex growth from the highly symmetrical fcc crystal
structure. This is an exciting result as the techniques established here both in

synthesis and characterisation can be extended to all fcc materials.

The growth of the highly branched nanostructures was tracked in real time which
showed that they grow from nanoparticle nuclei through tripod intermediates. A type
of ultra-fast growth was observed to occur from the tripod intermediates which lead
to high surface area nanostructures with high index facet terminated surfaces. This
work therefore provides a novel route to high energy nanostructures from the

solution phase.

The highly branched nanostructures showed excellent catalytic activity for the
hydrogenation of nitrobenzene to aniline. The absorption and desorption of hydrogen
into the nanostructures was also investigated which shows they are promising as

hydrogen storage materials.

These results and the proposed growth mechanism contribute to the understanding
of the formation of highly branched nanostructures from the highly symmetrical fcc
crystal structure. The ultra-fast kinetic growth observed is not dependant on crystal
facet energy and therefore provides a route to complex nanoparticle shapes from any
nuclei morphology. The development of a room temperature solution phase synthesis
for the formation of highly branched palladium nanoparticles is important for
catalytic applications where high surface area and high index facets are known to
greatly improve catalytic performance. The development of a synthetic method for
the formation of pod-like and highly branched palladium nanoparticles is important

for applications in catalysis, gas sensing and SERS devices.
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Future Work

In the future work should be focussed on those highly branched palladium
nanostructures. Their high surface area and high index surfaces make them very
promising candidates for catalytic applications as these characteristics are both well
known to increase catalytic performance. The synthetic method developed here is
very appealing for industry as it is carried out at room temperature under a low
pressure atmosphere. Also, the extraction of the nanoparticles is simple due to their
relatively large size and mass. This reduces environmental impact of the synthesis as

the solvents and surfactant can be distilled and re-used.

Further work should be done on this synthesis to make the as synthesised
nanostructures more monodisperse. Gaining control over the degree of branching
and the nature of the nanostructure surface will also allow for nanostructures with

tailored catalytic properties.

Furthermore, this synthesis should be extended to other catalytically interesting
noble metals such as Ag, Au and Pt. Finally an investigation into alloy nanostructures

is required as alloys often show increased catalytic performance.

Further catalytic studies need to be carried out to investigate the selectivity of these
structures towards different organic transformation reactions. An eventual
application for these types of nanostructures is in catalytic converters in automobiles
where they would be responsible for the removal of toxic gas species from the
exhaust stream. Therefore, catalytic studies for the reduction of toxic gas species such
as CO and NOy are required. Furthermore, tuning of the morphology and surface
nature of the metal nanoparticles offers the possibility of creating palladium nano-

catalysts with tailored catalytic properties.

It has been shown above that the as synthesised palladium nanostructures absorb
hydrogen however this was not performed quantitatively. Therefore, pressure-
composition isotherms need to be carried out to investigate the %H loading for the
nanostructures when exposed to hydrogen. This further work needs to include

loading/unloading cycles and hysteresis analysis.
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Synthesis and Structural Characterization of Branched

Palladium Nanostructures

By John Watt, Neil Young, Sarah Haigh, Angus Kirkland, and Richard

D. Tilley*

The synthesis of inorganic nanocrystals with controllable
morphologies is a key goal in modern materials chemistry and
has attracted substantial interest in recent years.") The shape- and
size-dependant properties of nanoparticles are well established
and a fine degree of control over size and morphology can lead to
the formation of materials with specific chemical and physical
properties.”] For example, anisotropic morphologies such as
branched nanocrystals that include bipods, tripods, tetrapods,
and multipods show great promise in many applications, as they
often exhibit unique electronic, magnetic, photonic, and catalytic
properties.?!

Palladium is used extensively in industry as a heterogeneous
catalyst with significant focus on the low temperature catalytic
reduction of automobile emissions and in Suzuki, Heck, and
Stille coupling reactions.’*® For catalytically active materials,
anisotropic shape can greatly enhance performance by increasing
surface area and selectively, exposing specific (high-index) crystal
facets."* For example, Meng et al. produced anisotropic
palladium nanothorns that showed increased catalytic perfor-
mance for the oxidation of formic acid.”? Palladium is also a
promising material for hydrogen storage and gas-sensing
applications, as it absorbs hydrogen in high concentrations."
Nanostructured palladium also shows potential as a surfa-
ce-enhanced Raman spectroscopy (SERS) substrate, where the
spectral range and enhancement intensity have been shown to be
morphology dependent.” Thus, the development of synthetic
methods for the formation of palladium nanoparticles with
controlled morphologies, particularly pod-like structures, is
important for a range of future applications.

Palladium nanoparticles have previously been synthesized
using a number of different methods.”® Choo et al. produced
isotropic morphologies through the controlled reduction of
PdCl,.* Xiong et al. formed anisotropic palladium structures
including nanobars, nanorods, triangular, and hexagonal particles
using ethylene glycol as the reductant.”’ Teng et al. showed the
evolution of palladium nanoparticles into ultrathin nanowires.!

[*] Dr. R. D. Tilley, J. Watt

The controlled growth of branched or pod-like shapes is well
established in polymorphic materials such as CdS and CdSe."”
For these, pod-like shapes are obtained through the controlled
nucleation of a zinc-blende core followed by the growth of
wurtzite phase branches, which occurs along the inherently
anisotropic c-axis of the hexagonal unit cell. However, this type of
polymorphism is not seen in most face centered cubic (fcc)
metals, such as palladium. Thus, while solution methods for
producing faceted polyhedra structures are well established for
fee materials, the formation of pod-dike structures is less
common, and has not previously been achieved for palladium.

In this work, we present a simple protocol for solution phase
synthesis of pod-like palladium nanostructures at room tem-
perature followed by their characterization. The particles are
formed in a pressure reaction vessel (Fischer-Porter bottle) that
allows control over the reaction pressure. This method has
previously been shown to be effective for the formation of metal
nanoparticles."” The use of organic surfactant molecules to
control growth is commonly used in nanoparticle synthesis.
Here, we show that by varying the nature of the organic surfactant
we are able to shift the growth conditions from a thermodynamic
to a kinetic regime, and thus induce anisotropy and control the
final morphology of the particles. To our knowledge, this is the
first evidence for the synthesis of nanostructured palladium
pod-like structures.

It is well established that by using surfactants with different
functional groups that have different binding strengths, such as
acids or amines, the morphology of the resulting nanoparticles
may be controlled."" To compare the effects of surfactant in our
system, two experiments were performed. The first used pure
oleylamine as surfactant, which was chosen as it has previously
been shown to be effective in forming platinum nanoparticles of
various shapes.'” The second reaction system contained a 1:1
mixture of oleylamine and oleic acid. Oleic acid was chosen as the
second surfactant as use of carboxylic-acid functionalities have
been shown to induce structural change in nickel colloids.I"* In
this study, experiments were each reacted for 1h at room
temperature and were carried out under 3 bar of hydrogen gas
(1 bar = 10° Pa).
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Figure 1. TEM images of palladium nanoparticles prepared after Th at
room temperature. A) Isotropic particles prepared with oleylamine as
surfactant and B) anisotropic particles formed when using a 1:1 mixture
of oleylamine and oleic acid.

of TEM images of over 2000 particles, the relative yields of
morphologies formed were found to be 17% bipods, 28% tripods,
and 7% multipods. The remainder of the sample was made up of
particles with random anisotropic morphologies.

The above experiment illustrates that the organic surfactant
has a strong effect on the final nanoparticle shape, and that by
changing the surfactant we can induce anisotropy in the
palladium nanoparticles.

The reaction with pure oleylamine produced polyhedra as
shown in Figure 1a. The formation of nanostructured polyhedra
is common for fcc metals, including palladium. Berhault et al.
produced icosahedra in a seed-mediated process, and Lim et al.
have produced icosahedra and decahedra using poly(vinyl)
pyrrollidone as a stabilizer.®! Polyhedra of fcc materials have
an isotropic and symmetric shape that preferentially exposes
low-energy {111} facets. For the size regime observed here,
polyhedra are widely accepted as thermodynamically stable
morphologies for palladium nanoclusters.***! This suggests
that with pure oleylamine as the surfactant, nanoparticle growth
is occurring under thermodynamic conditions.

When oleic acid is introduced into the surfactant system, in a
1:1 ratio with oleylamine, branched or pod-like structures are
formed, as shown in Figure 1b. The bipod particles display
two-fold symmetry, which has previously been observed for
palladium in the form of nanoreds and rectangular nanoparti-
cles.”>% The formation of tripods with three-fold symmetry is to
our knowledge the first evidence of this type of morphology for
palladium, and is hence the focus of the present work.

Further experiments were carried out in an attempt to increase
the yield of tripods; however, this resulted in a maximum yield of
40%. It is apparent that in this system Fischer-Porter bottle

Adv. Mater. 2009, 21, 2288-2293
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synthesis does not provide precise experimental control. This is
most likely due to thermal gradients associated with heat transfer
from the reaction oven to the reaction solution through the bottle.
This will cause inhomogeneous nucleation, resulting in a range
of particle shapes and sizes.

Branched structures have previously been observed for fcc
metals other than palladium for reactions carried out under
kinetic control. Chen et al. used kinetic control to explain the
formation of branched platinum nanostructures in a polyol
synthesis, and Lou et al. presented a surfactant-free synthesis of
hyperbranched nanostructures where the branch growth was
kinetically controlled, and occurred in nonspecific direc-
tions."7) Chen et al. produced pod-like gold nanocrystals with
various degrees of branching, and Maksimuk et al. showed the
formation of platinum bipods, tripods, and multipods along with
the self-assembly of the as-synthesized tripods.!'®'"!

The formation of anisotropic morphologies from fec materials
requires breaking the crystal symmetry and control over the
nature of the growth regime.?” An investigation of nucleation
and growth mechanism is therefore essential for an under
standing of how anisotropy arises from fcc palladium in the
present system. To help elucidate these processes, experiments
were carried out to isolate nanoparticle intermediates by varying
the reaction time. The results are shown in Figure 2.

Reaction times were shortened to 10 min and 30 min and the
corresponding nanocrystals formed at those times are shown in
Figure 2a and b, respectively. Figure 2c shows a fully formed
tripod after a 1h reaction time.

The nanocrystal in Figure 2a is 3.5nm in size, and shows
multiple twinning, three-fold symmetry, and indications of
the start of branched growth. Through image interpretation, the
left-hand side and lower right-hand side of the particle show
{110} terminated facets on each side of a twin plane. The rest of
the particle contains unresolved lattice planes. Figure 2b shows a
nanocrystal with the tripod arms beginning to grow. The
nanocrystal has grown to 8nm in size with branches growing
to 5 nm. The aspect ratio of the arms is 1.5. The nanoparticle is
still multiply twinned, with each arm possessing a single twin
plane running along the direction of the arm. Figure 2c shows a
fully formed tripod of 16 nm in size. The arms have grown to
12 nm with aspect ratios of 3. The presence of the same twin
relationships indicates that this particle is formed from the
intermediates shown.

As demonstrated above, the formation of anisotropic
morphologies from fcec metals requires i) twinning in the
nanoparticle nuclei and ii) kinetically controlled growth condi-
tions.

Palladium adopts the highly symmetrical fcc crystal structure,
and that does not contain any inherent anisotropy, which means
that to break the crystal symmetry nanoparticle nuclei need to
form with defects, such as twin planes. The final particle
morphology is then directly dependent on nature of the twinning
in the nuclei. For example, the formation of hexagonal platelets
and nanotriangles has been explained by the presence of a single
twin along the flat basal plane of the nuclei.”*'"! In this case, the
formation of stacking faults gives rise to re-entrant edges or step
edges that can be energetically favorable for adatom addition.!?!

The selective binding or nonbinding of surfactant molecules to
different facets of the growing nanocrystal can also explain the
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Figure 2. HRTEM images of isolated palladium tripod intermediates after
differing reaction times: A) after 10 min, B) after 30 min, and C) after 1h, a
fully formed tripod.

emergence of anisotropy, wherein surface-selective capping
reduces the energy of the bound facet and restricts the growth
in this direction. Therefore, growth is promoted in the opposite
directions leading to anisotropy. This is shown in the formation of
nanorods with cetyltrimethylammonium bromide (CTAB) as
surfactant, and with the surface-selective capping of bromide
species on growing palladium nanostructures.">??!

In the present system, the carboxylic-acid functionality of oleic
acid possesses a weaker binding strength to palladium when
compared to the amine functionality of oleylamine.”?*! Particles
growing with only oleylamine as a surfactant will therefore
experience a strong stabilization of the growing faces, resulting in
thermodynamically stable morphologies. When oleic acid is
introduced into the surfactant system, there is a destabilization of
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Figure 3. A) Aberration-corrected HRTEM image of a palladium tripod
viewed down the [111] zone axis. B) Enlargement of the hexagonal atomic
packing characteristic of an arm in a (111} orientation. C) Power spectrum
for the particle shown in A).

the growing particle surfaces, leading to kinetic growth
conditions and anisotropy in the resulting nanoparticles. In
our system, the oleic acid binds weakly to the faces along the
direction of the tripod arms allowing fast growth in these
directions.

The emergence of a particle with three-fold symmetry is
unexpected for fcc systems, and therefore a comprehensive
investigation into the particle twinning is required. An under-
standing of the internal structure is critical to determine the
mechanism of particle growth. This will be valuable for future
work with all nanostructured fcc materials.

Figure 3a shows an aberration-corrected HRTEM image of an
as-synthesized palladium tripod. A close-up projection of the
marked area in Figure 3a, shown in Figure 3b, clearly shows the
hexagonal symmetry of the atomic packing. The power spectrum

Adv. Mater. 2009, 21, 2288-2293
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is shown in Figure 3c, and can be indexed as fcc palladium
projected along a (111} zone axis. Fach arm of the particle in
Figure 3a shows a {111} twin plane running along its entire
length, and from the power spectrum it is clear that the growth
direction of the arm is in a {112} direction. The streaking of the
spots observed in the power spectrum can be ascribed to the
stacking faults in the tripod arms.*" The observed projection of
the tripod center has been seen previously for fcc icosahedral
particles on an axis of three-fold symmetry, indicating a (111)
orientation.”®!

To confirm the structure of the tripod, a tilting experiment was
carried out on an isolated tripod. Figure 4a shows the particle with

Figure 4, Aberration corrected HRTEM images from a tilting experiment
performed on an isolated tripod. A) Particle viewed along a (111} zone axis.
B) Particle tilted through 14" with the corresponding power spectrum
shown in C). The spots marked with white circles and black squares
correspond to the {111} and the {110} facets of the tripod arms,
respectively, and the spots marked with white hexagons correspond to
the {112} erientation of the particle core.

Adv. Mater. 2009, 27, 2288-2293
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the specimen stage set to standard viewing conditions. The tripod
is viewed along a {111} direction, as previously observed.
Figure 4b shows the particle with the specimen stage tilted by 14°
in the goniometer x direction, and it is clear from the atomic
packing that the particle has changed its orientation in the
electron beam. The power spectrum of the entire particle is
shown in Figure 4c, and contains a superposition of spots from an
fec structure viewed down (111) and {110) zone axes. This
corresponds to the exposed facets on the tripod arms with
additional spots originating from a {112) orientation of the
icosahedral center of the particle.

Due to heating in the electron beam, a reconstruction of the
particle is also seen over the timescale of observation, as atoms
migrate to lower-energy positions that are thermodynamically
more stable, supporting the proposed kinetic nature of the tripod
morphology. The (112} projection of the central core has
previously been observed in the HRTEM analysis of fec
icosahedra.*®l

HRTEM analysis confirms that the central core of the particle
is a multiply twinned fec icosahedrum. Face centered cubic
icosahedra possess two-, three-, and five-fold axes of symmetry,
and consist of 20 {111} terminated tetrahedral building blocks in
{111} twin relationship. In order to fill 3D space, the tetrahedral
subunits are strained, and it has been shown that the
lowest-energy icosahedral motifs contain re-entrant facets.’®”
These provide higher-surface-energy facets on which the energy
barrier to adatom addition is lowered, leading to growth being
promoted in the specific direction.”' In icosahedra nuclei of a
certain size, the strain may be relieved by the formation of three
equivalent re-entrant edges along the {112) direction. Subsequent
kinetic growth along these directions can therefore lead to tripod
formation. Further experimental and modeling work is required
to confirm the growth mechanism.

Scheme 1 shows an outline of the reaction pathway to
palladium nanostructures. The Pd (II) precursor is first reduced
to form multiply twinned icosahedral nuclei 3.5-4nm in size.
Control over the growth regime then dictates the final

nanoparticle morphology.

Thermodynamic control .
p—
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Pd(lIl) —> @&
@ OO

¢
L
Pd (0) nuclei Y
e ¢ A
<r

Scheme 1. Schematic showing proposed growth mechanism for palla-
dium nanestructures. Nuclei are formed from the reduction of the palla-
dium precursor. Under thermodynamic growth conditions, these form
isotropic particles, whereas under kinetic growth control they form aniso-
tropic pod-like shapes.
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Under thermodynamic growth conditions, icosahedral nuclei
will commonly retain their morphology, and this is indeed what is
seen in the above experiments, when pure oleylamine is used as
the surfactant.'*! Nanoparticles formed under thermodynamic
growth conditions typically show an isotropic aspect dominated
by low-energy facets. These types of particles were observed in
Figure 1a. Such equilibrium structures are produced when the
rate of adatom diffusion to thermodynamically stable positions is
greater than adatom arrival *” Oleylamine leads to a high degree
of stabilization, which provides hindrance to incoming adatoms
promoting the formation of thermodynamically stable morphol-
ogies.

However, under kinetic control, when a 1:1 mixture of
oleylamine and oleic acid is used, anisotropic growth can occur. In
this system, kinetically controlled growth is introduced through
the addition of oleic acid to the surfactant system. A kinetic-
growth regime requires the rate of adatom arrival to be greater
than adatom diffusion.” Here, this is achieved through the
addition of oleic acid, where the weaker binding strength of
the carboxylic-acid functionality destabilizes the surface of the
growing particle and allows for increased rate of adatom addition.

Anisotropic nanostructures are not uncommon for fcc
materials; for example, nanorods have been synthesized for
noble metals Au, Ag, and Pd."** However, these were grown
from the elongation of decahedral nuclei, and did not show a
branched structure. In the present study, we are able to change
the growth conditions to produce the first pod-like particles from
icosahedral nuclei for palladium. Icosahedral nuclei have recently
been used to explain the formation of pod-like structures in
platinum, but direct evidence for the morphology of the nuclei
was not provided."®”) Therefore, we also provide the first direct
evidence of pod-like growth from icosahedral nuclei for any fcc
metal.

We have synthesized palladium nanoparticles of varying
shapes using a pressure reaction vessel (Fischer—Porter bottle). By
varying the nature of the surfactant system, we were able to shift
from a thermodynamic growth regime, favoring isotropic
morphologies, into kinetic growth control, which results in
branched morphologies. The formation of branched or pod-like
structures is the first evidence of these morphologies in
palladium metal nanoparticles.

High-resolution TEM images show that the palladium
nanoparticles grow from multiply twinned fcc icosahedral nuclei.
Surface-selective capping by the organic surfactant determines
the resulting morphology. When a surfactant with strong binding
characteristics is used, a thermodynamic growth regime occurs,
and the nuclei grow into isotropic shapes. When a surfactant with
weaker binding characteristics is introduced, the growth regime
becomes kinetic in nature. The combination of twinning in the
nuclei and kinetic growth conditions causes anisotropic branch
growth to occur, and pod-like structures are formed. When this
occurs in three equivalent directions, a tripod morphology
results.

These results and the proposal of a growth mechanism will
contribute to the understanding of anisotropic growth from
highly symmetrical fec crystal structures. The development of a
synthetic method for the formation of pod-like palladium
nanoparticles is important for applications in catalysis, gas
sensing, and SERS devices.
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Experimental

In a typical synthesis, 0.1 mmol of palladium precursor (bis(acetonitrile)
palladium dichloride, 99%, Aldrich) was added to 1 mL of toluene. To this
was added 10 equivalents of arganic surfactant in total. The palladium
precursor was then decomposed under hydrogen in a pressure reaction
vessel (Fischer—Porter bottle). Samples were purified by addition of an
equal amount of methanol to flocculate the nanoparticles, use of a
centrifuge at 14000rpm for collection, and subsequent washing with
dichloromethane and toluene. The samples for TEM studies were prepared
by resuspending the precipitate in toluene. One drop of toluene
suspension was placed on a copper TEM grid and allowed to evaporate
under ambient conditions. The TEM images and corresponding diffraction
patterns in Figures 1 and 2 were abtained using a JEOL 2010 aperated at an
acceleration voltage of 200keV, Those shown in Figures 3 and 4 were
obtained using a JEOL 2200MCO field-emission TEM with double
aberration correctors at Oxford University Department of Materials.
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ABSTRACT Palladivm is widely used 2 3 catalyst in pharmaceutical and chemical syntheses as well a5 in
the redwction of harmmiul axhaust emissions. Therefore, the development of high performance palladiom catalysts
is an area of major concern. I this paper, we present the synthesis of highly branched palladium nanestructures
in 2 simphe soletion phase rezction 3t reom temperzture. By varying the nature of the organic stabilizer system we
demonstrate control ever the reaction kinetics and hemce the shape of the nanostnuctures. Investigations into
the structural evolution of the nanestructures show that they form from multiply twinned face centered cubic
(fc) nanoparticle nudei. Reaction kinetics then determine the resulting shape where ultrafast growth is shown
to bezd to the highly Branched nanostructures. Thesa results will contributa greatly to the understanding of
complex nanoparticle growth from all foc metals. The nanestructures then show excellent catalytic activity for

the hydrogenation of nitrebenzene to aniline.
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hie synthesls of Inorganic nanocryst-
T als with controllable morphologles Is
a key goal in modern materlals sad-

ence and has attracted substantial Interest
In recent years." ~* The shape and size de-
pendant proparties of nanoparticles are
well established and a fine degree of con-
trol over size and morphology can kead to
the formation of materials with specific
chemical and physical properties. Complex
maorphologles, In particular, show great
promise In many applications as they often
axhibit unlque electronlc, magnetic, pho-
tonlc, and catalytic properties.®

Pallzdium Is well-known for its abllity to
absorb hydrogen In high concentrations
and Is a promising material In hydrogen
storage and gas sensing applications.®”
Manostructured palladium also shows po-
tentlal 25 2 surface enhancad Raman spec-
troscopy (SERS) substrate where the spec-
tral range and Intensity enhancement have
been shown to be morphology
dependent ®?

Palladium Is also the maost versatile and
widely used catalyst In pharmaceutical and
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Ultrafast Growth of Highly Branched
Palladium Nanostructures for Catalysis

John Watt," Soshan Cheong,” Michael F. Toney,* Bridget Ingham,5 James Cookson,* Peter T. Bishop,* and

Victoria University of Wellington MacDianmid Institute of Advanced Materials and Kanotachnology, Kelbum Pds, Wellington, New Zaaland, *Stanford Synchrotron Radiation
Laboratory, 2575 Sand Hll Road, Menlo Park, California 94025, *Industrial Research Limited MacDiammid Institute of Advanced Materials and Nanotechnology, 69 Gracefield
Biad, Lower Hurtt, New Zealand, and -+ Johnson Matthey Technology Centre, Blownt's Court, Sonning Commian, Reading, BG4 oNH, UK.

fine chemical synthesas. " Here, bath ho-
miogeneols and heterogeneous pallzdium-
based catalysts are requirad to dellver high
selectivities In the desired functional group
transformations or couplings. Additionally,
palladium serves as an Important catalyst
for the reduction of hammiful exhaust emis-
skons. In this situation, poor accessibility and
polsening of the metal surface can reduce
overall efficiency.’” Therefore, development
of high surface area, high performance pal-
lzdium catalysts |5 3 majer concern. To be
an economically viable catalyst, the amount
of matal consumed In production must be
minimized without a reduction In catalytic
performance. Highly branched nanostruc-
tures ar2 promising candidatas as they pos-
sess 3 large surface area avallable for reac-
tlon, while selectively exposing specific
(high Index) crystal facets.

In the present study we demonstrate
the formation of extansively branched pal-
|zdium nanostructuras In a room tempera-
ture solution phase synthests. The synthesls
Is performed In a pressure reaction vessel
{Fischer—Porter bottle) which gives control
over atmosphearic pressure and composl-
tlon. This method has praviously baan
shown to be effective for the formation of
spherical metal nanoparticles.™ The use of
organic surfactant molecules to control
growth Is commaonly usad In nanoparticle
symthesls. Here we show that by varying the
nature of the organic surfactant system we
ara able control the growth kinetics and
form highly branched nanostructures.

RESULTS

In solution phase nanoparticle synthe-
sts, variation of the organic stabilizer Is rou-
tmely usad to control nanoparticle mor-
phology.'? Here we demonstrate through
Twio experiments that by changing the sur-
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factant system we can Induce structural changes In pal-
ladium nanostructuras. The first experiment we de-
scribe used solely oleylamine as the surfactant.
Meylamine was selected as It has praviously been affec-
tive fior the shape control of platinum nanostructures
In the Flscher—Porter bottle."*™* The second experi-
ment employed the organic surfactants olelc ackd and
olaylamine In 2 1:1 ratic. The addition of a carboxylic
acld functionality has previcusly been shown to induce
shape change In nickel colloids.’® Both reactions were
carried out 3t room temperature under 3 bar (1 bar =
10° Pa) hydrogen for 160 min.

Figure 12 shows 3 transmission electron micros-
copy (TEM) Image of the reaction product when oleyl-
aming only 15 used as the surfactant. As can be seen in
the Image, the nanoparticles consist of nanostructurad
polyhedra 6 = 1.5 nm In size. Figure 1b shows a high
resolution transmission electron microscopy (HRTEM)
Image of one of the pelyhedra. The particla |s character-
Ized as a multiply twinned face centered cubilc (fog)
lcosahedra viewead along a (112) zone axls.®"7

Figure 1¢ shows a low magnification TEM iImage of
the highly branched palladium nanostructures synthe-
sized In a3 surfactant system containing 2 1:1 ratie of
alalc acld and oleylamine. The palladium nanostruc-
tures are 85 = 15 nm In slze and each partide displays
extensive branching with the branches growing radially
away from a cantral core. The selected area diffraction
(SAED) pattern of the nanoparticles obsarved Is shown
In the Inset and can be readily Indexed to the foc struc-
ture of palladium. Figure 1d shows 2 higher magnifica-
tlon Image of 3 single nanostructure. The particle
branches have a broad leaflike structure and exhibit a
rounded tip, similar to dendritic growth. 27 Flower-
like namostructures have previously been produced for
Pd and Pt; however, these where grown hierarchically
from smaller nanoparticle bullding blocks and hence
were covered by low Index facets.® 2

The abowve set of experiments lllustrates that chang-
Ing the surfactant system directly affects the nanopartl-
cle shape. The reaction with oleylamine produced poly-
hedra as shown In Figure 13)b. Polyhedra are commonly
formed for palladium and are widely accepted as 2 ther-
modynamically favored morphology.®**

'When olelc add Is intreduced, In a 1:1 ratlo with
olaylamine, highly branched nanostructures are formed
which possess a high surface area to volume ratio. This
presents an Interesting result as the formation of these
types of highly branchad nanostructures terminated by
high Index facets has not previously been observed for
palladium. In solutlon phase synthesls, palladium nano-
structuras typically form as thermaodynamically favored
polyhedra structures or 1-D nanorods.*~#7 The sur-
faces of these nanostructures are limited to low Index
facets due to thelr lower surface—solution Interface
energy. =47
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Figure 1. Transmission electron microscopy (TEM) images of palla-
dium nanostructures prepared after 160 min at room temperature:

(a) polyhedra nanoparticles formed using purely oleylamine as surfac-
tant, (b high resolution Image of one of the polyhedra nanoparticles
characterized as a multiply twinned fo Icosahedra, (c) highly branched
nanastructures formed using a 1:1 mixture of oleylamine and olelc
acld, and {d} high resolution Image of one of the nanostructures.

Thus, by altering the nature of the surfactant sys-
tem we present a simple solution phase synthesls for
the formation of highly branched, high surface area pal-
ladium nanostructures.

Time Dependent Reactlons. To Investigate the mecha-
nitsm of growth for the highly branched nanostruc-
tures Intermediates were Isolated by varying the reac-
tlon time of a 1:1 mixture of olelc acld and oleylamine.

Reactlon times were shortened to 20, 30, 80, and
120 min, and Images of the Individual nanoparticles
formed are shown In Figure 2 panels a, b, ¢ and d,
respectively.

Figure 2. HRTEM Images showing the evolution of the highly
branched nanostructures: (a) kcosahedra with small leg begin-
ning to grow In the [112] direction; (b tripod-shaped nano-

particle formed after 30 min; (c} Intermediate morphology af-
ter B0 min; and (d) fully formed nanostructure after 120 min.
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A low magnification TEM image of the nanopart-
cles formed after 20 min Is also shown In Supporting In-
formation, Figura 51. The nanoparticles formed after
20 min were predominantly nanoparticles with poly-
hiedra shapes similar to those shown In Figure 1ab.

Figure Za (20 min) shows a nanoparticle 14 nm in
slze, Anzlysis of the atomic packing Indicates this nano-
particle 15 a3 multiply twinned fcc lcoszhedra viewed
down a {112} zone axis. This Is similar to the nanopart-
cle seen In Figure 1b except the nanoparticle shown
here displays the start of single branched growth In the
[112] direction.

Figura Zb (30 min) shows a nanoparticle 45 nm In
size which displays a tripod morphology. A tripod mor-
phology forms when arm growth occurs In three sym-
metry equivalent [112] directions from multiply
twinnad foc Icosahedra

The particle In Figure 2c (80 min) Is 65 nm In size
and retains the tripod backbone with 3-fold symmetry.
Howeaver, a secondary type of growth has now occurred
from the tripod arms. This growth occurs along ran-
dom crystallographic directlons and leads to 2 broad,
leaflike structure.

Figure 2d (120 min} displays 2 nanoparticlka 100 nm
In slza. The secondary growth has continued at various
angles away from the tripod backbone leading to a high
surface area branched structure, The final reaction
product formed after 160 min was shown In Figura 1d.
Extensive branching has occurrad along radial direc-
tlons from the particle core to give a highly branched
morphology.

In-Stu X-ray Mffraction. To understand the kinetics of
nanoparticle growth for the as synthesized palladium
nanostructures, in sifu synchrotron X-ray diffraction
(XRD) experiments were carfed out. Sinca It 15 difficult
t gain Information on growth kinetics with post syn-
thetic characterization technigueas, in situ XRD was
needad as 2 method that can measura structural dy-
namics In real time. Experiments were performed at the
Stanford Synchrotron Radiation Lightsource (SSRL) on
beamline 7—2 (see Supporting Information for expert-
miental procadure). These were carmlad out In a specially
made reaction cell shown In Supporting Information,
Figure 52.

Figure 3a shows the (111) reflection of palladium
tracked over the course of 2 typical reaction displaying
the formation of 3 crystalline product in a 1:1 resction
with olelc acld and oleylamine. To ensure that the time
scale of the reaction better sultad synchrotron experl-
ments, the cell temperature was ralsed to 35 °C; 10 °C
above that used to form the nanoparticles used in EM
observation. This keads te a shght decrease in reaction
times when compared to HRTEM experiments. The full
width at half-maximum of the diffraction peak provides
a measura of the crystallita slze In the nanostructures.
This remained relatively constant throughout both ex-
perments, which Is consistent with the multiply
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Figure 3. Time resolved synchrotron XRD results tracking
the growth of the palladium nanostructures: (a) in-situ XRD
results showing the evolution of crystalline palladium by
tracking the Pdi111) refiection for the 1:1 reaction, (b} peak
area vs reaction time plot for the 1:0 reaction and (c} for the
1:1 reaction.
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twinmed nature of the nanostructures. The lattice pa-
rameter calculated from the peak positions was Inde-
pendant of reaction time and close to the bulk value In-
dicating little or no lattice strain. However, due to peak
broadening and uncertalnty In the measurements some
undetacted straln may be present, particularly at the
Initlal reaction times when the diffaction peak |s at Its
weakast and broadest. The measured diffraction signal
Is from crystalline nanostructures in solution as there
was no depositicn of product on the cell window at the
completion of the reaction.

To Investigate the difference In reaction kinetics be-
twaen the formation of palladium polyhedra and highly
branched nanostructures, experiments In oleylamine
and a 1:1 mixture of clelc 2dd and oleylamine were car-
rled out as shown In Flgura 3b.c, respactively. These
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both show the continuous growth of the Pd(111) peak
area over time.

Figure 3b shows the growth of nanocrystalline palla-
dium te form palladium polyhedra when only oleyl-
amine Is used (1:0 rezctlon). The plot shows a steady,
nearly linear Increase that reaches a maximum at 45
min. The slope of the growth line Is constant which In-
dicates a steady growth rate throughout the exper-
ment. The peak area then decreases as the particles
grow too large to remain In suspension and settle out
of the beam path.

When a surfactant system containing olelc add In a
1:1 ratie with oleylamine Is employead (1:1 reaction) dif-
ferent growth characteristics emerge (Figura 3c). Here,
the growth of the nanostructures progresses In three
distinct stages. Stage | shows steady Inltlal growth with
a slope similar to the 1:0 case. In 5tage Il the slope and
growth rate increases 2-fold and continues at this rate
for 10 min. Stage lll shows a further 2-fold Increase In
growth rate when compared to Stage 1. The peak area
then begins to decrease as growth ceases and settling
OCOURS.

Growth Mechanism. The above HRTEM and XRD experl-
ments show that the growth and kinetics of formatlion
of highly branched palladium nanostructures are dis-
tinctly differant to the formation of the palladium
polyhedra.

For the 1:0 reaction there |5 2 relatively slow and
constant growth rate, as shown In Figure 3k, which re-
sults in the polyhedra nanoparticle shapes observed In
Figure 1a. This skow, constant growth Indicates that for
the 1:0 reaction, growth eccurs under thermodymamic
control to produce thermodynamically favorad polyhe-
dﬂ.:”

I comtrast, for the 1:1 reaction (Figure 3c) there are
three distinct growth stages leading to the formation
of the highly branchad nanostructures. Each stage pos-
sesses differant growth kinetics as described as follows
(Stages -,

Stage I. The growth rate for Stage | of the 1:1 reac-
tlon Is relatively slow and comparable to the growth
rate of the entire 120 reactlion. For this stage, HRTEM
analysls shows the formation of multply twinnad foc
lcosahedral nuclel (Supporting Information, Figure S1).
This Is the same polyhedra structure formed In the 1:0
reaction (see Figure 1a.b). Therefore, during the slow
growth of Stage | of the 1:1 reaction, thermodynami-
cally favored multiply twinned foc lcosahadra nuclel
form.

Stage Il Durlng Stage Il of the 1:1 reaction thera s 2
2-fold Increase In the growth rate when compared to
Stage L. This Indicates growth Is no longer thermody-
namically controlled and kinetically controlled growth
conditions are present.®’

In solution phase synthesis of nanoparticles, kinatl-
cally controlled growth conditions can lead to branched
growth. This process was obsaerved In Flgure 2a with
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the start of branched growth from a multiply twinned
Icosahedra nuclel. In our case novel tripod shapes form
due to bramch growth occurring along three symmetry
equivalent [112] directions from the Icosahedra nuclel
{Figure zh).3

Therafore, as palladium crystallizes In the highly
symmetrical foo crystal structure the formation of 2
branched shapes requires both a breaking of the crys-
tal symmetry, introduced through defects In the lcosa-
hedral nanoparticle nudlel, and growth conditions
which are kinetically controlled.

It should be noted that although the nanoparticles
In Stage Il are now growing under kinetic control,
growth Is still occurming along selected crystallographic
directions.

Stage Ill. In Stage Hl there 1s another 2-fold Increase
In the growth rate compared to Stage 1. This Increase
follows the formation of the tripod branches and s due
to the start of the secondary growth cbserved In Fig-
ure 2c. This secondary growth leads to 2 “leafiike” struc-
ture off the tripod backbone. The growth rata Is now
fiour times as fast as in Stage | which Indicates this type
of secondary growth Is fast and kinetically controlled,
occurring very far from thermodynamically controlled
conditions.

Because of the rapid rate and distinctly kinetic na-
ture of the ultrafast growth, the adatom adsorption
rate does not dapend on the crystal facet where adsorp-
tion occurs. Hence growth occurs along no preferred
crystallographic direction. This leads to randomly orl-
ented branch growth ooourring In any radial direction
away from the particle core to glve the highly branched
marphalogy.

In contrast, the extensive branching cbservad In
dendrtic nanostructures formed In the solution phasa
I5 dependent on crystallographic direction and 15 typl-
cally a result of diffusion limited aggregation or orl-
ented attachment mechanisms.'®~2® The ultrafast ki-
netic growth described here leads to branching
Imaspective of the crystal facet. Therefore, this growth
provides a route toward the formation of complex
nanoparticle shapes from nuclel with any morphology
and surface anargy.

Following the ultrafast growth (after 45 min, end of
stage I} the peak area begins to dedine as the nano-
particles settle out of the beam path.

Thearefore, from HRTEM and XRD experiments, the
formation of the palladium polyhedra nanoparticles Is
shown to oocur through skow, thermodynamically con-
trolled growth. In contrast, formation of the highly
branched nanostructures occurs through (1) the forma-
tion of muktiply teinned foc lcoszhedra nuckel, () kinetl-
cally controlled branch growth to form a tripod back-
bane, and (1) ultrafast secondary kinetic growth
occurring In any crystallographic direction from the tri-
pod arms.
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Effect of Surfactant System on Reaction Kinetis. In the
prasent systam, the kinetics of growth, and hence the fi-
nal particle morphology, are controlled by the surfac-
tant system. The diffarence In surface stabilizatlon abil-
Ity of the amine and acld functionalities determines the
growth kingtics by controdling the rate of monomer
supply to the nanoparticle surface ™

When the rate of adatom diffuslon across the par-
ticle surface to stable positions Is faster than the rate
of adatom adsorption, growth ks thermodynamically
controlled and thermodynamically favored morpholo-
ghes form. Conversely, when adatom adsorption ocours
at a faster rate, growth becomes kinetically controfled
leading to more complex nanoparticle shapes

Tha carboxyllc acld functionality of olelc acd pos-
sesses 3 weaker binding strength to palladium com-
pared to the amine functionality of oleylamine 43 |n-
troducing weaker binding ofelc acld (1:1 reaction) will
reduca the overall degree of surface stabilizaticn of the
growing particle by the surfactant system. This allows
rapld adatom adsorption and kinetically controlled
growth conditions resulting In highly branched
structures.

This 15 In contrast to the 1:0 reaction where oleyl-
aming binds strongly to the surface of the growing par-
ticle. Therefore, the Icosahedral nuclel expenance
strong stabilization effects hindering 2datom adsorp-
tlon. Growth conditions are then thermodynamically
controfled and thermodynamically favored polyhedral
structuras are maintained.

An additional experiment was parformed to verify
the proposed surface capping machanism. When puraly
olelc aclkd Is used as surfactant micrometer sized crystal-
lites formy; presumably because there Is not enough sta-
bilizing ability by oleic acld to restrict growth to the
nanoscale for this system (see Supporting Information,
Figure 53).

Catalysls. Highly branched nanostructuras ara ideally
sulted to catalysks as high surface area and the pres-
ence of high Index facets lead to Increases In catalytic
activity. High Index facets have a higher density of
atomic steps, ledges, kinks, and dangling bonds, all of
which often exhibit much higher reaction activities 537

Here, HRTEM experiments were used to probe the
nature of the surface for the highly branched nano-
structuras. Figure 4a shows an HRTEM Image of one of
the nanoparticle branches viewed down a {110} direc-
tlon. A close up of the branch |15 shown In Figura 4b.
Analysts of the atomic packing In Figure 4b confirms
the presence of high Index facets. The armows polnt to
atomic vacancles on the branch edge which create a se-
rles of altarnating (200} and (111) microfacets. These mi-
crofacets combine to form the high index (113) facet.
This 1s shown schematically In Figure 4¢.

To test the catalytic properties, the palladium namo-
structures were supported onto activated carbon and
the resulting catalysts (Pd—NS/'C) were examined and
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Figure 4. Analysis of the surface of one of the highly
branched nanostructures: (a) HRTEM image of one of the
particle branches; (b) chose-up HRTEM Image of the partide
branch showing dear atomic padking. The bladk arrows
polnt to atomic vacancles on the particle surface. (c) Sche-
matic showing how the atomic vacancles lead to high Index
(113) facets.

compared to commerclally avallable palladium cata-
fysts (Johnson Matthey 1% Pd/C 87 L) for the hydrog-
enation of nitrobenzene (see Supporting Information
for experimental procedure). The catalytic hydrogena-
tlon of nitrobenzena to aniline Is commonly used as a
standard test for the actvity of heterogeneous catalyst
systems.*® In additlon to this, the reaction has great
commercial Importanca In its own ight, In the Indus-
trial preduction of anlline for the polyurethane Indus-
try.*® The carbon-supported palladium was used at 3
1:1000 ratio with respect to the substrate, under 2 bar
of Hy at 50 °CIn 2 Buchil pressflow gas-controfled Baskar-
wille autoclave,

The Pd-NS/C material reprodudbly showed consid-
erable activity for the hydrogenation of nitrobenzene.
After 30 min, there was no further hydrogen uptake, In-
dicating that the reaction had reached completion.
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Subsequent analysis by gas chromatography confirmed
this, revealing that all of the starting matarial had been
consumad and anliine was the sole product. The forma-
tlon of Intermediate products such as hydroxylamines,
oximes, or para-aminophenocls was not observed; the
prasence of which can be observed In less active cata-
Iytic systems or thosa that have been deliberataly pol-
soned.

The commercially avallable catalyst was also exam-
Ined under the same reaction conditions. In this case,
the reaction was complete within 20 min, agaln with
complete convarsion to the desired product. However,
with the higher dispersion of this catalyst, this Increase
In activity Is to be expected. What 15 significant Is that
the Pd N5/C catalysts display activities nearly the same
as that of commercially avallzble analogues, despite the
prasence of residual oleylamine stabilizing Ngands. The
novel shapes of the palladium nanostructures offer the
possibllity of the unkque facets to provide altamative se-
lectivitles for spedfic chemoselective reactions. The in-
vestigation into such transformations |5 ongoing.

COMCLUSION

In conclusion, we have synithesized highly branched
palladium nanostructures terminated by high Index fac-
ets In a room temperature solutlon phase synthesls. By
varylng the nature of the surfactant system we are able

to control the growth kinetics and hence the particle
morphology. The highly branched nanostructuras grow
from multply twinned foc lcosahadra nuclel via a tr-
pod Intermediate. A type of secondary ultrafast kinetic
growth then occurs from the tripod Intermediate along
nao specific crystallographic direction resulting In highly
branched nanostructures.

The palladium nanostructures demonstrate good ac-
tivity In the hydrogenation of nitrobenzene to anlline
where the production of the deslred product ocours at
a simillar rate to commerclally avallable catalysts. The
tuning of the morphology of the metal also offers the
possibllity of varying the selectivity of Industrially Im-
portant organic transformations.

These results and the proposed growth mechanism
contributa to the understanding of the formation of
highly branched nanostructures from the highly sym-
metrical foo crystal structure. The ultrafast kinetic
growth obsarved 15 not dependent on crystal facet an-
ergy and therefore provides a route to complex nano-
particle shapes from any nudlel morphology. Tha devel-
opment of a room temperature solution phase
synthesis for the formation of highly branched palla-
dium nanoparticles s Important for catalytic applica-
tions whare high surface arza and high Index facets are
known to greatly Improve catalytlc performance.

EXPERIMENTAL SECTION

Synthests of Highly Branched Palladium Nanopartides. In a typical
synthests, 0.1 mmaol of palladium precursor (bisiacetonttrile) pal-
ladium dichloride, 99%, Aldrich) was added to 1 mL of toluene.
To this was added 10 equiw of organic surfactant In total. The pal-
lzdium precursor was then decomposed under hydrogen In a
pressure reaction vessel [Fischer—Portar bottlel. Samples were
purified by the addition of an equal amouwnt of methanol to floc-
culate the nanoparticles, wse of a centrifuge at 14 000 rpm far
collection, and subseguent washing with dichloromethane and
toluene. The samples for TEM studies were prepared by resus-
pending the pracipitate In toluene. One drop of toluene suspen-
slon was placed on a copper TEM gnid and allowed to evapo-
rate In ambient conditions. The TEM images and corresponding
diffraction pattemns were taken on a JEOL 20010 operated at an ac-
celeration voltage of 200 kel

Synchretron ¥-ray Diffractien (XAD). Experiments were performed
at the Stanford Synchrotron Rediation Lightsource (S5RL) on
BL7-2 In a specially made reaction cell shown In Supporting In-
formation, Figure 52" The call was 30 mm high and 20 mm wide
and was placed In a ceramic heating block on the baamline. it
contzined a circular reaction chamber 5 mm In diameter and 1
mm thick which was aligned with the beam. The cell windows
were made from E-ray transparent Kapton (polyimide] film. A 50
wl portian of reaction solution was Injected Into the reaction
chamber which was then filled with 3 bar H,. The expenmeants
were conducted using radiation of L = 1.0 A (124 keV). Diffrac-
tograms were collected ower the Pdi{111) peak between 26 val-
ues of 18° and 22°, using step scans of 0.02°/step. Growth of the
for Pdi111) diffraction peak was observed and monitored every
300 5, for 70 min.

Catalysis. Pd N5/C catalysts were prepared by dissolving Pd
M5 In toluens, using sonication. The resulting black suspension
was siirred at room temperature for 18 b with sufficlent activated
carbon (1.0 g of activated carbon) to generate a 1% (by weight)
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Pd M5/C catalyst. After this time, the resulting suspension was fil-
tered, revealing a dear filtrate. The subsequent black solid was
thoroughly washed with tolsene (100 mL), methanal (100 mL),
water (100 mL), and methanol (100 mL) in order to remowe any
ecess ligands present. The solid was then dried In a vacuum
oven before use. The Pd NS/C was compared in the hydrogena-
thon of nitrobenzene with 1% PA/C (lohnson Matthey, 87 L. The
test was undertaken using a Baskerville autodave connected to
a Buchl pressflow gas controller. The reaction cooumed at 50 %C
under 2 bar of dihydrogen, and stired at approcamately 1000
rpm. In each test, 3 mL of a 0.1 M methanol solution of nitroben-
zene (containing 0.1 M of mesttylene] was wsed with a 1:1000
molar ratha of metal to substrate. Subsequent GC analysis was
undertaken wsing a CPSIL-5 column, with mesitylene as an Inter-
nal standard.
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nanopariicles formed after 20 min; Image of Synchrotron resc-
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of charge via the Internet at http.pubs.acs.org.
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