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University of Technology Sydney 

Abstract 
Faculty of Science 

School of Mathematical and Physical Sciences 

Doctor of Philosophy 

Thiol-Mediated Synthesis of Transition Metal and Transition Metal 

Sulfide  Nanowires 

by John SCOTT

In this work, I discuss my investigation into the bottom-up synthesis of metal 

and metal sulfide nanowires supported by a capping reagent. Capping reagents 

are chemical species that alter the crystal growth kinetics.  Through their 

deployment, the scalable synthesis of low-symmetry nanocrystals (such as 

nanowires) can be achieved.  Here, I show the synthesis of metal (Co, Ni) 

and binary metal sulfide (Co9S8, Ni3S2) nanowires by heat-up thermolysis of 

simple molecular precursors. Detailed analysis of the precursors and the re- 

action steps leading to nanowire growth is provided. The unusual reaction 

conditions enable new insights through in situ characterisation using thermo- 

gravimetry with evolved gas analysis and field-emission scanning electron 

microscopy. This provides new understanding of the precursor conversion 

rates and identification of active chemical species that support 1D growth. 

To confirm the role ligand fragments play in shaping the crystal growth ki- 

netics, substitution of the precursors was performed. It is further shown that 

anisotropic growth can selectively be tuned by deployment of the capping 

ligand species. Based on these new understandings, the high-yield synthesis 

of technologically important Co9S8 nanowires by chemical vapour deposition 

is presented. 
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Chapter 1 

Introduction 

1.1 Motivation 

Technological demands require revolutionized approaches to nanofabrica- 

tion. The integration of nanostructures into technology is not dependent on 

the properties they demonstrate but the challenges that exist in their synthe- 

sis and assembly. Nanofabrication methods must achieve the scalable for- 

mation of perfectly identical nanostructures assembled into predetermined 

locations with desired orientations. Bottom-up synthesis techniques includ- 

ing approaches that utilize capping reagents are able to meet many of these 

challenges. Capping reagents are chemical impurities that shape the en- 

ergy landscape in which nanocrystals form, allowing control over critical 

features including size, shape and composition. However, much remains 

unknown about the forces and species that influence crystal growth. Cur- 

rent methods remain as a trial and error process with little predictive ca- 

pacity. Further, only very basic shapes are able to be reproducibly grown. 

Low-symmetry structures such as one-dimensional materials offer greater 

potential in many applications, however present further complications for 

nanofabrication techniques. Mechanistic studies have been invaluable to fur- 

thering our understanding. Here, I examine the fundamental role precursor 

chemistry plays in anisotropic growth of nanocrystals on a number of rel- 

evant materials systems. It is my hope that through the new insights pre- 

sented here, advancements can be made in the deployment of 1D materials 

into future technologies. 
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1.2 Nanomaterials 

The unique behaviour of solid materials on the nanometer size scale presents 

unparalleled opportunity to meet many of the greatest challenges facing hu- 

manity. The potentials extend far beyond the miniaturization of existing tech- 

nologies. Nanomaterials offer new and efficient means of harnessing energy 

from a variety of sustainable sources, early detection and treatment of disease 

and new technologies operating with greater speed and efficiency. Materials 

with at least 1-dimension between 1 - 100 nm are defined as nanomaterials 

(Figure 1.1).56,244,112 Materials on this size scale: (1) show novel and size de- 

pendent properties, (2) interact with fundamental biological processes that 

occur at the cellular level and (3) have an extraordinarily high surface area- 

to-volume ratio. 

FIGURE 1.1: Illustration highlighting the size of nanomaterials 
on a size scale from a water molecule to a tennis ball.[174] 

Confinement effects that occur on reduced length scales provide the most 

powerful means to manipulate the electronic, optical, magnetic and thermo- 

electric properties of a solid material.246  The size dependent behaviour of 

nanostructures enables precise engineering of a material’s properties (materials- 

by-design) to form new technologies based on manipulation of newly real- 

ized phenomenon.  Secondly, dynamic interactions with biological entities 

(proteins, DNA, membranes, organelles, cells, tissues and organs) can be 

modulated by programming nanomaterials, the result of which holds great 

promise in delivering effective diagnostic, therapeutic, theragnostic and re- 

generative systems and/or devices.23  Lastly, much interest in materials is 

only surface deep (examples include catalysis, hydrogen storage, energy stor- 

age and conversion, water desalination, drug delivery and beyond), thus it 

is self-evident that the higher available surface area (for a given volume), the 
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greater the efficiency and performance. The surface area per unit volume of 

nanostructures is astounding when compared with its bulk and can be visu- 

alized by the illustration in Figure 1.2. The surface area of a single solid cube 

with dimensions 1 × 1 × 1 cm is 6 cm2, whilst if made up of 1 × 1 × 1 nm 

cubes the surface area is 7 orders of magnitude greater. In summary, nano- 

materials promise to revolutionize technology across every field, enabling 

engineering of a material’s properties, the manipulation of quantum effects 

and the increase of a material’s surface area over orders of magnitude. 

FIGURE 1.2: Illustration demonstrating increased surface area 
of nanostructured materials versus bulk.[94] 

1.2.1 One-Dimensional  Materials 

Nanostructured materials are broadly classified by the number of dimen- 

sions contained to the 1 - 100 nm size scale. These include 0D, 1D and 2D 

materials (Figure 1.3a). Interesting and unique phenomenon arise in ma- 

terials with reduced dimensionality. The physical properties of a material 

are altered through confinement effects of electrons, electromagnetic excita- 

tions or photons and phonons.92 Quantization of electron energy levels due 

to constraint of their wave-functions occurs when the dimensions of a mate- 

rial are sufficiently small, defined by the Fermi wavelength or excitonic Bohr 

radius.92 Lateral confinement of electron wave-functions while allowing free 

propagation along one dimension traditionally define 1D materials.118 Fig- 

ures 1.3b and c illustrate the discrete energy levels that occur in nanocrystals 

(compared with bulk and individual atoms) and how confinement effects in 

2D, 1D and 0D materials shape the density of states. The illustration ele- 

gantly highlights the origin of novel properties on different size scales with 
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different dimensions.  The density of states can be thought of as the elec- 

tron capacity of an energy level and the available energy levels in a sys- 

tem. Size dependent behavior can be exploited in 1D materials as the di- 

ameter is reduced beyond the phonon and electron mean free path, the De- 

bye length, critical size of the magnetic domain, exciton diffusion length and 

others.116,3,132 

FIGURE 1.3: a)  Schematic  illustrating  2D,  1D  and  0D 
materials.[92]  Density  of  states  for  energy  levels  in  met- 
als  and  semiconductors  for  b)  different  size  scales  and  c) 

dimensionality.[3] 

Common shapes of 0D, 1D and 2D materials are shown in Figure 1.4. 

The distinct feature of 1D materials is that electron confinement occurs in 

2-dimensions, or lateral confinement, while allowing electrons to propagate 

freely along the third dimension, which can span hundreds of nanometers to 

millimeters in length.112,244,256 Structures with dimensions on the two length 

scales bridge the nanoscopic and macroscopic world. One-dimensional ma- 

terials represent the smallest dimension for the efficient transport of parti- 

cle and wave phenomenon including electrons, holes, excitons, ions, spin 

waves, surface polariton plasmons and phonons (to name a few).24,153 These 

abilities fulfill many requirements as interconnects in electrically or optically 

driven devices. In addition 1D materials may also serve as active compo- 

nents within integrated devices, simultaneously providing two of the most 
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important functions.216 Applications of 1D materials can therefore be based 

on their shape, properties or a combination of both. 

FIGURE 1.4: Common nanocrystal morphology of 0D, 1D and 
2D materials.[98] 

A general overview of many of the advantages that 1D materials pro- 

vide for diverse applications - ranging from advanced energy storage and 

conversion to catalysis, electronics, sensing, optoelectronics and beyond - is 

discussed here. 

Understanding the relationship between shape anisotropy and magnetism 

has uncovered exciting potential and the merging of electronics, photonics 

and magnetics which will impact future technologies. One-dimensional ma- 

terials carry much promise in magnetic and spintronic based devices. The 

shape anisotropy of nanowires is well suited for storing digital information 

in both traditional hard disk drives and newly conceptualized memory de- 

vices including magnetic random access memory (MRAM) and racetrack 

memory (Figure 1.5a), based on control over individual magnetic domains 

in nanowires.163,164,73,195,165 

Promising biomedical applications of 1D materials in therapeutics through 

drug delivery and magnetic hypothermia as well as diagnostics as MRI con- 

trast agents and sensing has garnered much attention.195 Figure 1.5b high- 

lights one example in which a coupled nanoparticle-nanowire system is used 

as a multiplex DNA sensor based on surface enhanced Raman scattering of 

the hybrid system.100
 

The large surface area-to-volume ratio of nanowires is highly desirable 
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FIGURE    1.5: Nanowire-based  devices  including  a)  race- 
track  memory,[164]  b)  coupled  nanowire-nanoparticle  DNA 

sensor,[100] and c) nanowire dye-sensitized solar cell.[117] 

for applications as active materials in catalysis and detectors as well as en- 

ergy conversion and storage devices (Figure 1.5c). The relatively high con- 

centration of specific, catalytically active, surface facets give nanowires en- 

hanced selectivity and efficiency compared to nanoparticle catalysts.37 Sim- 

ilarly these properties are important in highly sensitive and selective de- 

tectors for biological and chemical species as well as active components in 

gas-detectors.39,233,230 In advanced energy storage and conversion applica- 

tions, 1D materials have numerous benefits over competing morphologies. 

As summarized by Mai et al.138 these include: 

Numerous electronic and optoelectronic applications exist including field 

effect transistors, photodetectors, waveguides, nonlinear optical converters, 

 

• efficient charge transport pathway

• short ion diffusion lengths

• high contact surface area between the electrode and electrolyte

• volume expansion tolerance

• can be synthesized directly on a metal or carbon surface in uniform
arrays

• can be used to support complex and multifunctional architectures

• advantageous for in situ studies
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LEDs and microcavity lasers.256 Nanowire field effect transistors enable gate- 

all-round topography (Figure 1.6) which can lead to improved efficiency and 

greater chip density.87 Nanowires have been demonstrated to act as efficient 

waveguides through two-dimensional confinement showing low loss and 

tunable longitudinal surface plasmon resonance by engineering the aspect 

ratio.183,46,58,129 The energy separation between the absorption and emission

maxima (Stokes shift) and emission of linearly polarized light has also been 

demonstrated in elongated structures.197
 

FIGURE 1.6: Wrap-gate nanowire field-effect transistor.[203] 

Nanowires offer greater versatility in their fabrication that is not available 

in planar form. The different material systems that have been synthesized in 1D 

form far exceeds those available in wafer form including heterostructures.12,87 

Fundamental challenges exist to the integration of compound semiconduc- 

tors into Si-based technologies.126  Nanowire heterostructures push beyond 

limitations of planar geometries including tolerance for lattice, thermal and 

polarity mismatches which can be accommodated by the narrow profile and the 

small surface area of side-wall facets.55,139,92,219
 

FIGURE 1.7: Examples of 1D heterostructure including: a) axial, 
b) radial, c) branched, d) aligned and e) integrated 0D and 1D

structures.[12] 
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Nanowire heterostructures greatly expand the physical properties offer- 

ing tremendous opportunity for nanoscale devices. The common integra- 

tion of material systems in heterostructured nanowires is layered structures 

known as axial heterostructure and core/shell structures known as radial 

heterostructures (Figures 1.7a and b). This provides two degrees of free- 

dom for the modulation of composition on the nanoscale. The longitudi- 

nal axis can serve in the extraction of charge carriers and photons to enable 

device integration.92 In optoelectronic applications this has been used as a 

gain/absorption medium, optical cavity, and injection/extraction structure. 

Nanowires with a semiconducting core and metal shell act as optical anten- 

nas, significantly enhancing coupling between light and material. Core/shell 

nanowires have been shown to improve carrier mobility by isolating carri- 

ers from surface defects and impurities and enabling tuning of the carrier 

gas density.92 As mentioned, the small cross-sectional area of nanowires en- 

ables elastic strain relaxation, reducing structural defects that are prevalent 

in lattice-mismatched materials. The development of fabrication techniques 

has seen axial heterostructured based devices for logic and sensing includ- 

ing nanowire resonant tunneling diodes (RTDs), nanowire single-electron 

transistors, tunneling field-effect transistors (TFET) and p-n diodes, as well 

as photodetectors, light-emitting diodes, lasers and photovoltaics.16,210,187,17,92 

The other examples of nanowire heterostructures shown in Figure 1.7 include 

branched, aligned and integrated 0D and 1D structures. 

The novel and highly exciting physical properties of 1D materials make 

them promising candidates for new technologies. Benefits of 1D materials ex- 

tend well beyond the convenience of their shape. They demonstrate unique 

behavior and link the quantum world with the macro. As such, much effort is 

dedicated to understanding these systems. Fundamental to this are nanofab- 

rication strategies which enable the scalable formation of high-quality and 

homogeneous 1D nanocrystals. 
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1.2.2 Synthesis of Nanostructures 

FIGURE  1.8:  Schematic contrasting top-down and bottom-up 
paradigms.[179] 

The manipulation of matter at the nanoscopic scale is fundamental to nan- 

otechnology. The size-dependent properties of nanostructured materials place 

enormous demand on fabrication techniques, whereby variances of a single 

atom can change the properties of nanostructures.135,197,166  Key areas of im- 

portance for large-scale, commercial implementation include scalable pro- 

duction of nanocrystals with identical size, shape and composition.  Meth- 

ods that also allow the controlled assembly of nanocrystals into predeter- 

mined locations with a given orientation are important for integration into 

hierarchical structures. While post-growth processing techniques may meet 

these challenges, fewer processing steps are intrinsically favored.   Strate- 

gies to forming nanomaterials are broadly divided between bottom-up and 

top-down approaches (Figure 1.8).  The processes involved in the creation 

of the nanostructure distinguish the two paradigms. Top-down approaches 

start from larger materials and selectively remove material until the desired 
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morphology is achieved. By contrast bottom-up approaches utilize intrinsic 

forces of chemical species to form larger structures. 

FIGURE 1.9: Acorn analogy of a) top-down and (b - c) bottom- 
up formation approaches.[218] 

What characterizes top-down fabrication techniques is the removal of ex- 

traneous material using macroscopic tools to produce nanoscale structures of 

defined morphology. This is illustrated in Figure 1.9 in the path denoted by a; 

here a wooden owl statue is carved from the tree. Current fabrication meth- 

ods for microelectronic systems in the semiconductor industry fall under this 

paradigm. Fabrication occurs in a serial process using beams of ion, electron, 

photon or atoms to sculpt matter from the macroscopic scale to nanoscopic.160 

Major advantages of top-down techniques include the complexity of shapes 

that can be formed and macroscale ordering of nanostructured materials. 

However as device features are scaled down into the sub-100-nm regime, 

technological and fundamental challenges exist that have shifted emphasis 

to bottom-up methods.135,87
 

Bottom-up methods of nanomaterial synthesis offer exciting potential to 

meet the challenges of resolution and scalability, hindering current manufac- 

turing processes. Under this paradigm the formation of nanocrystals occur 

spontaneously from basic building blocks by self-governing forces.272  This 

can be illustrated by the formation of a tree, denoted by the path b (or path 
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c to form a statue) from the addition of smaller components, which is sig- 

nified by the growth of an acorn. Atomic level control over material com- 

position and structure is able to be achieved, far beyond the resolution lim- 

its of top-down processes. This has been exploited through in situ doping 

during nanocrystal synthesis, leading to novel material systems not achiev- 

able by top-down processes.132 The major disadvantages of the techniques is 

that they are unable to achieve macroscopic ordering which is routine in top- 

down processes and that they are limited to basic shapes. Common bottom- 

up fabrication methods include atomic-layer deposition, sol-gel nanofabrica- 

tion, molecular self-assembly, hot-injection and heat-up coprecipitation and 

vapor-liquid-solid growth.15
 

Undoubtedly future nanofabrication techniques will utilize forces oper- 

ating over several length scales to achieve the growth of ordered structures 

of complex shapes with atomic level control.160 Deeper understanding of the 

formation process of nanocrystals is fundamental to their deployment as it 

will not only enable the scalable fabrication of perfectly identical nanocrys- 

tals but will also enable new physics with increased complexity as synthesis 

approaches are pushed to their limits. 

1.2.3 Strategies for the Formation of 1D Materials 

Numerous strategies have been employed in the formation of anisotropic 

nanocrystals including 1D materials. A schematic outlining the various tech- 

niques is shown in Figure 1.10. To summarize, 1D growth can be achieved: 

(1) in intrinsically anisotropic crystal systems (Figure 1.10a), (2) through the 

use of a foreign catalyst particle (Figure 1.10b), (3) through the use of tem- 

plates (Figure 1.10c), (4) through facet selective adhesion of ligand species 

(Figure 1.10d), (5) through orientated attachment of nanoparticles (Figure 

1.10e) and by reducing the size of a larger structure (Figure 1.10f). 
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FIGURE  1.10:  Schematic illustrating strategies for the forma- 
tion of 1D materials. One-dimensional growth can occur a) as 
an intrinsic property of a crystal system, b) through the VLS 
mechanism, c) hard templating, d) capping reagent supported 
growth, e) oriented attachment of nanoparticles and f) by top- 

down techniques.[132] 

Highly anisotropic bonding can be supported by the crystal habit.  Ex- 

amples in which 1D growth naturally occurs in crystals include poly(sulfur 

nitride), LiMo3Se3, Se and Te alloys and others.202,199,141,244 These material sys- 

tems all have a crystal structure composed of chain-like building blocks. Syn- 

thesis was demonstrated from both solution phase and vapor phase reactants 

to produce both semiconducting and metallic 1D materials including single- 

crystalline structures. Symmetry breaking growth may also be achieved by 

the use of a catalyst nanoparticle. The mechanism is known as the vapor- 

liquid-solid (VLS) mechanism, and analogues thereof (solution-liquid-solid, 

etc).227 The use of templates as a scaffold has also proven to be a successful 

method of directing 1D growth of various materials. Templates may con- 

sist of step-edges on a solid surface, channels within a porous material, mi- 

celles or self-assembled mesoscale structures from organic surfactants, bio- 

logical macromolecules or seed nanocrystals.244 Template directed synthesis 

is generally considered a high throughput method that enables in situ dop- 

ing, however commonly involves numerous steps, produces material of poor 

crystal quality and through the template removal may lead to surface rough- 

ening, damage or unintentional doping.32 Capping reagents synthesis uses 

chemical species including surfactants, polymers and ions to modify crystal 

growth kinetics to support anisotropic growth.206  The oriented attachment 
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of 0D nanocrystals along specific surfaces is another means of achieving the 

formation of 1D materials which utilize localized forces.34 Finally the selec- 

tive removal of materials from a larger structure can be deployed as a means 

to form 1D materials. Examples include the formation of single-crystal Si 

nanowires by chemical etching.265
 

The focus of this study is nanowire growth supported by capping reagents. 

Capping reagent directed synthesis has proven to be one of the most power- 

ful methods for the scalable formation of monodispersed 1D materials, with 

fine control over aspect ratio, crystal phase and composition. Further, it has 

been demonstrated on a broad range of material systems with different crys- 

tal structures and requires few processing steps. The VLS growth mechanism 

is arguably the most successful method to date especially in the synthesis of 

semiconductor nanowires. However, numerous hurdles exist which prevent 

its deployment, and will be discussed further in the next section. 

1.2.4    VLS Growth 

One of the most powerful techniques and most commonly used synthesis 

methods for carbon nanotubes and single crystalline nanowires of various 

functional inorganic materials is the vapor-liquid-solid (VLS) mechanism and 

analogues thereof.271,89 Advantages of the mechanism include the formation 

of high quality, single-crystals in well-defined arrays (Figure 1.11a). In addi- 

tion, it allows for controlled doping of nanowires and formation of nanowire 

heterostructures with close to atomically sharp interfaces.228,239 Under this 

method, reactive species are supplied to the nanowire growth front via a liq- 

uid seed particle.227,243 The metal seed particle offers incredible control over 

nanowire composition, morphology and crystallinity.271
 

Numerous shortcomings exist which have limited wider deployment of 

this technique including contamination by the metal catalyst. Diffusion of 

the catalyst into the nanowire is detrimental to performance and methods 

of removal typically involve damaging etchants. Examples of this include 

the widely used gold catalyst which has a high diffusivity in Si and acts as a 

deep level acceptor, which in addition to hurting performance creates hetero- 

geneities between nanowires in a single growth.87 In situ TEM studies show 

that diffusion of the Au catalyst particle determines the length, shape and 

sidewall properties of the Si nanowires, concluding that smooth and arbi- 

trarily long nanowires cannot be grown without eliminating Au migration.78
 

The high growth temperatures (> 600 oC) required for nanowire growth in 
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FIGURE  1.11:  a) Ordered arrays of GaP nanowires with dif- 
ferent spacings.[12] b) Schematic illustrating different stages of 
Ge nanowire growth from a Au metal seed and the associated 

phase diagrams.[243] 

a number of material systems is typically incompatible with integration into 

hierarchical structures, thus placing a limit on the application range.271 Also 

fundamental limitations of the mechanism including the formation of a low- 

melting eutectic droplet have prevented the growth of numerous material 

systems by this technique including metals (Figure 1.11b).227,35,232
 

1.3 Overview of Thesis 

In this work I detail my investigation into the capping reagent supported 

synthesis of Co, Ni, Co9S8 and Ni3S2 nanowires using thiol containing pre- 

cursor species. In Chapter 2 I provide a brief background on the applications 

and nanostructured synthesis methods of these material systems. In Chapter 

3 I review nanocrystal formation by coprecipitation methods with particular 

attention to symmetry breaking synthesis using capping reagents. The ther- 

modynamic forces and kinetic barriers that shape nanocrystal morphology 
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are discussed as well as the current status of the field of nanocrystal synthe- 

sis. I then discuss the different home-built reactor systems I have used and 

how they enabled new insight into nanowire growth. 

My results sections are broken down into two chapters. In Chapter 4 I 

discuss nanowire synthesis by solventless thermolysis, a variant of coprecip- 

itation methods, using simple-molecular precursors based on the amino acid 

cysteine. The controlled growth of metal or metal sulfide phase nanowires 

is demonstrated by varying the mole ratio of precursor species (metal(II/III) 

bis-cysteinate to metal(II) acetate). Mechanistic understanding of the process 

is achieved by detailed characterization of the precursors and the reaction 

pathway that leads to 1D growth. This is achieved through in situ character- 

ization during thermal decomposition. The characterization techniques em- 

ployed to study thermolysis behavior are thermogravimetric analysis with 

gas chromatography-mass spectrometry (TGA-GC-MS) and field-emission 

scanning electron microscopy (FESEM). Growth anisotropy is attributed to 

the decomposition rates and volatilized ligand products of the metal(II/III) 

bis-cysteinate and acetate precursors. The study is extended to the complex 

cobalt(III) dithiocarbamate which is shown to produce Co9S8 crystals under 

identical annealing conditions. 

In Chapter 5 I analyze the role of functional groups in the bis-cysteinate 

ligand and how they shape nanocrystal morphology and composition. This 

is achieved by substitution of precursor compounds. A recipe to achieve 

high-quality Co9S8 nanowire growth is devised through an understanding of 

essential function groups which include (1) a thiol source and (2) ammonia or 

amine source. The results strongly support the role of thiols as capping lig- 

ands that drive 1D growth. In addition annealing of specific precursor com- 

pound mixtures in a thiol environment produces narrower diameter distribu- 

tions. Through the insight achieved, high yield nanowire growth is demon- 

strated using purely vapor-phase precursors. The growth technique enables 

a previously unreported method for Co9S8 nanowire synthesis which paves 

the way for a binder-free synthesis approach to cobalt sulfide nanowires on 

electrode materials for performance testing. 

In the final chapter (Chapter 6) my results are summarized and the work’s 

contribution to the field is discussed. Additionally, I outline possible future 

directions of this work. 
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Chapter 2 

Application of Nanostructured Co, 

Ni, Co9S8 and Ni3S2 and 1D 

Synthesis Methods. 

2.1 Preamble 

In this chapter I discuss the importance of the material systems I have inves- 

tigated and provide a comparison of the synthesis methods I have developed 

and other growth methods that have been demonstrated (for the same mate- 

rial systems). 

2.2 Transition Metals and Transition Metal Sulfides 

In addition to 1D morphology, the material systems investigated in this study 

(Co, Ni, Co9S8 and Ni3S2) are important due to their properties and earth 

abundance. Figure 3.1 highlights the relative abundance of elements in the 

Earth’s upper crust. While the abundance of rare earth elements including 

Yb and Ce is comparable to common metals such as Ni, these elements are 

not found in rich, concentrated ore deposits which makes their extraction 

and processing costly.79 Technologies based on abundant materials found in 

rich deposits offer relatively cheap raw material costs which are a dominant 

costs.38,207 factor in manufacturing Co, Ni and S are readily available and 

cheap as they are Earth abundant and can be found in rich deposits. 
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Synthesis Methods. 

FIGURE  2.1:  Abundance of chemical elements, shown as an 
atomic fraction of 10 6 Si atoms, with atomic number.[79] 

Of all the elements in the periodic table, metals make up more than two 

thirds and present a wide array of starkly different properties. Investment 

into technology based on Earth abundant resources such as transition met- 

als is important for low-cost deployment. Nanostructured Co and Ni have 

demonstrated important properties for applications in storing digital infor- 

mation, catalysis, spintronic based devices, sensing and biomedical applica- 

tions such as therapeutics, diagnostics and separation, much of which is due 

to their magnetic properties.213,231,242,198,75 The spin coupling between incom- 

plete d shells in atoms such as Co, Fe and Ni gives rise to a net electron spin 

state known as ferromagnetic alignment.262 Research into magnetism, partic- 

ularly in symmetry breaking nanostructures (e.g. nanowires), has uncovered 

interesting behaviors and remains an area of intense focus. 

As research has uncovered the behaviours of ferromagnetic materials, 

particularly in nanostructured materials, new technologies and applications 

have been conceptualized. Control over the spin degree of freedom of the 

electron has lead to the emergence of spin-based devices including spin FETs 

(field effect transistors), spin-LED (light emitting diode), spin RTD (resonant 

tunneling devices), high-speed optical switches and others. Ferromagnetic 

materials including Co and Ni are fundamentally important to many of these 

applications.242 The emerging field of spintronics has seen the marriage of 

electronics, photonics and magnetism which promises to have substantial 

impact of future technologies.242
 

Research into transition metal sulfides (TMSs) has been driven by their 

physical and chemical properties, cost and Earth abundance.113,182  The de- 

velopment of sustainable renewable energy sources remains a key challenge 
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across many disciplines. At the heart of this is the development of advanced 

energy storage and conversion technologies. Promising candidates include 

next generation Li and Na ion batteries for portable and grid energy stor- 

age, and energy conversion devices such as electrocatalysts.266 A key problem 

with electrocatalyst materials is that they are only active for a single reaction. 

Traditionally, only noble-metal-based materials including Pt, IrO2 and RuO2 

have been shown to promote oxidative and reduction reactions.6,155,26,5 Their 

deployment in large scale industrial applications is hindered through their 

scarcity, cost and poor stability.6 

Nanostructured transition metal sulfides including Co9S8 and Ni3S2 have 

proven highly promising and stable electrocatalysts for important energy 

conversion reactions. The slow rates of anodic oxygen evolution reaction 

(OER) has been isolated as a key technical challenge preventing wider de- 

ployment. Huang et al. was able to show high catalytic activity and longterm 

stability toward both OER and HER in alkaline media using a doped Co9S8 

nanoparticle catalyst.90 The high catalytic activity of Co9S8 for ORR was pre- 

dicted by Sidik et al. and is shown to be comparable to Pt.192 Similarly Ni3S2 

nanorods have been demonstrated to act as a high performance OER electrocatalyst.269
 

In other transition metal chalcogenides nickel telluride (NiTe2) nanowires 

were demonstrated to act as a better catalyst for hydrogen generation over 

Pt.4 In battery applications transition metal chalcogenides (TMCs) such as 

FeS2 have higher theoretical specific capacities for Li and Na ion batteries 

compared with traditionally used materials (LiMo2 where M = Mn, Ni, Co).123 

Co9S8 has demonstrated high specific capacity/capacitance of lithium/sodium 

storage (in the range of ∼300-800 mAh g−1) which is greater than carbon/graphite 

materials currently used in these applications.266,47,182
 

Much of this behaviour is unique to TMCs with corresponding oxide 

phases showing diminished physiochemical properties.  For example, sul- 

fides show a diverse bonding structure, a wealth of 0D, 1D and 2D morpholo- 

gies and complex valence states that exceed their respective oxide phases. 

TMCs demonstrate higher conductivity than their corresponding oxide phase, 

as well as better mechanical and thermal stability.182 The faster charge trans- 

fer kinetics of TMCs make them more electrochemically reversible and give 

them a rich redox chemistry that contributes to their high specific capac- 

ity/capacitance and catalytic activity.267,57
 

 

 



Chapter 2. Application of Nanostructured Co, Ni, Co9S8 and Ni3S2 and 1D 
20 

Synthesis Methods. 

2.3 Co and Ni Nanowires 

Synthesis approaches to Co and Ni nanowires largely fall into two categories: 

template-assisted growth and capping reagent supported growth. Notably 

Co and Ni nanowires have not been demonstrated to grow by the VLS mech- 

anisms. Applications as storage units in high density magnetic data storage 

devices has seen intense focus on the growth of dense arrays of Co and Ni 

nanowires. This has motivated research into electro-deposition with porous 

templates. Pioneering work by Whitney et al. and later Thurn-Albrecht et 

al. showed a route to high density cobalt and nickel nanowires with high 

coercivity by electro-deposition into porous polycarbonate membranes and 

block copolymer templates, respectively.240,213 Since this discovery, work has 

sought to improve control over morphology, crystal phase and the crystal- 

lographic orientation (due to the magnetic anisotropy of the crystal).234,149,214 

To date, the formation of single-crystalline nanowires with controlled ori- 

entations have been demonstrated, however the major disadvantages of the 

growth technique include the multiple steps associated with the process, as 

well as surface roughening and contamination due to the template and its 

removal. Beyond data storage devices Co nanowire arrays can be used to ap- 

ply mechanical forces to cells or to measure traction forces in cells.198 Quite 

an interesting demonstration of template-assisted growth is the use of fib- 

rillar biological molecules and biomolecular assemblies as a scaffold for the 

formation of 1D materials.109,64 This has been exploited for a number of dif- 

ferent material systems using different templates including DNA, proteins, 

viruses.64,144,147 peptides and Knex et al.  demonstrated the growth of 3 nm 

Co and Ni nanowires using the hollow structured tobacco mosiac virus as a 

template.109
 

Capping reagent supported Co nanowire synthesis has been demonstrated 

in a number of different studies.  The profound influence of Alivositos on 

the field of nanocrystal synthesis is again highlighted by his work on cobalt. 

In this work HCP Co nanorods are synthesized by the injection of Co2(CO)8 

into a heated bath containing the surfactants oleic acid and trioctylphosphine 

oxide (TOPO).169  Similar work on the solution based synthesis of HCP Co 

nanowires was also shown by Dumestre et al.50 Soumare et al. demonstrated 

the synthesis of HCP Co nanorods by heating cobalt(II) carboxlate salts in the 

presence of NaOH and 1,2-butanediol, a process later modified by Gandha 

et al. in which record high room-temperature coercivity was measured.200,61 

The nanowires are single-crystal with the c-axis (002) along the long axis of 
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the wire. 

Studies of note that do not fall into either of the above two categories in- 

clude Co nanowire growth by epitaxial metal-organic CVD (MOCVD). In this 

work Kim et al. demonstrated the growth of single-crystalline Co nanowires 

on a m-cut sapphire substrate.108  Characterization shows the nanowires to be 

pure phase FCC structures with identical orientation, however, the tech- 

nique produced a low yield of Co nanowires. It is not clear what gives the 

nanowires their shape anisotropy in the study.  In another example of epi- 

taxial growth Liakakos et al.  showed the growth of dense HCP nanowires 

with preferred c-axis orientation by solution phase epitaxial growth.127  Ni 

nanowire arrays have also been grown by CVD on an amorphous SiO2 surface.25 

The nanowires are single crystalline and growth is shown to occur in the 

(001) direction.  Co nanowires have also been formed by focused electron 

beam induced deposition. The process involved the decomposition of a volatile 

cobalt precursor under a focused electron beam. The deposited material has 

a psuedo amorphous structure with high levels of contamination from as- 

sociated ligand fragments. Subsequent annealing is able to both purify these 

deposits and improve their crystallinity.140 Ni nanowire growth has also been 

reported by the reduction of nickel(II) in ethylene glycol using hydrazine hy- 

drate (in the absence of any seed or surfactant).111 The proposed mechanism 

is the orientated attachment of Ni nanoparticles. 

2.4 Co9S8 Nanowires 

The rich phase diagram of transition metal sulfides is never more evident 

than in the cobalt and nickel system. Binary cobalt sulfide phases include 

CoS, CoS2, Co2S3, Co3S4, Co4S3, Co9S8.172 As a result synthesis of nanocrystals 

with a pure Co-S phase remains challenging. Most 1D cobalt sulfide synthe- 

sis studies utilize an anion exchange reaction, which involves the sulfidation 

of a starting CoX nanocrystal.253,143,168,28 Few studies have demonstrated the 

direct synthesis of Co9S8 nanocrystals including nanowires.27,124,270,48,270,204 To 

the best of my knowledge the only reported technique for the direct synthesis 

of Co9S8 nanowires involves pyrolysis of a sulfur/thiol containing precursor 

over a Co/MgO catalyst as first reported by Du et al.48 The method requires 

the use of a foreign catalyst and produces nanowires with a wide size distri- 

bution. 
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Chapter 3 

Relevant Background 

Understanding 

3.1 Preamble 

In this chapter I discuss theory regarding bottom-up formation of nanocrys- 

tals with an emphasis on nanowires. In particular I focus on the reactions 

that take place and how capping ligands influence thermodynamic forces 

and kinetic barriers that drive nanocrystal shape and symmetry. Having ex- 

amined the relevant background, I will discuss the experimental systems and 

methods I have employed in achieving mechanistic understand of the growth 

processes. 

3.2 Crystallization 

Crystallization is a process by which individual constituents are arranged 

into ordered 3D arrays. The process involves a phase transition from high 

free energy in the reactant state to low free energy in an ordered lattice. The 

physical and energy landscape for the incorporation of a chemical species 

into a crystal lattice is shown in Figures 3.1a and b (respectively). The en- 

ergy landscape in Figure 3.1b provides an illustration of the thermodynamic 

driving forces and the kinetic barriers during crystal growth. Equilibrium 

morphology and phase are determined by the shapes and depths of minima 

and the kinetics by the maxima. Understanding the energy landscape is criti- 

cal to the formation of high-quality nanocrystals of varying morphology and 

composition. 
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FIGURE 3.1: Schematic of the physical (a) and energy (b) land- 
scape during crystallization from a starting molecule.[43] 

3.3 Solution Phase Synthesis of Nanocrystals 

3.3.1 Background 

Solution phase techniques provide one of the most powerful means to syn- 

thesize monodispersed nanocrystals with control over size, composition and 

shape.197,258 Solution-grown colloidal nanocrystals posses an inorganic core

that is stabilized by a chemical species attached to their surface, known as 

a capping reagent. In one of the earliest examples of colloidal synthesis Fara- 

day demonstrated the formation of Au nanocrystals by the reduction of gold 

chloride.59 Work that followed by Henglein and Brus expanded to CdS col- 

loidal nanocrystals by a method known as hot-injection synthesis.83,180 Fol- 

lowing this, seminal work by Murray et al. on CdE (E = S, Se, Te) nanocrystal 

synthesis was reported.150 To date, the material systems and morphologies 

reproducibly grown are numerous. As commercial applications based on 

these materials are on the cusp of being realized, demands on synthesis pro- 

cedures have shifted to include production of large quantities of monodis- 

persed nanocrystals.258,175 This has promoted research into solution-based 

techniques. However, due to a lack of fundamental understanding, much 

of the work involved in syntheses remains an art and not a science. 
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3.3.2 Nucleation and Growth 

The crystal habit of nuclei determines many of the properties of the form- 

ing crystal structure including composition, concentration, morphology and 

polymorphism.223 Nucleation (homogeneous growth) involves a phase tran- 

sition from the parent phase (precursor) to the daughter phase (nucleated 

monomer.158,223,156 crystal) via an intermediate species known as Figure 3.2

illustrates the processes involved in nanocrystal growth. Thermally stimu- 

lated dissociation of a precursor species (P) to form monomer (M) is a first 

order transition with a rate defined by kf . If we simply consider a precipita- 

tion reaction in a closed system, nucleation occurs when monomer concen- 

tration is raised above a critical level known as supersaturation.51 Monomer 

can then aggregate to form nucei; the rate is given by k1,p. Monomer can also 

be incorporated into a growing crystal (heterogeneous growth). Heteroge- 

neous growth is a competitive process governed by the rate of dissolution of 

monomer and incorporation of monomer shown as kd and kg respectively. 

FIGURE 3.2: a) Schematic showing the processes involved with 
nanocrystal nucleation and growth.[51] 

In 1950 LaMer provided the first argument for the nucleation of nanocrys- 

tals based on free monomer concentration (supersaturation) in solution, the 

foundation of which was thermodynamic understanding of free energy change 

published by Gibbs in 1876 and 1878.67,68 Under supersaturated conditions, 

the solute chemical potential is greater than that of the molecules in the 

crystal.159,223 Classical nucleation theory proposed that spontaneous and ran- 

dom aggregation of monomer occurs from liquid or solution form which as- 

semble into nascent crystals.67,188 The large fraction of active surface atoms in 

the aggregate is intrinsically unstable, therefore formation of a stable nucleus 
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was believed to occur on a short time scale and overcome an energy bar-
rier. Based on the high free energy of monomer aggregates and nuclei, struc-
tures below the critical radius (rcrit) were re-dissolved and monomers were
re-supplied in the solution phase. Growth of stable nuclei occurs through
monomer-by-monomer attachment. The relationship between the change in
the chemical potential and creation of a new surface is given by:

ΔG(n) = −nΔμ+ 4πr2γ (3.1)

Where G is the Gibbs free energy, the change in the chemical potential is
given by Δμ for the number of constituents (n), and the surface free energy
per unit area (γ) for a sphere with radius r. The surface free energy is positive
and proceeds to destabilize the nucleus. Formation of stable nuclei occurs by
the addition of monomer to a metastable nuclei. The reaction is given by:

M +Mn −k−−1−−,n↽ ⇀−
k−1,n

Mn+1 (3.2)

The equilibrium constant (K1,n) for the reaction is:

K1,n =
k1,n
k−1,n

=
[Mn+1]

[M ][Mn]
(3.3)

The standard change in free energy for the reaction shown in 3.2 is given
by ΔG0

1,n = −kBT lnK1,n. The condensation of monomer onto an infinitely
large surface M∞ is expressed as ΔG0

1,∞ = −kBT lnK1,∞. The sum of the
surface and volume free energy changes for a particle upon addition of a
monomer is the difference in the Gibbs free energy between the addition of
a monomer to an infinitely large particle and that of a particle with a finite
number of units.52 This is expressed as ΔG0

1,n − ΔG0
1,∞ = ΔG1

vo
,n
l + ΔG1

sur
,n

f

which gives:

− kBT ln(K1,n/K1,∞) = ΔG1
vo
,n
l +ΔG1

sur
,n

f (3.4)

Thus the equilibrium constant is the product of the equilibrium constant
for the condensation reaction of a monomer on a infinitely large surface and
the Gibbs free energy barrier to the addition of a monomer to a particle with
n units:

K1,n = K1,∞e
−(ΔG1,n

N)

kBTV (3.5)

TV is the nucleus temperature, kB is the Boltzmann constant and ΔG1,n
N

is the Gibbs free energy for adsorption to a nucleus with n units. Formation
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of a stable nuclei is contingent on n > p (i.e. greater than the critical radius).

B

Radius

FIGURE 3.3: Diagram illustration free energy of nanocrystal nu-
cleation (adapted from [209]).

The competition between bulk (ΔGB) and surface (ΔGS) free energy con-
tributions to nuclei stability is shown in Figure 3.3 for an arbitrary system.
Above the critical radius size (rc) bulk contributions begin to dominate to
stabilize the structure. The barrier to forming a stable nuclei is represented
by Gcrit which is overcome once the nascent crystal reaches a critical radius
(rc). Gibbs-Thomson first described the relationship between solubility and
particle radius. The total free energy is given by:

ΔG = ΔGS +ΔGB (3.6)

The free energy of the surface and bulk are given by ΔGS and ΔGB re-
spectively. Here the contribution from the surface energy (ΔGS) enhances
the free energy of the system according to:

ΔGS = 4πr2γ (3.7)

Where r is the radius of a spherical nuclei and γ is the surface energy.
Bulk contributions to the total free energy of the system (denoted by ΔGB)
may be expressed as:

ΔGB =
4πr3

3
ΔGv (3.8)
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FIGURE 3.4: Nanocrystal size distribution under differing nu- 
cleation conditions including: a) burst nucleation, b) slow nu- 

cleation and c) seed mediated conditions).[236] 

Monodipersed nanocrystal growth occurs in conditions in which nucle- 

ation is fast (Figure 3.4a). Monomer depletion due to rapid nucleation leads 

to a cessation in nucleation where the remaining monomers are consumed by 

growing nanocrystals. Conditions in which nucleation is slow leads to poly- 

dispersed nanocrystals (Figure 3.4b). This is due to the slow decrease in the 

supersaturation in the solution where sufficient monomers reside to nucleate 

new crystallites on a longer time scale. An alternative method using seed 

nanocrystals can enable control over nucleation (Figure 3.4c). The use of a 

crystal seed to support growth bypasses the high energy barrier involved in 

homogeneous nucleation by providing a base for molecular attachment.188,101 

Seed-mediated growth allows for precise control of growth kinetics to form 

nanocrystals with predetermined morphology and crystal phase.245
 

Classical nucleation theory still forms the basis of our understanding and 

successfully describes various phenomena such as the condensation of wa- 

ter droplets from vapour.85 The direct formation of nuclei from small aggre- 

gates is shown by the diagonal arrow in Figure 3.5a (as described by classical 

 

The Gibbs free energy per each unit volume (ΔGv) is given by ΔGv =

−RT
Vm

ln(S); R is the gas constant, T is temperature, S is the level of supersat-
uration (S = [M ]/[M∞]) and Vm is the molar volume of the monomer. Thus
the total Gibbs free energy of the system (ΔG) is:

4πr3RT ln(S)

3Vm

ΔG = 4πr2γ − (3.9)

The relationship describes the total free energy of the system (ΔG) for a
spherical particle with radius r and surface energy γ.
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FIGURE 3.5: a) Monomer concentration and b) schematic illus- 
tration during monomer aggregation and nanocrystal. c) Free 

energy diagram for two-step nucleation.[223] 

theory).  However for more complex systems, it breaks down completely, 

predicting nucleation rates that are 10 orders of magnitude slower than ex- 

perimentally measured rates for lysozyme and ice.54,134,224,185 Experimentally 

supported proposal of the two-step nucleation process was presented by ten 

Wolde and Fenkel which built in greater complexities and dynamics of chem- 

ical species in a supersaturated solution.241 Non-classical nucleation models 

have emerged with widespread agreement in an additional step that pre- 

cedes nucleation.222,43 A schematic and free energy diagram for two-step nu- 

cleation theory is shown in Figure 3.5. Figure 3.5a illustrates the monomer 

concentration during the stages of nucleation and growth. Figure 3.5b shows 
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a schematic of the processes preceding nanocrystal growth which include for- 

mation of a supersaturated solution, monomer aggregates and cluster forma- 

tion, homogeneous growth and heterogeneous growth. Experimental obser- 

vations have also shown the formation of nuclei inside suspended metastable 

clusters several hundred nanometers in size, contrary to classical 

theory.223
 

growth 

3.3.3 Thermodynmics and Kinetics 

FIGURE  3.6:  Energy landscape for the formation of products 
under thermodynamic and kinetic control.[236] 

Systematic control during crystal growth hinges on an understanding of the 

thermodynamic and kinetic processes. If we consider the reaction between 

reactants A and B, product C or product D can form depending on whether 

the reaction is thermodynamically or kinetically controlled (Figure 3.6). A 

product can form because it is the most stable state or because the path- 

way to its formation has the lowest associated energy barriers.236 For a ther- 

modynamically controlled reaction, reactants A and B form Product C and 

the equilibrium constant (K) is exponentially dependent on the driving force 

∆Go (Equation 3.10). Here, the most stable state is reached, which may follow 

several intermediate product states. If the reaction is kinetically controlled, 

product D forms.  The reaction is significantly faster as the rate constant is 

exponentially dependent on the activation energy (Equation 3.11). 

 

K = e−
ΔG
RT (3.10)

k1 = Ae−
E
RT
a

(3.11)

In practice, discerning whether a particular nanocrystal synthesis proce-
dure is thermodynamically or kinetically controlled can remain challenging.
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Means of studying this in chemistry cannot be adapted to nanocrystal growth 

owing to the heightened complexity. Unlike a typical chemical reaction mul- 

tiple concurrent processes are occurring during nanocrystal synthesis. For 

small metallic clusters ( >100 atoms), calorimetry and computer simulations 

can determine the relative stability of the initial, intermediate and product 

states.236 Detailed thermodynamic and kinetic analyses have been reported 

on systems of this scale.9,11,10 For larger systems, new methods are required, 

concentrating on dominant factors and major trends.191,236 The reaction con- 

ditions can be optimized to maximize the nanocrystal yield under thermo- 

dynamically and kinetically controlled synthesis procedures. Under thermo- 

dynamical control, yield may be optimized by increasing the temperature 

and time to allow the reaction to approach equilibrium, while under kinetic 

control the temperature should be enough to enable the reaction to proceed 

and the product should be isolated as quickly as possible. The influence of 

competitive reactions and reverse reactions must me minimized. 

3.3.4 Equilibrium Nanocrystal Shape 

Minimization of the total interfacial free energy drives a waterdroplet to form 

spherical shapes, (surface-free energy is for a surface in vacuum). This can be 

simply illustrated by considering the forces acting on a molecule in a water 

droplet and on the droplet surface (Figure 3.7). The strong hydrogen bond- 

ing between molecules and the weak interactions with air cause a net force on 

surface molecules towards the center of the droplet driven by the maximiza- 

tion of favorable bonding interactions. The stronger the bond interaction the 

greater the force to reduce the surface area. The same forces drive the equi- 

librium shape of nanocrystals. In contrast to molecules in a water droplet, 

the energy landscape becomes complicated by packing efficiency of surface 

atoms, charge distribution and capping ligands. 
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FIGURE 3.7: Illustration of net forces acting on surface atoms 
and atoms in the bulk in a water droplet.[236] 

The shape of inorganic nanocrystals is governed by a combination of ener- 

getic and kinetic factors.22,33 For single domain nanocrystals the energy land- 

scape is dominated by the relative surface energy of different crystal facets, 

surface charge and capping ligands; it is therefore challenging to determine 

if the formation of a nanocrystal is thermodynamically or kinetically con- 

trolled. 

FIGURE 3.8: Equilibrium shape of nanocrystals due to surface 
free energy contributions.[236] 

 

The controlling forces in a single-domain nanocrystal seek to minimize
the total surface free energy, which is the sum of the products of the surface
free energy (γ) for a facet and its surface area (A) ΔG =

∑
γiAi. An approx-

imation of the most stable product, for a given volume, can be calculated
based on the thermodynamics using Wulff construction.84,246 Bond interac-
tions govern the stability of a facet. The surface energy of major facets in
a FCC crystal in increasing order is: γ(111) < γ(100) < γ(110).237,264 High-energy
facets contain low-coordinated atoms, therefore low energy barriers associ-
ated with incorporation of chemical species. The exponential dependence
of the growth rate on the surface energy leads to the disappearance of high
energy facets as they become flanked by slow forming, low energy facets.258
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This explains why surface coverage of nanocrystals tends to be dominated 

by low-index facets.171,221 A system in which only one facet is preferred pro- 

duces a polyhedron with sharp edges and corners, examples include octa- 

hedra with (111) facets or cubes with (100) facets.236 Equilibrium shape is 

rarely achieved in nanocrystals.43 Commonly, nanocrystals appear with trun- 

cated edges and corners on account of the small energy difference between 

facets.236 Defects, charge distribution (in ionic crystals) and capping surfac- 

tants also shape the energetics of crystal formation. Until now single element 

nanocrystals were discussed, however in ionic crystals such as NaCl equilib- 

rium shape is strongly influenced by charge distribution. The result is the 

stability of (100) facets in NaCl owing to their neutral charge. 

3.3.5 Capping Ligands 

Molecular species with relatively strong binding affinity to nanocrystal facets 

are known as capping reagents.70 This includes surfactants, polymers, mono- 

tomic ions (e.g. Cl– , Br– , I– ) and small gas molecules (e.g. CO, O2, H2S). 

These species act as chemical impurities that lower the interfacial energy 

through absorption to a surface.43,258 Their deployment has enabled (1) sta- 

bilization of nanocrystals, particularly on the size scale in which the interfa- 

cial free energy dominates, (2) morphology control or the selective formation 

of facets and (3) to drive anisotropic growth in nanocrystals. They may be 

added independently of growth precursors or formed during precursor de- 

composition. Stabilization of a surface by the interfacial energy change can 

be used to precisely modulate the growth rates of different sets of facets, thus 

achieving a thermodynamic means of shape control.246 Figure 3.9 shows the 

rich morphologies of monodomain Ag nanocrystals formed under different 

reaction conditions with different capping reagents. The results show that at 

smaller sizes Ag nanocrystals form a Wulff polyhedral profile (to minimize 

surface energy), the addition of polyvinylpyrrolidone (PVP) during growth 

results in stabilization of {100} facets which drive the formation of cuboctahe- 

drons (Figure 3.9a) and perfect nanocubes (Figure 3.9b).246 In the presence of 

Br– anisotropic growth can be achieved resulting in Ag nanorods (see Figure 

3.9e). 

The energy with which ligands bind to a facet can vary by an order of 

magnitude depending on the surface. An example is citric acid to Ag {111} 

and {100} surfaces which is 13.8 and 3.7 kcal/mol respectively.103  Change 

in the interfacial energy has also been shown to lead to the stabilization of 
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FIGURE 3.9:  Electron microscopy images of monodomain Ag 
nanocrystals prepared under different reaction conditions with 

different capping reagents.[246] 

high index facets.  This is evidenced by the formation of Au trisoctahedral 

nanocrystals with high index {221} facets using hexadecyltrimethylammo- 

nium chloride.137
 

Figure 3.10a shows the nanocrystal morphology with different relative 

concentrations of oleic acid to oleyamine. Equilibrium crystal shape is shown 

in Figure 3.10b based on surface coverage and binding energy of oleic acid 

on {100} and {111} facets of a PbSe nanocrystal. The studies highlight the im- 

portant relationship between the crystal habit with ligand concentration and 

binding energy. The equilibrium shape is computed based on the change 

in the surface energy using density functional calculations and compared 

with experimental results.125,13 The dependence on surface coverage with 

oleic acid binding affinity results in considerably higher surface coverage 

on the reconstructed PbSe{111} facets when compared with PbSe{100} facets. 

Therefore low concentrations of oleic acid results in high surface coverage 

of PbSe{111} surfaces leading to their stabilization and negligible coverage on 

PbSe{100} surfaces. The result is an octhedral equilibrium core shape. High 

 

 



3.3. Solution Phase Synthesis of Nanocrystals 35 

concentrations of oleic acid produces a relative change in interfacial energy 

(PbSe{111} < PbSe{100}) which results in the formation of cube nanocrystals. 

The crystal habits for conditions between the two extremes are also included. 

FIGURE 3.10: TEM and HRTEM images of PbSe nanocrystals 
with different crystal habits including (a and b) spherical, (c and 
d) cubic and (e and f) cuboctahedral .[125] g) Change in equilib- 
rium shape based on surface coverage of {100} and {111} facets 

and the corresponding ligand affinity.[13] 

Stability of a terminating ligand depends on (1) the affinity for a surface 

or the chemical bonding at the surface site (2) the interactions with neigh- 

boring ligands and (3) the surrounding chemical environment (i.e. solvent 

effects).167 Typical surfactants have electron-donating atoms to allow coor- 

dination to electron-poor metal surface atoms.258 Binding of ligands during 

nucleation and growth is a dynamic process, in which adsorption and des- 

orption is ongoing.98 Selective deployment of capping ligands thus forms a 

powerful tool for shape engineering of nanocrystals. Relative control is de- 

termined by the ligand-surface bond type and strength and ligand-ligand 

interactions. Despite its wide use and importance, a full understanding of 

the mechanism in which capping ligands shape nanocrystal morphology is 

still elusive. 

3.3.6 Symmetry Breaking Growth 

Low symmetry structures, such as nanowires, that evolve from high symme- 

try nuclei requires a symmetry breaking event.229 Understanding the mech- 

anism by which symmetry breaking growth occurs has proven challenging, 

and the role of chemical species complex. The high surface area of anisotropic 
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shapes make them likely metastable and by definition their formation is ki- 

netically governed.258 Mechanistic studies of capping reagents have uncov- 

ered behavior beyond simple passivation of a family of planes. In many stud- 

ies, capping ligands work in conjunction with defects or catalysts to promote 

1D growth. Considering the equilibrium shape of a monodomain FCC nu- 

cleus, equal passivation of any family of facets inhibits any symmetry break- 

ing growth. For example the equilibrium shape of a monodomain FCC crys- 

tal forms a truncated octahedron bound by 6 {100} and 8 {111} facets (Figure 

3.11). If growth is terminated on all {111} facets due to the presence of a cap- 

ping ligand, the resulting morphology is a symmetry conserving octahedron 

bound by equivalent {111} facets.225 Thus in many examples of symmetry 

breaking growth there is a gap in explaining the inequivalent growth rates of 

equivalent facets from symmetrical nuclei.236 Understanding of how surfac- 

tants support 1D growth is an active area of research. 

FIGURE 3.11: Schematic illustration the resulting morphology 
based on symmetry conserving and symmetry breaking growth 
from the equilibrium crystal habit of a monodomain FCC crys- 

tal nucleus.[225] 

The relative simplicity (when compared with other methods), the high 

quality of the product and the ability to be scaled up to produce grams of 

material has driven extensive research into solution-based syntheses of metal 

(Au, Ag, Pd and Cu) nanowires.173 Widespread belief was that the oxidation 

of the reducing agent produced electrons to reduce the metal cation in the 

presence of a capping agent to direct growth. The complex effects are high- 

lighted in a study on 1D growth of monodomain Pd nanocrystals. Here, the 

authors propose that 1D growth is induced by localized oxidative etching in 

the presence of bromide. Under this mechanism the starting nucleated seed 

is a monodomain cube contained by {100} facets formed via the presence 

of a chemisorbed bromide layer.250  Localized oxidative etching on a single 
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face occurs with the assistance of water, making the site active for the ad- 

dition of Pd atoms. The addition of adatoms out-competes dissolution by 

etching and the net effect is anisotropic growth to form a nanobar enclosed 

by {100} facets (Figure 3.12).250,247 An octagonal nanorod bound by {100} and 

{110} facets is formed if the seed crystal is cuboctahedral in shape.250 Experi- 

mental work to test this theory was conducted by adding citric acid to block 

oxidative etching, the resulting morphology was nanocrystals with reduced 

aspect ratio suggesting that oxidative etching drives anisotropic growth.250,251 

The authors support this argument by noting that in similar studies oxidative 

etching can occur on a single surface when equivalent facets are present. The 

cited studies include corrosion of a single face on a Pd nanocube that is sur- 

face terminated by PVP and all sides are equivalent {100} facets, similarity 

localized etching of a surface on a Au nanocube during galvanic replacement 
248,205 reaction with HAuCl4 the cube has six equivalent Ag{100} facets. Selec- 

tive oxidation was also reported on the tips of single crystal Au nanorods 

formed by {100} facets which was not apparent on the side {100} facets.220 

This study on anisotropic growth in Pd is one of the very few in which a 

mechanism is proposed and evidenced. 

FIGURE  3.12:  Seed evolution of a monodomain nanocrystal. 
R is the ratio of the growth rates along the <100> and <111> 

directions.[246] 

The commonly held belief is that functional amine groups facilitate 1D 

growth of five-fold twinned Cu nanowires by facet specific termination (cap- 

ping reagent mechanism). Capping agents used in syntheses studies in- 

clude ethylenediamine (EDA), hexadycylamine (HDA) and octadecylamine 

(ODA).107,133,146,254 Prevailing theory has been that the capping ligand prefer- 

entially adsorbed to side-wall {100} facets, promoting incorporation of metal 
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atoms onto {111} facets at the end of the growing nanowire. However, mecha- 

nistic studies based on electrochemical measurements of single crystal Cu(111) 

and Cu(100) showed that EDA increased the reduction rate of Cu(OH)2 
–  on 

a {111} facet relative to {100}.107  The results prove that EDA does not act to 

inhibit growth on side-wall {100} facets, rather it promotes the reduction of 

Cu(OH)2 
–  on {111} end facets which restricts the formation of Co oxide. Cu 

oxide preferentially formed on nanowire side ({100}) facets, acting to inhibit 

radial growth.  Figure 3.13 shows the reduction efficiency of Cu(111) and 

Cu(100) single-crystals as a function of time, and a schematic illustrating the 

mechanism by which anisotropic growth occurs. 

FIGURE  3.13:  a) Electrochemical measurements showing the 
different efficiencies of Cu oxide reduction between the (111) 
and (100) planes. b) Schematic representation of the diffusion- 

limited process.[107] 

 

The use of capping reagents to achieve symmetry breaking growth is
largely studied in wet-chemical synthesis techniques, however more recently
has been noted to play an important role in vapor based techniques includ-
ing the VLS mechanism.196,257 In the first example ligand fragments, liberated
upon Au catalyzed growth of Ge nanowires, chemisorb to stabilize nanowire
side-wall facets.196 Under low surface coverage conditions of the ligand frag-
ments, radial growth leads to tapering. Operando infrared (IR) spectroscopy
measurements confirm the presence of chemisorbed H through ν(Ge – H) ab-
sorption bands during growth. The relative surface coverage is critical to
stable axial growth (Figure 3.14a). The terminated hydrogen fragments are
generated through the dissociative adsorption of the nanowire growth pre-
cursor Ge2H6. In the second example sulfur vapour is introduced during the
growth of Au catalyzed GaSb nanowires. Stabilization of the nanowire sur-
face is shown to occur through the formation of S-Sb bonds on the nanowire
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surface which acts to prevent unintentional radial growth.257 Figure 3.14b 

shows the formation of tapered nanowires in the absence of sulfur vapor 

(top), and the uniform diameter in the presence of sulfur along the entire 

length of the nanowire exceeding 10 µm in length. Important consequences 

of this work is the improved transport properties of nanowires. Morpho- 

logical imperfections including surface roughness and tapering act to scatter 

carriers affecting the overall performance. Yang et al. showed that the peak 

hole mobility improved by an order of magnitude (20 to 200 cm2/V.s) by 

eliminating radial growth of nanowires with the introduction of a capping 

ligand.257

FIGURE  3.14:  a) Resulting nanowire morphology with pre- 

cursor  partial  pressure  and  temperature.[107]  b)  TEM  and 
schematic  images  illustrating  nanowire  morphology  in  the 

(top) absence of sulfur and (bottom) presence of sulfur.[257] 

3.3.7 Defects and Anisotropic Growth 

Defects in crystals highlight the important relationship between crystal habit 

and the resulting nanocrystal morphology. This is arguably most evident in 

the growth of low symmetry materials such as nanowires and nanoplates. 

Amongst the types of defects (point, linear, and planar) planar defects in- 

cluding twin defects and stacking faults are most influential in determining 

morphology.70
 

In solution-based syntheses, the rate at which monomer is generated has 

been shown to shape the crystal habit of the seed. Studies of Pd show that 

monodomain seeds are formed when monomer generation is comparatively 

fast.  Whilst conditions which lend itself to slower generation of monomer 
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FIGURE 3.15: Anisotropic growth from crystal nuclei with com- 
mon defects: five-fold twin boundary and stacking faults.[246] 

produce multiple twinned seeds.247 The rate can be controlled by the reaction 

temperature and strength of the reducing agent, mild reducing agents such 

as citric acid or ascorbic acid promote the formation of twinned seeds.247 The 

extra strain energy (in twinned nanocrystals) is compensated for by maxi- 

mizing the surface coverage with {111} facets to achieve the lowest surface 

energy.2 The crystal habit of twinned seeds produces twinned nanowires 

(Figure 3.15). In the case of Pd pentagonal twinned nanorods anisotropic 

growth occurs through stabilization of {100} planes by bromide and prefer- 

ential axial growth to minimize the strain energy.249 Planar defects known as 

stacking faults are common defects found in FCC metals owing to the low 

energy barrier to their formation under slow reaction conditions.65 These de- 

fects form parallel to the (111) surface and play an important role in the for- 

mation and growth of plate-like nanodisks (Figure 3.15).65
 

3.3.8 Nanocrystal Growth Using Vapor-Phase Precursors 

Nanocrystal growth using vapor-phase reactants shares many similarities 

with solution based such as similar basic chemical reactions involved with 

precursor conversion. The process includes transport of precursor species, 

pyrolysis, nucleation and growth. Volatile precursor species are carried to a 

locally or globally heated substrate, pyrolysis of the precusor species leaves 

reactive chemical species for crystal growth. Then through homogeneous or 

heterogeneous addition nucleation and growth occurs. Typically growth by 

chemical vapor deposition occurs at high temperatures and involves the use 

of a catalyst and/or capping ligands. 
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3.4    Experimental Set-Up 

High vacuum annealing work was performed using a home built reaction 

chamber (Figure 3.16). The chamber and gas delivery lines are assembled 

from purpose-built, ultrahigh vacuum parts all with ’metal-on-metal’ seals 

using copper and stainless steel gaskets. Samples are mounted directly onto 

a stainless steel stage and held in place using a stainless steel clip. A replica 

substrate is also mounted onto the stage with a K-type thermocouple clipped 

to the surface. The commercial heater consists of a pyrolytic graphite resis- 

tance heating element housed within pyrolytic boron nitride (PN/PGN), is 

capable of annealing experiments at temperatures greater than 1500oC (in a 

non-oxidising environment) and is ultra-high vacuum compatible. The sys- 

tem is pumped with an Edwards x10 series scroll pump and turbo molecular 

pump (TMP). The pumps are oil free to eliminate the back diffusion of con- 

taminants. A capacitance manometer (10 Torr Baratron) is used for low pres- 

sure measurements and an ion gauge pump (IGP) for high vacuum pressure 

recording. A shut-off valve isolates the IGP from the system during vent- 

ing or low pressure experimental work. The temperature and pressure are 

recorded by an in-house constructed labview program. Dedicated heating 

lines hold the chamber and gas delivery lines at 60 to reduce the resi- 

dence time of adsorbates enabling more efficient exhausting of contaminants 

including water and hydrocarbons. 

oC 

FIGURE  3.16:  Schematic illustrating high vacuum annealing 
chamber. 
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FIGURE 3.17: Schematic illustrating stage configuration for in 
situ SEM characterization during nanowire growth. 

In situ FESEM characterization was conducted on a Nova nanoSEM Sirion 

column. The thermal field emission source and in-lens secondary electron 

(SE) detector give excellent high-resolution imaging. A custom built stage 

that allows for heating is shown in Figure 3.17. Here an identical PG/PBN 

resistive heater is used with a replica substrate to measure the temperature. A 

ground wire attached to the stage allows for imaging as the stage is mounted 

on an electrically insulating material. The stage set-up allows for thermol- 

ysis of precursor species and SEM characterization during growth which is 

discussed in Chapter 4. 

 

The system is dedicated to annealing work in high vacuum or volatile gas
environment, no vapour phase organic or organometallic precursor species
are introduced into the chamber. The default status of the system is a high
vacuum under continuous pumping and heated to 60 oC with externally
wrapped heating lines. The system is vented with a dedicated N2 line, the
chamber is held in a super-atmospheric N2 pressure during sample load-
ing/unloading to reduce introduction of contaminants. During a typical an-
nealing experiment the chamber is vented and the sample is mounted on the
heater. The chamber is pumped to base pressure (1 x 10−7 mbar) and the
sample is heated by manually adjusting a dedicated power supply. Pressure
and temperature are monitored in real-time.
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FIGURE 3.18: Schematic illustrating cold-wall CVD and precur- 
sor delivery systems. 

Annealing work in a vapor environment was performed on 2 systems: a 

cold-wall and hot-wall chemical vapor deposition (CVD) system. The cold- 

wall CVD chamber is an identical replica of the high-vacuum annealing sys- 

tem (Figure 3.16). The major difference being that the system is used for 

chemical vapor deposition experimental work and as a result requires ad- 

ditional procedures to reduce contamination. Before a sample is loaded the 

chamber is heated to 600 oC for 1 hour under continuous pumping with the 

TMP to remove residual containments. A full diagram of the cold-wall CVD 

and gas delivery systems is shown in Figure 3.18. The system was used for 

two-step annealing experimental work using both ammonia and butanethiol 

vapor as well as CVD work using the precursors cobalt tricarbonyl nitrosyl 

and butanethiol (Chapter 5). The gas delivery lines are stainless steel flexible 

hosing all with metal-on-metal seals between joining components and main- 

tained at 60 oC. Precursors for CVD work (including butanethiol and cobalt 

TMP 

TMP Bypass L 

Gas Line 
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tricarbonyl nitrosyl) are loaded under inert (N2 atmosphere) into a stainless 

steel crucible and sealed using a shutoff valve with metal-on-metal sealed 

connectors. The crucible is mounted onto the gas delivery lines and under- 

goes freeze-pump-thaw cycles to remove residual N2 and volatile chemical 

impurities. 

Capacitance Manometer 

Growth 
Substrates 

Gas Inlet 

Gas Exhaust 

Needle Valve 
Furnace Heating Coil 

Crucible 

FIGURE 3.19: Schematic illustrating hot-wall CVD and precur- 
sor delivery systems. 

Sulfur is well known to corrode stainless steel at elevated temperatures.217,102 

Owing to the many stainless steel components in the cold-wall CVD cham- 

ber much of the experimental work using sulfur containing vapor phase pre- 

cursors was conducted using a hot-wall CVD system (Figure 3.19).  In this 

system the reaction occurs in a quartz tube which is resistant to sulfur corro- 

sion enabling experimental work at higher temperatures under increased bu- 

tanethiol pressures for longer reaction times. Here a furnace heats a section of 

quartz tube in which the substrates are housed and precursors are flowed over 

the substrate(s). Pressure is measured using 2 capacitance manometers (range 

0.01 - 10 Torr) located at the gas inlet and exhaust of the quartz tube. 

The system is pumped using a Edwards x10 series scroll pump. Before each 

experiment the furnace is heated to 1000 oC and purged with 1000 sccm Ar 

for 30 minutes. Precursors are stored in stainless steel crucibles, their partial 

pressure is controlled by regulating their flow rate using needle valves. The 

precursor delivery system is configured in an identical manner to the cold- 

wall CVD precursor delivery system (shown in Figure 3.18).  The heating 
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rate is programmable and the feedback temperature was correlated indepen- 

dently using a thermocouple during a typical growth. 
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Chapter 4 

Synthesis of Co9S8, Ni3S2, Co and 

Ni Nanowires by Solventless 

Thermolysis of Cysteine-Based 

Precursors 

4.1 Abstract 

The synthesis of Co9S8, Ni3S2, Co and Ni nanowires by solventless ther- 

molysis of simple-molecular precursors based on the amino acid cysteine is 

reported. Nanowires are realized by thermolysis of a mixture of metal(II) 

acetate and cysteine in vacuum. The simple precursor system enables the 

nanowire phase to be tuned from pure metal (Co or Ni) to metal sulfide 

(Co9S8, Ni3S2) by varying the relative concentration of the metal(II) acetate. 

The growth environment enables new insight through in situ characterization 

during thermolysis using field-emission scanning electron microscopy (FE- 

SEM) and thermogravimetric analysis with gas chromatography-mass spec- 

trometry (TGA-GC-MS). FESEM reveals the temperature at which nanowire 

growth occurs and suggests that adatoms are incorporated into the base of 

the growing nanowire. TGA-GC-MS reveals the rates of precursor decompo- 

sition and identity of the volatilized ligand fragments during heat-up and at 

the nanowire growth temperature. Our findings provide new understanding 

into precursor chemistry that supports anisotropic growth in nanocrystals by 

heat-up synthesis. 
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Thermolysis of Cysteine-Based Precursors 

4.2 Introduction 

Colloidal synthesis by hot-injection and heat-up coprecipitation techniques 

are powerful methods for achieving monodisperse nanocrystals with con- 

composition.83,151,161,150,180,97 trollable size, morphology and An understand- 

ing of the precursor conversion reactions is crucial to expanding the scope of 

these techniques to new material systems and morphologies.97,263,82,181,177 To 

date, few reports have examined the reactivity of precursors that influences 

anisotropic growth highlighting the need for in situ characterization.181,209,74 

Characterization of the reactions during nanocrystal growth can be challeng- 

ing because of the speed at which transformations occur as well as solvent 

effects.60,110,95 In situ characterization studies have utilized mostly UV-vis ab- 

sorbance and nuclear magnetic resonance spectroscopies in the solution state, 

although these techniques can suffer due to lack of sensitivity (in NMR), the 

generation of optically transparent species, anomalous extinction due to scat- 

tering, and temperature dependent optical properties of nanocrystals.53,170,131,157,77,201,99,260 

In this chapter an examination of the growth precursors used in a high 

vacuum thermolysis technique that yields nanowires of Co9S8, Ni3S2, Co 

and Ni is provided. Metal(II/III) bis-cysteinate and metal(II) acetate (where 

metal = cobalt or nickel) were used to examine the influence of their rela- 

tive concentrations on the resultant nanowire phase. In situ characterization 

of the thermolysis behavior of the precursors was examined using FESEM 

and TGA-GC-MS. The results reveal (in both precursor systems) a single- 

step mass loss event to yield MxSy species followed by a slow loss of sul- 

fur species at nanowire growth temperature. The results are compared with 

cobalt(III) dithiocarbamate, which demonstrates similar decomposition be- 

havior and produces Co9S8 nanocrystals under identical growth conditions. 

Solventless thermolysis is a versatile sub-set of coprecipitation techniques
that enables crystal growth under straightforward conditions, and has been
used to synthesize high quality copper, nickel and bismuth sulfide nanocrys-
tals of various morphologies with narrow size distributions.194,115,66,193 Only
a few direct bottom-up syntheses have been reported for Co9S8 nanocrystals
including nanowires.27,48 Rather, most reported techniques utilize a multi-
step method whereby a metal oxide structure is first formed and the sulfide
phase produced by exchange of the oxygen atoms for sulfur.27,270,253,29 The
morphology is determined by the intermediate CoxOy nanocrystal followed
by anion exchange (CoxOy + RS → CowSz), typically causing hollowing of
the nanostructure by the Kirkendall effect.258,29,128
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Sulfur species are known capping ligands that can support anisotropic crys- 

tal growth and provide control over the resultant crystal morphology.193,257,252 

Capping ligands are typically either added to growth precursors, or gen- 

erated in situ as reaction by-products during nanocrystal growth. The lat- 

ter approach, employed here, is advantageous due to the ability to elimi- 

nate side reactions, greater precursor air stability (relative to metal alkyls), 

and ease of manipulation.176,1,130 Our results constitute a new approach for 

the selective fabrication of high quality Co9S8, Ni3S2, Co and Ni nanowires. 

The material systems and 1D morphology have compelling applications in 

spintronics,152 optoelectronics,86 advanced energy storage and conversion31,80

and catalysis.88,30 Moreover, our findings provide insight into the precursor 

conversion rates and byproducts that support anisotropic crystal growth by 

solventless thermolysis. 

4.3 Results and Discussion 

4.3.1 Phase Controlled Synthesis of Co9S8 and Co Nanowires 

FIGURE   4.1: Schematic  illustrating  the  precursors  used  in 

CoII acetate and CoIII bis-cysteinate, and nanowire synthesis: 
the substrate preparation procedure.   Following dropcasting 
and drying of the cobalt-complex solution; nanowire growth 

of the Co0 and/or Co9S8 phase is achieve by annealing in high 

vacuum. Nanowire phase is determined by the CoII:Cys mole 
ratio. 

 

Commercially available cobalt(II) acetate tetrahydrate (CoII) and L-cysteine
(Cys) were employed as metal and sulfur sources for the growth of Co and
Co9S8 nanowires. In a typical growth procedure, a solution containing the
precursor compounds is dropcast onto a clean silicon substrate with a native
oxide layer (Figure 4.1). After air-drying, the specimen is loaded into a high-
vacuum annealing chamber and evacuated to a pressure of 2 x 10−7 mbar.
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Thermolysis of Cysteine-Based Precursors 

Precipitation of nanocrystals was not observed after dropcasting and drying 

of the precursor mixture. The sample was heated to a growth temperature at 

a rate of 2 – 3 oC/sec, and annealed before cooling to room temperature. The 

range of annealing temperatures for Co9S8/Co nanowire growth was 470 - 

590 oC, and the total annealing time at this temperature was 1 hour (a typ- 

ical plot of the temperature measured as a function of time during heat-up 

and growth is shown in Appendix A Figure A.1. The cysteine concentra- 

tion in the precursor solution was kept constant at 9.0 ± 0.5 mM and the 

amount of cobalt(II) acetate was varied to achieve 0.5 - 13.0 (CoII:Cys) mole 

ratios. We show that the nanowire phase can be tuned between pure cobalt 

(Co0) and cobalt sulfide (Co9S8) by adjusting the relative concentration of the 

cobalt(III) bis-cysteinate complex and cobalt(II) acetate, which is achieved by 

varying the mole ratios of the cobalt(II) acetate and S (cysteine) reagents. Ta- 

ble 4.1 shows the precursor solutions with 0.9, 4.9 and 9.7 (CoII:Cys) mole 

ratios and the respective pH and starting reagent masses (cobalt(II) acetate 

and cysteine). 

TABLE  4.1:   CoII:Cys mole ratios,  pH and reagent mass of 
nanowire precursor solutions. 

CoII : Cys 

Mole Ratio 

Mass (mg) 

CoII acetate pH Cysteine 

0.9 
4.9 
9.7 

4.8 
5.4 
5.7 

100 
500 
1000 

50 
50 
50 
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CoII:Cys = 0.9 

a) b) 

2 μm 400 nm 

CoII:Cys = 4.9 

d) c) 

400 nm 2 μm 

CoII:Cys = 9.7 

f) e) 

2 μm 400 nm 

g) 

FIGURE   4.2: 
grown from 

SEM images of Co9S8  and Co nanostructures 
0.9 (a and b),  4.9 (c and d) and 9.7 (e and f) 

(CoII:Cys) mole ratio solutions. g) X-ray diffraction patterns of 
growth products from the three solutions. 

Data obtained using nanowires from thermolysis of 0.9, 4.9 and 9.7 (CoII:Cys) 

solutions at 590 are shown in Figure 4.2.  Figure 4.2a and b show typi- 

cal morphology of nanowires grown from a 0.9 (CoII:Cys) solution, with the 

X-ray diffraction pattern (Figure 4.2g) matching face-centered cubic (FCC) 

Co9S8 (PDF 04-004-4525). Minor peak intensities were indexed to FCC Coo

(PDF 00-015-0806). The nanowires have a broad diameter distribution with 

a mean of 125 nm based on an analysis of 82 structures (Appendix A Figure 

A.2a). The variation in length was considerable with a number of nanowires 

oC 
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extending over 20 µm with an aspect ratio > 400, the average was 5.4 µm 

(Appendix A Figure A.2b). 

Nanowire morphologies from 4.9 and 9.7 solutions are shown in Figures 

4.2c-d, and Figures 4.2e-f respectively. Characterization by X-ray powder 

diffraction shows the dominant phase to be FCC Co (PDF 00-015-0806) with a 

minor presence of FCC Co9S8 (Figure 4.2g). Nanowires and nanorods grown 

from a 4.9 mole ratio solution have a mean diameter of 130 nm based on an 

analysis of 47 structures (Appendix A Figure A.2a), with an average length 

of 1.6 µm (Appendix A Figure A.2b). X-ray diffraction patterns show the 

variation in abundance of FCC Co9S8 to FCC CoO as the CoII:Cys mole ratio 

is varied from 0.9 to 9.7 (Figure 4.2g). Interestingly thermolysis of a precur- 

sor solution containing cobalt(III) bis-cysteinate and cobalt(II) chloride (un- 

der identical precursor ratios to a 4.9 precursor solution) did not produce 

nanowires (under identical annealing conditions). Characterization of the 

thermolysis product is shown in Appendix A Figure A.3 and suggests the 

acetate counter anion is fundamentally important to nanowire growth pos- 

sibly due to its role as a reducing agent, the oxidation product being carbon 

dioxide. 

FIGURE 4.3: Nanowire phase table for Co and Co9S8 based 

on the CoII:Cys mole fraction and annealing temperature. The 
highlighted  blue  region  indicates  the  Co  nanowire  growth 
zone, the red region indicates Co9S8 nanowires and orange in- 

dicates nanowires of both phases. 

A nanowire phase diagram (Figure 4.3) was constructed from thermolysis 

experiments of 0.5 - 13.0 (CoII:Cys) precursor solutions at growth tempera- 

tures ranging from 470 - 590 oC. The phase was determined from a sample of 

individual nanowires characterized by energy dispersive X-ray spectroscopy 

(EDS). The blue highlighted region indicates that only cobalt nanowires were 

present, and the red Co9S8.  The green region indicates that nanowires of 
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both phases were present. Mole ratios lower than 0.9 (CoII:Cys) produced 

Co9S8 nanowires in the temperature range studied; solutions with mole ra- 

tios between 2.89 - 4.85 produced relatively high yields of both phases, and 

solutions with a mole ratio greater than 9.0 resulted in almost exclusively 

FCC Co nanowires. In the mixed-phase region, Co nanowires typically have 

much lower aspect ratios than Co9S8. 

4.3.2 Phase Determination by EDS 

The nanowire phase (Co9S8  or Co) could be readily identified by EDS us- 

ing the ratio of Co Lα and S Kα (Co/S) peak intensities. A comparative 

study of Co9S8 and Co nanowires analyzed directly on the growth substrate 

with nanowires transferred to minimize background contributions (Figures 

4.4 and 4.5) strongly supports the phase determination technique. The re- 

sults confirm the relative peak intensity is due to the nanowire composition 

and not background. To minimize background contributions nanowires were 

transferred onto a holey carbon TEM grid and housed on a specialized ele- 

vated Al stub holder inside the SEM. SEM, TEM and SAED characterization 

of nanowires from 0.5 and 9.0 (CoII:Cys) solutions following annealing at the 

lower and upper temperature extremes further support phase determination 

by EDS analysis and suggest in the examined temperature window, both re- 

spective phases (FCC Co9S8 and FCC Co) remained unchanged. SEM, TEM 

and SAED characterization of nanowires grown from a 0.5 (CoII:Cys) pre- 

cursor solution annealed at the lower (490 oC) and upper (590 oC) temper- 

atures are shown in Appendix A Figure A.4 and confirm FCC Co9S8 phase. 

Nanowire density at 470 oC annealing temperature was too low to success- 

fully transferred to a TEM grid and was concluded to be the approximate 

temperature threshold to nanowire growth. Characterization of 1D materials 

from the 9.0 (CoII:Cys) solution at both temperature extremes (470 and 590 
oC) support the assignment to the Co FCC phase (Appendix A Figure A.5). 
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FIGURE 4.4: a) SEM image of a Co9S8 nanowire on the growth 
substrate with a red box indicating the EDS scan region. b) EDS 
spectrum taken from the nanowire in a) normalized to the Co 
Lα maximum. c) SEM image of a Co9S8 nanowire on a Cu TEM 
grid with holy carbon membrane.  d) Normalized EDS spec- 

trum of Co9S8 nanowire in c). 

TABLE 4.2: Elemental composition of Co9S8 nanowires as de- 
termined from quantitative EDS 

Atomic % 

  Figure   Co S   

4.4a 

4.4c 

56 

58 

44 

52 

Here the EDS spectral analysis to determine the nanowire phase is dis- 

cussed. Figure 4.4a shows a Co9S8 nanowire grown by thermolysis of a 0.9 

(CoII:Cys) mole ratio solution on a Si substrate. The red box indicates the 

scan region. The EDS spectrum from the nanowire in Figure 4.4a is shown 

in 4.4b. The spectrum was normalized to the Co Lα peak and the Co Lα and 

S Kα peaks were fitted with a Guassian function to determine the relative 

intensity. The peak ratio (Co/S) for the Co9S8 nanowire was < 3. Figure 4.4c 

shows a Co9S8 nanowire transferred onto a TEM grid with a holey carbon 

membrane. The EDS analysis was done on a raised Al TEM grid holder to 

minimize background contributions. The peak ratio (Co/S) was shown to 

be approximately equivalent to the Co9S8 nanowire measured on the growth 
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substrate. Elemental composition (atomic %) based on the EDS spectrum in 

Figure 4.4 are shown in Table 4.2. 

FIGURE  4.5:  a) SEM image of a Co nanowire on the growth 
substrate with a red box indicating the EDS scan region. b) EDS 
spectrum taken from the nanowire in a) normalized to the Co 
Lα maximum.  c) SEM image of a Co nanowire on a Cu TEM 
grid with holy carbon membrane.  d) Normalized EDS spec- 

trum of Co nanowire in c). 

Figure 4.5a shows a Co nanowire grown by thermolysis of a 9.0 (CoII:Cys) 

mole ratio solution and the scan region the EDS spectrum was collected (red 

box). Figure 4.5b shows the EDS spectrum taken from the nanowire in Fig- 

ure 4.5a. The spectrum was normalized to the Co Lα peak and fit with a 

Guassian function. The peak ratio (Co/S) was calculated to be > 100 for the 

nanowire in Figure 4.5a and for the nanowire transferred onto a TEM grid in 

Figure 4.5c. The peak intensities in the EDS spectra are in good agreement 

and significantly different from the sulfide phase. Atomic percentage based 

on quantitative EDS for the spectra shown in Figure 4.5a and c are shown in 

Table 4.3. 

TABLE 4.3: Elemental composition by quantitative EDS 

Atomic % 

Figure Co S 

4.5a 

4.5c 

97 

99 

3 

1 
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4.3.3 Nanowire Characterization and Growth Direction 

FIGURE 4.6: a) SEM image of a Co9S8 nanowire on a Cu TEM 
grid with a holey carbon membrane with cobalt and sulfur ele- 
mental maps using EDS. b) Lattice fringe resolved TEM image 
of a 60 nm Co9S8 nanowire with FFT (inset). c) SAED pattern 
from nanowire in b) resolved along the [001] zone axis. d) SEM 
image with cobalt and sulfur elemental maps of a Co nanowire. 
e) TEM image of a 80 nm diameter nanowire with f) SAED re- 

solved along the [001] zone axis. 

Characterization of isolated Co9S8  and Co nanowires from starting 0.9 and 

4.9 (CoII:Cys) mole ratio solutions (respectively) is shown in Figure 4.6. The 

nanowires are high quality, single crystal structures with smooth surfaces 

and negligible presence of structural defects such as stacking faults. A Co9S8 

nanowire transferred onto a Cu TEM grid with a supportive carbon mem- 

brane is shown in the SEM image in Figure 4.6a. The TEM grid was housed 

on an elevated Al TEM grid holder sitting on the SEM stage to minimize 

background contributions to the X-ray signal.  Compositional analysis by 

EDS confirmed the presence of both Co and S in the 100 nm diameter nanowire 

(Figure 4.6a). TEM characterization of a 60 nm Co9S8 nanowire and the cor- 

responding FFT is shown in Figure 4.6b. The nanowire is shown to have a 

well-defined, smooth edge with the presence of a 3 - 4 nm capping layer sur- 

rounding the nanowire. The selected area electron diffraction (SAED) pattern 

of the same nanowire is shown in Figure 4.6c.  Characterization by SAED 

shows the nanowire to be single-crystal. The SAED pattern was indexed as 

the FCC Fm3̄m space group using the Co9S8  parameters.  The zone axis is 

[001] (Figure 4.6c).  The {200} plane spacing was measured to be 4.8 Å in 
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agreement with Co9S8 (d{200} = 4.964 Å). The nanowire growth direction was 

determined to be <100> by the FFT and the shape factor induced streaking 

of the SAED pattern.44
 

SEM characterization of a 100 nm diameter Co nanowire, along with EDS 

elemental mapping of Co and S is shown in Figure 4.6d. The S signal shows 

much lower relative counts (compared with the Co9S8 nanowire) and is at- 

tributed to the capping layer surrounding the Co nanowire. This 3 - 4 nm 

layer can be seen in the high resolution TEM image (Figure 4.6e) of a 80 

nm diameter Co nanowire. The SAED pattern (Figure 4.6f) taken from the 

nanowire in Figure 4.6e was resolved along the [001] zone axis, and the {200} 

plane spacing was measured to be 1.72 Å in agreement with FCC Co (d{200} 

= 1.772 Å). Nanowire growth was determined to be in the <110> direction. 

Growth direction was determined by the shape factor induced streaking of 

the diffraction intensity spots and correlated by the shadow imaging tech- 

nique demonstrated in Figure 4.7. 

FIGURE  4.7:  a) Shadow image of a Co9S8  nanowire captured 
in diffraction mode. b) SAED pattern from nanowire in a) cap- 
tured with the same camera length. c) Shadow image of a sec- 
ond Co9S8 nanowire captured in diffraction mode with the cor- 

responding d) SAED pattern. 

The nanowire growth direction can be determined using TEM and SAED 

characterization.44 Magnetic lenses cause a rotation between the analyzed 

object and its image due to the Lorentz force.142 This also has the effect of 

generating a rotation between the recorded bright field image and the SAED 
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pattern due to the different optical modes.44 Therefore the nanowire growth 

direction cannot simply be inferred by overlaying the SAED pattern with the 

brightfield image without understanding the rotation between the two im- 

ages. By aligning the nanowire growth direction perpendicular to the elec- 

tron beam axis the sharp edge of the nanowire induces a streaking in the 

diffraction intensity spots along a direction perpendicular to the nanowire 

growth axis.44 From this the nanowire growth direction can be determined. 

We confirm this result by comparing the SAED pattern with the shadow im- 

age of the nanowire recorded in diffraction mode (under identical camera 

lengths). Figure 4.7a shows the recorded shadow image captured in diffrac- 

tion mode of a Co9S8 nanowire (diameter = 70 nm) and Figure 4.7b shows the 

corresponding SAED pattern of the nanowire. The nanowire growth axis, as 

highlighted by the red arrow, was determined by the streaking effect and 

confirmed by comparing with the shadow image. Identical characterization 

was done on a second nanowire and a different zone axis ([-112]) as shown 

in Figures 4.7c and d. The nanowire growth axis is again shown to be per- 

pendicular to the elongation in the diffraction intensity spots, justifying the 

technique used to deduce the growth axis. 
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4.3.4 Direct Observation of Nanowire Growth by FESEM 

FIGURE    4.8: Time-dependent  nanowire  evolution  during 
growth using FESEM characterization. a) - c) Growth sequence 
of an isolated nanowire (indicated by the white arrow). Images 
were captured over a 95 second period. d) – f) Growth sequence 
of a second Co9S8 nanowire with a disfigured tip (indicated by 
a red arrow). Images were captured over a 10 minute period. 

 

Real-time characterization during nanocrystal growth by electron microscopy
techniques (SEM and TEM) has led to significant breakthroughs in funda-
mental understanding. Advances include observation of multistep nucle-
ation pathways, measured nanowire growth kinetics, observation of layer-by
layer growth in nanowires and morphological changes owing to catalyst mi-
gration (VLS growth).134,91,104,239,78 However slow progress has been made as
typical reaction conditions are inherently incompatible with high resolution
imaging conditions (i.e. wet environments, elevated pressures, and high tem-
peratures). Electron microscopy studies of nanocrystal growth by solvent-
less thermolysis overcome many of the challenges presented with growth
from solution or vapor phase precursors. Time-dependent FESEM character-
ization during nanowire growth was achieved using a home-built, custom
stage and is shown in Figure 4.8. Growth was achieved using a 0.9 (CoII:Cys)
precursor solution and the substrate preparation procedure outlined in the
experimental section. FESEM characterization was performed at a stabilized
temperature (540 oC) under high vacuum (9 x 10−6 mbar). Both pressure
and temperature were monitored and recorded during annealing. The high
temperatures required for growth resulted in significant thermal drift which



Chapter 4. Synthesis of Co9S8, Ni3S2, Co and Ni Nanowires by Solventless 
60 

Thermolysis of Cysteine-Based Precursors 

requires constant stage corrections. Images were captured at a constant mag- 

nification. The growth sequence of the two nanowires are shown in Figure 

4.8a – c and Figures 4.8d – f respectively. Nanowires are shown to grow 

directly from the residual precursor film at the stabilized growth tempera- 

ture. The result confirms nanowire growth at a stabilized temperature and 

not during cool down (or only during heat-up). Based on the characteriza- 

tion of the nanowire in Figures 4.8d – f the unique shape of the tip supports 

the proposal that adatoms are incorporated into the nanowire below the film 

surface. Analogous to a base-driven growth mechanism. A time-dependent 

sequence is shown in Appendix Aa Figure A.6 to support this conclusion 

(captured under identical conditions). 

4.3.5 Ni and Ni3S2  Nanowire Growth and Characterization 

FIGURE   4.9: Schematic  illustrating  the  precursors  used  in 

nanowire synthesis: NiII acetate and NiII bis-cysteinate, and the 
substrate preparation procure. H2O2 was added to the NiII ac- 

etate and NiII bis-cysteinate precursor solution to achieve Ni3S2

nanowire growth.   Following dropcasting and drying of the 

nickel-complex solution; nanowire growth of the Ni0  and/or 
Ni3S2 phase is achieve by annealing in high vacuum. 

Similar to the Co9S8/Co system precursor solutions for the growth of Ni3S2

and Ni nanowires were prepared using commercially available nickel(II) ac- 

etate tetrahydrate and L-cysteine. Following dropcasting and drying (Figure 

4.9), precursor compounds were annealed in high vacuum (10−7 mbar) for 5 

hours at 415 ± 10 oC. The annealing profile including the heating rate (2 - 3 
oC/sec) is shown in Appendix A Figure A.1. The cysteine concentration in 

the precursor solution was kept constant at 9.0 ± 0.5 mM and the amount 

of nickel(II) acetate was varied to achieve 1.0, 3.9 and 4.9 (NiII:Cys) mole 

ratio solutions. Precursor species for the growth of nickel nanowires are evi- 

denced to be nickel(II) acetate and nickel(II) bis-cysteinate. Oxidation of the 
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precursor solution was required for nanowire growth of the Ni3S2 phase. To 

achieve this 30% w/w H2O2 was added to a 1.0 (NiII:Cys) precursor solution. 

Table 4.4 shows the precursor solutions with 1.0, 3.9 and 4.9 (NiII:Cys) mole 

ratios and the respective pH and starting reagent masses (nickel(II) acetate 

and cysteine). 

TABLE  4.4:   NiII:Cys  mole  ratios,  pH  and  reagent  mass  of 
nanowire precursor solutions. 

NiII : Cys 

Mole Ratio 

Mass (mg) 

NiII acetate pH Cysteine 

1.0 
3.9 
4.9 

4.5 
5.0 
5.0 

100 
400 
500 

50 
50 
50 
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NiII:Cys = 1.0 (H2O2) 

b) a) 

200 nm 

NiII:Cys = 3.9 

d) c) 

2 μm 200 nm 

NiII:Cys = 4.9 

 f) e) 

2 μm 200 nm 

g) 

FIGURE  4.10: SEM images of Ni3S2 and Ni nanostructures 
grown from starting 1.0 (a and b), 3.9 (c and d) and 4.9 (e and 
f) (NiII:Cys) mole ratio solutions. g) Powder X-ray diffraction

patterns of the nanostructures. 

Figures 4.10a and b show SEM images of nanowires grown by thermoly- 

sis of a 1.0 (NiII:Cys) mole ratio solution. X-ray diffraction characterization 

confirms the rhombohedral Ni3S2 (PDF 04-008-8458) phase (Figure 4.10g). 

Ni3S2 nanowires were obtained only after an oxidant was added to the pre- 

cursor solution, here we added 30% w/w H2O2. The resultant nanowires and 

nanorods had an average diameter of 66 nm based on an analysis of 59 struc- 

tures (Appendix A Figure A.7). Nanostructures grown from a 3.9 (NiII:Cys) 

solution are shown in Figures 4.10c and d, the resultant nanowires have an 

2 μm 
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average diameter of 100 nm based on an analysis of 32 structures (Appendix 

A Figure A.6). The dominant phase is shown to be FCC Ni0 (PDF 04-010- 

6148) with minor presence of Ni3S2 (Figure 4.10g). Thermolysis of the 4.9 

(NiII:Cys) solution resulted in nanostructures of the lowest aspect ratio (Fig- 

ures 4.10e and f), XRD confirmed the dominant phase is FCC Nio with negli- 

gible presence of Ni3S2 (Figure 4.10g). The presence of Ni3S2 is attributed to 

atmospheric oxidation of the dropcast and dried precursor solution. 

FIGURE 4.11: a) SEM image of a Ni3S2 nanowire on a support- 
ive holey carbon membrane with nickel and sulfur elemental 
maps using EDS. b) Lattice fringe resolved TEM image of a 
80 nm Ni3S2  nanowire with FFT (inset).  c) SAED pattern of 
nanowire in b) resolved along the [100] zone axis. d) SEM image 
of an isolated Ni nanowire (100 nm in diameter) with Ni and S 
elemental maps shown in green and yellow (respectively).  e) 
TEM image of a 110 nm diameter nanowire with f) SAED re- 

solved along the [001] zone axis. 

SEM characterization of a Ni3S2 nanowire transferred onto a Cu TEM grid 

with a holey carbon membrane is shown in Figure 4.11a. The elemental maps 

using EDS confirm high concentrations of both Ni and S (shown in green and 

yellow respectively). Figure 4.11b shows a TEM image of an isolated Ni3S2

nanowire approximately 80 nm in diameter. The lattice fringe resolved image 

shows the nanowire to be single-crystal with a capping layer. A FFT of the 

nanowire lattice is shown in the inset. The SAED pattern can be indexed 

as the rhombohedral R32 space group using the Ni3S2 parameters (Figure 

4.11c). The zone axis is [100], and the {110} plane spacing was measured to be 

3.95 Å which is in good agreement with theoretical values for rhombohedral 

Ni3S2 (d{110} = 4.081 Å). A SEM image and elemental EDS maps for Ni and 
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S are shown in Figure 4.11d for a 110 nm diameter Ni nanowire.  HRTEM 

(Figure 4.11e) and SAED (Figure 4.11f) show the nanowire to be single-crystal 

FCC cubic; the lattice spacings of the {200} planes (3.35 Å) were in agreement 

with FCC Ni (d{200} = 3.524 Å). The presence of a thin capping layer is also 

observed. 

4.3.6 Precursor Characterization 

FIGURE  4.12:   a) UV-vis absorbance spectra for 0.9 and 4.9 
(CoII:Cys) mole ratio solutions. Reference CoII acetate (4.3 mM) 
and cysteine (8.8 mM) aqueous solutions are also included. b) 
UV-vis absorbance spectra for 1.0, 3.9 and 4.9 (NiII:Cys) mole 

ratio solutions including aqueous NiII acetate (40.2 mM). 

Addition of cysteine to cobalt(II) salts forms a cobalt(III) bis-cysteinate complex.154

The UV-vis absorbance spectra of the 0.9 and 4.9 (CoII:Cys) precursor solu-
tions (Figure 4.12a) show identical absorbance bands to the isolated complex
(Appendix A Figure A.8a); the multiple band at 515 nm due to the cobalt(II)
acetate is not observed as it is of low intensity (ε = 4.6 M−1cm−1) and ob-
scured by the precursor complex. The identical absorbance maximum in each
of the precursor solutions indicates that the inner coordination sphere of the
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cobalt complex remains unchanged with varying CoII:Cys ratios. Character- 

ization of the isolated cobalt-cysteine complex by UV-vis absorbance (Ap- 

pendix A Figure A.8a) and FTIR (Figure 4.14) confirms octahedral coordi- 

nation geometry with cysteine acting as a bidentate ligand via S- and N- 

CoIII center (see Appendix A for further discussion).121,162,154
 donors to the 

High-resolution mass spectrometry of the isolated cobalt complex shows an 

isotope distribution pattern with a maximum intensity at m/z = 298.9580. 

Modelling of this distribution produces an excellent fit for a molecular for- 

mula of [CoC6H12N2O4S2]
+, with a mass deviation of 5ppm, confirming that 

the solution-state inner coordination sphere of the nanowire precursor con- 

tains one CoIII and two cysteine units (cobalt(III) bis-cysteinate). The oxida- 

tion of cobalt(II) (in cobalt acetate) to cobalt(III) in the complex is attributed to 

exposure of the solution to atmospheric oxygen; the associated color change 

can be slowed by degassing using N2 (Figure 4.13). 

FIGURE  4.13:   Optical  images  of  the  color  change of  a  4.9 
CoII:Cys solution under constant degassing by bubbling of N2. 
a) Image taken immediately after the CoII acetate solution was
mixed into the cysteine solution, b) 12 minutes after continuous 
bubbling with N2 and c) 26 minutes after continuous bubbling. 

By mixing a cobalt(II) acetate (67 mM) aqueous solution into a constantly 

degassing aqueous solution of cysteine (21 mM) the change in solution color 

upon exposure to atmosphere is demonstrated. Both cobalt(II) acetate and 

cysteine had been degassed prior to mixing by bubbling N2 for 30 minutes. 

The color change is shown in Figure 4.13. Immediately after mixing the so- 

lution color was orange/red (Figure 4.13a) then through continued exposure 

to atmosphere the solution color turned to dark green/brown (Figure 4.13c). 

Studies on the oxidation of cobalt-cysteine complexes have reported a similar 

color change on exposure to atmosphere.189,154,18
 

UV-vis absorbance spectra for the 1.0, 3.9 and 4.9 NiII:Cys precursor solu- 

tions confirm the square planar d8 nickel(II) complexes in all solutions, and 

are in agreement with the solid state structure of NiIICys2  (Figure 4.12b).7 
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CoIII FIGURE  4.14:  FTIR spectrum of isolated bis-cysteinate
(top) and NiII bis-cysteinate (bottom). 

4.3.7 Precursor Reactivity and Decomposition Products 

Thermogravimetric analysis (TGA) of the isolated precursor compound cobalt(III) 

bis-cysteinate ([CoIIICys2(H2O)2]) and a mixture containing cobalt(III) bis- 

cysteinate and cobalt(II) acetate is shown in Figure 4.15. Importantly, cobalt(II) 

acetate does not cause a temperature change in the major mass loss event. The 

compound mixture was prepared by mixing isolated cobalt(III) bis-cysteinate 

with cobalt(II) acetate tetrahydrate in a 1:1 mole ratio, which is an equivalent 

precursor ratio to the 0.9 (CoII:Cys) mole ratio solution. Side-by-side compar- 

ison of the mass loss during thermogravimetric analysis for [CoIIICys2(H2O)2] and 

[CoIIICys2(H2O)2]/[CoIIOAc2(H2O)4] TGA analysis is shown in Figure 

4.15. The inset shows the mass loss curves normalized at 220 oC. 

The nickel(II) acetate bands expected at 395 (ε = 5.0 M−1cm−1), and 724 nm
(ε = 2.0 M−1cm−1) due to Ni(H2O)6

2+ were not observed in the nanowire pre-
cursor solutions due to their low intensity. The precursor product in the 1.0
(NiII:Cys) mole ratio solution could not be unambiguously identified follow-
ing the addition of H2O2. The FTIR spectrum of the isolated nickel-cysteine
product (Figure 4.14) shows bands similar to those of the [CoIIICys2(H2O)2]
spectrum (see Appendix A for further discussion).
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analysis of [CoIIICys2(H2O)2] and FIGURE 4.15: TG 
[CoIIICys2(H2O)2] + [CoIIOAc2(H2O)4] precursor compounds. 

Normalized TG curve of both compounds at 220 oC (Inset). 

oCFIGURE  4.16:   Total ion chromatographs taken every 30 
between  30  –  900  oC,  the  heating  rate  was  3  oC/min  for 
[CoIIICys2(H2O)2]. (inset) Thermogravimetric data for the iso- 

lated [CoIIICys2(H2O)2]. 

No nanowire growth was observed upon decomposition of only metal(II) 

acetate, in agreement with prior reports.238,145,93,72,42 Therefore the decompo- 

sition rates and reaction-steps of the metal-cysteine complex were examined. 

TGA-GC-MS of the isolated [CoIIICys2(H2O)2] complex (Figure 4.16), shows 
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that the coordinated cysteine is thermally stable to 180 oC before the onset of 

ligand decomposition, which occurs in a three-step process. The first process 

occurs between 30 to 180oC (DTGmax = 68 oC), with a mass loss of 10.2% 

attributed to the loss of coordinated water (Calc: 8.4%) and some residual 

moisture to produce anhydrous cobalt(III) bis-cysteinate. The temperature 

resolved extracted ion chromatographs for m/z = 18 (Figure 4.21a) are in ex- 

cellent agreement with the thermogravimetry, showing water present only 

between 30 and 180 oC with local maxima at 60 and 90 oC attributed to un- 

bound water and coordinated water, respectively. 

The next process occurs between 180 to 240 oC (DTGmax = 233 oC), with 

a mass loss of 5.3% attributed to the loss of carbon dioxide from the acetate 

anion (Calc: 10.3%). The mass discrepancy is due to an overlap between 

two thermal events; the loss of CO2 from acetate and the loss of cysteine lig- 

and moieties.  The temperature resolved extracted ion chromatographs for 

m/z = 44 (Figure 4.21c) are in excellent agreement with the thermogravime- 

oCtry, showing carbon dioxide being present only between 180 and 240 

with maximum abundance at 240 oC, correlating to the DTGmax of the ac- 

etate decomposition. The TGA suggests that after acetate decomposition, the 

charged [Co(Cys)2]
+ species is produced as an intermediate, which sponta- 

neously dissociates in the 240 to 300 oC range with a mass loss of 39.6% (DT- 

Gmax = 256 oC) to yield an unknown mixture of CoxSy. There is no further 

loss of volatile species attributed to decomposition of the Co(Cys) complex 

beyond 300 oC (Figure 4.16). 

FIGURE 4.17: Powder X-ray diffraction pattern of CoIII bis-
cysteinate TGA-GC-MS residue after heating to 900 oC.

The final process involves the steady loss of sulfur between 300 to 900
oC from the intermediate CoxSy residue remaining after 300 oC, to yield a
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final product of Co9S8  as determined by powder XRD of the TGA residue 

(Figure 4.17).  The loss of sulfur is observed as sulfur dioxide due to gas 

phase reactions between sulfur and residual oxygen, and is the only volatile 

species produced beyond 300 oC (Figure 4.16 and Figure 4.21e). 

 

FIGURE 4.18: Total ion chromatographs taken every 30 oC
between 30 – 900 oC, the heating rate was 3 oC/min for
[NiIICys2(H2O)2]. (inset) Thermogravimetric data for the iso-

lated [NiIICys2(H2O)2].

TGA-GC-MS of nickel(II) bis-cysteinate (Figure 4.18) reveals similar ther-
mal behavior to that of cobalt(III) bis-cysteinate. The complex is thermally
stable to 180 oC before the onset of ligand decomposition which occurs in a
two-step process. In contrast to the decomposition of cobalt(III) bis-cysteinate,
there is no other mass loss due to carbon dioxide, which is attributed to the
lack of acetate anions within the neutral nickel(II) bis-cysteinate complex.
Between 220 and 290 oC the approximate 45% mass loss event is attributed
to decarboxylation of the cysteine ligands followed by N- and S-containing
heterocyclic species to form intermediate NixSy residue. Finally, there is a
loss of sulfur above 300 oC (Figure 4.21f) to yield a final product of non-
stoichiometric Ni3S1.783 as determined using XRD, Figure 4.19. A side-by-side
comparison of the temperature resolved extracted ion chromatographs for
m/z = 18, 44 and 64 are shown in Figure 4.21 for cobalt and nickel-cysteine
complexes ([CoIIICys2(H2O)2] and [NiIICys2(H2O)2]).
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Total ion chromatographs of the volatile species for both [CoIIICys2(H2O)2] 

and [NiIICys2(H2O)2] shortly following the main decomposition step show a 

mixture of sulfurous and nitrogenous heterocyclic species, water and carbon 

dioxide (Figure 4.20). Of these species, thiophene (Rt = 2:301 min), 2-methyl- 

thiazole (Rt = 3:020 min), 2-methyl-pyridine (Rt = 3:092 min), 3-acetamido- 

pyrrolidine (Rt = 3:292 min) and 2-methyl-2-thiazole were unambiguously 

assigned. The presence of these species is in agreement with the literature 

for thermal decomposition of cysteine at temperatures above 200 oC.255 The 

absence of ammonia, and presence of heterocyclic nitrogenous compounds 

in the chromatographs strongly suggests that there was no cleavage of the 

C-N bond within the cysteine moieties.  The presence of these heterocyclic 

FIGURE 4.19: Powder X-ray diffraction pattern of NiII bis-
cysteinate TGA-GC-MS residue after heating to 900 oC.

FIGURE 4.20: Gas chromatograms of the thermolysis products
at 270 oC for CoIII bis-cysteinate (top) and NiII bis-cysteinate

(bottom).
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species can be explained by intra-molecular civilization of intermediate im- 

monium ions formed by cleavage of the CH – C = O bond within the cys- 

ligand.114,184 teine Similarly, the presence of CO2  and water is attributed to 

the decarboxylation of the amide moiety in the cysteine ligands. It can be in- 

ferred that a very similar thermal decomposition process is occurring during 

the thermolysis of these two precursors, given the similarity of the volatile 

species produced. 

FIGURE 4.21: Extracted ion chromatographs for cobalt(III) bis- 
cysteinate and nickel(II) bis-cysteinate for m/z = 18 (a and b), 

m/z = 44 (c and d) and m/z = 64 (e and f). 
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4.3.8 Thermolysis Study of cobalt(III) dithiocarbamate 

Thermolysis of a mixture containing the cobalt(III) complex: cobalt(III) dithio- 

carbamate ([CoIIIDIP]) and cobalt(II) acetate under identical conditions forms 

nanocrystalline Co9S8. Examination of the two complexes (cobalt(III) dithio- 

carbamate and cobalt(III) bis-cysteinate) provides insight into the role of pre- 

cursor chemistry in determining nanocrystal composition, morphology and 

concentration. TGA and DSC show cobalt(III) dithiocarbamate experiences 

similar decomposition steps including rapid mass loss at ∼ 300 oC followed 

by steady mass loss in the temperature range 300 - 900 oC. TGA-GC-MS char- 

acterization of the precursor compound mixture containing cobalt(III) dithio- 

carbamate and cobalt(II) acetate further shows the slow generation of car- 

bon dioxide, sulfur dioxide and isopropyl isothiocyanate following the main 

mass loss step. This is in contrast to the precursor compound mixture con- 

taining cobalt(III) bis-cysteinate and cobalt(II) acetate which only shows the 

loss of carbon dioxide and sulfur dioxide (between 300 - 900 oC). Only Co and 

S remain following the main mass loss step of cobalt(III) bis-cysteinate, whilst 

in the cobalt(III) dithiocarbamate the remaining moiety contains organic ma- 

terial, S and N. The existence of which provides an added energy barrier to 

the generation of available monomer. The slow rate of precursor disassocia- 

tion to generate available monomer is known to produce large nanocrystals 

through Ostwald Ripening with a broad size distribution.51
 

A 4mM cobalt(III) dithiocarbamate precursor solution was prepared. To 

that sufficient cobalt(II) acetate was added to yield a cobalt(III) dithiocarba- 

mate/cobalt(II) acetate mole ratio equivalent to cobalt(III) bis-cysteinate to 

cobalt(II) acetate in a 1.0 (CoII:Cys) mole ratio solution. Cobalt(III) dithio- 

carbamate was prepared according to the procedure outlined by Thorn et 

The [CoIIIDIP]/[CoII(OAc)2(H2O)4] solution was dropcast and dried al.212,81 

onto a heated Si substrate and loaded into the high vacuum annealing cham- 

ber. The substrate preparation and annealing procedure was identical to the 

Co9S8 nanowire work. Following annealing at 575 oC in high vacuum for 1 

hour the substrate was cooled and removed for characterization. 
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FIGURE 4.22:  a) TEM image of the thermolysis product from 

a [CoIIIDIP]/[CoII(OAc)2(H2O)4] precursor solution.  b) High- 
resolution TEM image with FFT (inset).   c) XRD analysis of 

growth substrate. 

Characterization of the thermolysis product from the 

[CoIIIDIP]/[CoII(OAc)2(H2O)4] precursor solution produced Co9S8 nanocrys- 

tals. TEM characterization of the product shows irregular shaped nanocrys- 

tals with a polydispersed size distribution. Typical nanocrystal morphol- 

ogy is shown in Figure 4.22a. A lattice fringe resolved image of a ∼ 20 nm 

nanocrystal with the corresponding FFT is shown in Figure 4.22b. The plane 

spacing is determined to be 3.2 Å which is in agreement with the {220} plane 

spacing (Co9S8{220} = 3.51 Å). Characterization by XRD showed the dominant 

phase to be FCC Co9S8 with minor peak intensities indexed to FCC Co. The 

results showed that both precursor solutions produce the same crystal phase 
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(Co9S8) with different morphologies, however nanowire growth was only 

observed from the solution containing [CoIIICys2(H2O)2]. 

FIGURE   4.23: TGA/DTG  curves  of  [CoIIICys2(H2O)2]  and 
[CoIIIDIP].   The TGA/DTG was measured in a temperature 
range from 30 to 900 oC in a N2 atmosphere, the heating rate 

was 3 oC/min. 

Analysis of the volatile decomposition products using gas phase chro- 

matography during thermolysis of cobalt(III) dithiocarbamate provides evi- 

dence to the different reaction steps preceding Co9S8 nanocrystal formation. 

TGA-GC-MS was performed on a 1:1 ratio of cobalt(III) dithiocarbamate to 

TGA and differential thermal gravimetric analysis (DTG) characterization
of the isolated [CoIIIDIP] and [CoIIICys2(H2O)2] was performed under inert
(N2) environment at a heating rate of 3 oC per minute, the results are shown
in Figure 4.23. [CoIIIDIP] is shown to undergo similar thermal decomposi-
tion behavior to [CoIIICys2(H2O)2]. The absence of bound water species in
CoIIIDIP is reflected in the mass loss curve by only a subtle change in the
temperature region 30 - 200 oC which may by attributed to residual water.
The ligands remain stable until ≈ 279 oC before the onset of ligand decom-
position. Two distinct thermal events are shown to occur (based on the DTG
curve) resulting in a ≈ 52% mass loss. This constitutes the major mass loss
event during decomposition, following this step gradual mass loss occurs.
By contrast [CoIIICys2(H2O)2] shows a single decomposition peak extracted
from the DTG curve with a peak rate of mass loss at 260 oC (for the examined
heating rate).
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cobalt(II) acetate and cobalt(III) bis-cysteinate to cobalt(II) acetate. The ther- 

mal decomposition behavior of the different compound mixtures is shown in 

Figures 4.24 and 4.25. 

(Inset) TG analysis of [CoIIIDIP] + FIGURE 4.24: 
[CoII(OAc)2(H2O)4] precursor compounds. Ion chromatograms 

sampled every 30 oC of precursor compounds. 

Characterization of cobalt(III) dithiocarbamate by TGA-GC-MS is shown 

in Figure 4.24. Decomposition of the ligand species is first shown to occur at 

∼ 279 oC which results in a rapid ∼ 52 % mass loss step. This is highlighted 

in green in the TG curve (Figure 4.24 inset) as well as the corresponding total 

ion chromatographs. Following this event steady mass loss of carbon diox- 

ide CO2, sulfur dioxide (SO2) and isopropyl isothiocyanate (C4H7NS) is ob- 

served in the temperature range 300 - 900 oC. Sulfur dioxide and isopropyl 

isothiocyanate are attributed to ligand decomposition and carbon dioxide 

the acetate anion. Whilst the generation of SO2 over the same tempera- 

ture range is observed in the TGA-GC-MS characterization of the cobalt(III) 

bis-cysteinate/cobalt(II) acetate precursor compound mixture (Figure 4.25) 

the presence of C4H7NS is not. The results suggest the slow formation of 

monomer owing to the additional decomposition step which involves the 

volatilization of isopropyl isothiocyanate. 
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(Inset)  TG  analysis  of  [CoIIICys2(H2O)2]  + FIGURE   4.25: 
[CoII(OAc)2(H2O)4] precursor compounds. Ion chromatograms 

sampled every 30oC of precursor compounds. 

The extracted ion chromatagraphs for water (m/z = 18), carbon dioxide 

(m/z = 44), sulfur dioxide (m/z = 64) and isopropyl isothiocyanate (m/z = 

101) for both precursor compound mixtures (cobalt(III) dithiocarbamate/cobalt(II) 

acetate and cobalt(III) bis-cysteinate/cobalt(II) acetate) are shown in Figure 

4.26. The extracted ion chromatographs evidence similarities in the thermal 

properties of the precursors as well as the volatile ligand fragments upon de- 

composition. The important difference is observed in the extracted ion chro- 

matographs for isopropyl isothiocyanate (Figures 4.26g and h). Volatilization 

of isopropyl isothiocyanate is shown to produce a peak mass loss at 270 - 300 
oC followed by the slow generation up to 900 oC in the [CoIIIDIP] precursor 

mixture and is negligible in the [CoIIICys2(H2O)2] ion chromatograph. 
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FIGURE 

for 
4.26: (Extracted ion chromatographs 

[CoIIIDIP]/[CoII(OAc)2(H2O)4] and 
[CoIIICys2(H2O)2]/[CoII(OAc)2(H2O)4] for m/z = 18 (a 

and b), 44 (c and d), 64 (e and f) and 101 (g and h). 
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4.4 Conclusion 

The versatility of cysteine-based precursors is demonstrated in phase-controlled
nanowire synthesis by solventless thermolysis. Co9S8 and Co nanowires
were realized by heat-up synthesis using the precursors cobalt(III) bis-cysteinate
and cobalt(II) acetate, the phase was determined by the mole ratio. A simi-
lar strategy was successful in the Ni3S2/Ni system. Characterization of the
nanowire phase, morphology, growth direction and composition is provided
showing the nanowires to be high-quality structures with the presence of
a capping layer. Understanding of the conversion reactions from precursor
to nanowire is elucidated through detailed characterization of the precur-
sors and reaction steps during thermolysis. Real-time characterization us-
ing FESEM confirms nanowire growth does in fact occur at the stabilized
temperature (and not during cool down) and provides evidence for a base
driven mechanism. The results are used to support analysis by TGA-GC-MS
of the precursors. Analysis by TGA-GC-MS shows the cysteine ligands are
thermally stable to 220 oC before undergoing decomposition. At tempera-
tures greater than 300 oC the steady generation of CO2 and SO2 are the only
volatilized species observed. By comparison with cobalt(III) dithiocarbamate
TG reveals similar mass loss behavior however the total ion chromatograms
the generation of isopropyl isothiocyanate in the temperature range 350 - 900
oC. The presence of which is hypothesized to act as a barrier to monomer
formation leading to the broad nanocrystal size distribution.
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Chapter 5 

Role of Functional Groups in 

Nanocrystal Morphology 

5.1 Abstract 

In this chapter the role of individual functional groups in nanowire formation 

is examined based on the precursor cobalt(III) bis-cysteinate. This is achieved 

by substitution of precursor species and annealing precursor compounds un- 

der different environments. The results show that a S and N source are criti- 

cal to nanowire growth and 1D growth can be achieved using different pre- 

cursor/reagent combinations that satisfy this requirement. The growth of 

dense Co9S8 nanowires is then realized by high temperature CVD, on arbi- 

trary substrates with no addition of a template or seed. The nanowires are 

evidenced to be high quality, single-crystal structures with a narrow size dis- 

tribution. 

5.2 Introduction 

Using surfactants to modify growth kinetics has shown to be a powerful 

technique for the synthesis of monodispersed nanocrystals with controllable 

size and shape.244 New understanding has lead to the synthesis of monodis- 

persed nanostructures with richer architectures and greater complexity.268,97 

The high affinity for cations has seen the extensive use of sulfur and thiol 

containing ligands to support finely tuned size distributions and multitudes 

of shapes in metal and semiconducting nanocrystals.96,208,49 Stabilization of 

Au nanocrystals with thiols was first reported by Mulvaney and Giersig in 

1993. Soon after, the Brust-Schiffin method was developed which enabled 

narrow size distributions and control over diameter for the first time.69,20,21
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Since this work, thiol-based ligands have been used extensively in stabiliza- 

tion of monodispersed nanocrystals of varying sizes and shapes in differ- 

ent material systems including compound semiconductors such as CdE (E = 

S, Te, Se) and metals including Au, Ag and beyond.226,178,186,41,190,235 In addi- 

tion to modifying growth kinetics, termination of semiconductor nanocrys- 

tals with thiols has shown to improve luminescence stability.62
 

The complex cobalt(III) bis-cysteinate contains both S and N donors to 

the cobalt(III) center. Amines are also known capping ligands, however their 

role appears to be far more complex and perplexing. They have been re- 

ported to act as a ligand, shape controlling agent, proton donor, precursor 

conversion inhibitor and growth activator.63 Studies have reported conflict- 

ing behaviour even within a single crystal system. Amines have been used 

in the anisotropic growth in Au nanowires and hcp-Co nanodisks, as well as 

Au and metal-sulfide nanocrystals, InP quantum dots and numerous other 

material systems.259,119,169,261,106,148 Few mechanistic studies have been able to 

isolate their role in nanocrystal synthesis. Studies of note include the synthe- 

sis of ultrathin Au nanowires upon reduction of Au+ following the formation 

of polymeric strands with alkyl ligands and the use of pulsed field gradient 

NMR to characterized intermediate species during metal sulfide nanocrystal 

synthesis.136,211
 

Much of the work on symmetry breaking growth by capping reagents 

has been centered on co-precipitation techniques. Numerous studies have 

also highlighted the role of capping ligands in nanowire growth using vapor 

phase reactants. Direct observation of surface absorbates using operando 

IR analysis during the VLS growth of Ge nanowires shows hydrogen atoms 

and methyl groups act to suppress radial growth and eliminate tapering in 

nanowires.196 A narrower diameter distribution and elimination of NW ta- 

pering was achieved by the introduction of elemental sulfur during the Au 

catalyzed growth of GaSb nanowires.257 Cu nanowire growth was demon- 

strated by CVD of Cu(etac)[P(OEt)3]3 in the absence of a seed, catalyst or 

template.36 Here anisotropic growth is supported by strain in the five-fold 

twinned crystal habit and the in situ generation of phosphite molecules which 

are known to passivate {100} side planes.105 Free-standing, high aspect ra- 

tio Au nanowire growth supported by the in situ generation of capping lig- 

and species has been demonstrated using the precursor AuN(SiMe3)2NHC] 

where NHC = 1,3-diisopropyl-imidazolidin-2-ylidene.71 Nanowire growth 

by chemical vapor deposition offers a powerful and scalable approach to sub- 

strate independent nanowire synthesis with no template, seed or catalyst. 
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Insight into the active role of functional groups can be achieved by substi- 

tution of starting reagents/precursors. Capping ligands can either be added 

to the reaction vessel in addition to growth precursor compounds or can be 

generated in situ upon decomposition (single-source precursors). In Chapter 

3 it is shown that the thermal decomposition of metal(II/III) bis-cysteinate 

produces volatile sulfur species at the growth temperature. Whilst sulfur 

species are known capping ligands, evidence was still lacking for their direct 

involvement in 1D growth in this study. 

In this chapter the role of thiol in the bis-cysteinate precursor and its in- 

fluence on 1D growth is elucidated. In the first section thermolysis prod- 

ucts from starting precursor solutions containing only cobalt(II) acetate, ser- 

ine/cobalt(II) acetate and cysteine/cobalt(II) acetate (as previously shown) 

are compared. Cysteine is the only thiol containing amino acid, an impor- 

tant functional group that can undergo oxidation/reduction reactions. This 

makes it important in biology based on its role in protein structure and in 

protein-folding.19 Serine is an amino acid with an identical chemical make- 

up which only differs in the substitution of an oxygen for the sulfur (Figure 

5.1). 

FIGURE    5.1: Schematic  illustrating  serine  and  cysteine 
molecules. 

The results show that nanowire growth only occurs from the thiol con- 

taining (cysteine) precursor compounds. Nanowire growth can be initiated 

by annealing the dried serine/cobalt(II) acetate precursor solution in a bu- 

tanethiol (CH3(CH2)3SH) environment. The resulting nanowires show re- 

duced diameter distributions when compared to nanowires synthesized from 

cysteine under high vacuum annealing. Nanowire growth is not able to be 

achieved by annealing in an alternative reducing environment (NH3) sug- 

gesting the role of thiol as an essential capping ligand (and not simply a re- 

ducing agent). Nanowire growth in the complete absence of an amino acid 

is demonstrated by a two-step annealing process. The growth procedure in- 

volves decomposition of the metal(II) salt in an ammonia environment before 
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annealing in a butanethiol environment. Nanowire growth from cobalt(II) ac- 

etate is not observed in the absence of one (or both) of these annealing steps. 

The results suggest that a N source is also required for 1D growth. 

New insight into the fundamental role of functional groups in the bis- 

cysteinate complex is achieved. A single-step synthesis technique for the 

production of Co9S8 nanowires by CVD is then reported. The nanowires are 

evidenced to be high-quality, single crystal structures with a narrow size dis- 

tribution. Scalable growth can be achieved on arbitrary substrates including 

Si and carbon cloth for performance testing. The work opens the way for 

deployment of high-quality Co9S8 nanowires into advanced energy storage 

and conversion applications. 

5.3 Experimental 

We employ commercially available cobalt(II) acetate tetrahydrate (99.9% Sigma 

Aldrich), cysteine (≥98.5% Sigma Aldrich), serine (≥99.5% Sigma Aldrich), 

1-butanethiol (99% Sigma Aldrich), cobalt tricarbonyl nitrosyl (STREM), and 

ammonia vapor with no further purification in the following growth exper- 

iments. Experimental work performed in this chapter was conducted using 

3 different annealing systems. A schematic and discussion of the respective 

systems can be found in Chapter 3. High vacuum annealing work was per- 

formed on the same system used for growth experiments in Chapter 4. Aque- 

ous precursor solutions using the chemical reagents: cobalt(II) acetate, serine 

and cysteine were prepared in air. In a typical growth procedure, a solution 

containing the precursor compounds was dropcast and dried onto a clean sil- 

icon substrate (with a native oxide layer). After air-drying, the specimen was 

loaded into the annealing chamber and then evacuated to a base pressure of 

2 × 10−7 mbar. After the annealing period the substrate was cooled in high 

vacuum and removed for characterization. 

The two-step annealing process using ammonia and butanethiol vapor 

was performed on a cold-wall CVD chamber. An aqueous solution of cobalt(II) 

acetate was dropcast and dried onto a Si substrate. The substrate was loaded 

into the chamber and both the CVD chamber and gas lines connecting the 

ammonia and butanethiol supply were pumped to base pressure. Ammonia 

vapor was introduced at 0.5 sccm, the chamber pressure was stabilized at 0.4 

mbar and the substrate was heated to 350 oC. Annealing was performed for 1 
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hour, a needle valve to throttle the pump was continually adjusted to main- 

tain pressure. The chamber was then evacuated and butanethiol was intro- 

duced. The chamber was heated to 600 oC the pressure was stabilized at 0.4 

mbar and annealing was performed for 1 hour. The substrate was cooled in 

a butanethiol environment to room temperature, evacuated, and then vented 

using N2 for characterization of the substrate. 

5.4 Results and Discussion 

5.4.1 Role of Amino Acids: Cysteine versus Serine 

To understand the role of functional groups in shaping nanocrystal morphol- 

ogy, thermolysis products from three starting aqueous precursor solutions 

containing: (1) cobalt(II) acetate ([[CoII(OAc)2(H2O)4]]), (2) serine/cobalt(II) 

acetate ([C3H7NO3]/[[CoII(OAc)2(H2O)4]]) and (3) cysteine/cobalt(II) acetate 

([C3H7NO2S]/[[CoII(OAc)2(H2O)4]]) were compared. The chemical structure 

of serine is compared to cysteine in the schematic shown in Figure 5.1. The 

various functional groups are highlighted, the major difference being the hy- 

droxyl group in the serine replaces the thiol group in the cysteine molecule. 

In each precursor solution the cobalt(II) acetate concentration was 8.0 mM 

and the amino acid to cobalt(II) acetate mole ratios for the serine (CoII:Ser) 

 

The third system used in experimental work discussed in this chapter is
a hot-wall CVD chamber. Before each experiment the CVD and gas deliv-
ery systems (both the quartz tube and the gas lines leading to the shutoff
valve isolating the precursor crucible) were purged with 1000 sccm Ar and
the quartz tube was heated to 1000 oC by the furnace for 30 minutes. Af-
ter cooling the substrates were loaded into the quartz tube and evacuated to
base pressure (2 × 10−2 Torr). Pressure was regulated using manual needle
valves to control the precursor flow rate as well as a needle valve to throttle
pumping. Gas independent pressure gauges (capacitance manometers) are
positioned to measure the pressure of the gas lines going into the furnace
and immediately after. This enables the pressure drop across the furnace
to be measured. CVD precursors (butanethiol and cobalt tricarbonyl) were
loaded into dedicated crucibles under inert (N2) atmosphere. After loading
onto the gas lines the precursors underwent freeze-pump-thaw cycles to re-
move excess N2. Both butanethiol and cobalt tricarbonyl have dedicated gas
lines that lead into a mixing zone before the furnace. Isolation valves on the
lines are used to reduce cross contamination.
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and cysteine (CoII:Cys) precursor solutions were 0.8 and 0.9 respectively. Fol- 

lowing evaporation of the solvent after dropcasting, substrates were loaded, 

pumped to high vacuum and annealed at 575 oC for 1 hour. Substrates were 

then removed for characterization of the thermolysis product. 

FIGURE 5.2: Thermolysis product of precursor solutions con- 
taining cobalt(II) acetate (a and b), cobalt(II) acetate and serine 
(c and d), and cobalt(II) acetate and cysteine (e and f). g) XRD 

characterization of each product. 

Thermolysis products of the dropcast and dried precursor solutions are 

shown in Figure 5.2. SEM characterization of the precursor compound cobalt(II) 

acetate (CoII) showed irregular shaped nanoparticles following thermoly- 

sis.  XRD characterization of the substrate showed the dominant phase to 
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be FCC Co, with minor peak intensities matching HCP Co and CoO (Figure 

5.2g). The mean nanoparticle size was 23 nm. A histogram of the nanopar- 

ticle size distribution is shown in Appendix B Figure B.1. Thermolysis of 

the serine/cobalt(II) acetate (CoII + Ser) precursor solution is shown in Fig- 

ures 5.2c and d. XRD characterization could not unambiguously identify the 

phase(s) present and peaks were tentatively assigned to FCC cobalt. Analy- 

sis of the nanoparticle size distribution for the serine/cobalt(II) acetate pre- 

cursor solutions is shown in Appendix B Figure B.1. The mean nanoparti- 

cle size was measured to be 16 nm. The Figures 5.2e and f show resulting 

nanowire growth from a starting cysteine/cobalt(II) acetate precursor solu- 

tion and XRD characterization (Figure 5.2g) confirms the dominant phase 

is Co9S8. The results shown in Figure 5.2 show the nanocrystal phase and 

morphology from different starting precursor solutions under identical an- 

nealing treatments. The growth of 1D nanowires is only present in the thiol 

containing cysteine/cobalt acetate precursor solution. 

5.4.2 Annealing Precursor Compounds in a Butanethiol En- 

vironment 

FIGURE  5.3:   Schematic illustrate substrate preparation and 
annealing procedure for precursor solutions in a butanethiol 

(CH3(CH2)3SH) environment. 
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FIGURE  5.4: Thermolysis product of precursor solutions con- 
taining cobalt(II) acetate (a and b), cobalt(II) acetate and serine 
(c and d), and cobalt(II) acetate and cysteine (e and f) annealed 
in a butanethiol (SH(CH2)2CH3) atmosphere.  g) XRD diffrac- 

togram of each product. 

Figure 5.4 shows the result of annealing the same precursor mixtures (follow- 

ing dropcasting and drying) in a butanethiol (CH3(CH2)3SH) environment at 

1.0 Torr pressure for one hour. The heating rate was 1 - 2 oC/sec. The pres- 

sure during heat-up and at the stabilized growth temperature is shown in 

Appendix B Figure B.2. SEM characterization following the annealing from 

the starting cobalt(II) acetate solution shows the formation of irregular crys- 

tallites (Figures 5.4a and b). XRD characterization confirms that the phase is 

Co9S8. Dense nanowire growth is shown from the starting serine/cobalt(II) 
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acetate (CoII + Ser) and cysteine/cobalt(II) acetate (CoII + Cys) precursor so- 

lutions (Figures 5.4c and d, and Figures 5.4e and f respectively). XRD char- 

acterization confirms the phase is Co9S8 for both. In each experiment the 

phase was shown to be Co9S8 and no other phases were present in the diffrac- 

tograms. 

The nanowire diameter distribution for annealing experiments shown in 

Figure 5.2e and Figures 5.4c and e is presented in Figure 5.5. The results 

show that a narrower diameter distribution is achieved by annealing precur- 

sor compounds in a butanethiol environment than when compared with high 

vacuum annealing. The mean nanowire diameter for the cysteine/cobalt (II) 

acetate and serine/cobalt(II) acetate precursor solutions annealed in a bu- 

tanethiol environment are 57 nm and 49 nm respectively (compared with 125 

nm for the cysteine/cobalt(II) acetate precursor solution annealed in high 

vacuum). The results also show that 1D growth can be ’turned on’ in the 

precursor solution containing cobalt(II) acetate and serine but not in the pre- 

cursor solution containing just cobalt acetate. This suggests that the amine 

group is essential to 1D growth, or that the molecular film formed by the 

amino acid acts as a template to support 1D growth. 

Resulting purification of a Si substrate with dispersed Co9S8 nanowires is 

shown in Figure 5.6. The Co9S8 nanowires were grown from a precursor solu- 

tion containing cobalt(II) acetate and serine. Following dropcasting and dry- 

ing the precursor residue was annealed in a butanethiol environment as de- 

scribed above. Figures 5.6a and b show SEM characterization of a Si substrate 

containing high concentrations of nanowires and nanoparticles directly after 

transfer. Transfer was achieved by gentle rubbing of the growth substrate to 

clean Si. Purification was achieved by pipetting toluene over the transfer sub- 

strate before brief sonication (< 1 sec). Evidence of purification by SEM char- 

acterization is shown in Figures 5.6c and d. The red circles indicate the pres- 

ence of nanoparticles in the high magnification SEM images (Figures 5.6a and 

c). Following the two-step purification procedure fewer particles were found 

on the substrate and the remaining particles were much smaller in diameter. 

It is believed that the high surface area of the nanowires results in stronger 

van der Waals interaction with the substrate therefore during toluene purg- 

ing and sonication particles are selectively ejected. The method is suitable 

for the transfer and purification of nanowires for spatial averaging charac- 

terization techniques including vibrating sample magnetometry (VSM) lim- 

iting contributions from nanoparticles and other contaminants. The results 

may also lead to an important means of transferring and purifying metallic 
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FIGURE  5.5:   Histogram comparing nanowire diameter dis- 
tributions  from  precursor  solutions  containing  (top)  ser- 
ine/cobalt(II) acetate and (middle) cysteine/cobalt(II) acetate 
annealed in a butanethiol environment and cysteine/cobalt(II) 

acetate annealed in high vacuum. 

nanowires for applications as transparent conductors.122
 

Whilst the results suggest that a thiol source facilitates 1D growth based 

on the capping reagent mechanism, 1D growth has also been demonstrated 

in which molecular films act as templates for nanowire growth.40 Here the 

thiol could simply be acting as a reducing agent to supply monomer for 

growth. To test this theory precursor compounds were annealed in an al- 

ternative environment with an efficient reducing agent: ammonia vapor. A 

precursor solution containing cobalt(II) acetate and serine was dropcast and 

dried onto a Si substrate and annealed in ammonia vapor (0.4 mbar) for 

1 hour at 600 oC. The results are shown in Appendix B Figure B.3, only 

nanoparticle growth was observed. The annealing experiments presented 

here are in agreement with the theory that thiol promotes 1D growth and 

it is not the reduction of cobalt(II) and the precipitation through pores in a 

molecular template that drives 1D growth. 
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FIGURE 5.6: (a) High magnification and (b) and low magnifica- 
tion SEM images of Co9S8 nanowires transferred onto a Si sub- 
strate. (c) High and (d) low magnification SEM images of the 
substrate following purging with toluene and sonication. Red 
circles in high magnification SEM images indicate the presence 

of a nanoparticle. 

FIGURE 5.7: a) Schematic illustrating 2-step annealing process 
for nanowire synthesis. b) SEM image of thermolysis product 
following annealing in an NH3  environment.  c) Thermolysis 
product following annealing an a butanethiol (CH3(CH2)3SH) 

environment. 

Co9S8 nanowire growth can be achieved in the absence of an amino acid 
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by a two-step annealing process.  The synthesis process involves dropcast 

and drying of an aqueous cobalt(II) acetate precursor solution onto a clean 

Si substrate. In the first annealing step, the substrate is heated to 350 oC in 

an ammonia environment (0.4 mbar) for 1 hour. After which the ammonia 

vapor was exhausted and butanethiol was introduced. The pressure was 

increased to (0.4 mbar) and the temperature was increased to 600 oC. The 

annealing duration was 1 hour. A schematic illustrating the substrate prepa- 

ration procedure and annealing steps is shown in Figure 5.7a. SEM charac- 

terization following annealing in NH3 is shown in Figure 5.7b and after both 

annealing steps in Figure 5.7c. The results show nanowire growth can be 

achieved using readily available and easy-to-handle metal acetate salt as a 

starting reagent and nanowire growth requires the presence of a N source 

(ammonia) and thiol source. 

5.4.3 Co9S8 Nanowire Growth Using Vapor Phase Surfactants 

The growth of free-standing Co9S8 nanowires is achieved by high tempera- 

ture CVD using the precursors cobalt tricarbonyl nitrosyl (Co(CO)3NO) and 

butanethiol (CH3(CH2)3SH). Nanowire growth is demonstrated on arbitrary 

substrates, with no hard-template, binder, or additional seed particles. Re- 

search into binder-free assembly is motivated by fewer processing steps, re- 

duced weight, uncertainty of the carrier diffusion path and inhomogeneities 

in the active material/binder blend as well as limitations associated with 

binders under different chemical environments.76 Initial work was performed 

on the cold-wall CVD system. Optimization of nanowire growth conditions 

involved testing different precursor partial pressures and temperatures. Pres- 

sure and temperature parameters were optimized for carbon paper to di- 

rectly enable performance testing. In a typical growth procedure a clean sub- 

strate was loaded into the system and both the chamber and the gas delivery 

lines required for growth were pumped to high vacuum. The substrate was 

heated to growth temperature (under high vacuum), once temperature was 

stabilized the TMP was isolated and spun down. Butanethiol was introduced 

and the chamber was stabilized at the desired pressure, after which cobalt tri- 

carbonyl was introduced. 

Figure 5.8 shows Co9S8 nanowire growth resulting from high tempera- 

ture CVD using the precursors cobalt tricarbonyl nitrosyl and butanethiol. 

SEM images show straight, high aspect ratio nanowires with smooth sur- 

faces, characteristic of single-crystal structures and dense coverage over a 
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FIGURE 5.8:  a) High magnification and b) low magnification 
SEM image of Co9S8 nanowire growth on carbon paper by high 
temperature CVD. c) Histogram showing nanowire diameter 
distribution. d) Plot showing pressure recorded using capaci- 

tance manometers during growth. 

carbon fiber substrate.  The average diameter was measured to be 15 nm 

based on the analysis of 132 nanowires with a narrow diameter distribution 

(Figure 5.8c). Pressure was measured using two capacitance manometers; the 

first measuring pressure in the gas lines in the ’mixing region’ before enter- 

ing the chamber and the other in the chamber. The recorded pressure clearly 

shows changes upon introduction of both precursor species (Figure 5.8d). 

After heating to 650 oC butanethiol is introduced and the chamber pressure 

is stabilized at ∼0.752 Torr. The total pressure increase associated with the 

introduction of Co(CO)3NO is ∼0.767 Torr shown at ∼30 minutes. Based on 

the change in pressure, the Co(CO)3NO partial pressure is calculated to be 

∼0.015 Torr, the precursor ratio (CH3(CH2)3SH:Co(CO)3NO) is thus deter- 

mined to be ∼50. SEM characterization of the substrate showed nanowire 

coverage varied, the edges showed most dense nanowire growth whilst the 

center regions showed sparse coverage of nanowires and the dominant mor- 

phology was irregular, asymmetric nanocrystals (Appendix B Figure B.4). 

A precursor delivery and exhaust system was built and attached onto 
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a standard tube furnace for the purpose of nanowire growth in a hot wall 

system. CVD work in a quartz tube with the heating element on the out- 

side offered numerous benefits. For nanowire growth studies, this enabled 

examination of a wider parameter space, as the deposition of metal in the 

chamber demonstrated the potential to short-out the resistance heating ele- 

ment and sulfur related corrosion was significant at elevated temperatures. 

Using a tube furnace experimental work could be conducted at higher tem- 

peratures for longer durations with greater thiol and Co precursor pressures. 

A schematic of the furnace and gas delivery system is shown in Chapter 3 

Figure 3.19. 

FIGURE 5.9:  a) High magnification and b) low magnification 
SEM image of Co9S8 nanowire growth on carbon paper by high 
temperature CVD. c) Histogram showing nanowire diameter 
distribution. d) Plot showing pressure recorded during growth. 
The partial pressures of the precursor species (CH3(CH2)3SH 
and Co(CO)3NO) are denoted by the red and blue shaded re- 

gions (respectively). 

Figure 5.9 shows nanowire growth following annealing in a mixed bu- 

tanethiol and cobalt tricarbonyl nitrosyl environment at 700 oC. The system 

was heated to growth temperature in a CH3(CH2)3SH environment. The 

pressure was stabilized at ∼0.97 Torr CH3(CH2)3SH, before the introduction 
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of Co(CO)3NO.  The change in the total pressure of the system can be at- 

tributed to the Co(CO)3NO partial pressure (∼0.0445 Torr) the precursor ratio 

(CH3(CH2)3SH:Co(CO)3NO) is thus determined to be ∼22. The growth time 

was measured from when the chamber pressure was approximately stable 

after the introduction of Co(CO)3NO and was approximately 2 hours. High 

magnification and low magnification SEM images (Figure 5.9a and b) show 

dense nanowire growth over the carbon paper substrate. The nanowires have 

a narrow size distribution. Based on the analysis of 62 nanowires the mean 

diameter was 12 nm (Figure 5.9c). The pressure change upon introduction of 

Co(CO)3NO measured by the capacitance manometer on the gas lines and is 

shown in Figure 5.9d. The precursor partial pressure is denoted by the red 

and blue colored regions for CH3(CH2)3SH and Co(CO)3NO respectively. 

FIGURE   5.10: a)  Low  magnification  TEM  image  of  Co9S8 

nanowires dispersed on a holy carbon TEM grid. b) TEM im- 
age of an isolated Co9S8 nanowire. c) HRTEM image of a Co9S8 

nanowire. d) FFT of nanowire in c. 

A TEM image of Co9S8 nanowires transfered onto a holy carbon TEM grid 

is shown in Figure 5.10a. The nanowires were transfered by gently touch- 

ing the TEM grid to the growth shown in Figure 5.9. TEM characterization 

revealed the growth of both nanowires and nanobelts (Appendix B Figure 

B.5). In a similar study the formation of Au nanobelts with < 110 > growth 
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direction has been reported using co-surfactant mixtures.268 The TEM im- 

age in Figure 5.10b shows a high-aspect ratio nanowire (diameter = 19 nm) 

with smooth and well defined surfaces and no evidence of tapering. HRTEM 

characterization of an isolated 14 nm nanowire and the corresponding FFT 

is shown in Figures 5.10c and d, respectively. The nanowire is single-crystal 

and the zone axis was indexed to the [1̄12] plane of the FCC cubic crystal 

structure. The nanowire growth direction could be directly identified and 

was determined to be along the < 110 > direction. The {111} plane spacing 

was measured to be 6.15 Å in good agreement with the sulfide phase Co9S8 

(5.907 Å). Artifacts in the lattice spacing measurements can be caused by nu- 

merous factors including tilt and defocus as well as strain and chemical or 

structural changes due to beam irradiation.14
 

FIGURE 5.11: a) SEM image of Co9S8 nanowire growth on a Si 
substrate. b) XRD characterization of the substrate shown in a. 

Figure 5.11 shows Co9S8  nanowire growth on a Si substrate and X-ray 

diffraction characterization of the substrate. The diffractogram (Figure 5.11b) 

was a good fit for FCC Co9S8. Both HRTEM and XRD characterization of 

the as-grown nanowires are in agreement and support the nanowire phase 

assignment of FCC Co9S8. These results support the claim that nanowire 

growth can be achieved on arbitrary substrates by high temperature CVD 

using the precursors butanethiol and cobalt tricarbonyl nitrosyl. 
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5.5 Conclusion 

In this chapter I provide a detailed experimental investigation into the role 

of functional groups in shaping nanocrystal morphology based on nanowire 

growth from the precursor cobalt(III) bis-cysteinate. This is achieved by the 

substitution of chemical reagents or precursors in annealing experiments. 

The results show that (1) anisotropic growth requires both the presence of a 

N and thiol source, (2) 1D growth is supported by the capping reagent mech- 

anism in which the anion SH– is the likely ligand (3) the role of N is critical to 

achieving 1D growth however its exact function is unknown. Further, it can 

be concluded that 1D growth is not driven by the precipitation of crystalline 

Co9S8 from pores in a molecular film and that annealing in environments 

containing alternative reducing agents (i.e. NH3) does not elicit nanowire 

growth. A recipe to achieve high yield Co9S8 nanowire growth with a nar- 

row diameter distribution is demonstrated as well as a method for nanowire 

transfer and purification. A precursor system and reaction conditions are 

presented for growth of free-standing Co9S8 nanowires by high-temperature 

CVD. The nanowires are high-quality, single-crystal structures with smooth 

surfaces and can be grown on arbitrary substrates in the absence of a seed 

or template. In summary, Co9S8 nanowire growth is initiated with different 

starting reagents and precursors. Through elimination, essential functional 

groups are identified and different reaction schemes are demonstrated. New 

understanding of the chemistry involved in nanowire synthesis is achieved 

and a high-yield, synthesis method is demonstrated. 
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Chapter 6 

Conclusions and Outlook 

Here, I provide a summary of my results, and discuss the broader signifi- 

cance of this work. Finally, I will provide an outline of the future directions 

of this project. 

In this work, a novel precursor system is reported for the controlled growth 

of metal (Co and Ni) and metal sulfide (Co9S8 and Ni3S2) nanowires, and the 

precursor conversion reactions are studied.  The nanowire phase is modu- 

lated by tuning the relative concentration of metal(II/III) bis-cysteinate to 

metal(II) acetate. A detailed study of the precursors, the reaction pathways 

and the role of function groups in synthesis is then presented.  Nanowire 

growth is demonstrated by solventless thermolysis (a subset of coprecipi- 

tation synthesis methods) which enables unique insight into the precursor 

conversion chemistry in symmetry breaking nanocrystal growth. In situ char- 

acterization during precursor thermolysis is performed using thermogravi- 

metric analysis with gas chromatography-mass spectrometry (TGA-GC-MS) 

and field-emission scanning electron microscopy (FESEM). Time-dependent 

FESEM characterization unambiguously confirms the nanowire growth tem- 

perature and suggests that growth occurs by a base-driven mechanism. Dy- 

namic characterization of the morphological changes are then correlated with 

chemical analysis techniques to provide further insight into the precursor 

conversion chemistry.  Studying the reaction steps using TGA-GC-MS en- 

ables highly sensitive characterization of precursor decomposition during 

thermolysis. Here, intermediate states preceding nanocrystal nucleation, as 

well as decomposition behavior at the nanowire growth temperature can be 

probed. The results show that the cysteine ligands are thermally stable to 180 
oC, before a major mass loss event which produces unknown CoxSy species. 

Following this, the slow generation of CO2 and SO2 is observed in the tem- 

perature range 300 - 900 oC, encompassing the nanowire growth temperature. 

Importantly, the slow generation of S species is shown to promote 1D growth 

and substituting the acetate anion (in the metal salt) for Cl– inhibits nanowire 
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growth. This proves that both S and acetate species play a role in 1D growth. 

In Chapter 5, the active functional groups in the cobalt(III) bis-cysteinate 

precursor were identified, and their role in shaping nanocrystal composition, 

morphology and concentration was studied. This was achieved by substitut- 

ing chemical reagents or precursors. The results show that a thiol and N 

source are essential to 1D growth, that growth can be achieved using differ- 

ent combinations of precursors and/or chemical reagents, and that annealing 

in a butanethiol environment produces nanowires with a narrower diameter 

distribution. Further, the growth of dense single-crystal Co9S8 nanowires is 

demonstrated by high temperature CVD using vapor-phase precursors on 

arbitrary substrates in the absence of a seed or template. 

Understanding of precursor conversion chemistry in nanocrystal synthe- 

sis is an active area of research. Currently, conflicting results exist and general 

theory is still lacking. Even greater complexity exists in symmetry breaking 

growth of nanocrystals. Mechanistic studies that utilize in situ characteri- 

zation during nanocrystal synthesis have proven invaluable to furthering 

understanding. However these studies remain extremely challenging ow- 

ing to the speed of reactions, the reaction environment, high temperatures 

required for growth, and limitations of characterization techniques. In par- 

ticular dynamic characterization studies under ’wet’ environments are hin- 

dered by a lack of sensitivity, the presence of optically invisible species and 

can neglect the role the solvent plays in synthesis. By utilizing precursors 

that demonstrate nanowire synthesis in the absence of a solvent, the reaction 

steps that precede crystal nucleation and 1D growth can be studied using 

non-traditional, highly-sensitive techniques. TGA-GC-MS enables insight 

into intermediate species formed during synthesis and the chemical pathway 

from precursor to nanowire. 

Dynamic characterization during precursor thermolysis is shown to be 

an important tool in understanding precursor to nanocrystal conversion, in 

particular how the in situ generation of capping ligands alters crystal growth 

kinetics. Numerous studies exist on solventless thermolysis of nanocrystals 

with different morphologies, including the synthesis of monodispersed 1D 

materials.194,115,66,193 Common behavior in the reaction steps and generation 

rates of volatilized ligand fragments by TGA-GC-MS and FESEM would pro- 

vide important information on how precursor chemistry leads to anisotropic 

crystal growth. 

Transition metal sulfides in particular Co9S8 and Ni3S2 hold high potential 

in applications including catalysis, batteries and dye-sensitized solar cells. 
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The significance of oxygen evolution reaction as well as the theoretical per- 

formance of nanostructured Co9S8 strongly support performance testing for 

this reaction. By demonstrating growth of Co9S8 nanowires on carbon fibre 

paper, the performance can be directly tested with no binder required. 

General agreement is held on the intimate relationship between the pre- 

cursor reactivity and the resulting nanocrystal morphology; understanding 

the exact nature of this relationship requires more rigorous in situ charac- 

terization studies which target intermediate chemical species, reaction by- 

products and rates of decomposition. The result will enable precursors-by- 

design for nanocrystals with tailored shapes and compositions. Here, we 

are able to show the decomposition behavior of simple-molecular precursors 

that support symmetry breaking growth in a number of material systems. 

Moreover, my findings provide new insights into the precursor conversion 

rates and reaction byproducts that support symmetry breaking growth in 

nanocrystals. This has been demonstrated in high symmetry FCC crystals 

which do not intrinsically favor anisotropic growth. In addition, 1D growth 

is not supported by the presence of a twin-defect in the nucleated crystal 

habit, and therefore suggest anisotropic growth is supported by direct inter- 

action of chemical species with the growth interface and sidewalls. Beyond 

mechanistic studies, performance testing of Co9S8 nanowires is enabled by 

demonstrating a simple, single-step annealing technique for the growth of 

dense, free-standing nanowires on arbitrary substrates.  The nanowires are 

shown to be high-quality single-crystal structures with smooth surfaces. 
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Appendix A 

Appendix A 

A.0.1 Experimental 

Precursor solutions for the growth of Co9S8  and Co nanowires:  Solutions 

suitable for thermolysis were prepared by dissolving a mixture of cobalt(II) 

acetate tetrahydrate and L-cysteine in millipore water (18.4 MΩ cm– 1). The 

cysteine mass was kept standard to achieve 9.0 ± 0.5 mM solutions whilst 

appropriate amounts of cobalt(II) acetate were added to obtain solutions with 

CoII:Cys mole ratios ranging from 0.5 to 9.7. 

Precursor solutions for the growth of Ni3S2 and Ni nanowires: Solutions 

suitable for thermolysis were prepared by dissolving a mixture of nickel(II) 

tetrahydrate and L-cysteine in millipore water (18.4 MΩ cm– 1). The cysteine 

mass was kept standard to achieve 9.0 ± 0.5 mM solutions whilst appropriate 

amounts of nickel(II) acetate were added to obtain solutions with NiII:Cys 

mole ratios ranging from 1.0 to 4.9.  To achieve Ni3S2  nanowire growth a 

5 mL aliquot was taken from the 1.0 NiII:Cys mole ratio solution. To this 

approximately 3 mL of hydrogen peroxide solution (30 % w/w in water) 

was added. The solution appeared to turn clear. 

Cobalt(III) bis-cysteinate characterization: UV-visible (UV-vis) absorbance 

characterization of the cobalt(III) bis-cysteinate complex was done on both 

stock solutions prepared by mixing the reagents as described above and also 

by isolating the cobalt(III) bis-cysteinate complex through filtration of the 

crude reaction mixture. The crude reaction mixture was clarified by filtration 

through a 0.45 m syringe filter, and the resultant filtrate was collected. Purifi- 

cation of the crude filtrate was achieved by addition of chloroform, followed 

by a sufficient volume of methanol to achieve a uniform solution. Upon cool- 

ing, a dark green material was precipitated and collected by vacuum filtra- 

tion, resulting in a pale pink filtrate and an oily green-brown filter cake. The 
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latter was repeatedly triturated using cold methanol and then dried in vac- 

uum. A similar process was performed for the isolation of the nickel(II) bis- 

cysteinate precursor. 

Degassed aqueous solutions of cobalt acetate (40 mM) and cysteine (8.6 

mM) were prepared by dissolving into separate already degassed (0.1% acetic 

acid v/v) aqueous solutions. Degassing was done by purging N2 through 

each solution for 30 minutes before adding cysteine and cobalt(II) acetate to 

the respective solutions. Degassing was continued for a further 10 minutes 

before the cobalt(II) acetate solution was mixed into the cysteine solution 

whilst stirring. Upon air exposure, the resulting orange solutions gradually 

changed to a dark brown colour. 

Nanowire growth: 30 µL of the precursor solution was dropcast onto 

clean Si substrates (with a thermal oxide) held at 100oC. Following solvent 

evaporation, the substrate was loaded into the vacuum chamber, pumped 

to high vacuum (1 x 10−7 mbar) and heated to the desired growth temper- 

ature. The temperature was measured using a single thermocouple placed 

directly onto a mock Si substrate located adjacent to the growth substrate (on 

the heater). The heating rate was 2 - 3 oC / sec. Annealing temperature for 

Co9S8/Co nanowire growth was 470 - 590 ± 20 oC, the total time at this tem- 

perature was 1 hour.  For Ni3S2  nanowire growth the annealing conditions 

were 415 ± 10oC for 5 hours. The substrates were cooled under high vacuum 

before removal for characterization. 

Mass spectrometry, UV-Vis and FTIR spectroscopy: High resolution mass 

spectrometry (HRMS) was performed using an Agilent 6510 Q-TOF with a 

mobile phase of 70% acetonitrile, 30% water and a flow rate of 0.5 mL/minute. 

FTIR spectra were acquired using a Nicolet 6700 FTIR spectrometer fitted 

with a diamond smart iTX ATR accessory. Each spectrum was collected using 

64 scans, with a resolution of 2 cm– 1 over the range of 5000 - 600 cm– 1. UV- 

Vis spectra of aqueous solutions were acquired using a Cary 60 spectrometer 

from 190 to 800 nm at 0.5 nm resolution. HRMS (M+) for [CoC6H12N2O4S2]
+ 

Calculated: 298.9565; Observed: 298.9580. 

Thermogravimetric analysis and gas chromatography (TGA-GC-MS) were 

performed using a Netzsch STA 449 F5 Jupiter thermal analyser coupled with 

a heated transfer line to an Agilent 7890/5977 GC/MS. Samples were placed 

in a 90 µL alumina crucible, and experiments were conducted using an atmo- 

sphere of helium (100 mL min– 1) and a heating rate of 3 oC min−1 from 30 to 

900 oC. A 150 µL aliquot of furnace gas was subjected to a 1:5 dilution with 

helium, and a small quantity injected every 8 minutes through an Agilent 
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HP-5MS column, with separation achieved using a temperature ramp from 

50 to 200 oC with a heating rate of 2 oC / min. 

A.0.2 Heating Rate 

FIGURE   A.1: The  heating  rate and  annealing  profile  for 
nanowire growths. 

 

SEM, EDS, XRD, HRTEM and SAED characterization: The growth prod-
ucts were imaged using a Zeiss Supra 55VP scanning electron microscope
(SEM), using an Oxford Instruments INCA X-Sight 7558 for energy disper-
sive X-ray spectroscopy (EDS) microanalysis. Transmission electron micro-
scope (TEM), high resolution TEM (HRTEM) imaging and selected area elec-
tron diffraction were performed on a FEI Tecnai T20 TWIN microscope (LaB6)
operating under an accelerating voltage of 200 kV. Selected area electron
diffraction (SAED) characterization of a gold standard was used for calibra-
tion of plane spacing measurements. A Bruker Discover D8 Powder X-ray
diffractometer with Cu Kα (λ = 1.54060 ) was used to acquire diffractograms.
Nanowire growth substrates were characterized using grazing-angle inci-
dence X-ray diffraction, the scanning range (2θ) was 20 - 80o with a step
size of 0.02o. The TGA-GC-MS powder residue X-ray diffraction data was
acquired using a coupled scan. For the cobalt(III) bis-cysteinate residue the
scan range was 14 - 70o and nickel(II) bis-cysteinate 20 - 60, step sizes were
0.02o for both. Characterization of nanowires during growth was performed
using a Nova nanoSEM Sirion column. A homemade heating stage was used
to heat the sample to growth temperature (540 oC) under high vacuum (9 x
10−6 mbar). Temperature was measured by a thermocouple on a replica Si
substrate clipped to the heating stage.
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The recorded heating rate and annealing temperature profiles for Co9S8, 

Co, Ni3S2 and Ni nanowire growths resulting from the starting 0.9 and 4.9 

CoII:Cys and 1.0, 3.9 and 4.9 NiII:Cys mole ratio solutions is shown in Figure 

A.1. 

A.0.3 Diameter and Length Characterization 

FIGURE A.2: Histograms showing Co9S8 and Co nanowire a) 
diameter distribution and b) length distribution from a starting 

0.9 and 4.9 (CoII:Cys) mole ratio solution, respectively. 

The diameter and length distributions for Co9S8 and Co nanowires from 

the 0.9 and 4.9 (CoII:Cys) precursor solutions are shown in Figures A.2a and 

b (respectively). 

A.0.4 Thermolysis Product of Cobalt(III) Bis-Cysteinate and 

Cobalt(II) Chloride. 

FIGURE A.3: a) SEM image of thermolysis product from a 4.9 
(CoII:Cys) mole ratio solution annealed at 490 using the oC 

cobalt(II) salt [CoIICl2(H2O)6] 
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To examine the role of the acetate counter anion in nanowire formation a 

precursor solution was prepared by mixing cobalt(II) chloride ([CoIICl2(H2O)6]) 

with cobalt(III) bis-cysteinate.  The mole ratio of the cobalt(III) complex to 

cobalt salt was equivalent to that of a 4.9 (CoII:Cys) mole ratio solution. Sub- 

strate preparation follows the same procedure outlined and annealing con- 

ditions were 575 oC in high vacuum for 1 hour. Analysis of the thermolysis 

product by SEM suggests the formation of nanocrystals (Figure A.3).  No 

nanowires were present and no further characterization was performed. 

A.0.5 Co9S8 and Co Nanowire Characterization at Upper and 

Lower Temperature Thresholds 

Characterization of the thermolysis product of a 0.5 (CoII:Cys) mole ratio so- 

lution annealed at 490 oC and 590 oC is shown in Figure A.4. At the lowest 

examined temperature (470 oC) the nanowire concentration was too low to 

successfully transfer onto a TEM grid, therefore characterization was per- 

formed on the thermolysis product following annealing at 490 oC. TEM and 

SAED characterization of a transferred nanowire is shown in Figures A.4b 

and c (respectively).  SAED pattern of the nanowire in Figure A.4b was re- 

solved along the [011] zone axis.  The {111} plane spacing 

was in agreement with FCC Co9S8 (d{111} = 5.729 Å). 

(d{111} = 5.51 Å) 

SEM characterization of the thermolysis product following annealing at 

590 oC is shown in Figure A.4d. TEM characterization of an isolated nanowire 

with the corresponding SAED is shown in Figures A.4e and f. The zone axis 

was determined to be [001] with the measured plane spacing (d{200} = 4.83 Å) 

in agreement with FCC Co9S8 (d{200} = 4.962 Å). The nanowire is evidenced 

to be single-crystal, cubic structures with lattice calculations consistent with 

Co9S8 for the examined annealing temperature window. 

Composition and phase analysis by SEM, TEM and SAED of the 1-dimensional 

materials grown at the upper and lower annealing temperatures was done 

for the 9.0 (CoII:Cys) solution in which Co9S8  nanowire growth was com- 

pletely absent or negligible for all annealing temperatures. Characterization 

of the thermolysis product of a 9.0 (CoII:Cys) mole ratio solution annealed at 

470 oC and 590 oC is shown in Figure A.5. TEM and SAED characterization 

of a transferred nanorod is shown in Figures A.5b and c (respectively). SAED 

pattern of the nanorod in Figure A.5b was resolved along the [001] zone axis. 

The {200} plane spacing (d{200} = 1.74 Å) was in agreement with FCC Co (d{200} 

= 1.78 Å). 
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FIGURE   A.4: a)  Low  magnification  SEM  image  of 
nanowire grown at 490oC. b) TEM image of isolated 

Co9S8 

Co9S8 

Co9S8 nanowiretransferred  from  a). c)  SAED  pattern  of 
nanowire in b). d) SEM image of growth on substrate annealed 
at 590oC. e) TEM image of isolated nanowire from the substrate 

shown in d). f) SAED pattern of nanowire shown in e) 

SEM characterization of the thermolysis product following annealing at 

590 oC is shown in Figure A.5d. TEM characterization of an isolated nanowire 

with the corresponding SAED is shown in Figures A.5e and f. The zone axis 

was determined to be [001] with the measured plane spacing (d{200} = 1.74 

Å) in agreement with FCC Co (d{200} = 1.72 Å). We show that at the temper- 

ature extremes the 1D material crystal phase remained constant with lattice 

constant calculations matching FCC cobalt. 
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FIGURE A.5: a) Low magnification SEM image of Co nanowire 
grown at 470oC. b) TEM image of isolated Co nanorod trans- 
ferred from a). c) SAED pattern of Co nanorod in b). d) SEM 

image of growth on substrate annealed at 590oC. e) TEM image 
of isolated nanowire from the substrate shown in d). f) SAED 

pattern of nanowire shown in e) 
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A.0.6 Nanowire Evolution Using Time-Dependent FESEM Char- 

acterization 

a c b 

1 m 

d e f 

FIGURE A.6: In situ characterization during structure growth 
at a 540 oC. 

Time-dependent SEM characterization during growth of a nanowire is shown 

in Figure A.6. The nanowire is shown to grow from the film with growth ma- 

terial incorporated at the based of the structure. 

A.0.7 Ni3S2  and Ni Nanowire Diameter Histograms 

FIGURE A.7: Histograms showing Ni3S2 and Ni nanowire di- 
ameter distribution. 
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The diameter histograms for the Ni3S2 and Ni nanowire growths are shown 

in Figure A.7. 

A.0.8 Characterization of the Cobalt-Complex 

FIGURE  A.8:  a) UV-vis absorbance spectrum of the isolated 
CoIII bis-cysteinate complex in aqueous solution. b) Filtrate col- 

lected after isolating the CoIII bis-cysteinate from solution. 

 

UV-vis absorbance spectra of the isolated cobalt(III) bis-cysteinate ([CoIIICys2(H2O)2])
(Figure A.8a) and both the 0.9 and 4.9 CoII:Cys precursor solutions exhibit a
low intensity band at 579 nm (ε = 406 M– 1cm– 1) and three medium intensity
bands at 440 (ε = 1302 M– 1cm– 1), 350 (ε = 3476 M– 1cm– 1) and 280 nm (ε =
4600 M– 1cm– 1). The presence of four bands is characteristic of six coordinate
CoIII complexes in an octahedral sphere which gives rise to the spin allowed
(1A1g → 1T2g and 1A1g → 1T1g) and two spin forbidden (1A1g → 3T2g and 1A1g

→ 3T1g) transitions.121 The multiple band at 515 nm due to the 4T1g → 4T1g(P)
transition from Co(H2O)6

2+ in the cobalt(II) acetate solution is not observed
as it is of low intensity (ε = 4.6 M– 1cm– 1) and obscured by the precursor com-
plex.

The three broad d-d absorption bands at 680 nm, 460 and 375 nm for the
1.0, 3.9 and 4.9 (NiII:Cys) precursor solutions are assigned as the 1A1g → 1A2g,
1A1g → 1B1g and 1A1g → 1Eg transitions respectively.120,45,8 These three bands
are characteristic of square planar d8 nickel(II) complexes, and in agreement
with the solid state structure of NiIICys2.215 A band at 270 nm is attributed
to intraligand transitions. The nickel(II) acetate bands expected at 395 (ε =
5.0 M– 1cm– 1), and 724 nm (ε = 2.0 M– 1cm– 1) due to the 3A2g → 3T1g(P) and
3A2g → 3T1g transition from Ni(H2O)6

2+ were not observed in the nanowire
precursor solutions due to their low intensity.
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B.0.1 Nanoparticle Size Distribution Following Thermolysis 

of Different Precursor Mixtures 

FIGURE B.1: Nanoparticle size distribution histogram follow- 
ing thermolysis experiments from a starting cobalt(II) acetate 
(blue) and serine/cobalt(II) acetate (red) precursor solutions. 

B.0.2 System Pressure During Annealing in Butanethiol En- 

vironment 

Figure B.2 shows the system pressure during annealing of samples in a bu- 

tane thiol environment. Samples were loaded into the reaction chamber and 

purged with Ar for 30 min (500 sccm). Following purging the system was 

pumped to base pressure (3 x 10−2) and butane thiol was introduced. Once 

 



112 Appendix B. Appendix B 

FIGURE B.2: Pressure recorded as a function of time during an- 
nealing in a butanethiol environment. 

the pressure was greater than 0.3 Torr, the substrates were heated at a rate of 

1 - 2 oC / sec to 600 oC. The temperature rise caused an increase in pressure. 

The annealing time was 1 hour at a stable temperature and pressure of 600 oC 

and ≈ 1 Torr, respectively. Following annealing the substrates were moved 

out from the furnace and cooled in a butane thiol environment. Once achiev- 

ing room temperature residual butane thiol was pumped out, the system was 

purged with Ar then atmosphere at 1000 sccm for approximately 10 minutes 

each. Then the substrates were removed for characterization. 

B.0.3 Butanethiol Versus Ammonium Vapor 

FIGURE B.3: SEM characterization of nanostructure morphol- 
ogy following annealing of a serine/cobalt(II) acetate precursor 

solution in a a) butanethiol and b) ammonia environment. 
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B.0.4 High Temperature CVD 

FIGURE B.4: SEM characterization of nanostructure morphol- 
ogy at the center of the carbon fiber substrate following high 

temperature CVD 

B.0.5 Nanobelts 

FIGURE B.5: TEM images of Co9S8 nanobelts. 
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