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Abstract 

This thesis is concerned with solution-phase synthesis of nanoparticles and growth of 

nanoparticles in solution. A facile synthesis route was developed to produce nanoparticles 

of iron, iron carbide and ruthenium. In general, the synthesis involved the 

reaction/decomposition of a metal precursor in solution, in the presence of a stabilising 

agent, in a closed reaction vessel, under a hydrogen atmosphere. The crystallinity, crystal 

structure, morphology and chemical composition of the nanoparticles obtained were 

studied primarily by transmission electron microscopy (TEM), selected area electron 

diffraction (SAED), powder X-ray diffraction (XRD), and energy dispersive X-ray 

spectroscopy (EDS). Scanning quantum interference device magnetometry (SQUID) was 

used to characterise the magnetic properties of iron and iron carbide nanoparticles. In situ 

synchrotron-based XRD was employed to investigate the growth of platinum nanoparticles 

of different morphologies. 

The synthesis of iron and iron carbide nanoparticles was investigated at temperatures 

80-160 °C. Syntheses at 130 °C and above produced mainly single-crystal α-Fe 

nanoparticles, whereas those at lower temperatures yielded products consisting of α-Fe 

and Fe3C nanoparticles. Nanoparticles of larger than 10 nm oxidised on the surface leading 

to core/shell structures, and those of smaller size oxidised completely upon exposure to air. 

Core/shell nanoparticles of larger than 15 nm were observed to be stable under ambient 

conditions for at least a year, whereas those smaller in size underwent further oxidation 

forming core/void/shell structures. The magnetic properties of selected samples were 

characterised. The core/shell nanoparticles were shown to exhibit ferromagnetic 

behaviours, and saturation magnetisations were obtained at the range of 100-130 emu g-1. 

Nanoparticle size and size distribution, and morphology were found to be a result of 

combined effect of precursor concentration and the relative stabiliser concentration. In 

general, high-precursor concentration resulted in less controlled reaction and produced 

large nanoparticle size and size distribution. Under the high-concentration condition, the 

use of stabilisers in reduced amount then led to a diverse range of morphologies, which 

include dimer, porous and branched structures. 
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As for the synthesis of ruthenium nanoparticles, reactions of different precursors were 

investigated at temperatures ranging from room temperature to 140 °C. Highly crystalline 

ruthenium nanoparticles of different sizes and morphologies were obtained through 

different experimental conditions. The increase in nanoparticle size was found to be a result 

of increasing reaction temperature and/or decreasing stabiliser to ruthenium ratio. This 

trend was observed to be independent of the type of stabilisers and precursors used. The 

use of stabilisers with different binding characteristics has facilitated the formation of 

non-spherical nanoparticles; these include rod-like structures with high aspect ratios (of up 

to 12), hexagonal and truncated triangular plate-like structures, and tripods. 

The growth of faceted and branched structures of platinum nanoparticles was investigated 

by employing in situ XRD techniques. TEM was used to examine the intermediate structures. 

The two different morphologies were previously shown to be governed by precursor 

concentration. It was found that the growth in the low-concentration reaction was 

characteristic of a thermodynamically controlled regime, whereas that in the 

high-concentration reaction occurred at much greater rates under a kinetically controlled 

regime. Based on the observations obtained, different growth mechanisms were proposed 

and discussed. The former involved an oriented attachment mechanism, while the latter, a 

novel mechanism involving selective growth and etching processes.  

The results are followed by an overall discussion comparing and contrasting the various 

syntheses involved, and relating the results of syntheses to those of the growth studies. 
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1.1. General Overview 

The main objectives of this research project were to explore solution-phase synthesis of 

nanoparticles and to investigate the growth of nanoparticles in solution. The main 

motivation was to investigate and develop a facile synthesis route that would involve 

milder reaction conditions, such as lower reaction temperatures and use of less/non-toxic 

reagents, compared to those employed in the literature. Although solution-phase synthesis 

has advanced remarkably in recent years in terms of the range of materials, morphologies 

and size distributions achieved, knowledge about the mechanisms and kinetics governing 

the synthesis is relatively limited.[1-5] The present state of nanoparticle synthesis has been 

largely achieved empirically with some classical models for particle growth serving as 
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guides.[6-8] It was thus intended, through the investigation of the synthesis itself and 

through in situ techniques, to investigate the growth of nanoparticles in solution.  

Iron, iron carbide, ruthenium and platinum were the materials studied in this research 

project. Iron and iron carbide were of interest mainly because of their magnetic properties 

that can be exploited across many fields.[9] Ruthenium and platinum are useful catalysts in 

many chemical reactions, and in the nanoscale regime the size- and shape-dependent 

catalytic properties have been shown to improve in various chemical processes.[10,11] 

Structural analyses of the prepared nanoparticles involved the use of Transmission electron 

microscopy (TEM), high-resolution TEM (HRTEM), selected area electron diffraction 

(SAED), powder X-ray diffraction (XRD) and energy-dispersive electron spectroscopy (EDS). 

Scanning quantum interference device magnetometry (SQUID) was used to characterise the 

magnetic properties of the iron-based nanoparticles. In situ synchrotron-based XRD was 

employed for nanoparticle growth studies. 

There are altogether 7 chapters in this thesis. The rest of this chapter provides the 

background information about the synthesis and properties of nanoparticles in general, 

with special attention paid to the materials studied in this research. Chapter 2 presents the 

general synthesis methods and characterisation techniques employed in this research work. 

Chapter 3 and 4 describe and discuss the synthesis and characterisation of iron and iron 

carbide nanoparticles; Chapter 3 focuses on iron and Chapter 4 on iron and iron carbide 

nanoparticles. In Chapter 5, the synthesis and characterisation of ruthenium nanoparticles 

are described and discussed. Chapter 6 presents and discusses a detailed study of the 

growth of platinum nanoparticles. Chapter 7 concludes the thesis with a discussion 

comparing and contrasting the various syntheses involved, and relating the results of 

syntheses to those of the growth studies. Suggested future work is presented at the end of 

Chapter 7. 

1.2. Solution-Phase Synthesis of Nanoparticles 

There are generally two different approaches to the synthesis of nanoparticles; the physical 

approach such as ball milling, and the chemical approach such as sol-gel processing.[12,13] In 

the chemical approach, synthesis of nanoparticles can be carried out in vapour, solution, or 
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solid phase. Accounts of the various syntheses are available in many review articles 

published in recent years.[14-16] In this research project, nanoparticles were prepared from a 

solution-phase synthesis method via a chemical route. 

1.2.1. General Principle 

The synthesis of nanoparticles in a solution via a chemical route generally involves 

chemical reactions of atomic or molecular species in a solution mixture followed by 

formation of stable nuclei with subsequent particle growth. Materials present in the 

reaction system typically are the reactants, solvent and stabilising agent. The reactants are 

the species intended to actively participate in the chemical reactions; the choice of 

reactants often depends on the nature of the reaction. For example, in the synthesis of metal 

nanoparticles by a reduction method, the reactants comprise the metal precursor and the 

reducing agent. Usually the non-reacting species in the solution are the solvent and the 

stabilising agent. The solvent acts as a medium to allow for reaction of precursor, 

nucleation and particle growth to occur. The stabiliser is often an organic surfactant 

molecule which interacts dynamically with the surface of the growing particle thus 

preventing nanoparticle coalescence and aggregation. Therefore, in solution phase 

synthesis nanoparticle size and morphology are normally influenced by factors such as 

supersaturation, rates of nucleation and growth processes, the type of growth process 

involved, and nanoparticle stabilisation. 

Nucleation and growth 

Synthesis begins with chemical reactions. As the reactions proceed, the solution becomes 

supersaturated with the reaction products in the form of a few atomic or molecular units, 

known as the monomers. In order to reduce supersaturation and restore the 

thermodynamic equilibrium state of the system, nucleation of the reaction products occurs. 

Stable nuclei then grow under the influence of various kinetic factors such as reaction rates 

of the remainder of the reactants, and diffusion rates of monomers. 

In theory, very narrow size distributions can be achieved if the nuclei are formed nearly at 

the same time in a supersaturated solution followed by subsequent growth stages of these 

nuclei.[17,18] The emphasis is a brief nucleation period and the prevention of additional 

nucleation during the subsequent growth. As a result, the final number of particles is kept 
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relatively constant from the nucleation stage through the growth stage, allowing almost all 

the particles to have the same growth history and therefore a small size distribution. 

Temporal separation of the nucleation process from the growth process is usually achieved 

by manipulating variables such as reaction temperature and concentration gradients. 

Nanoparticle stabilisation 

Nanoparticles have a large surface to volume ratio and therefore a high surface energy. 

Such system is thermodynamically unstable. Aggregation of the nanoparticles can easily 

occur due to the tendency of the system to minimise the total surface or interfacial energy, 

and also due to the presence of attractive van der Waals forces between the nanoparticles.  

In solution phase synthesis, aggregation can be prevented by means of steric and/or 

electrostatic repulsion of the nanoparticles, by employing suitable stabilising agents.[14] The 

stabilising molecules interact with the nanoparticles by adsorbing onto and desorbing from 

the nanoparticle surface dynamically, as illustrated in Figure 1-1.[19] Solution-phase 

synthesis that involves the use of surfactant molecules to stabilise nanoparticles is often 

referred to as colloidal synthesis.[20]  

 

 

Figure 1-1. Nanoparticle stabilisation in solution-phase synthesis. 

Nanoparticles are stabilised by dynamic exchange of the surfactant molecules on the nanoparticle 

surface, thus preventing agglomeration. On the right is a nanoparticle stabilised by organic 

surfactant molecules; each molecule consists of a polar head group (e.g. NH2 in oleylamine) that 

binds to the nanoparticle surface, and a non-polar tail that allows the nanoparticle to be 

suspended in an organic solvent system. 
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In addition, stabilisers are sometimes used strategically to control nanoparticle morphology. 

Generally there are two aspects of shape control: (i) the chemical potential or stability of 

the different facets of a crystal, and (ii) the preferential binding of stabilising molecules 

onto specific crystal facets.[21,22] Non-spherical nanocrystals usually form in a kinetically 

controlled growth regime, as these nanocrystals are less stable than the spherical ones.[22] 

As the growth rate of a crystal facet varies exponentially with surface energy, high-energy 

facets would grow much more quickly than low-energy facets leading to nanocrystals of 

rod-like or disk-like shapes, as illustrated in Figure 1-2. In colloidal synthesis, the exchange 

of stabilising molecules on the surface of nanocrystals may vary with crystal facets. For a 

crystal facet that is more favourably adhered by the stabiliser, its growth rate would 

effectively be lowered, relative to other facets.[6,23,24] Figure 1-3[21] illustrates how shape 

control can be achieved by using stabilisers with preferential binding characteristics. 

 

 

Figure 1-2. High-energy facets grow more quickly than low-energy facets resulting in 

nanocrystals of non-spherical shapes. 

 
 

 

Figure 1-3. Selective binding of stabilising molecules leads to shape control. 

The “red” and “green” stabilisers preferentially bind to different facets of the nanocrystal. By 

controlling the type and relative concentration of the stabilisers, nanoparticles of different 

morphologies can be obtained. 

 



Chapter 1 Introduction 

6 

1.2.2. Synthesis Method 

In the literature of nanoparticle synthesis, various solution-phase synthesis methods have 

been reported. For metal nanoparticles, the more commonly reported solution methods are 

the decomposition of a metal precursor at elevated temperatures and a hydride or alcohol 

reduction of a metal salt in reverse micelle. Syntheses are usually carried out under an inert 

atmosphere. 

In this project nanoparticle synthesis was carried out using Fischer-Porter bottles. 

According to the literature, Fischer-Porter bottles are mainly used in catalytic studies 

involving hydrogen or carbon monoxide.[25-27] In terms of nanoparticle synthesis, there has 

been little mention of this method, apart from those reported by Chaudret and 

co-workers.[28-31] It was reported that with this method the nucleation and growth of 

nanoparticles occur at a much slower rate, compared to those involved with other more 

commonly adopted solution methods.[30,31] It was proposed that the relatively slow rate of 

nanoparticle growth could facilitate the formation of non-symmetrical and branched 

nanostructures. It was thus hoped that in this project nanoparticles of unconventional 

morphologies be synthesised through further exploration of the Fischer-Porter bottle 

method. 

1.3. Growth of Nanoparticles in Solution 

As mentioned, the synthesis of nanoparticles in solution generally consists of nucleation 

and growth processes. It is widely accepted that temporal separation of these two 

processes is the requirement for achieving narrow size distribution. Nevertheless, recent 

reports in the literature have shown that beyond nucleation, the mechanisms involved in 

the growth of nanoparticles play a more significant role in determining size and size 

distribution, and the final morphology of the nanoparticles.[14,32,33] Generally there are two 

main mechanisms of nanoparticle growth in solution: (i) monomer addition and (ii) 

aggregation.[34-36] 
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1.3.1. Growth by Monomer Addition 

Growth by monomer addition is the classical mode of crystal growth. In this type of growth, 

atoms and monomers land on the surface of a growing particle and become attached. They 

may diffuse across the nanoparticle surface and join together to form small, 

two-dimensional islands and spread outward in a thin layer, with other islands forming and 

growing on top. The growth process is dynamic, atoms and monomers continually attach to 

growing particles, but often weakly adsorb and dissolve from the particle surface. 

It is supposed that there is a critical nuclei size (or radius, rcrit) for every system under 

different conditions, where particles or nuclei with r > rcrit are stable and would continue to 

grow and those with r < rcrit would dissolve. The growth condition, or rcrit, is strongly 

dependent on the saturation ratio, S, which is the ratio of C/C0, where C is the concentration 

of the solute and C0 is the equilibrium concentration or solubility.[1] The relation is given by 

)ln(3

2

STk

γV
r

B
crit  (Eq. 1.1) 

 

where V is the molecular volume of the precipitated species, ϒ is the surface free energy per unit 

surface area, kB is the Boltzmann constant, and T is the temperature. 

 

Typically particles of different sizes grow at different rates. Smaller particles, particularly 

those slightly larger than the critical size, grow more rapidly than the larger ones because 

the free energy driving force is larger for smaller particles. In this case, if nucleation had 

stopped then all particles will eventually grow to similar sizes. This is referred to as “size 

focusing”. A narrow size distribution can be obtained at this stage by either stopping the 

reaction (nucleation and growth) quickly, or by supplying more reactants to keep a 

saturated condition in order to maintain the rcrit of the system. 

If the growth continues and reactants are depleted due to particle growth, the saturation 

ratio decreases and as a consequence rcrit increases (to rcrit’) according to Eq. 1.1. In this 

case particles with r < rcrit’ re-dissolve into the solution, which would then be consumed by 

particles with r > rcrit’, which in turn, would continue to grow. This process, referred to as 

“size defocusing”, is known as the Ostwald ripening mechanism. If the reaction is stopped at 

this stage, the particles would usually have a bimodal size distribution. It is difficult to 

obtain a monodisperse sample once particle growth gets to this stage. A possible approach 
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may be to extend the reaction to a much longer period of time in order to completely 

deplete the supersaturation and the smaller nuclei. In this case the particles become 

relatively large in size, often in the micrometre size regime.  

1.3.2. Growth by Aggregation 

Growth by aggregation or attachment is a mechanism where particles grow by combining 

with other particles when they collide in the solution. Particles grown via an aggregation 

route could result in a polycrystalline structure or a single crystal. In the latter case, the 

growth mechanism is known as the oriented attachment mechanism.[36,37] 

The oriented attachment growth is a relatively new mechanism and is still not fully 

understood. It is proposed that when adjacent particles come together they orientate and 

self-assemble in a common crystallographic orientation, and fuse at the shared planar 

interface. The driving force for this process is thermodynamically favoured as a pair of high 

energy surfaces (of smaller particles) are eliminated hence the total surface free energy is 

greatly reduced.  

As the growth condition is almost independent of the solubility product, the features of the 

mechanism thus contradict the conditions and parameters defined by the classical growth 

model. Nevertheless, it is perceived as being highly advantageous in solution-phase 

synthesis, mainly due to its independence of solute concentration. In recent literature, 

nanoparticles attached in one-, two- and three-dimensional fashions have been reported, 

and the mechanism has been receiving an increasing attention in both experimental and 

theoretical studies.   

1.4. Nanomagnetism 

Magnetic materials play many important roles in our daily life. Traditional applications of 

bulk magnet vary from fridge magnets, motors, power generators, to information recording 

and storage media.[38] On the nanometre scale, magnetic nanoparticles have found usage in 

a variety of innovative applications.[39] Magnetic nanoparticles are the active components in 

ferrofluids, which have long been used as liquid seals;[40] research in using magnetic 

nanoparticles for high-density data storage has been going on for a decade now;[41,42] and in 
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recent years magnetic nanoparticles have emerged as a very useful material for many 

biological applications, and various therapeutic and diagnostic medical applications.[43,44] 

Examples of the latter include biological labelling and separation, MRI contrast 

enhancement, and targeted drug delivery. 

In order to tailor magnetic nanoparticles for a particular application, understanding 

magnetic properties on the nanoscale is of central importance.[45,46] Ferromagnetic 

materials exhibit magnetic hysteresis, which can be represented by the magnetisation curve 

shown in Figure 1-4. These materials retain certain magnetisation (remanence 

magnetisation, MR) after the applied field is removed. They also have high saturation 

magnetisation (MS) and coercivity (HC), typically in the range of MS = 100-200 emu g-1, and 

HC = 300-1000 Oe.[46-48] 

 

Figure 1-4. Magnetisation curve of ferromagnetic and superparamagnetic materials. 

 

Since magnetism arises from the collective interaction of atomic magnetic dipoles, it is 

highly volume and temperature dependent. Figure 1-5[49] shows how HC varies with particle 

size. When the size of a ferromagnet decreases to a certain critical value DC (domain size), 

the particles change from a state with multiple magnetic domains to one with a single 

domain. A multi-domain structure is one made up of uniform magnetisation regions 

separated by interfaces referred to as the domain walls. Unlike each domain of a 

multi-domain particle that may align differently, all spins in a single-domain particle would 

align unidirectionally; resulting in a lower HC value, and zero net magnetisation in the 

absence of an applied field. 
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Figure 1-5. Coercivity vs. particle size. 

 

When the particle size becomes D0 or smaller, the HC falls to zero and the particles do not 

exhibit any remanence and no coercive force is required to demagnetise the particles. This 

is because the relative thermal energy is large enough to allow the particles to freely 

reorient their spins. However, they still respond to an external magnetic field sensitively. 

This behaviour is referred to as superparamagnetism, which is sought for applications such 

as bioseparation. 

As illustrated, magnetic nanoparticles can exhibit very different properties, such as the 

lowest (zero) and the highest coercivity observed in a material, by varying the particle size. 

For instance, iron is single domain at a size of ≤100 nm, and is superparamagnetic at 

≤15 nm (at room temperature).[46] Therefore, with the great difference in properties that 

occurs within tens of nanometres, magnetic materials can be tailored for different 

applications by tuning their size. 

Iron and iron carbide 

The rationale for choosing iron and iron carbide systems in this study is their magnetic 

properties. As mentioned, iron nanoparticles can be made ferromagnetic or 

superparamagnetic by varying the particle size.  Besides, iron has high MS value at room 

temperature (Table 1-1).[38,50] The combination of properties exhibited by iron 

nanoparticles makes them good candidates for various magnetic applications.  However, 
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development of iron nanoparticles for magnetic applications has been few compared to 

those of its oxides, mainly due to the susceptibility of iron to oxidation, especially at these 

nanodimensions where the specific surface area is much higher.[51]  This has led to studies 

in coating the particle surface with a thin layer of shell made of materials such as gold and 

its own oxides.[52-54] In addition to resistance to oxidation, this coating also offers the 

convenience for further functionalisation for biomedical applications.[55,56] 

 
Table 1-1. Saturation magnetisation of iron and iron related materials. 

Material Bulk MS at R.T. 

(emu g-1) 

Fe 218 

Fe3C 140 

Fe3O4 82 

 -Fe2O3 70 

 

Although bulk iron carbide is generally associated with steel and its applications, iron 

carbide nanoparticles have found potential usage as magnetic nanoparticles.[57,58] As shown 

in Table 1-1, iron carbide of the form Fe3C has higher MS than iron oxides. Bulk Fe3C is a 

metallic ferromagnet at room temperature,[59] meaning Fe3C nanoparticles can be tuned to 

exhibit ferromagnetic or superparamagnetic behaviour by controlling the particle size.  In 

addition, iron carbide has been reported to show higher resistance to oxidation than iron 

and iron nitrides.  All these have made nanoparticles of iron carbide, in particular of Fe3C, 

suitable for a diverse technological exploitation, due to their improved magnetic and 

mechanical properties.[60]  

1.5. Surface vs. Size in Nanocatalysis 

The surface characteristics of a nanocrystal play an important role in determining many of 

its properties and functions, such as solubility and catalytic activity.[61,62] This is mainly 

because surface-to-volume ratio (S/V) in this regime increases significantly when size 

decreases. For a spherical particle, the S/V is inversely proportional to the particle radius as 

shown in Figure 1-6.[63] For example, a hexagonal close-packed (hcp) nanocrystal of 13 
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atoms as shown in Figure 1-7[5] has a surface atom ratio of 92%, compared to 76% with an 

additional layer of atoms on the surface.  

 

 
Figure 1-6. Surface-to-volume ratio (S/V) as a function of particle size. 

 

 

Number of shells 1 2 3 4 5

13 55 147 309 561
Number of atoms

in cluster

Percentage
surface atoms

92% 76% 63% 52% 45%

 
Figure 1-7. Shell structured representation of hcp nanocrystals showing how 

percentage of surface atoms decreases as number of atoms increases. 

 

With such a system containing only a few hundred atoms, a large fraction of these atoms 

would be located on the surface, especially on corners and edges, as compared to a bulk or 

microcrystalline material.[64] These atoms are coordinatively unsaturated, and have a 

stronger tendency to interact, adsorb, and react with other atoms or molecules in order to 

achieve surface stabilisation.[5] This offers great advantage in catalysis, as the number of 

catalytic sites per unit mass has become much larger.  

There have been numerous studies in the literature where transition metals were used to 

catalyse different chemical reactions.[11,65] Both ruthenium and platinum are rare transition 
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metals of the platinum group metals, of which the nanoparticles are mainly exploited in the 

industry for their outstanding catalytic properties. Many reactions catalysed by ruthenium 

or platinum, or Ru-Pt alloy nanoparticles have been reported, including hydrogenation 

reaction, removal of organic pollutants, synthesis of low-aromatic-content diesel fuels and 

direct-methanol fuel cells.[66-68] Studies have also shown that these nanoparticles with a 

great fraction of surface atoms on edges and corners were more catalytically active than 

spherical and cubic ones.[69,70]  

1.6. Crystal Structures Investigated 

Crystal structures investigated in this project were iron, iron carbide, ruthenium and 

platinum. The crystal structure and lattice parameters of iron, ruthenium and platinum are 

tabulated in Table 1-2. Structural investigations of iron and platinum nanoparticles were 

conducted by employing synchrotron-based X-ray diffraction techniques (see Chapter 2), 

using a diffraction wavelength of λ = 0.775 Å. The main reflections of iron and platinum are 

listed in Tables 1-3 and 1-4, respectively. 

 
Table 1-2. Crystal structure and lattice parameters of the metals investigated. 

Material Crystal structure Lattice parameter 

Iron, α-Fe bcc a = 2.866 Å 

Ruthenium hcp a = b = 2.706 Å 

c = 4.282 Å 

Platinum fcc a = 3.923 Å 

 
 
Table 1-3. Main reflections of α-Fe. 

h k l dhkl 

(Å) 

Intensity 

(%) 

2θ at λ = 0.775 Å 

(°) 

1 1 0 2.027 100 22.04 

2 0 0 1.433 20 31.37 

2 1 1 1.170 30 38.68 

2 2 0 1.013 10 44.96 
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Table 1-4. Main reflections of platinum. 

h k l dhkl 

(Å) 

Intensity 

(%) 

2θ at λ = 0.775 Å 

(°) 

1 1 1 2.265 100 19.70 

2 0 0 1.962 53 22.79 

 

Fe3C (cementite) 

Iron carbide of numerous phases have been reported, including Fe2C, Fe3C, Fe5C2 and 

Fe7C3.[71] Among the range of stoichiometries, Fe3C, also known as cementite, is the most 

stable and in solid alloys it is stable at temperatures up to 700 °C, at which it decomposes to 

α-Fe and graphite.[72] In the equilibrium binary Fe-C phase diagram, Fe3C exists as a 

metastable phase, along with other stable phases α-Fe (ferrite), γ-Fe (austenite), δ-Fe and 

graphite.[71] This metastable phase exists because Fe3C nucleates and grows more rapidly 

than graphite does when supersaturated Fe-C solid solutions are aged.[73] This leads to the 

metastable iron-iron carbide phase diagram, as shown in Figure 1-8.[74] 
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Figure 1-8. The iron-iron carbide phase diagram. 

 
 
 

Cementite has an orthorhombic crystal structure, with approximate parameters a = 5.091 Å, 

b = 6.743 Å, c = 4.526 Å.[75] The structure model is shown in Figure 1-9. There are 12 iron 

atoms and 4 carbon atoms in a unit cell, with each carbon atom surrounded by eight iron 

atoms and each iron atom connected to three carbon atoms. The main reflections of Fe3C 

are listed in Table 1-5. 
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[001]  

Figure 1-9. Structure model of Fe3C (orthorhombic). 

 
 

Table 1-5. Main reflections of Fe3C. 

h k l dhkl 

(Å) 

Intensity 

(%) 

2Ѳ at λ = 0.775 Å 

(°) 

1 2 1 2.388 43 18.68 

2 1 0 2.381 41 18.73 

0 0 2 2.263 22 19.72 

2 0 1 2.218 22 20.12 

2 1 1 2.107 57 21.19 

1 0 2 2.068 67 21.60 

2 2 0 2.031 56 21.99 

0 3 1 2.013 100 22.19 

1 1 2 1.977 53 22.61 

1 3 1 1.872 32 23.89 

2 2 1 1.853 43 24.14 

1 2 2 1.763 19 25.39 

3 0 1 1.589 19 28.23 

1 2 3 1.329 17 33.89 

1 3 3 1.216 16 37.16 

3 3 2 1.162 20 38.95 

2 5 1 1.152 15 39.30 
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2.1. Synthesis of Nanoparticles 

This section describes the general synthetic procedure employed in this study. Detailed 

experimental procedures for synthesising the different types of nanoparticles are described 

in the experimental sections of the respective results chapters.  

2.1.1. Fischer-Porter Bottle 

A Fischer-Porter bottle is a type of pressure reaction vessel, in which reaction takes place in 

an enclosed atmosphere of some gas of choice. Figure 2-1 shows a typical Fischer-Porter 

bottle setup used in this study.  
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A vial containing the reaction mixture was first placed inside the Fischer-Porter bottle. In a 

typical experiment, the reaction mixture comprised a metal precursor (e.g. ruthenium(III) 

acetylacetonate), a solvent (e.g. toluene), and a stabilising agent (e.g. oleylamine).  

The Fischer-Porter bottle was fitted with a two-valve adapter, which allowed the regulation 

of the atmosphere content within the bottle. One of the valves was connected to a vacuum 

pump and the other usually to a hydrogen cylinder. Using the valve adapter the bottle was 

purged at least 3 times and filled with a gas of choice (usually hydrogen gas), often up to a 

pressure in the range of 100-300 kPa, and sealed. The Fischer-Porter bottle was then placed 

into an oven heated at a reaction temperature in the range of 40-160 °C for nanoparticle 

synthesis. 

to vacuum to H2 cylinderto vacuum to H2 cylinder

 

Figure 2-1. A Fischer-Porter bottle setup. 

The vial containing the reaction mixture was secured in the Fischer-Porter bottle using a stainless 

steel wire. The Fischer-Porter was protected with a wire mesh shield, in case of implosion or 

explosion. 
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2.1.2. X-Ray Diffraction Cell 

The growth study of platinum nanoparticles was conducted using in situ synchrotron-based 

X-ray diffraction (XRD) techniques. An XRD cell suitable for in situ study at a synchrotron 

beamline was custom-made. The XRD cell was made of stainless steel and comprised two 

parts mounted together by screws. A photo of the cell is shown in Figure 2-2.  

The bottom piece was the reaction vessel where reactions took place, whereas the top was 

a cylindrical chamber equipped with a three-way valve to allow for regulation of reaction 

atmosphere. The two pieces together gave the reaction cell an internal volume of about 

300 mm3. The disk-shaped reaction vessel was 1 mm thick, with polyimide (Kapton) 

windows on both flat faces. It had an opening on the top to allow for transfer of fluids. This 

was also where the top piece was mounted. 

In a typical experiment, about 0.05 mL of reaction mixture was transferred into the reaction 

vessel using a micro syringe and needle. The cell was closed by mounting the reaction 

vessel and the valve chamber together. Using the valve, the cell was flushed through with 

hydrogen gas, before being filled to 200 kPa hydrogen, and sealed. 

 

Figure 2-2. An XRD cell used for in situ study. 
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2.2. X-Ray Diffraction Techniques 

X-ray diffraction (XRD) techniques are useful for revealing structural information of 

crystalline materials, as these materials cause deflections when illuminated with X-ray. 

Comprehensive information of the basic principles of the technique and its use for 

structural analysis can be found in Ladd and Palmer,[1] and Giacovazzo.[2] 

Theoretical basis 

X-rays are electromagnetic waves whose wavelengths are in the range of ~0.1-100 Å, and 

can be scattered by interaction with matter, primarily through the matter’s electrons.[1] The 

radiation is scattered in all directions for a given scattering angle. As crystals are a 

three-dimensional array of repeating units, a regular array of scattered waves is produced. 

The constructive interference of the waves then give rise to a diffraction pattern consisting 

of specific directions. This condition is only satisfied for a given interplanar spacing dhkl. 

Figure 2-3 illustrates the Bragg model of reflection of X-rays from a set of parallel planes. 

The angle between the incident and the scattered beam, called the diffraction angle, 2θ, can 

be measured experimentally. If radiation source of known wavelength is used, dhkl can be 

determined from the Bragg equation: 

λnθdhkl =sin2  (Eq. 2.1)
[1]

 

 

where n is the diffraction order (conventionally assumed to be 1), and λ is the diffraction 

wavelength. 

 

 

Figure 2-3. Bragg model of reflection of X-rays from a cubic crystal lattice. 
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For a single crystal with a given orientation to the incident X-ray beam, only a few 

reflections may result, as the set of planes with interplanar spacing satisfying the Bragg 

condition is limited. In order to observe all possible reflections, the orientation of the 

crystal with respect to the incident beam must be systematically varied to bring all planes 

sequentially into diffraction conditions. 

In powder XRD, the sample consists of many small, randomly-oriented crystallites. As one 

or more crystals will be in the orientation to give the correct Bragg angle, the Bragg 

condition for all interplanar spacings will be satisfied, and reflections from all the 

crystallites can be observed simultaneously. The diffracted X-rays are usually displayed as a 

line graph of intensity versus 2θ, as shown in Figure 2-4.[3]  

The absolute intensity of X-ray reflections is dependent on experimental parameters such 

as the intensity of the X-ray source, geometry of the diffractometer, integration time and the 

degree of adsorption of the sample. The intensity of the reflections is usually normalised 

and reported as a relative intensity, which is given by: 

∑
1=

, )]++(2exp[=)(
n

j
jjjθj lzkyhxπifhklF  (Eq. 2.2)

[1]
 

 

where F(hkl), the structure factor of a set of planes with indices hkl, is the sum of scattering 

contributions from all n atoms within the unit cell. The contribution of the jth atom is the product 

of its atomic scattering factor fj,θ, and an exponential term containing its fractional coordinates 

within the unit cell. 

 
 

  
Figure 2-4. Example of a diffractogram. 

Each peak represents a position where the X-ray has been diffracted by the crystal lattice. 
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Sample preparation and data interpretation 

Samples for powder XRD measurement were prepared by dropping the nanoparticle 

suspension onto a piece of Si wafer, and the solvent was allowed to evaporate under 

ambient conditions. 

Crystal structures were identified by comparing the XRD pattern against a database 

maintained by the International Centre for Diffraction Data (ICDD). The intensity profile of 

the XRD peaks could be used to gain information about the crystalline structures within the 

sample. The area under the peak is proportional to the relative abundance of the 

corresponding crystalline phase in a sample, especially one with a mixture of phases. The 

average crystallite size can be estimated from the full width at half maximum (fwhm) of the 

respective peak.  

In this project, the area under the peaks and the fwhm of the peaks were obtained by fitting 

the diffraction peaks to Lorentzian line profiles, using Origin v7.5. Information on the 

crystallite size was obtained by calculating the X-ray correlation length (L) from the fwhm 

of the XRD peak using the Scherrer equation: 

θB

λ
L

cos

9.0
=  (Eq. 2.3)

[4]
 

 

where λ is the wavelength of the X-ray radiation, B is the fwhm of the peak, and θ is the angle of 

diffraction 

 

Often, the diameter of a spherical crystallite is estimated to be 4/3 L. This assumes that the 

crystallites are all perfect, spherical and of approximately uniform size, which is seldom the 

case in practical situation.[4,5] Other factors such as structural defects and variations in 

crystal composition can also lead to line broadening. Nevertheless, when used in 

conjunction with other techniques such as TEM and SAED, the results are able to provide an 

accurate overall picture of the entire sample. 
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2.2.1. Synchrotron-Based XRD 

Synchrotron radiation was used as a source for powder XRD measurements and in situ XRD 

experiments in this project. Measurements were conducted at the Stanford Synchrotron 

Radiation Lightsource (SSRL) at beamline 7-2. 

Synchrotron radiation is an electromagnetic radiation generated when electrons of very 

high energy, travelling at virtually the speed of light, are forced to change direction under 

the influence of a magnetic field. A general diagram of a synchrotron is shown in 

Figure 2-5.[6] The electrons are circulated around a storage ring by a series of magnets. At 

the Stanford Synchrotron Radiation Lightsource (SSRL), electrons are accelerated up to 

3 GeV, and the storage ring has a circumference of 234 m.[7] This radiation, 10000 times as 

intense as the solar radiation, ranges in wavelengths from infrared through to X-rays. The 

extremely intense X-rays can be used to investigate various forms of matter ranging from 

objects of atomic and molecular size to bulk materials. A comprehensive background, 

description, and applications of synchrotron radiation can be found in Wiedemann.[8] 

There are considerable advantages in using synchrotron radiation for XRD measurement. 

Synchrotron radiation is extremely intense and highly collimated, which offers exceptional 

resolution and signal-to-noise ratio. This enables small crystallites of materials with very 

close d-spacings, such as α-Fe and Fe3C, to be determined with much better accuracy. 

Besides, synchrotron-based XRD can be conducted with very small sample size without 

sacrificing signal quality; whereas for conventional powder XRD, relatively large amounts of 

sample have to be prepared. Synchrotron-based XRD was used in this project in place of 

powder XRD. While electron diffraction (see Section 2.4) was used extensively in this 

project to provide localised information, the powder XRD technique was used to obtain 

structural confirmation of an entire sample. 

Another advantage of synchrotron-based XRD over conventional XRD is the much shorter 

pulses emitted, which enables the recording of a diffractogram in a few minutes with 

sufficient count rates, which cannot be achieved with a standard laboratory diffractometer. 

This unique feature was exploited for time-resolved, in situ studies of the growth of 

platinum nanoparticles. Evaluation of the diffractograms collected continuously through 

the course of reaction could provide indications for changes in the crystallinity, nanocrystal 
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concentration and crystallite size of the sample in real time, which could eventually lead to 

deductions for growth kinetics. 

 

Figure 2-5. A general diagram of a synchrotron. 

Electrons are produced at the electron gun (1), and accelerated by the linear accelerator (2) to 

virtually the speed of light. The energy of the electron beam is further increased (to 3 GeV at SSRL) 

at the booster ring (3), after which the electrons are stored in the storage ring (4) before being 

channelled to individual beamlines (5). Beamlines are designed to select appropriate wavelengths 

for particular research techniques, which are used in different experiments conducted at the 

end-stations (6). 

 

In situ XRD 

Figure 2-6 shows the setup at beamline 7-2 at SSRL for the in situ experiments. 

At the start of an experiment, the reaction cell was inserted into a ceramic heating block 

fitted with a temperature controller and a thermocouple. It usually took less than 5 minutes 

to heat the ceramic block from room temperature to 70 °C, which was the temperature 

maintained for the duration of the experiment. The XRD measurements were conducted 

using radiation of λ = 0.775 Å. Diffractograms were collected over the Pt(111) and Pt(200) 

peaks between 2θ values of 18 and 24°, using step scans of 0.05°/step and a counting time 

of 2-3 seconds/step. Each scan took 5-10 minutes. Scans were taken repeatedly during the 

growth of the Pt(111) and Pt(200) diffraction peaks, for 1080 minutes (18 hours). 
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Figure 2-6. In situ XRD setup at beamline 7-2 at SSRL. 

 

2.3. Transmission Electron Microscopy (TEM) 

TEM and TEM-based techniques were the primary characterisation techniques used in this 

project. These techniques include TEM and high-resolution TEM (HRTEM) imaging, selected 

area electron diffraction (SAED), and energy-dispersive X-ray spectroscopy (EDS). Each 

technique is useful for providing certain information about the sample, when combined the 

techniques become a powerful tool for determining the size, shape, composition, and crystal 

structure of the materials studied. Detailed information of the basic principles of the TEM 

and TEM-based techniques, and the applications of these techniques can be found in 

Williams and Carter.[9] 

Basics of TEM 

TEM is an imaging technique that utilises a high-energy beam of electrons to visualise 

specimens. Due to the charged nature of electrons, magnetic fields can be used to 

manipulate and focus the electron beam to produce structural images and diffraction 
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patterns of materials. Figure 2-7 shows a schematic of a transmission electron microscope 

column. 

A lanthanum hexaboride (LaB6) single crystal is used as the electron source for the electron 

microscope in our laboratory. The electrons are accelerated by an applied potential 

difference of 200 keV. Due to relativistic effects on the electrons caused by the acceleration 

by the large potential difference, the precise wavelength of the electrons, λ, is given by 

2
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)2(
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Eem

βh
λ

e

 (Eq. 2.4)
[9]

 

 

where h is Plank’s constant, me is the mass of an electron, e0 is the electronic charge, E is the 

accelerating voltage and β = v/c where v is the velocity of the electron and c the speed of light in 

a vacuum. 

 

These fast moving electrons have wavelengths (λ = 0.0251 Å at 200 keV) much smaller than 

the inter-atomic distances in a crystal lattice and are thus diffracted by the atoms when 

they interact with a crystal.  

The electrons generated by the electron source are first focused by the condenser lens to 

form an approximately parallel beam and strike the specimen. A ray diagram between the 

specimen and the screen is shown in Figure 2-8.[9] Some of the electrons are diffracted by 

the sample imparting structural information to the beam. The electron beam wavefront can 

then be focused to a point which lies on a plane. This produces an electron diffraction 

pattern. This plane is the back focal plane of the objective lens and is normal to the 

straight-through beam. When the microscope is operated in the diffraction mode, this 

diffraction pattern is projected down the microscope. When operated in the imaging mode, 

the diffracted and undiffracted beams are recombined by the objective lens to produce an 

image of the sample. The is further magnified by the magnification system consisting of 

intermediate and projector lenses. Thus, by adjusting the lens configuration the image or 

the diffraction pattern can be projected down the microscope. Both the projected image and 

diffraction pattern can be recorded on a fluorescent screen or photographic plate, or 

captured by a digital camera.  
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Figure 2-7. Schematic showing the layout of the optical components in a transmission 

electron microscope. 

A transmission electron microscope has the same functional components as a light microscope. 

The electron gun generates electrons that behave the same manner as light does in a vacuum. 

(The entire microscope column is operated under vacuum.) The lenses are electromagnetic lenses, 

which have the same effect on electrons as glass lenses on visible light. The specimen is inserted 

at the specimen stage, where a goniometer is used to tilt the specimen. The TEM image 

generated can be viewed at the fluorescent screen or be captured by the imaging recording 

system. 
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Figure 2-8. Ray diagram of a transmission electron microscope in the a. diffraction and 

b. imaging modes. 

 

2.3.1. High-Resolution TEM (HRTEM) Imaging 

HRTEM enables direct probing of structural information of crystalline nanostructures. 

Highly detailed images at atomic resolution may be obtained, but one has to be aware that a 

TEM image is formed by recombination of the diffracted and undiffracted electron beams. It 

is thus important to consider the constraints that the electron microscope itself imposes on 

the information in the image.  

The actual lens in an electron microscope is the magnetic field within the vacuum between 

the pole-pieces of the objective lens, and the geometry of this field is difficult to control. One 

consequence of this is that beams which are diffracted through different angles are brought 

into focus at slightly different planes. This is known as spherical aberration. To some extent 

this effect can be countered for by defocusing the beam. When the focus is adjusted by an 
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amount ΔF, i.e. defocus, in the microscope the focal length of the objective lens is altered. 

The spherical aberration coefficient of the objective lens, Cs and ΔF are related by the phase 

contrast transfer function, T(u), given by 

[ ])u(χsinA(u)2=T(u)  (Eq. 2.5)
[9]

 

 

where u is a reciprocal lattice vector, A(u) is the aperture function, and χ(u) is the phase-distortion 

function, given by 
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T(u) describes the way in which phase shifts are introduced into the diffracted beams and 

this in turn converts the phase difference into an amplitude difference in the image 

intensity. T(u) is at a maximum when χ(u) is a multiple of ±½π, and at zero when χ(u) is a 

multiple of ±π. Hence the appearance of an HRTEM image is largely determined by the 

phase shift of electron wave. At negative T(u), the phase contrast is positive and atoms 

appear dark against a bright background. Conversely, when T(u) is positive, phase contrast 

is negative and atoms appear bright against a dark background. There is no detail in the 

image when T(u) is at zero. 

As ΔF and Cs are opposite there exists a value of defocus where ΔF and Cs effectively cancel 

out and this is known as the Scherzer defocus, ΔFSch, which occurs at 

2

1

λ)-1.2(C=FΔ sSch  (Eq. 2.7)
[9]

 

 

It is derived that at this defocus, all the beams have nearly constant phase and hence the 

same relative intensities. This condition designates the interpretable resolution limit of the 

transmission electron microscope, and typically lies within the range of 1.6–2.0 Å. 

Two other important factors that affect the resolution of the microscope are the chromatic 

aberration and beam divergence. Chromatic aberration originates from the fact that the 

focal length of the magnetic lens is dependent on the energy of the electrons. The electron 

beam is not perfectly monochromatic having a spread of energies and consequently 

wavelengths. The inherent thermal energy spread of electrons emitted from the electron 
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source and fluctuations in the accelerating voltage and the objective lens current would also 

contribute to the occurrence of chromatic aberration.  

Beam divergence results from the filament not being a point source and consequently the 

incident beam is never exactly parallel. Both chromatic aberration and beam divergence 

reduce the performance of the microscope by introducing an uncertainty in the phase 

introduced by the objective lens. 

In this project, a JEOL 2010 operated at 200 keV was used for TEM and HRTEM imaging. 

The instrumental resolution limit is about 1.94 Å.[10]  

Image interpretation 

As the observed image contrast is severely dependent on instrumental factors such as the 

spherical aberration and the objective lens defocus, characterisation has to be done with 

care.  

Characterisation was performed by comparing the HRTEM image with that calculated from 

a structure model and assessing the degree of matching. The Gatan Digital Micrograph 

software suite was used to capture digital micrographs and to perform fast Fourier 

transform functions on some images. Structure models and simulated diffraction patterns 

were generated using CARINE 3.1. 

The procedure is illustrated in Figure 2-9, using a HRTEM image of a ruthenium 

nanoparticle. A fast Fourier transform (FFT) function is performed on the HRTEM image to 

produce a power spectrum of the image. An FFT transforms a function from a spatial 

domain to a frequency domain. In the context of an image, lattice fringes are repeating 

features and would show up as spots corresponding to the frequency of repetition. The 

angular relationship between the fringes is maintained for the spots. The power spectrum 

could be compared to a simulated diffraction pattern from a model of the specimen under 

study. The structure of a sample is considered properly characterised when matched 

simulations could be obtained for a number of nanoparticles and the results agreed with 

those from electron diffraction and energy dispersive spectroscopy compositional analysis. 

This was done routinely in many investigations in order to properly characterise a sample. 
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Figure 2-9. Interpretation of HRTEM image. 

a. HRTEM image showing part of a ruthenium nanocrystal. b. Power spectrum of image a. 

c. Structure model of ruthenium viewed down a [121] zone axis. d. Simulated diffraction pattern 

along the [121] direction. 

2.4. Selected Area Electron Diffraction (SAED) 

Electron diffraction analysis was used considerably to gain structural information of the 

sample. Often, both electron microscopy images (information in real space) and diffraction 

patterns (information in reciprocal space) are obtained for the same region. Electron 

diffraction can be performed on a single nanoparticle or an area consisting of multiple 
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nanoparticles, by inserting the relevant selected area aperture(s) – hence selected area 

electron diffraction (SAED).  

Data interpretation 

The electron diffraction pattern can be used to differentiate between amorphous and 

crystalline particles; amorphous material would give rise to a broad, diffuse ring pattern, in 

contrast to a crystalline material that would produce discrete spots or rings. Indexing the 

diffraction pattern of a crystalline material then yields the crystal structures present in the 

sample, and sometimes the orientation of the nanocrystals.  

Electron diffraction patterns were recorded on Kodak SO-163 electron microscopy film 

plates. The distance between two symmetry-related diffraction spots, or the diameter or 

radius of a diffraction ring can be measured on the developed negative. As illustrated in 

Figure 2-10,[9] the diffraction radius, R is related to the Bragg angle, θ (half the angle 

between the direct beam and the diffracted beam) by 

L

R
θ =2tan  (Eq. 2.8)

[9]
 

 

where L is the camera length – distance between the specimen and the image plane. 

 

In the electron microscope, the camera length L is a calculated value rather than a physical 

distance. The effective L value can be increased by increasing the magnification of the 

lenses.  

Since θ from electron diffraction is usually very small, θθθ sin222tan is valid. 

Substituting this and Eq. 2.8 into the Bragg equation (Eq. 2.1) thus gives 

d

λ

L

R
=   (Eq. 2.9) 

 

This can then be re-written as 

 
D

Lλ
d

2
=  (Eq. 2.10) 

 

where D is the diameter of the diffraction ring. 



Chapter 2 Experimental Methods 

40 

 

Thus the interplanar spacing can be calculated. The term 2λL, called the camera constant, 

was determined by calibration from the diffraction pattern of platinum nanocrystals. 

  

Figure 2-10. Schematic illustrates the relationship between camera length, Bragg angle, 

and the radius of a diffraction ring in SAED. 

 

2.5. Energy Dispersive X-Ray Spectroscopy (EDS) 

EDS is a supplementary technique to TEM. It utilises X-rays that are emitted from the atoms 

in the sample excited by the electron beam to characterise the elemental composition of the 

analysed volume.  

In this project, EDS analysis was mainly conducted for ruthenium nanoparticles. EDS 

spectra were acquired using the JEOL Analysis Manager software suite. 

A specimen being bombarded by the electron beam in the electron microscope emits X-rays 

as a result of inelastic scattering of electrons by the specimen. An inelastically scattered 

electron is lower in energy when compared to the incident electron.  
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Electrons generated at the microscope contain sufficient energy to ionise atoms by exciting 

and releasing an electron from one of the inner shells (lower energy shells) before moving 

on with reduced energy.  An electron from an outer shell (higher energy shell) would then 

fall into the inner shell to fill in the vacancy thus stabilising the atom. As the electron drops 

from a higher energy to a lower energy shell, energy can be lost either as the emission of a 

an Auger electron or an X-ray photon. The energy of the Auger electron or the X-ray photon 

is characteristic of an element and can be used as a “fingerprint” to indicate the presence of 

a specific element within a crystal.  

2.6. Magnetometry 

Magnetic measurements were performed using a Quantum Design magnetic properties 

measurement system (MPMS) at Industrial Research Limited. It comprises a 

superconducting quantum interference device (SQUID) detector and a variable-field 

superconducting magnet equipped with a temperature controller within its bore. 

The sample was first pressed into a pellet, weighed, and secured in a gelatine capsule and 

sealed. The gelatine capsule was fixed in a plastic straw, which was fastened to the sample 

rod, and inserted through an airlock into the helium-filled bore of the MPMS. A mechanical 

drive attached to the sample rod was used to move the sample vertically within the bore 

until it was centred within the SQUID detector coils. 

Magnetic loop (or hysteresis loop) measurements were conducted. The magnetic loop 

measures the induced magnetisation of the sample as a function of applied field strength. 

The measurement result could give an indication of the magnetic behaviour of the sample, 

such as ferromagnetic or superparamagnetic behaviour. In a typical measurement, a 

magnetic field, H, was applied to the sample in a progressive fashion, while the 

magnetisation of the sample, M, was measured against the applied field. The field was 

varied between +60 kOe and -60 kOe (1 kOe = 0.1 T). The interval between data points was 

10 kOe at high field (H > +10 kOe and H < -10 kOe) and 1 kOe at low field (-

10 kOe < H < +10 kOe). After being increased from 0 to +60 kOe, the applied field was 

decreased progressively to zero, and then applied progressively in the opposite direction to 

-60 kOe, at which the applied field was swept back to +60 kOe.  
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3.1. Introduction 

The research work on the synthesis and characterisation of iron-based nanoparticles is 

presented in two chapters. This chapter describes the synthesis of iron nanoparticles at 

temperatures 130–180 °C, and discusses how the experimental conditions affect the 

nanoparticle composition, morphology and size. 
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The initial aim of the research was to synthesise iron nanoparticles of larger than 10 nm in 

size, which would oxidise on the surface leading to core/shell structures. The extreme 

reactivity of iron (particularly with water and oxygen) has made any fundamental and 

applicational studies of iron nanoparticles very difficult and inconvenient.[1] An iron 

nanoparticle of 8 nm or smaller would oxidise completely upon exposure to air. For a larger 

nanoparticle, an oxide layer of 3-4 nm forms on the nanoparticle surface almost instantly 

when the nanoparticle is exposed to air.[2,3] The oxide layer is able to act as a passivation 

shell that prevents further oxidation, resulting in a stable core/shell structure. Besides, the 

oxide shell can be readily functionalised for the desired applications (for example 

bioseparation and targeted drug delivery), while the iron core remains the major source of 

high magnetisation.[4-6] 

This research also aimed to explore a facile synthetic route at temperatures below 200 °C. 

The literature on iron nanoparticle synthesis was recently reviewed by Huber[1] and 

Tavakoli et al.[7] The most commonly adopted solution-phase synthesis of iron 

nanoparticles is thermal decomposition of iron pentacarbonyl (Fe(CO)5) at 150–300 °C, in 

the presence of stabilising molecules. The frequent use of Fe(CO)5 is mainly because it can 

be readily decomposed and purification can be fairly easy as there is no by-product from 

the reaction, apart from gaseous carbon monoxide. However, the toxicity and volatility of 

Fe(CO)5 have prevented further development of this synthesis. Decompositions of other 

iron precursors have been investigated, such as iron oleate by Hyeon and co-workers,[8,9] 

and an iron amido complex by Chaudret and co-workers.[10,11] Apart from thermal 

decomposition, other preparations of iron nanoparticles in solution include decomposition 

of Fe(CO)5 using sonochemical methods,[12] and the reduction of iron salts such as FeCl3 in 

reverse micelles.[13,14] Nevertheless, literature reports of iron nanoparticles of larger than 

8 nm are limited. Most of the iron nanoparticles reported were handled in an oxygen-free 

atmosphere, from preparation to characterisation, due to the small size of the nanoparticles 

obtained. It is therefore highly desirable to develop a facile synthesis that produces 

iron-based nanoparticles that can be almost readily put into applications.  
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3.2. Fischer-Porter Bottle Synthesis 

Synthesis of iron nanoparticles using Fischer-Porter bottle was first reported by Chaudret 

and co-workers, which involved the decomposition of an iron amido complex 

Fe[N(SiMe3)2]2 (Me = CH3) under 4 bar H2 (1 bar = 100 kPa).[10] Iron nanoparticles of up to 

7 nm were prepared, but had to be handled in an oxygen-free atmosphere to prevent 

complete oxidation.  

In a recent study of Fischer-Porter bottle synthesis, Ren from our group has shown 

promising results by using Fe(C5H5)(C6H7) as the precursor.[15] Among the many precursors 

and surfactant/solvent systems attempted, core/shell nanoparticles of larger than 10 nm 

were reported for samples prepared from decomposition of Fe(C5H5)(C6H7), in the presence 

of oleylamine as the stabilising agent. However, shape and size control, and the required 

conditions for nanoparticle growth were not clear. This research work has adopted the 

same reaction system and extended the study in order to gain an understanding and 

possibly control of the synthesis. The experimental conditions, along with the morphology 

and size of nanoparticles obtained, are listed in Table 3-1. Further experiments undertaken 

at 120 °C and below are described in Chapter 4. 
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Table 3-1. Summary table of Fischer-Porter bottle synthesis. 

Expt Conc.A 

(M) 

OLAB/Fe Temp. 

(°C) 

TimeC H2 press. 

(102 kPa) 

Nanoparticles Avg. size 

(nm) 

Fe_A 0.05 3 130 2d 1 Iron oxide 7 ± 2 

Fe_B 0.25 3 130 2d 1 Core/shell, spherical 14 ± 2 

Fe_C 0.25 3 130 2d 3 Core/shell, spherical 14 ± 2 

Fe_D 1.0 3 130 2d 1 Polydisperse 3 – 30 

Fe_E 0.25 3 140 2d 1 Core/shell, spherical 14 ± 2 

Fe_F 0.25 3 150 2h 1 Iron oxide 6 ± 2 

Fe_G 0.25 3 160 2h 1 Iron oxide 6 ± 2 

Fe_H 0.25 3 160 2h 2 Iron oxide 6 ± 2 

Fe_I 0.25 0.2 130 2d 1 Iron oxide 6 ± 3 

Fe_J 0.25 1 130 2d 1 Core/shell, spherical 14 ± 2 

Fe_K 0.25 6 130 2d 1 Core/shell, spherical 16 ± 5 

A Mesitylene was used as the solvent. 
B OLA = oleylamine 
C d = day, h = hour 

 

3.2.1. Precursor Concentration 

Precursor concentration was observed to be one of the main factors contributing to the 

formation of iron nanoparticles of larger than 10 nm. Precursor concentrations of 0.05, 0.25, 

and 1.0 M were investigated at 130 °C. Oleylamine was used as the stabiliser, with a mole 

ratio of oleylamine : iron = 3:1.  

Expt Fe_A.   Reaction of 0.05 M iron precursor in mesitylene  

(low concentration) 

At the end of the experiment, the reaction solution was dark brown to black in colour. The 

black precipitate was collected via purification by magnetic separation. Figure 3-1a shows a 

TEM image of the nanoparticles obtained, which were spherical or near-spherical in shape, 

averaging 7 nm, and had aggregated. The SAED pattern in Figure 3-1b can be indexed to 

iron oxide of the spinel phases – magnetite (Fe3O4), or maghemite (γ-Fe2O3), or both – as 
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shown in Table 3-2. No crystalline iron was identified from the diffraction pattern. The 

calculated d-spacings were closer to the bulk values of Fe3O4 (+0.04 ± 0.01 Å) than those of 

γ-Fe2O3 (+0.05 ± 0.01 Å). For this reason and the colour observed during purification, it is 

believed that the sample consisted of mainly the Fe3O4 phase. 

 

Figure 3-1. TEM and SAED results for low-concentration reaction at 130 °C (Fe_A). 

a. TEM image showing aggregates of nanoparticles of 7 nm in average diameter. b. The 

corresponding SAED pattern was indexed to iron oxide of the spinel phases (See Table 3-2). 

 
 
 

Table 3-2. Index for SAED pattern in Figure 3-1b. 

Index Calc. d 

(Å) 

Matched d of Fe3O4 

(Å) 

Intensity 

(%) 

Matched d of γ-Fe2O3 

(Å) 

Intensity 

(%) 

(h k l) of Fe3O4 or  

γ-Fe2O3 

1 2.99 2.9678 30 2.9530 35 (2 2 0) 

2 2.58 2.5309 100 2.5177 100 (3 1 1) 

3 2.13 2.0985 20 2.0886 16 (4 0 0) 

4 1.66 1.6154 28 1.6073 24 (5 1 1) 

5 1.52 1.4839 36 1.4758 34 (4 4 0) 
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Expt Fe_B.   Reaction of 0.25 M iron precursor in mesitylene 

(middle concentration) 

When the same reaction was carried out with 5 times the precursor concentration, a 

strongly magnetic, black precipitate was collected. During purification, the precipitate in 

solution was observed to be attracted to the magnet almost instantly. In Expt Fe_A, it took 

about 5 minutes for all of the precipitate to be attracted to the magnet. 

As shown in Figure 3-2a, near-monodisperse, spherical and near-spherical nanoparticles 

were obtained. The nanoparticle size distribution is shown in Figure 3-2b. The size 

monodispersity was also indicated by the hexagonal monolayer assembly displayed by the 

nanoparticles. The nanoparticles comprised a core/shell structure, typically with a core 

averaging at 9  1 nm and a shell thickness of 2.6  0.6 nm. The different contrast between 

the core and the shell indicated a heterogeneous structure within the individual 

nanoparticles. This was also revealed in the SAED pattern in Figure 3-2c. Additional 

diffraction rings to those of iron oxide were observed, and could be indexed to α-Fe, as 

shown in Table 3-3.  

Figure 3-3 shows the powder XRD pattern of the sample, in which peaks were indexed to 

the respective reflections of α-Fe and spinel iron oxide. The diffraction rings in the SAED 

pattern and the peaks in the XRD pattern that correspond to α-Fe were of higher intensity 

compared to those of iron oxide. The XRD peaks of iron oxide were also noticeably broader. 

These observations indicated that the α-Fe crystallites present in the sample were larger in 

amount and in size compared to those of the iron oxide. From the diffractogram, the 

average crystallite size estimated from the fwhm of Fe(110) and Fe(211) peaks was 

8.0  0.6 nm, which agreed well with the average size of the core of the nanoparticles as 

observed in the TEM. 
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Figure 3-2. TEM and SAED results for middle-concentration reaction at 130 °C (Fe_B). 

a. TEM image of near-monodisperse core/shell nanoparticles, most of which arranged into 

monolayer of hexagonal assembly. b. Size distribution histogram of 985 nanoparticles selected 

from random areas of different TEM grids; mean size = 14.3 nm, standard deviation = 1.7 nm 

(12%). c. SAED pattern showing diffraction rings of α-Fe (see Table 3-3) and spinel iron oxide 

(labelled). 
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Table 3-3. Index for the non-iron oxide diffraction rings in Figure 3-2c. 

Index Calc. d 

(Å) 

Matched d of α-Fe 

(Å) 

Intensity 

(%) 

h k l 

1 2.05 2.0260 100 1 1 0 

2 1.45 1.4326 12 2 0 0 

3 1.18 1.1697 20 2 1 1 

4 1.02 1.0130 5 2 2 0 

5 0.91 0.9060 8 3 1 0 
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Figure 3-3. Powder XRD of sample Fe_B. 

Relatively narrower and higher intensity peaks are indexed to α-Fe, the broader peaks (indicated 

by arrows) correspond to spinel iron oxide (220), (311), (511), and (440), from left to right, 

respectively. 

 
 

An HRTEM image of a typical core/shell nanoparticle is shown in Figure 3-4a. The 

nanoparticle core, with a diameter of ~8.2 nm, was observed to be a single crystal of α-Fe 

projected along a 100  zone axis. The nanoparticle shell was observed to be iron oxide of 

polycrystalline structures. The shell thickness was ~3.0 nm. 

Therefore, observations from XRD, SAED, and HRTEM were in good agreement. The 

nanoparticles obtained were near-monodisperse in size and shape, and comprised a 

core/shell structure, of which the core was a single crystal α-Fe and the shell was spinel 

iron oxide of polycrystalline structures. 
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Figure 3-4. Iron/iron oxide core/shell nanoparticle of sample Fe_B. 

a. HRTEM image of a typical core/shell nanoparticle. b. HRTEM image of the core of the 

nanoparticle, with power spectrum of the image shown in c. The core of the nanoparticle is 

shown to be single crystal of cubic structure, being projected along a 100  zone axis; lattice 

fringes corresponding to the Fe{110} facets can be clearly observed in the HRTEM image. 

 
 

The magnetic hysteresis loop of the sample measured at room temperature is shown in 

Figure 3-5a, with a close-up at the low field intervals shown in the inset. The nanoparticles 

exhibit ferromagnetic behaviour, with a remanence magnetisation, MR of ~15 emu g-1, and a 

coercivity, Hc of ~370 Oe. At the measured temperature, the sample did not saturate; the 

magnetisation, M at an applied field, H of 60 kOe was measured to be 119.8 emu g–1. The 

data could be fitted with a linear function of M against H-½, which is plotted in Figure 3-5b. 

The saturation magnetisation, MS was determined to be ~131 emu g-1, by extrapolating the 

plot to the intercept at 0 Oe-½.  
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Figure 3-5. Magnetic properties of sample Fe_B at room temperature (300 K). 

a. Plot of magnetisation, M against applied field, H; inset shows plot at low field intervals. b. The 

data was fitted with a linear function of M = -2252 H
-½

 + 131 (shown by the solid line); MS was 

thus determined to be ~131 emu
 
g

-1
 (intercept at 0 Oe

-½
).  
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Expt Fe_D.   Reaction of 1.0 M iron precursor in mesitylene 

(high concentration) 

When the precursor concentration was increased further to 1.0 M, a polydisperse sample 

was obtained. As shown in Figure 3-6, both core/shell and completely oxidised 

nanoparticles were observed, with nanoparticle size ranging from less than 5 to ~30 nm. 

Nanoparticle aggregates were also observed. 

 

Figure 3-6. TEM image of nanoparticles from high-concentration reaction at 130 °C 

(Fe_D). 

 

3.2.2. Temperature 

The decomposition of the iron precursor was investigated at temperatures 130, 140, 150, 

and 160 °C, with a precursor concentration of 0.25 M and in the presence of 3 equivalents 

oleylamine.  

Core/shell nanoparticles >10 nm were obtained from reactions at temperatures 130 and 

140 °C. Nanoparticles obtained from reactions at 150 and 160 °C were <10 nm in size and 

were of iron oxide structures. Within the temperature range investigated, nanoparticles 
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observed in the different samples were spherical or near-spherical in shape. Hence the 

effect of temperature on nanoparticle shape was not significant, compared to the influence 

on nanoparticle size. 

3.2.3. Stabilising Agent 

The use of oleylamine as the stabilising agent in this study was investigated by varying the 

mole ratio of oleylamine to iron at 130 °C. Reactions with oleylamine/iron = 0.2, 1, 3, and 6 

were carried out with precursor solutions of 0.25 M in mesitylene.  

Reactions with the use of 1, 3, and 6 equivalents oleylamine produced core/shell 

nanoparticles of similar sizes, indicating the amount of oleylamine within this range at 

130 °C had no effect on the nanoparticles obtained. When the relative concentration of 

oleylamine was low, at 0.2 equivalents, completely oxidised nanoparticles were obtained. 

Expt Fe_B (0.25 M, 130 °C) was repeated with 3 equivalents oleic acid as the stabiliser and 

no precipitate was observed after 3 days. The colour of the reaction solution was reddish 

brown. The same result was obtained when a mixture of oleylamine and oleic acid was used, 

with mole ratio iron : oleylamine : oleic acid = 1:1.5:1.5. It is believed that the oleic acid 

might have complexed the precursor, resulting in a stabilised precursor that could not be 

decomposed at the temperature employed.   

3.2.4. Other Variables 

Time 

Reactions at 130–140 °C were terminated after 2 days, which was found to produce 

optimum results, in which the nanoparticles obtained had grown to a thermodynamically 

stable morphology and size under the reaction conditions. For experimental conditions that 

produced core/shell nanoparticles, polydisperse samples were usually observed when the 

experiment was terminated 1 day shorter or longer than the average time. When an 

experiment was terminated 1 day earlier, the nanoparticles obtained were mostly smaller 

than those obtained at the average time. When the nanoparticles were collected more than 

1 day after the average time, nanoparticles of different morphologies were observed, 

including spherical, rod-like, and various irregular structures. While the spherical or 
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near-spherical nanoparticles oxidised on the surface, the non-spherical ones oxidised 

completely to form iron oxide nanoparticles.  

At temperatures 150 and 160 °C, nanoparticles of 5–8 nm were obtained after 1-2 hours. 

When the same reaction was left overnight for 12–20 hours, chain-like nanostructures were 

formed as a result of nanoparticle coalescence. 

Pressure 

Experiments Fe_B (0.25 M, 3 equivalents oleylamine, at 130 °C) and Fe_G (0.25 M, 

3 equivalents oleylamine, at 160 °C) were repeated under 300 and 200 kPa H2, respectively. 

Results were the same as those carried out with an initial pressure of 100 kPa H2.   

3.2.5. Formation of Iron Oxide Nanoparticles 

Iron oxide nanoparticles of spinel phases – magnetite (Fe3O4) or maghemite (γ-Fe2O3), or 

both – were observed in many samples. It is possible that the oxide nanoparticles were 

formed during the synthesis, or were a result of complete oxidation of iron nanoparticles. In 

order to find out which path led to the formation of these iron oxide nanoparticles, the 

reaction at 160 °C (Fe_G) was repeated and purification was conducted under a nitrogen 

atmosphere.  

Figure 3-7a shows a TEM image of the nanoparticles purified under nitrogen, which were of 

core/shell structures. The overall nanoparticle morphology and size were the same as that 

observed in the sample purified in air, which were similar to those in Figure 3-1a. 

Aggregates were also observed in the sample. The SAED pattern revealed both α-Fe and 

spinel iron oxide structures in the sample, in contrast to a pure iron oxide structure for the 

sample purified in air (see SAED pattern in Figure 3-1b). The observations thus indicated 

that α-Fe nanoparticles of ≤8 nm were originally formed in the synthesis and then oxidised 

completely upon exposure to air. 
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Figure 3-7. TEM and SAED results of sample purified under a nitrogen atmosphere. 

a. TEM image of core/shell nanoparticles collected after purification under nitrogen. b. SAED 

showing diffraction rings corresponding to α-Fe in addition to those of spinel iron oxide (). 

 

3.3. Bench-Top Synthesis 

Synthesis of iron nanoparticles using bench-top Schlenk line technique was carried out in a 

three-necked round bottom flask under a nitrogen atmosphere. Two experiments were 

conducted, with experimental conditions listed in Table 3-4. Expt Fe_L was conducted at 

180 °C to investigate the decomposition of the iron precursor at a higher temperature than 

those employed in the Fischer-Porter bottle synthesis. The reaction was repeated at 160 °C 

(Expt Fe_M). 

 
Table 3-4. Summary table of bench-top synthesis. 

Expt Conc.A 

(M) 

OLAB/Fe Temp. 

(°C) 

Time Nanoparticles Avg. size 

(nm) 

Fe_L 0.16 5 180 2h Core/shell, faceted 53 ± 4 

Fe_M 0.16 5 160 2h Core/shell, sponge-like 65 ± 15 

A dichlorobenzene was used as the solvent. 
B OLA = oleylamine 
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Expt Fe_L.   Reaction at 180 °C 

A black precipitate was collected after purification by magnetic separation. The precipitate 

was observed to react strongly to the magnet during purification. As shown in Figure 3-8a, 

highly faceted, cube-like, core/shell nanoparticles were obtained, with an average size of 

53 ± 4 nm. In the inset, the SAED pattern acquired from a large ensemble of nanoparticles 

showed the presence of α-Fe and iron oxide of spinel structures. The appearance of 

high-intensity diffraction spots correspond to α-Fe and much weaker diffraction rings to 

iron oxide indicated large α-Fe crystallite and small or polycrystalline structure of the iron 

oxide. HRTEM imaging of individual nanoparticles showed that the core was of single 

crystal α-Fe and the shell was iron oxide of polycrystalline structure. A typical faceted 

core/shell nanoparticle is shown in Figure 3-8b. The power spectrum acquired from the 

core area of the image (marked with a white square) is shown in Figure 3-8c, which shows 

that the faceted core was viewed along a 100  zone axis of α-Fe.  
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Figure 3-8. TEM and SAED results of bench-top synthesis at 180 °C (Fe_L). 

a. TEM image of nanoparticles obtained, typically faceted and ~55 nm in size; inset shows SAED 

pattern indexed to α-Fe and spinel iron oxide. b. TEM image of a typical faceted, cube-like, 

core/shell nanoparticle. c. Power spectrum of the core area of image b (indicated by white 

square), which can be matched to a 100  projection of a cubic structure. The core of the 

nanoparticles is thus a single crystal α-Fe projected along a 100  zone axis, and is terminated 

with {100} and {110} facets. 
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Expt Fe_M.   Reaction at 160 °C 

The exact conditions and procedure in Expt Fe_L were repeated at 160 °C. A black 

precipitate that responded strongly to a magnet was collected. As shown in Figure 3-9a, the 

nanoparticles obtained were near-spherical in shape, with a relatively large size 

distribution of 50–80 nm. The nanoparticle morphology was observed to resemble that of a 

sponge, with very uneven surfaces; these nanoparticles are thus described as sponge-like 

nanoparticles.  

The fact that the nanoparticles had very uneven surfaces might suggest nanoparticle 

aggregation or agglomeration. However, close examination on individual nanoparticles 

revealed otherwise. A TEM image of a typical sponge-like nanoparticle is shown in 

Figure 3-10a. Figure 3-10b shows the SAED pattern acquired from an area encircling the 

whole nanoparticle. The diffraction pattern was indexed to an α-Fe being projected along a 

100  zone axis, showing single-crystal structure of the whole nanoparticle. This 

observation thus ruled out the indication that the sponge-like nanoparticle could be an 

aggregate of smaller nanoparticles.  

 

 

Figure 3-9. TEM and SAED results from bench-top synthesis at 160 °C (Fe_M). 

a. TEM image of the nanoparticles obtained. b. SAED pattern with diffraction rings indexed to 

α-Fe, the other weaker diffraction rings correspond to the spinel iron oxide. 
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Figure 3-10. A typical sponge-like nanoparticle. 

a. TEM image of a typical sponge-like nanoparticle. b. SAED pattern acquired from an area 

encircling the nanoparticle, which can be indexed to a 100  projection of α-Fe. 

 

3.4. Discussion 

3.4.1. Nanoparticle Composition 

In this study, iron nanoparticles of >8 nm were observed to oxidise on the surface to form 

iron/iron oxide core/shell nanoparticles. As oxidation had occurred on the surface of the 

nanoparticles, the crystal structure of the core should be the as-synthesised structure. 

Based on this reasoning, nanoparticles of single-crystal α-Fe, as observed for the 

nanoparticle core in different samples, were obtained from different syntheses. 

The iron nanoparticles were synthesised through the decomposition of the iron precursor 

Fe(C5H5)(C6H7) at temperatures 130–180 °C. Under a hydrogen or nitrogen atmosphere, the 

precursor decomposes to yield free iron atoms, which would then nucleate and grow into 

α-Fe nanocrystals. The hydrocarbon part of the precursor naturally becomes the 

by-product of the reaction, and could be separated during purification, or evaporated off 

the solution during or after the experiment. The proposed pathway leading to the formation 

of α-Fe nanoparticles as described is illustrated in Scheme 3-1. 
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Scheme 3-1. Proposed pathway for the formation of iron nanoparticles. 

 
 

For core/shell nanoparticles, the iron oxide shell was observed to be polycrystalline. The 

multi-domain orientations of the iron oxide shell are believed to be a result of the 

uncontrolled oxidation process that took place when the iron nanocrystals were exposed to 

air. By oxidising the as-synthesised iron nanoparticles in a controlled fashion, Peng et al. 

showed that the crystallinity of oxide shell could be influenced by the oxidation process.[16] 

3.4.2. Nanoparticle Size 

Nanoparticles obtained from Fischer-Porter bottle syntheses were mainly spherical or 

near-spherical in morphology. Generally two sizes were observed among the different 

spherical nanoparticles collected, mainly dependent on the reaction temperature. Reactions 

at lower temperatures (130–140 °C) produced nanoparticles of ~14 nm in size, while those 

at higher temperatures (150–160 °C) yielded nanoparticles of ~6 nm. The same trend was 

also observed in the bench-top synthesis, in which nanoparticles formed at 160 °C were 

generally larger than those obtained at 180 °C. 

At higher temperature, the decomposition rate of the precursor increases, producing a high 

concentration of free iron atoms, and results in more nuclei being formed. As relatively 

more precursor is consumed for nucleation, less remained for growth, therefore yielding 

smaller-sized nanoparticles. Growth of 14-nm nanoparticles was favoured at 130–140 °C. 

At this temperature range, the nanoparticle size was observed to be influenced by both 

precursor concentration and the amount of oleylamine used, as summarised in Table 3-5. 

For different reactions at the same temperature, the rates of precursor decomposition and 

nanoparticle formation and growth are expected to be dependent on the concentration of 
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the reactants. In this study, 0.25 M was observed to be the ideal precursor concentration for 

controlled growth of nanoparticles, producing near-monodisperse nanoparticles of ~14 nm 

in size. Although larger nanoparticles were observed in the sample from the 

high-concentration reaction, the nanoparticle size distribution was also large. This suggests 

that when precursor concentration is high, growth becomes less controlled leading to a 

polydisperse sample. At low precursor concentration, the condition is believed to be similar 

to that of the high-temperature reaction, where there is limited precursor available for 

nanoparticle growth. It might be possible that monodisperse nanoparticles of >14 nm can 

be achieved by tuning the concentration between the middle (0.25 M) and high (1.0 M) 

concentrations.  

The role of oleylamine is apparent when the amount used is considerably less, at 

0.2 equivalents. Nanoparticles formed under this condition were 6.5 nm in average, much 

smaller than those obtained from reactions with 3 equivalents of oleylamine. Different 

studies have revealed that the interactions of stabilising molecules with the precursor 

and/or reaction intermediate could influence the reaction pathways through to nucleation 

and then growth of nanoparticles.[17,18] It is thus believed that a minimal oleylamine to iron 

ratio is required for effective interactions with the precursor and/or reaction intermediate, 

to prevent too much precursor being consumed for nucleation and not enough left for 

growth.  

 
Table 3-5. Combined effect of precursor concentration and amount of oleylamine on 

nanoparticle size. 

OLA/Fe 

Conc. 

(M) 

0.2 1 3 6 

0.05 – – 7  2 – 

0.25 6  3 14  2 14  2 16  5 

1.0 – – 3 – 30 – 

 OLA = oleylamine 

 

3.4.3. Stability of Nanoparticles 

The average oxide shell thickness was observed to be around 3 nm, independent of the 

nanoparticle size, which is consistent with observations in the literature.[3] The core/shell 
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nanoparticles in Expt Fe_B were observed to be stable for at least 1 month. After 1 year, 

voids were clearly observed at the interface between the core and the shell for some of the 

nanoparticles, typically those of 15 nm and smaller, as shown in Figure 3-11b. This suggests 

that oxidation continued to take place, thus indicating ineffective passivation of the oxide 

shell over time. For nanoparticles of larger than 15 nm, the presence of void was less visible. 

It is believed that further oxidation continued to occur for all core/shell nanoparticles. For 

larger nanoparticles, it is likely that the resulting vacancies are much smaller in volume 

relative to the nanoparticle size and hence were not obvious when viewed in the TEM.  

 

Figure 3-11. Stability of core/shell nanoparticles of ~14 nm. 

a. TEM image of core/shell nanoparticles in Expt Fe_B, taken after 1 month of synthesis. b. TEM 

image of the same sample after 1 year, showing presence of voids at the interface between the 

core and shell for most of the nanoparticles. Arrows highlight the clearly visible voids in some of 

the nanoparticles. All scale bars are 20 nm. 

 

For the 6 nm nanoparticles that were purified in nitrogen (see Section 3.2.5), after 1 year 

the nanoparticles had turned hollow and the corresponding SAED revealed the presence of 

only iron oxide in the sample, as shown in Figure 3-12b. The formation of vacancies within 

nanoparticles leading to hollow nanostructures has been observed for different materials 

including iron nanoparticles.[3,19] It has been widely accepted that the nanoscale Kirkendall 

effect[20] is responsible for this phenomenon. In this case, void or vacancy is generated as 

the outward diffusion of iron atoms occurs at a higher rate than the inward diffusion of 

oxygen atoms during the continuous oxidation process. Hollow nanostructures are formed 

as more vacancies are produced and ultimately coalesce into a single void.  
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Figure 3-12. Stability of core/shell nanoparticles of ~7 nm. 

a. TEM image of 7 nm core/shell nanoparticles purified under nitrogen (Fe_G). b. TEM image of 

the same sample after 1 year, showing that the nanoparticles had become hollow. All scale bars 

are 20 nm. 

 

3.4.4. Magnetic Properties 

The 14-nm iron/iron oxide core/shell nanoparticles were shown to exhibit ferromagnetic 

behaviour at room temperature, and a saturation magnetisation, MS of 131 emu g–1 was 

determined. The MS obtained is much greater than that of bulk iron oxide (82 and 

70 emu g-1 for Fe3O4 and γ-Fe2O3, respectively), which is ferrimagnetic at room temperature 

and is expected to be superparamagnetic in the nanometre scale.[21] The high MS value and 

the ferromagnetic behaviour suggest that these properties are largely attributed to the iron 

core. Furthermore, ferromagnetic behaviour is generally expected for randomly distributed 

spherical single domains of iron metal particles.[1] 

The magnetic properties obtained at room temperature are compared with those reported 

for iron nanoparticles and iron/iron oxide core/shell nanoparticles of similar sizes, in 

Table 3-6. Both the MS and HC of sample Fe_B are larger than the others. The slightly 

enhanced magnetic properties could be explained by the relatively larger nanoparticle size, 

an effect that is observed for magnetic materials within the single-domain regime.[6] 

Although the nanoparticles reported by Griffiths et al.[22] are larger in size, the respective MS 
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and HC values are smaller, compared with those of sample Fe_B. As the former was 

stabilised by polymer molecules which are much bulkier than oleylamine, the magnetic 

interactions between the nanoparticles, i.e. the magnetic domains, are believed to be 

weakened comparatively. It was also reported by Bomati-Miguel et al.[4] that the 

as-prepared, ferromagnetic nanoparticles became superparamagnetic after the 

nanoparticles were coated with polymers. This thus implies that the iron/iron oxide 

core/shell nanoparticles prepared in this study have the potential to be modified on the 

surfaces to exhibit ferro- or superparamagnetic behaviour, suited to the requirements of 

the respective applications.  

 

Table 3-6. Comparison of magnetic properties of similar nanoparticles. 

Reference Nanoparticles 
Magnetic properties at 

room temperature 

Griffiths et al.[22] 16-nm α-Fe NPs stabilised by polymer 
MS = 130 emu g–1 

HC = 150 Oe 

Suslick et al.[12] 8-nm α-Fe NPs stabilised by polymer 
MS = 101 emu g–1 

HC = 0 Oe 

Carpenter et al.[23] 
11.5-nm core/shell NPs stabilised by polymer;  

α-Fe core, oxide shell thickness 2.7 nm 

MS = 106 emu g–1 

HC < 100 Oe 

Farrell et al.[24] 

11.2-nm core/shell NPs stabilised by 

oleylamine-oleic acid mixture, oxide shell 

thickness 2.1 nm 

MS (at 10 K) = 132 emu g–1 

HC not reported 

Bomati-Miguel et al.[4] 
12-nm core/shell NPs; 

α-Fe core, oxide shell thickness 3–4 nm 

MS = 85 emu g–1 

HC = 250 Oe 

Expt Fe_B 
14-nm core/shell NPs stabilised by oleylamine; 

 α-Fe core, oxide shell thickness 2.6 nm 

MS = 131 emu g–1 

HC = 370 Oe 

 

3.5. Chapter Summary 

In this study, single crystal α-Fe nanoparticles were successfully synthesised via a facile 

chemical route through the decomposition of the precursor Fe(C5H5)(C6H7), by employing 

the Fischer-Porter bottle and bench-top Schlenk line techniques. Nanoparticles of >8 nm 

oxidised on the surface to form iron/iron oxide core/shell nanoparticles, and were stable 
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for at least 1 month. A saturation magnetisation of 130.7 emu g-1 was obtained for 

core/shell nanoparticles of ~14 nm. 

Further oxidation of the core/shell structures continued to take place over time (in 1 year), 

leading to the formation of voids at the interface between the iron core and the oxide shell 

of nanoparticles. Voids were clearly visible for nanoparticles of 15 nm and smaller.  

The synthesis was investigated with different experimental conditions. Spherical and 

near-spherical nanoparticles were synthesised in Fischer-Porter bottles at 130–160 °C. 

Nanoparticle size was found to be controlled by precursor concentration, reaction 

temperature and the amount of oleylamine (stabilising agent) added. Highly faceted 

nanoparticles were obtained from the bench-top method at 180 °C. 

3.6. Experimental 

Materials 

The iron precursor Fe(C5H5)(C6H7) was prepared according to the method described in the 

literature.[25] Mesitylene (98%) and 1,2-dichlorobenzene (99%) were purchased from 

Sigma-Aldrich; and oleylamine (technical, ≥70%) was purchased from Fluka. Toluene was 

of reagent grade. All reagents were used as received without further purification, unless 

otherwise specified. 

Fischer-Porter bottle synthesis 

For a typical Fisher-Porter bottle experiment, 0.08 g (~0.4 mmol) of the iron precursor 

Fe(C5H5)(C6H7) was weighed in a vial, then added with mesitylene as the solvent and 

oleylamine as the stabiliser. The vial was placed in a Fischer-Porter bottle, which was then 

flushed 3 times with hydrogen gas (H2) before being filled with 100–300 kPa H2, and sealed. 

The bottle was placed into an oven heated at a reaction temperature between 130 and 

160 °C, and remained for 2 days. 

Bench-top Schlenk line synthesis 

In a three-necked round bottom flask fitted with a water condenser, a thermocouple, and a 

septum, 8 mL of dichlorobenzene was degassed for 30 minutes, and heated to and 
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maintained at 160 or 180 °C under flowing nitrogen. A heating mantle with built-in 

magnetic stirrer was used to heat the flask. The solution was stirred throughout the 

experiment with a stir bar, used in conjunction with the magnetic stirrer. 

0.3 g (~1.5 mmol) of Fe(C5H5)(C6H7) was dissolved in a separately degassed mixture of 

1.2 mL dichlorobenzene and 2.5 mL oleylamine. The bright red mixture was injected into 

the heated dichlorobenzene through the septum at the three-necked flask. The reaction 

mixture turned black within 2 minutes of injection, and was held at the reaction 

temperature for 2 hours under reflux. 

Purification 

The reaction was allowed to cool to room temperature naturally before the Fischer-Porter 

bottle or the three-necked flask was opened to air. For the reaction in a three-necked flask, 

the reaction mixture was transferred into a vial using pipette. The vial containing the 

reaction mixture was placed next to a magnet. Black precipitate was observed to be 

attracted to the magnet, and the solution was removed using a pipette without disturbing 

the precipitate to leave to a powder. About 10 mL of toluene was added to re-disperse the 

precipitate. If the precipitate did not instantly re-disperse, the mixture was sonicated for 

1-2 minutes. The black precipitate was again attracted to the side of the vial using the 

magnet and the solution removed without disturbing the precipitate to leave to a powder, 

which was dried in air. 

Sample for TEM characterisation 

The magnetic precipitate collected was re-dispersed in toluene. The dispersion was 

sonicated to give a homogeneous suspension. A carbon-supported copper grid was held 

using self-closing tweezers and dipped into the suspension. This was carried out carefully 

such that the suspension was not in contact with the tweezers, as otherwise the magnetic 

nanoparticles would be attracted to the stainless steel tweezers and almost none would 

reside on the grid. The suspension was allowed to evaporate under ambient conditions and 

the TEM sample was ready. 
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4.1. Introduction 

This chapter describes the synthesis of iron and iron carbide nanoparticles at temperatures 

between 80–120 °C, and discusses how the different experimental conditions affect the 

nanoparticle composition, morphology, and size.  

Work presented in this chapter is part of the research work on the synthesis and 

characterisation of iron-based nanoparticles. The initial aim of the research was to 

synthesise iron nanoparticles of larger than 10 nm in size, which would then oxidise on the 

surface leading to core/shell structures. During the investigation of the synthesis, iron 

carbide nanoparticles were identified among the nanoparticles collected, mostly from 

reactions at 120 °C and below. The research was then taken further to include the synthesis 
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of iron carbide nanoparticles and to investigate the various conditions that could possibly 

control the composition, morphology and size of the product.  

This chapter focuses on syntheses at the lower temperature range (80–120 °C) that 

produced both iron and iron carbide nanoparticles. Reactions at temperatures 130 °C and 

above produced mainly iron nanoparticles and are presented in Chapter 3. The literature of 

iron nanoparticle synthesis is also reviewed in Chapter 3.  

Bulk iron carbide is a metallic ferromagnet at room temperature and can be tuned to 

exhibit single domain magnetism on the nanometre scale.[1,2] Iron carbide nanoparticles are 

thus useful as the main substances in various magnetic applications such as ferrofluids and 

magnetic resonance imaging (MRI) contrast agents.[3,4] Development of iron carbide 

nanoparticles for magnetic applications is relatively new as pure phase of iron carbide is 

difficult to achieve and usually requires high temperature and/or pressure. Most syntheses 

of iron carbide nanoparticles are of physical approach such as laser pyrolysis and 

sputtering.[3,5-7] Solution-phase synthesis of iron carbide nanoparticles via a chemical route 

has only been reported over the last few years; and only three methods have been reported 

to date. One of them is sonochemical method reported by Gedanken and co-workers, which 

produced nanocomposites of α-Fe and Fe3C.[8,9] Pure phase of Fe3C nanocrystals were 

reported by Nelson and Wagner, via an alkalide reduction method.[10] A challenge with both 

methods is the need to anneal the samples at very high temperatures, at 700 °C and 950 °C, 

respectively, in order to obtain the carbide phase. A lower temperature synthesis was 

reported by Yu and Chow, in which iron-iron carbide composite nanoparticles were 

prepared by thermal decomposition of Fe(CO)5 under flowing C2H2 at 257 °C, followed by 

annealing at 350 °C.[11] It is thus highly interesting that iron carbide nanoparticles were 

observed in this study, with reactions undertaken at temperatures as low as 110 °C.  

4.2. Synthesis Results 

The synthesis is the same as that described in Chapter 3. For a typical experiment, the 

reaction solution was prepared by placing the iron precursor Fe(C5H5)(C6H7), oleylamine as 

the stabilising agent, and a solvent in a vial, which was in turn placed in a Fischer-Porter 

bottle. The Fischer-Porter bottle setup was filled with hydrogen to a desired pressure, and 
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sealed. Reaction was carried out by placing the Fischer-Porter bottle into an oven heated at 

the reaction temperature.  

 
Table 4-1. Summary table of synthesis. 

Expt Solvent Conc. 

(M) 

OLAA/Fe Temp. 

(°C) 

Time H2 press. 

(102 kPa) 

NanoparticlesB Avg. size 

(nm) 

Fe-01 Toluene 0.05 3 110 4d 1 Iron oxide 6.5 ± 1 

Fe-02 Toluene 0.1 3 110 4d 1 Fe- & FeC-core, spherical 18 ± 2 

Fe-03 Toluene 0.25 3 110 4d 1 Fe- & FeC-core, spherical 22 ± 3 

Fe-04 Toluene 0.25 3 110 4d 3 Fe- & FeC-core, spherical 23 ± 5 

Fe-05 Toluene 0.5 3 110 3d 1 
Fe-core, spherical, faceted 

and branched 
25 ± 5 

Fe-06 Toluene 1.0 3 110 2d 1 
Fe- & FeC-core, spherical 

and sponge-like 
40 ± 10 

Fe-07 Toluene 1.0 3 110 2d 3 
Fe- & FeC-core, spherical 

and sponge-like 
40 ± 10 

Fe-08 Mesitylene 0.25 3 120 2d 1 Fe- & FeC-core, spherical 22 ± 3 

Fe-09 Toluene 0.25 1 110 4d 1 Fe- & FeC-core, spherical 18 ± 2 

Fe-10 Toluene 0.25 0.2 110 4d 1 
FeC-core, large 

aggregations 
≥ 50 

Fe-11 Toluene 0.25 6 110 3d 1 
Fe- & FeC-core, spherical 

and sponge-like 
20–80 

Fe-12 Toluene 1.0 1 110 2d 1 
Fe (& Fe-C), porous and 

spherical 
50 ± 10 

Fe-13 Toluene 1.0 0.2 110 2d 1 Hollow iron oxide 7 ± 2 

Fe-14 Toluene 1.0 6 110 2d 1 Fe-core, sponge-like 65 ± 15 

Fe-15 – – 12 110 3d 1 Fe-core, sponge-like 65 ± 15 

Fe-18 Toluene 0.25 3 80, 110 1d, 3d 1 Fe- & FeC-core, spherical 22 ± 3 

Fe-17 Toluene 0.5 3 80, 110 1d, 3d 1 
Fe-core, spherical, 

sponge-like and porous 
25 ± 5 

Fe-16 Toluene 1.0 3 80, 110 1d, 3d 1 
FeC-core, spherical and 

dimer 
18 ± 6 

Fe-19 Mesitylene 1.0 3 80, 120 1d, 3d 1 Fe- & FeC-core, spherical 25 ± 5 

A OLA = oleylamine 
B Fe-core = core/shell NPs with iron core; FeC-core = core/shell NPs with iron carbide core 
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Table 4-1 lists the experimental conditions investigated, along with the composition, 

morphology and size of the nanoparticles obtained. A few reactions were carried out with 

excess solvent added to the Fischer-Porter bottle, but outside the vial containing the 

reaction mixture. These additional experiments are listed in Table 4-2. Characterisation 

results from selected experiments are presented in sub-sections following the summary 

tables. 

 
Table 4-2. Summary table of synthesis involved the use of excess solvent. 

ExptA Conc.B 

 

(M) 

Excess 

solventB 

(mL) 

OLAC/Fe Temp. 

 

(°C) 

Time H2 press. 

 

(102 kPa) 

NanoparticlesD 

Fe-20 

(Fe-03) 
0.25 5 3 110 4d 1 Same as in Fe-03 

Fe-21 

(Fe-06) 
1.0 5 3 110 2d 1 Same as in Fe-06 

Fe-22 

(Fe-16) 
0.25 5 3 80, 110 1d, 3d 1 Same as in Fe-16 

Fe-23 

(Fe-18) 
1.0 5 3 80, 110 1d, 3d 1 

Fe- & FeC-core, spherical, 25 ± 

5 nm 

FeC-core, dumbbell, 50 ± 20 

nm 

Fe-24 1.0 20 3 80, 110 1d, 3d 1 Polydisperse, 3–100 nm 

Fe-25E 1.0 5 3 80, 110 1d, 3d 1 
Iron oxide nanodisks, 33 ± 5 

nm 

A Parentheses indicate the experiments with the same reaction conditions but without the use of 
excess solvent 
B Toluene was used as the solvent 
C OLA = oleylamine 
D Fe-core = core/shell NPs with iron core; FeC-core = core/shell NPs with iron carbide core 
E FeCl3 was used as the precursor 

 

4.2.1. Single-Step Heating 

As shown in Table 4-1, the synthesis was mainly investigated at 110 °C, by varying the 

precursor concentration and the amount of oleylamine used. The precursor concentration 

was varied from 0.05 M to 0.2 M, in the presence of 3 equivalents oleylamine. At 

concentrations of 0.25 and 1.0 M, the use of oleylamine as the stabilising agent was 

investigated by varying the mole ratio of oleylamine to iron, from 0.2:1 to 6:1. The use of 
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oleylamine as both stabiliser and solvent was also explored, where the oleylamine/iron 

ratio was 12, which gave a concentration of 0.25 M iron precursor in oleylamine. 

Experiments were carried out for 2 to 4 days, and at an initial atmosphere of 100 kPa H2 

(except for Expt Fe-04 and Fe-07).  

Apart from 110 °C, reactions were also carried out at 80 and 120 °C. The nanoparticles 

obtained from the 120 °C reaction were observed to be the same as those collected at 

110 °C (which is described in Expt Fe-03 below). For the reaction at 80 °C, the reaction 

solution changed from bright red to dark red after 1 day, and turned darker over time, but 

no precipitate was observed after 4 days.  

Different precursor concentrations were employed for reactions at 110 °C, the lowest being 

0.05 M. For the low-concentration reaction, the resulting nanoparticles were observed to be 

the same as those obtained from the same precursor solution reacted at 130 °C (see Expt 

Fe_A, Section 3.2.1). The SAED pattern was indexed to iron oxide of the spinel phases. They 

were spherical or near-spherical in shape, with a nanoparticle size range of 5–8 nm. 

Expt Fe-03.   Reaction of 0.25 M iron precursor in toluene 

(middle concentration) 

In this experiment, a black precipitate that responded strongly to a magnet was collected 

after purification by magnetic separation. During purification, the precipitate in solution 

was observed to be attracted to the magnet almost instantly. In Expt Fe-01 (0.05 M), it took 

about 5 minutes for all precipitate to be attracted to the magnet.  

Core/shell nanoparticles of 25 ± 5 nm were obtained, as shown in the TEM image in 

Figure 4-1a. As shown in Figure 4-1b, EDS performed on a large ensemble of the 

nanoparticles including those in the TEM image showed presence of iron, oxygen, carbon, 

and copper. The possible compositions of the nanoparticles thus include iron, iron oxide, 

and iron carbide. The SAED pattern acquired from the same area was compared to that of 

iron/iron oxide core/shell nanoparticles described in Chapter 3 (Expt Fe_B, Section 3.2.1). 

Additional diffraction rings/spots to those of α-Fe and spinel iron oxide are observed, as 

shown in Figure 4-1c. It was a challenge to index the diffraction pattern as the diffraction 

spots were very close and appear as bands. In Figure 4-1c, two bands can be observed, 

overlapping the diffraction rings/spots that correspond to {110} and {211} reflections of α-
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Fe. The bands, labelled as I and II, were attributed to spacings in the range 1.96–2.21 Å and 

1.18–1.30 Å, respectively. These spacings could be matched more closely to the allowed 

peaks of bulk Fe3C, than other form of iron carbide, as shown in Table 4-1. It is thus 

deduced that the iron carbide nanoparticles formed were mainly of the Fe3C phase. 

As the reflections of Fe{110} and Fe{211} overlap with the spacings of Fe3C, the only 

affirmative evidence of α-Fe is from the diffraction of Fe{200}. Based on this comparison, 

there is much larger number of diffraction spots corresponding to iron carbide than to iron, 

observation from the SAED pattern thus suggested a larger proportion of the core/shell 

nanoparticles to be of iron carbide core. 

Core/shell nanoparticles of iron core comprised single-crystalline α-Fe and polycrystalline 

iron oxide shell, as shown in Figure 4-2. The single crystal, cubic structure of the core was 

confirmed by the power spectrum of the HRTEM image, and lattice fringes measured were 

close to the corresponding d-spacings of α-Fe. 

In contrast, determination of the crystallinity, crystal structure, and orientation of iron 

carbide nanoparticles were less straightforward, mainly due to the complex crystal 

structure of iron carbide. An HRTEM image of a typical iron carbide/iron oxide core/shell 

nanoparticle is shown in Figure 4-3a, with a close-up at the core area of the nanoparticle 

shown in b. The power spectrum of image b is shown in Figure 4-3c. It was not possible to 

recognise the crystal structure and orientation of the nanoparticle straight away from the 

power spectrum. Further analysis was carried out by measuring the lattice fringes on the 

HRTEM image, in which the measurement was calibrated with the lattice fringes of α-Fe 

nanoparticles imaged at the same magnification. As shown in Figure 4-3b, lattice fringes 

were measured as 2.35, 2.06, and 1.96 Å, approximately matching the (210), (102), and 

(112) spacings of Fe3C, respectively. Based on this information, together with the angles 

between the planes obtained from the power spectrum, the orientation of the nanoparticle 

was determined to be along the [ 124 ], [ 412 ], [ 142 ], or [ 412 ] zone axis of Fe3C. A 

simulated [ 124 ] projection of Fe3C is shown in Figure 4-3d, which can be well-matched by 

the power spectrum. 

This experiment was repeated under a nitrogen atmosphere and the nanoparticles obtained 

were the same. 
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Figure 4-1. TEM and SAED results of middle-concentration reaction at 110 °C (Fe-03). 

a. TEM image of core/shell nanoparticles of 20–30 nm. b. EDS showing presence of iron (25 at%) 

and oxygen (9 at%) in the sample; carbon (47 at%) was from the grid and the sample, where 

copper (19 at%) was from the TEM grid. c. SAED pattern in comparison with that of Fe_B (which is 

shown in Chapter 3, Figure 3-2), showing additional diffraction spots to those of α-Fe and spinel 

iron oxide (FeOx). 
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Table 4-3. Index for SAED in Figure 4-1b. 

Index Calc. d Matched 

d of 

Fe3C 

I (%) h k l Matched 

d of 

Fe7C3 

I (%) h k l Matched 

d of 

Fe5C2 

I (%) h k l 

1 2.36 2.388 43 1 2 1       

2.381 41 2 1 0       

I 2.21 

| 

1.96 

2.263 22 0 0 2 2.253 29 2 1 0 2.208 38 1 1 2 

2.218 22 2 0 1 2.121 43 1 0 2 2.083 100 0 2  1 

2.107 57 2 1 1 2.018 100 2 1 1 2.053 100 5 1  0 

2.068 67 1 0 2    2.013 33 3 1 2 

2.031 56 2 2 0    1.925 27 2 2  1 

1.977 100 0 3 1       

2 1.83 1.879 53 1 1 2 1.820 26 3 0 1    

1.872 32 1 3 1 1.806 20 2 0 2    

1.853 43 2 2 1       

3 1.73 1.763 19 1 2 2    1.774 11 4 0  2 

      1.733 11 4 2 1 

II 1.30 

| 

1.18 

1.329 17 1 2 3 1.204 11 3 0 3 1.218 18 1 1 4 

1.225 14 4 0 3 1.17125 10 3 2 2    

1.219 16 1 3 3       

1.162 20 3 3 2       

1.152 15 2 5 1       
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Figure 4-2. A typical iron/iron oxide core/shell nanoparticle obtained from the 

middle-concentration reaction at 110 °C (Fe-03). 

a. HRTEM image of the core of a core/shell nanoparticle. b. Power spectrum of the HRTEM image, 

which can be matched to a 100  projection of the cubic structure. c. TEM image of the whole 

nanoparticle. 
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Figure 4-3. A typical iron carbide/iron oxide core/shell nanoparticle from the 0.25-M 

reaction at 110 °C (Fe-03). 

a. HRTEM image of a typical iron carbide/iron oxide core/shell nanoparticle, with a close-up of 

the image at the core area shown in image b; lattice fringes were measured based on the lattice 

fringes of α-Fe at the same magnification. c. Power spectrum of image b, which can be matched 

to the [ 124 ] projection of Fe3C. d. Simulated [ 124 ] projection of the orthorhombic Fe3C. 
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Expt Fe-05.   Reaction of middle-concentration solution added with 

1 equivalent oleylamine  

 

Figure 4-4. TEM and SAED results of middle-concentration reaction, with a 1:1 ratio of 

oleylamine to iron (Fe-05). 

TEM image showing nanoparticles consisting of spherical, cube-like, and branched structures. 

SAED (inset) can be indexed to α-Fe (diffraction rings A-E to {110}, {200}, {211}, {220}, and {310}, 

respectively) and spinel iron oxide (FeOx; diffraction rings 1-5 correspond to {440}, {511}, {400}, 

{311}, and {220}, respectively). 

 

A mole ratio of 3 oleylamine to 1 iron precursor was used for most of the experiments. 

When the amount of oleylamine was reduced to a 1:1 ratio in a middle-concentration 

reaction, a black precipitate was collected after purification by magnetic separation. As 

shown in Figure 4-4a, core/shell nanoparticles of faceted and branched morphologies were 

observed. The branched nanoparticles were mainly tetrapods. The SAED shown in the inset 

can be indexed to α-Fe and spinel iron oxides. The appearance of the strong α-Fe diffraction 

spots and weaker iron oxide diffraction rings indicates a large α-Fe crystallite, and small 

and/or polycrystalline structure of the iron oxide. Based on observations in the TEM, the 

core/shell nanoparticles comprised single crystalline α-Fe core and polycrystalline iron 

oxide shell. Figure 4-5a shows the TEM image of a tetrapod core/shell nanoparticle, of 
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which the HRTEM image of the core area is shown in Figure 4-5b. HRTEM and FFT analyses 

showed that the tetrapod core was an α-Fe being projected along a 100  zone-axis. The 

faceted nanoparticles observed in the sample were observed to terminate with {100} facets. 

 

Figure 4-5. A typical core/shell nanoparticle of tetrapod structure (Fe-05). 

a. TEM image of a typical tetrapod nanoparticle. b. HRTEM image of the core of the nanoparticle. 

c. Power spectrum of the HRTEM image which can be matched to a 100  projection of cubic 

structure. The nanoparticle was projected along a 100  zone-axis of bcc iron, with the four arms 

growing along the 110  directions. 
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Expt Fe-06.   Reaction of 1.0 M iron precursor in toluene 

(high concentration) 

In this experiment, the precursor concentration was increased 4 times to 1.0 M, and a 

magnetic precipitate was collected with similar observations to those observed for the 

middle-concentration reaction. The TEM image in Figure 4-6a shows that the sample 

consisted of aggregates of ~5-nm nanoparticles and core/shell nanoparticles of two 

different sizes: (i) 20–25 nm, and (ii) 50–80 nm. The SAED pattern in Figure 4-6b shows 

presence of α-Fe, spinel iron oxide, and iron carbide in the sample. 

HRTEM analysis showed that the nanoparticles of size range (i) were the iron carbide/iron 

oxide core/shell nanoparticles, whereas those of size range (ii) were of iron/iron oxide 

core/shell structures. The latter are described as the sponge-like nanoparticles as the 

nanoparticle morphology resembles that of a sponge. The same morphology was also 

observed in nanoparticles collected from a bench-top synthesis, Expt Fe_M (see Chapter 3, 

Section 3.3). 

Figure 4-7a shows the powder XRD pattern of the sample, in which some of the peaks can 

be indexed to α-Fe and iron oxide of the spinel phases. Peaks of much smaller intensity 

were observed near the Fe(110) peak, and can be approximately indexed to iron carbide of 

the Fe3C phase. 

The diffraction rings in the SAED pattern and the peaks in the XRD pattern that correspond 

to α-Fe were much higher in intensity than other peaks. The non-iron peaks are also 

noticeably broader. Based on the above observations it is concluded that the α-Fe 

crystallites present in the sample are much larger in amount and size, which agrees with 

observation in the TEM.  
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Figure 4-6. TEM and SAED results from high-concentration reaction at 110 °C (Fe-06). 

a. TEM image showing a group of sponge-like core/shell nanoparticles along with aggregated 

iron oxide nanoparticles. b. EDS showing presence of iron (52 at%) and oxygen (20 at%) in the 

sample; carbon (21 at%) was from the grid and the sample, where copper (7 at%) was from the 

TEM grid. c. Strong diffraction spots/rings can be indexed to α-Fe; a band of diffraction spots 

overlapping the Fe{110} diffraction ring indicates presence of crystalline iron carbide in the 

sample. 
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Figure 4-7. Powder XRD of nanoparticles from high-concentration reaction at 110 °C 

(Fe-06). 

Peaks of much higher intensity correspond to diffraction of α-Fe, the broader peaks indicated by 

arrows correspond to spinel iron oxide (220), (311), (511), and (440), from left to right respectively. 

Presence of iron carbide as the minor phase is shown by the small peaks, which are indexed to 

Fe3C (). 

 

The magnetic hysteresis loop of the sample measured at room temperature is shown in 

Figure 4-8a, with a close-up at the low field intervals shown in the inset. As can be observed 

in the low-field plot, the nanoparticles exhibited a ferromagnetic behaviour with a 

remanence magnetisation, MR of ~31 emu g–1, and a coercivity, HC of ~450 Oe. At the 

measured temperature, the sample did not saturate; the magnetisation, M at an applied 

field, H of 60 kOe was measured to be 131.2 emu g–1. For the range 6 ≤ H ≤ 60 kOe, the 

magnetisation was observed to approach saturation according to the relation M  H–½. 

From the plot of M against H–½, as shown in Figure 4-8b, the saturation magnetisation, MS 

was determined to be ~137 emu g–1.  
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Figure 4-8. Magnetic properties of sample Fe-06 at 300 K. 

a. Plot of magnetisation, M against applied field, H; inset shows plot at low field intervals. 

b. The data was fitted with a linear function of M = –1490 H
–½

 + 137 (shown by the solid line); MS 

was then determined to be ~137 emu
 
g

–1
 (intercept at 0 Oe

–½
). 
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Expt Fe-12.   Reaction of high-concentration solution added with 

1 equivalent oleylamine 

A mole ratio of 3 oleylamine to 1 iron precursor was used for most of the experiments. 

When the amount of oleylamine was reduced to a 1:1 ratio in a high-concentration reaction, 

magnetic, dark grey to black precipitate was collected after purification by magnetic 

separation. As shown in Figure 4-9, the nanoparticles obtained were a mixture of core/shell 

and porous structures, with the latter being the major product and are described as porous 

nanoparticles. The SAED pattern, as shown in the inset, can be indexed to α-Fe and spinel 

iron oxide. 

 

Figure 4-9. TEM and SAED results of Expt Fe-12. 

TEM image showing core/shell nanoparticles mainly of porous structures. SAED (inset) can be 

indexed to α-Fe (diffraction rings 1-3 correspond to {110}, {200} and {211}, respectively) and 

spinel iron oxide (FeOx; diffraction rings A-E correspond to {440}, {511}, {400}, {311}, and {220}, 

respectively). 

 

Figure 4-10 shows the powder XRD pattern of the sample, in which peaks can be indexed to 

those of α-Fe and spinel iron oxide. As the area under a diffraction peak is proportional to 

the relative abundance of the corresponding crystalline phase, the amount of α-Fe in the 
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sample is indicated to be similar to that of the spinel iron oxide. However, the α-Fe peaks 

are relatively narrower, indicating the iron crystallites were larger in size compared to the 

iron oxide crystallites. The average α-Fe crystallite size estimated from the fwhm of Fe(110) 

and Fe(211) was 19  2 nm; whereas that of the iron oxide as estimated from the fwhm of 

the corresponding (311) and (511) peaks was 8.0  0.2 nm. Close examination of the 

individual porous nanoparticles indicated that a typical porous nanoparticle comprised a 

single crystal α-Fe core of porous structure.  
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Figure 4-10. Powder XRD pattern of nanoparticles from Expt Fe-12. 

Relatively narrower and higher intensity peaks correspond to the diffractions of α-Fe, the broader 

peaks indicated by arrows correspond to spinel iron oxide (220), (311), (400), (422), (511), and 

(440), from left to right respectively. 

 
 

Expt Fe-13.   Reaction of high-concentration solution added with 

0.2 equivalents oleylamine 

When the amount of oleylamine was further reduced to 0.2 equivalents to iron precursor in 

a high-concentration reaction, magnetic, dark grey precipitate was obtained after 

purification by magnetic separation.  
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Figure 4-11. TEM and SAED results of high-precursor concentration reaction with 

0.2 equivalents oleylamine (Fe-13). 

a. TEM image of the nanoparticles obtained, inset shows SAED pattern indexed to iron oxide of 

spinel phases. b. HRTEM image of a typical hollow nanoparticle. 
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As shown in Figure 4-11a, the nanoparticles adopted a hollow structure, of spherical or 

near-spherical in shape, averaging at 9 ± 2 nm. Nanoparticle aggregation could be observed. 

The SAED in the inset shows that these nanoparticles were of spinel iron oxide crystal 

structures. Figure 4-11b shows the HRTEM image of a typical hollow nanoparticle, which is 

of polycrystalline structure. As lattice fringes can be observed across the whole 

nanoparticle, the lighter contrast of the core area shows that the nanoparticle is of hollow 

and not of ring structure. 

4.2.2. Two-Step Heating 

Some of the reactions were heated in the oven over two different temperatures. Reactions 

involving a two-step heating process are often employed in solution-phase synthesis, in 

which reactants are heated at a certain temperature for a burst of nucleation event, and 

then at a lower temperature for a slower growth process. Attempts to react the precursor 

solution at a higher temperature (130–160 °C) followed by a lower temperature (80–110 °C) 

annealing had resulted in small nanoparticles that oxidised completely. Nevertheless, 

heating the high-concentration solution in the reverse order, i.e. from lower to higher 

temperature, managed to yield nanoparticles of interesting morphologies. The reaction at 

80 then 120 °C yielded the same result as that obtained from a reaction with single-heating 

temperature at 110 or 120 °C. Whereas the reaction at 80 then 110 °C yielded a mixture of 

spherical and dimer-like morphologies, which is described as follows. 

Expt Fe-16.   Reaction of high-concentration reaction at 

80 then 110 °C 

In this experiment, the Fischer-Porter bottle was placed in the oven at 80 °C for 1 day, after 

which the oven temperature was increased to 110 °C and the experiment was terminated 

after 3 days at 110 °C. Figure 4-12a shows a TEM image of the nanoparticles obtained, 

which consisted of core/shell nanoparticles of spherical and dimer-like morphologies, with 

the core generally having a darker contrast. In the corresponding SAED pattern shown in 

Figure 4-12b, diffraction spots were indexed to iron or iron carbide, and diffraction rings to 

iron oxide. Observations in both the TEM image and SAED concluded that the nanoparticles 
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comprised a core/shell structure, with an α-Fe or Fe3C core and polycrystalline iron oxide 

shell. Figure 4-12c shows the TEM image of a typical dimer nanoparticle, which comprised 

two near-spherical nanoparticles attached together. As the oxide shell was mainly observed 

surrounding the whole dimer-like core, the dimer structure is believed to have formed in 

the synthesis, and not aggregate of two spherical nanoparticles after they were exposed to 

air. 

The magnetic hysteresis loop of the sample measured at room temperature is shown in 

Figure 4-13a, with a close-up at the low field intervals shown in the inset. As shown in the 

low-field plot, the nanoparticles exhibited a ferromagnetic behaviour with a remanence 

magnetisation, MR of ~22 emu g–1, and a coercivity, Hc of ~480 Oe. The sample did not 

saturate at the measured temperature; the magnetisation, M at an applied field, H of 60 kOe 

was measured to be 94 emu g–1. The data could be fitted with the linear function of M  H–½, 

and the saturation magnetisation, MS was determined to be ~102.5 emu g–1, as shown in 

Figure 4-13b.  
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Figure 4-12. TEM and SAED results of middle-concentration solution reacted at 80 then 

110 °C (Fe-16). 

a. TEM image showing core/shell nanoparticles of spherical and dimer-like morphologies. b. 

SAED indexed to α-Fe and iron oxide of spinel phases (FeOx). Presence of crystalline iron carbide 

in the sample is indicated by the appearance of band-like arrangement of diffraction spots (I and 

II, see Figure 4-1 and Table 4-3). c. TEM image of a typical dimer nanoparticle. 
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Figure 4-13. Magnetic properties of sample Fe-16 at 300 K. 

a. Plot of magnetisation, M against applied field, H; inset shows plot at low field intervals. 

b. The data was fitted with a linear function of M = –1896 H
–½

 + 103 (shown by the solid line); 

MS was thus determined to be ~103 emu
 
g

–1
 (intercept at 0 Oe

–½
). 
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4.2.3. Use of Excess Solvent 

One particular observation in the synthesis in toluene, particularly the high-concentration 

reactions, was that the volume of solution was noticeably reduced at the end of the 

experiment. This was believed to be a result of evaporation of toluene due to high vapour 

pressure of toluene at the heating temperature of 110 °C, and the change in volume is more 

obvious when the volume used is small in high-concentration reactions. Experiments Fe-03, 

Fe-06, Fe-16, and Fe-18 were repeated with an excess volume of solvent (5 mL) added 

outside the vial. The hypothesis was to have the additional solvent contributing to the 

saturated solvent atmosphere when the reaction vessel was heated at 110 °C, thus 

maintaining the volume of the reaction solution and hence the concentration in the vial. 

Apart from the repetition of Fe-16, labelled as Expt Fe-23, all other experiments yielded the 

same results as those from the respective experiments without the use of excess solvent 

(see Table 4-2). Nanoparticles of dumbbell-like structures were observed in Expt Fe-23, 

which is described below.  

Due to the interesting dumbbell morphology observed in Expt Fe-23, the same reaction 

conditions were repeated with Fe(C5H5)2, FeCl3, Fe(acac)2, and Fe(acac)3 as the precursor 

source. Fe(C5H5)2, Fe(acac)2 and Fe(acac)3 did not react under the given reaction conditions. 

As for the reaction of FeCl3, nanoparticles of disk-like morphology were obtained and are 

described in Expt Fe-25 below. 
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Expt Fe-23.   1.0 M + 5 mL excess solvent, at 80 then 110 °C 

As shown in Figure 4-14a, the nanoparticles obtained can be divided into three groups 

based on the nanoparticle morphology and size range: (i) nanoparticles of 5–8 nm that had 

aggregated; (ii) spherical or near-spherical core/shell nanoparticles of 20–40 nm; 

(iii) core/shell nanoparticles of dumbbell structure, which are described as the 

nanodumbbells. Figure 4-14b shows a high-magnification SEM image of the 

nanodumbbells, of which each is composed of two joined units that are of oblong shapes 

and are described as nanoellipsoids. The individual nanoellipsoids are typically 

50-100 nm in length (the longest cross section of the nanoellipsoid) and 20–50 nm in width. 

As can be observed in both images a and b in Figure 4-14, the nanoellipsoids always joined 

side by side. It is also observed that the two nanoellipsoids constituting a nanodumbbell 

always come in almost the same size (both length and width), albeit the considerable size 

distribution of the nanodumbbells. 

As shown in the TEM image (Figure 4-14a), the nanodumbbells tend to form into chains of 

4–8 nanoparticles each, when the nanoparticle suspension dries on the TEM grid. It is also 

observed that the nanodumbbells align next to each in similar arrangements to how the 

nanoellipsoids are joined within a nanodumbbell. Figure 4-14c shows the SAED pattern 

with diffraction rings/spots corresponding to spacings of α-Fe, iron carbide, and spinel iron 

oxide, in which most of the diffraction spots were attributed to iron carbide.  

Figure 4-15a shows the TEM image of a typical nanodumbbell. The corresponding electron 

diffraction pattern in Figure 4-15b shows that the nanodumbbell is a single crystal. The 

SAED pattern can be indexed to a Fe3C being projected along the [001] zone axis; some of 

the (hk0) reflections are indicated in the figure. The nanoellipsoids are thus observed to 

have the long-axis along the [010] direction, which is the longest axis of the unit cell of 

orthorhombic Fe3C (unit cell details in Chapter 1, Section 1.6.). 
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Figure 4-14. TEM and SAED results from high-concentration reaction, added with 5 mL 

excess solvent outside reaction vial (Fe-23). 

a. TEM image of the nanoparticles obtained. b. High-magnification SEM image of the 

nanodumbbells. c. SAED pattern with diffraction ring indexed to α-Fe and iron oxide of spinel 

phases (FeOx). Presence of crystalline iron carbide in the sample is confirmed by the appearance 

of band-like arrangement of diffraction spots (see Table 4-3). 
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Figure 4-15. HRTEM analysis of a nanodumbbell. 

a. TEM image of a typical nanodumbbell. b. SAED pattern of the nanodumbbell, which can be 

indexed to Fe3C being projected along the [001] zone axis. The background diffraction rings 

correspond to the spinel iron oxides, while other diffraction spots that do not match those of the 

[001]Fe3C orientation were from neighbouring nanodumbbells. c. HRTEM image of part of the 

core of the nanoparticle. d. Power spectrum of image c, which can be matched to the projection 

of [001]Fe3C. 
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Expt Fe-25.   1.0 M FeCl3 + 5 mL excess solvent, at 80 then 110 °C 

In this experiment, the reaction solution was dark brown in colour at the end of the 

experiment, and turned lighter in brown during purification. Brown precipitate was 

collected via magnetic separation. The nanoparticles collected are shown in Figure 4-16. 

These nanoparticles displayed a faceted, disk-like morphology, with an average size of 

35 x 5 nm (diameter x thickness) and are described as nanodisks. The near-monodisperse 

nanodisks tend to assemble into long-range arrays when the nanoparticle suspension dries 

on a TEM grid. Figure 4-17a shows a TEM image of the nanoparticles stacking across the 

TEM grid, with the flat faces of the nanodisks assembled next to each other. In Figure 4-17b, 

the corresponding SAED pattern shows 6-fold symmetric crescents of diffraction spots 

corresponding to spinel iron oxide, indicating an almost identical crystallographic 

orientation of the nanodisks. In addition, reflections of α-Fe2O3 (hematite) were also 

observed. It can be observed that the diffraction spots appear smeared, indicating a small 

shift or difference in the lattice spacings of the nanoparticles of the same phases. This shift 

could be a result of oxidation of the nanoparticles, leading a change of structure from the 

spinel phase to hematite. This thus explains the colour change during purification. The 

reflections closest to the central spot could be a result of the assembly of nanodisks of 

~5 nm in thickness. 

 

Figure 4-16. TEM image of nanoparticles obtained from a reaction of FeCl3 (Fe-25). 
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Figure 4-17. TEM and SAED results from reaction (Fe-25). 

a. TEM image showing nanodisks assembled in long-range order. b. The corresponding SAED 

showing specific orientation of the nanodisks; in which a 6-fold symmetry can be matched to the 

[111] projection of Fe3O4 (), while others could be indexed to α-Fe2O3 (in red). 
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4.3. Discussion 

4.3.1. Formation of Iron Carbide Nanoparticles 

Results in this chapter showed that iron and iron carbide nanoparticles were synthesised 

through the decomposition of the iron precursor Fe(C5H5)(C6H7) employing the 

Fischer-Porter bottle technique, at 80–120 °C. For the formation of iron carbide 

nanocrystals, the carbon source is believed to have originated from the precursor. Different 

studies have demonstrated the formation of iron carbide as part of the process of growing 

carbon nanotubes that utilises iron as a catalyst.[12,13] It is thus believed that a similar 

catalytic process is involved in the formation of iron carbide in this study. The proposed 

mechanism is described as follows. The precursor first decomposes into free iron atoms, 

and gaseous and/or liquid hydrocarbons. The free iron atoms form into clusters, or 

nucleate and grow into nanoparticles of α-Fe. The carbide formation starts with the (iron-

catalysed) decomposition of hydrocarbons on the iron surfaces and diffusion of carbon 

species into the iron clusters or nanoparticles. The formation of iron carbide nanoparticles 

was observed to be largely influenced (promoted or hindered) by reaction temperature and 

precursor concentration.  

Iron carbide nanoparticles were mainly observed in samples collected from experiments 

conducted at 80–120 °C; whereas higher temperature experiments, conducted at 130 °C 

and above, mainly produced α-Fe nanoparticles (see Chapter 3). This observation indicates 

the effect of temperature on the availability of the source of carbon, which is believed to be 

the hydrocarbon part of the precursor. It has been shown that the mass spectral 

fragmentation of the precursor compound led to iron and hydrocarbons in cyclic forms of 

C5 and C6.[14] It is likely that the decomposition of the precursor occurs via similar paths. 

Thus apart from iron, other products of the decomposition could include benzene, 

cyclopentadiene, and possibly the derivatives of these molecules. As some of these 

compounds are highly volatile, they are less likely to remain in the solution at high 

temperatures for further reactions to form iron carbide. 

At 110 °C, a mixture of iron and iron carbide nanoparticles was obtained in most 

experiments, but high-concentration reactions (1.0 M) were observed to yield higher 

proportion of iron nanoparticles. The volume of solvent is relatively small in a 1 M solution, 

and hence the amount of hydrocarbons (as the carbon source for carbide formation) that 
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could remain dissolved is limited. This is believed to have led to less iron carbide 

nanoparticles being formed. 

4.3.2. Nanoparticle Size and Morphology 

In the investigation of single-step heating, the nanoparticle morphology and size were 

observed to be influenced by both precursor concentration and the amount of oleylamine 

used, as summarised in Table 4-4.  

The combined effect on nanoparticle size is observed to follow a similar trend as that 

observed for the synthesis at higher temperature (see Chapter 3); nanoparticle size and size 

distribution increase with the increase of precursor concentration and oleylamine to iron 

ratio. 

The different morphologies observed include sponge-like, porous, hollow, faceted and 

branched nanoparticles. The sponge-like nanoparticles were favoured in reactions with 

large presence of oleylamine, whereas branched and porous (i.e. multiply-branched) 

structures were observed when the oleylamine to iron ratio was 1:1. This could be a result 

of the extent of effective interactions of the stabilising molecules with the precursor and/or 

reaction intermediate during the synthesis, as proposed and discussed in Chapter 3. 

Nevertheless, a common condition shared by the reactions that yielded the non-spherical 

nanoparticles was a relatively high precursor concentration of 0.5–1 M. Reactions with high 

precursor concentration has been shown to produce branched and porous structures, the 

growth of which has been associated with fast growth rates.[15] The structures of branched, 

porous and sponge-like nanoparticles were rather similar suggesting a fast growth 

promoted by the high precursor concentration.  

Additionally, the dimer nanoparticles and nanodumbbells were also obtained from 

high-concentration reactions. As the synthesis of these nanoparticles involved a two-step 

heating process (80 then 110 °C), the reaction and hence growth rates were expected to be 

influenced accordingly. Nevertheless, if growth was under a kinetically controlled regime, 

growth rates were expected to be higher than those of a lower concentration. As a result, 

growth of non-spherical structures is promoted. As for the mechanisms responsible for the 

formation of dimer- and dumbbell-like morphologies, further investigation is required. 
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Table 4-4. Effect of precursor concentration on nanoparticle composition, morphology 

and size. 

OLA/Fe 

Conc. 

(M) 

0.2 1 3 6 

0.05 – – 7  2, spherical – 

0.1 – – 18  2, spherical – 

0.25 
≥ 50,  

large aggregates 

18 ± 2, spherical 22 ± 3, spherical 20–80, spherical 

& sponge-like 

0.5 
– 25 ± 5, faceted 

& branched 

25 ± 5, spherical – 

1.0 
7 ± 2, hollow 40 ± 10, spherical 

& porous 

50 ± 10, spherical 

& sponge-like 

65 ± 15, 

sponge-like 

OLA = oleylamine 

 

4.3.3. Magnetic Properties 

The magnetic properties of two samples, Fe-06 and Fe-16, were measured. Results showed 

that both samples did not saturate at the measured temperature. The same was also 

observed for sample Fe_B, as described in Chapter 3. Besides, the magnetisation, M for all 

three samples were observed to approach saturation according to the relation M  H–½, 

where H is the applied field. This unsaturation phenomenon has been observed for small 

nanoparticles of cobalt and iron, and iron/iron oxide core/shell structures.[16-19] A possible 

explanation for this to occur in the core/shell structures is the presence of a polycrystalline 

oxide shell, which is considered as a structure with multiple domains oriented in random 

fashion.[17,18] It has been suggested that the oxide layers have frozen moments, which 

possess a resistance to the rotation by the applied field, hence resulting in unsaturation of 

the sample.[19]  

The magnetic properties at room temperature are compared among the three samples, as 

shown in Table 4-5. The saturation magnetisation, MS is observed to be composition 

dependent. This is expected as MS of bulk iron is larger than that of iron carbide (218 and 

140 emu g-1, respectively). MS is observed to be the highest for sample Fe-06, likely due to 

its larger average size of nanoparticle. The remanence magnetisation, MR is observed to 

share the same trend as MS does. However, this is not the case for the coercivity, HC, where 

sample Fe-16 has the highest HC among the three. As high HC is caused by the presence of 
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anisotropy,[20,21] the high HC in this case is thus believed to be due to the presence of 

nanoparticles of dimer structures. The geometry of a dimer morphology is believed to have 

induced anisotropy, leading to a high HC. 

 
Table 4-5. Comparison of magnetic properties of different nanoparticles. 

Expt Nanoparticles 
Avg. size 

(nm) 

MS 

(emu g-1) 

HC 

(Oe) 

MR 

(emu g-1) 

Fe_B Fe-core, spherical 14 2 131 370 15 

Fe-06 Fe- & FeC-core, spherical and sponge-like 40 ± 10 137 450 31 

Fe-16 FeC-core, spherical and dimer 18 ± 6 103 480 22 

 

4.4. Chapter Summary 

Highly crystalline α-Fe and Fe3C nanoparticles were synthesised through the decomposition 

of the iron precursor using the Fischer-Porter bottle method, at temperatures in the range 

of 80-110 °C. The Fe3C phase was confirmed by HRTEM characterisation performed on 

individual nanoparticles. 

The synthesis was investigated by employing different reaction conditions. Formation of 

Fe3C was observed to be mainly influenced by reaction temperature and precursor 

concentration. Nanoparticles were generally bigger than those obtained from reactions at 

higher temperatures (as described in Chapter 3). Nanoparticle size was observed to be 

governed by precursor concentration and the relative oleylamine (stabiliser) concentration. 

Non-spherical morphologies observed for core/shell nanoparticles in different samples 

include dimer, dumbbell, porous, faceted and tetrapod structures. These nanoparticles were 

mainly obtained from reactions with high precursor concentration in the range of 0.5-1.0 M. 

4.5. Experimental 

The materials, synthesis and purification details were the same as those described in the 

Experimental section in Chapter 3, except that toluene was used for almost all of the 

experiments described in this chapter. 
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5.1. Introduction 

This chapter describes the synthesis of ruthenium nanoparticles and discusses the effects of 

different experimental variables leading to size and morphological control of nanoparticles. 

The main aim of the research was to develop a facile synthesis route for preparing 

ruthenium nanoparticles using the Fischer-Porter bottle technique. The research also aims 

to obtain ruthenium nanoparticles of non-spherical, faceted, or branched structures, which 

could be useful for specific catalytic applications. 

Different methods to prepare ruthenium nanoparticles have been reported in the literature. 

The most commonly adopted solution-phase synthesis is the reduction of ruthenium(III) 
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chloride (RuCl3) by a reducing agent such as sodium borohydride (NaBH4) and 

propanediol.[1-3] This method has been developed over the years and has been shown to 

produce uniform ruthenium nanoparticles of 1–7 nm, depending on the reaction conditions. 

Nevertheless, the purification process is problematic due to either contamination of boron 

species (from NaBH4), or high viscosity of the polyols making it difficult to be separated 

from the nanoparticles. 

Other synthesis methods reported include solvothermal reaction of RuCl3, and 

decomposition of organometallic compounds of ruthenium. Ruthenium nanoparticles 

prepared via the former approach are generally unstable and tend to aggregate even during 

the synthesis.[4] There are more reports of ruthenium nanoparticles prepared from the 

latter approach, mainly contributed by Chaudret and co-workers.[5-7] Reductive 

decomposition of  Ru(COD)(COT) under different conditions had led to ruthenium 

nanoparticles of spherical, worm-like, and porous structures of various sizes. However, a 

disadvantage with this method is that preparation of the precursor is laborious, giving low 

yield and the compound is highly air-sensitive thus requiring very careful handling. 

In this study, two commercially available organometallic compounds of ruthenium were 

investigated: bis(2-methylallyl) 1,5-cyclooctadiene ruthenium(II) complex 

(Ru(MA)2(COD)†), and ruthenium(III) acetylacetonate (Ru(acac)3‡).  

Ru(MA)2(COD) was chosen for its relatively low decomposition temperature (~82 °C). It 

was intended to have a precursor that could react at temperatures below 150 °C, or at room 

temperature for the synthesis of ruthenium nanoparticles. To the best of our knowledge 

there is only one account of using this compound as the precursor in preparing ruthenium 

nanoparticles. Prechtl et al. reported the reaction of this compound in a Fisher-Porter bottle 

at 50 °C, under hydrogen atmosphere, which produced ruthenium nanoparticles of 

2.1-3.5 nm.[8] The synthesis method is very similar to that adopted in this research project. 

It was thus of great interest to explore the potential of this compound as a precursor for 

ruthenium nanoparticle synthesis. 

There are many more literature reports of using Ru(acac)3 as the ruthenium source for 

preparing PtRu alloy nanoparticles, than for ruthenium nanoparticles.[9-11] The only 

                                                             

 COD = 1,5-cyclooctadiene, COT = 1,3,5-cyclooctatriene 
† MA = 2-methylallyl 
‡ acac = acetylacetonate 
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solution-phase synthesis of ruthenium nanoparticles that used Ru(acac)3 was a 

solvothermal approach reported by Ghosh et al., in which ruthenium nanoparticles of 2–

3 nm and nanorods of 50 nm in length were obtained from syntheses conducted at 

320 °C.[12]  

Despite the lack of literature reporting the use of both compounds in synthesising 

ruthenium nanoparticles, the results in this study have shown positive outcomes in 

producing ruthenium nanoparticles of different morphologies and sizes. 

5.2. Reaction of Bis(2-Methylallyl) 1,5-Cyclooctadiene 

Ruthenium(II) 

The use of Ru(MA)2(COD) as a precursor was investigated at room temperature (17–24 °C) 

and at 40 °C. All reactions were run for 20 hours. For experiments conducted at room 

temperature, the reaction vessels were placed in a fume cupboard. Different alkylamines 

and oleic acid were used as the stabilising agent, with toluene as the solvent. The stabiliser 

to ruthenium ratio was varied between 0.2:1 and 10:1, while the precursor concentration 

was varied between 0.01 and 0.1 M. Table 5-1 lists the experimental details along with the 

morphology and size of the nanoparticles obtained.  

The effect of temperature can be observed in Table 5-1, with reactions at 40 °C generally 

producing nanoparticles of larger size as compared with reactions at room temperature. 

Figures 5-1a and b show the TEM images of nanoparticles obtained from reactions at room 

temperature (Expt Ru-01) and at 40 °C (Expt Ru-08), respectively. Both images were taken 

at the same magnification and the scale bar in image a applies to both images.  

In Figure 5-1c, the SAED pattern acquired from a large ensemble of the nanoparticles of 

sample Ru-08 was indexed to hcp Ru, which was the only crystalline structure observed. 

EDS performed on the same area confirmed the sole presence of ruthenium in the sample, 

as shown in Figure 5-1d. The same electron diffraction pattern was obtained for all the 

samples characterised. EDS performed on all samples also showed ruthenium being the 

only element within the samples.  

                                                             

 MA = 2-methylallyl; COD = 1,5-cyclooctadiene 
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Table 5-1. Summary table of experiment with Ru(MA)2(COD)* as the precursor. 

Expt Conc.‡ 

(M) 

Stabilising 

agent (SA)† 

SA/Ru Temp. 

(°C) 

Morphology Avg. size 

(nm) 

Nanoparticle 

aggregation 

Ru-01 0.01 OLA 1 R.T. Near-spherical 2.3  0.5 No 

Ru-02 0.1 OLA 10 R.T. Spherical 1.9  0.3 Yes 

Ru-03 0.1 BTA 10 R.T. Spherical 1.9  0.3 Yes 

Ru-04 0.05 OLA 10 R.T. Spherical 1.9  0.3 No 

Ru-05 0.05 BTA 10 R.T. Spherical 1.9  0.3 No 

Ru-06 0.05 OLA 0.2 R.T. Various 2 – 10 No 

Ru-07 0.05 BTA 0.2 R.T. Spherical 2.2  0.5 No 

Ru-08 0.05 OLA 1 40 Spherical & 

triangular plate-like 
5.5  1.5 No 

Ru-09 0.05 DDA 1 40 Spherical & 

triangular plate-like 
5.5  1.5 No 

Ru-10 0.05 OLA 10 40 Near-spherical 2.5  0.5 No 

Ru-11 0.05 DDA 10 40 Near-spherical 2.5  0.5 No 

Ru-12 0.05 HDA 10 40 Near-spherical 2.5  0.5 No 

Ru-13 0.05 OLA 0.2 40 Worm-like dia. 2.5  0.5 

length > 15 

Yes 

Ru-14 0.05 DDA 0.2 40 Worm-like dia. 2.5  0.5 

length > 15 

Yes 

Ru-15 0.05 OLAc 1 40 No reaction ― No 

‡ Toluene was used as the solvent for all reactions. 
† OLA = oleylamine, BTA = isobutylamine, DDA = dodecylamine, HDA = hexadecylamine, OLAc = oleic acid 
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Figure 5-1. Ruthenium nanoparticles formed at different temperatures. 

a. TEM image of 2.3 nm ruthenium nanoparticles obtained at room temperature (Expt Ru-01). 

b. TEM image of 5 nm ruthenium nanoparticles obtained at 40 °C (Expt Ru-08). The scale bar of 

10 nm applies to both images. c. SAED pattern acquired from nanoparticles of sample Ru-08, 

indexed to hcp Ru. d. EDS showing sole presence of ruthenium in the sample; copper and carbon 

were from the TEM grid. 
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5.2.1. Reaction at Room Temperature 

At room temperature, reactions were conducted in the fume cupboard. The first reaction 

produced near-spherical nanoparticles of 2.3 ± 0.5 nm with 0.01 M precursor concentration 

and a 1:1 ratio of oleylamine to ruthenium. A TEM image of the nanoparticles is shown in 

Figure 5-1a above. When the precursor concentration was increased 10-fold to 0.1 M, and 

the oleylamine : ruthenium ratio to 10:1 (Expt Ru-02), nanoparticle aggregation was 

observed, as shown in Figure 5-2a. Close examination of the TEM image indicated that the 

aggregates comprised individual nanoparticles of ~1.9 nm. Figure 5-2b shows a TEM image 

of the nanoparticles obtained from Expt Ru-04, with a precursor concentration of 0.05 M 

and a 10:1 ratio of oleylamine to ruthenium. The near-monodisperse nanoparticles of 

1.9 ± 0.3 nm were well stabilised, and were observed to be almost identical to those at the 

edge of the aggregates in image a. Figures 5-2c and d show the TEM image of nanoparticles 

obtained from Expts Ru-06 and Ru-07, respectively. The precursor concentration was 

0.05 M for both experiments, and aggregation was not observed. Thus aggregation was 

shown to be a result of high precursor concentration, as it was not observed for reactions 

with lower concentrations.  

The effect of stabiliser can be observed in Figures 5-2b, c and d. Nanoparticles in image c 

(Expt Ru-06) were observed to be bigger than those in image b (Expt Ru-04), as a result of 

decrease of oleylamine to ruthenium ratio from 10:1 to 0.2:1. The nanoparticle size 

distribution was also larger for the sample with less presence of oleylamine, indicating a 

less effective nanoparticle stabilisation. The size distribution was improved when the same 

amount of isobutylamine was used as the stabiliser; spherical nanoparticles of 2.2 ± 0.5 nm 

were obtained, as shown in Figure 5-2d. 
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Figure 5-2. TEM images of ruthenium nanoparticles obtained from different reactions 

at room temperature. 

a. Expt Ru-02, 0.1 M precursor solution, oleylamine to ruthenium ratio = 10:1. 

b. Expt Ru-04, 0.05 M precursor solution, oleylamine to ruthenium ratio = 10:1. 

c. Expt Ru-06, 0.05 M precursor solution, oleylamine to ruthenium ratio = 0.2:1. 

d. Expt Ru-07, 0.05 M precursor solution, isobutylamine to ruthenium ratio = 0.2:1. 

All scale bars are 20 nm. 
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5.2.2. Reaction at 40 °C 

The precursor concentration of 0.05 M was used for reactions at 40 °C, as it was found to be 

ideal for producing monodisperse nanoparticles at room temperature (Section 5.2.1.). In 

the presence of 10 equivalents oleylamine, near-spherical nanoparticles of 2.5 ± 0.5 nm 

were obtained, as shown in Figure 5-3a. Dodecylamine and hexadecylamine were used in 

replacement of oleylamine, and the same nanoparticles were observed using TEM.  

The effect of the different carbon chain lengths in the alkylamines has not been observed 

for reactions of different stabiliser to ruthenium ratios of 0.2:1, 1:1, and 10:1. Figure 5-3b 

shows the nanoparticles obtained from Expt Ru-09, with 1:1 ratio of dodecylamine to 

ruthenium. The nanoparticles were observed to be the same as those formed in the 

presence of the equivalent amount of oleylamine (Expt Ru-08, as shown in Figure 5-1b). 

Spherical and triangular plate-like nanoparticles were observed, and were in the size range 

of 4–7 nm. 

When the amount of stabiliser was reduced to 0.2 equivalents, aggregates were observed; 

nanoparticle aggregation thus indicates the lack of nanoparticle stabilisation. At the edge of 

the aggregates, nanoparticles of worm-like structures were observed, as shown in 

Figure 5-3c.  

In Expt Ru-15, oleic acid was used as the stabiliser. The reaction solution showed no colour 

change after 14 hours at 40 °C, indicating that the reaction did not proceed. The reaction 

was subsequently heated to 60, 80 and 96°C. The colour of the reaction mixture was slightly 

darker at 80 °C, but a more noticeable change was observed at 96 °C. Dark brown to black 

precipitate was collected after 5 hours at 96 °C. The nanoparticles were viewed in the TEM 

and were observed to be polydisperse in both size and shape, as shown in Figure 5-3d.  
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Figure 5-3. TEM images of ruthenium nanoparticles obtained from different reactions 

at 40 °C. 

a. Expt Ru-10, reaction with 10 equivalents oleylamine.  

b. Expt Ru-09, reaction with 1 equivalent dodecylamine.  

c. Expt Ru-13, reaction with 0.2 equivalent oleylamine.  

d. Expt Ru-15, reaction with 1 equivalent oleic acid. 

 

Reaction under Nitrogen Atmosphere 

An experiment was carried out under nitrogen atmosphere to investigate the effect of 

reaction atmosphere on the decomposition of the precursor. Precursor concentration and 

amount of oleylamine used were the same as that in Expt Ru-01. The Fischer-Porter bottle 

was flushed 3 times with nitrogen then filled with atmospheric pressure nitrogen and 
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sealed. The Fischer-Porter bottle was first placed in a fume cupboard and then in an oven at 

different temperatures. Table 5-2 summaries the temperatures employed and the 

corresponding observations. The pale beige reaction solution remained unchanged 

between room temperature and 60 °C. Colour change was first observed only once the 

reaction was heated to 96 °C, indicating decomposition of the precursor. Colour of the 

reaction solution was light brown after 3 hours at 96 °C, and remained unchanged after 

9 hours. The light brown colour observed was much lighter in colour compared to the 

brown to black colour observed in other experiments, and hence the product was not 

characterised.  

 

Table 5-2. Reaction conditions and the corresponding observations for an experiment 

conducted under nitrogen atmosphere.  

Temp. 

(°C) 

Time 

(h) 

Observation 

Room temperature 20 No colour change 

40 11 No colour change 

60 6 No colour change 

96 9 Light brown solution 

 

5.3. Reaction of Ruthenium(III) Acetylacetonate 

In this study, an exploratory reaction of ruthenium(III) acetylacetonate was first carried out 

to determine the lowest temperature required to decompose the precursor in a 

Fischer-Porter bottle. The precursor solution was prepared with 0.05 M of the precursor in 

mesitylene, combined with 1.5 equivalents oleylamine as the stabilising agent. 

Temperatures of 130–140 °C were found to be suitable for producing highly crystalline 

ruthenium nanoparticles.  

When Ru(MA)2(COD)§ was used as the precursor, the most prominent effect observed on 

the product was observed to be the stabiliser to ruthenium ratio. The approach in this part 

of the study was thus to examine the effect of stabiliser concentration, by using 0.2 and 

10 equivalents of oleylamine. Oleic acid was found to be unsuitable for nanoparticle 

                                                             

§ MA = 2-methylallyl; COD = 1,5-cyclooctadiene 
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synthesis in the reaction of Ru(MA)2(COD). Nevertheless, when oleic acid was used in 

replacement of oleylamine in the reactions of ruthenium(III) acetylacetonate, ruthenium 

nanoparticles of different morphologies were obtained. Table 5-3 lists the experimental 

details, comparing the different type and concentration of the stabiliser used, along with the 

morphology and size of the nanoparticles obtained.  

 
Table 5-3. Summary table of experiments with ruthenium(III) acetylacetonate as the 

precursor.  

Expt Conc. 

(M) 

Stabilising 

agent (SA)‡ 

SA/Ru Temp. 

(°C) 

Morphology Avg. size† 

(nm) 

Ru-16 0.05 OLA 1 70–120 Did not characterise – 

Ru-17 0.05 OLA 1.5 130 Near-spherical 

Zigzag, rod-like 

5.3 ± 0.8  

Ø 3 ± 0.3, ℓ 15 ± 5 

Ru-18 0.05 OLA 0.2 140 Zigzag, rod-like Ø 4.5 ± 1, ℓ 40–100 

Ru-19 0.05 OLA 10 140 Near-spherical 5.5 ± 0.5 

Ru-20 0.05 OLAc 0.2 140 Worm-like Ø 1.3 ± 0.2, ℓ 9 ± 5 

Ru-21 0.05 OLAc 10 140 Spherical 

Triangular plate-like 

Tripod 

3.2 ± 0.2  

7.6 ± 1.5  

Ø 2.0 ± 0.5, ℓ 7 ± 2 

* Mesitylene was used as the solvent for all reactions. 
‡ OLA = oleylamine, OLAc = oleic acid 
† Ø = diameter, ℓ = length. For tripod nanoparticles, measurement refers to the size of the arms. 

 
 

Expt Ru-16.   Reaction at temperatures ≤ 120 °C 

In this experiment, the reaction solution was heated in an oven at 70 °C. The reaction 

solution remained a reddish violet colour after 20 hours, indicating no reaction was taking 

place. The oven temperature was then increased to 90 °C and remained for 15 hours, then 

100 °C for 24 hours, and finally at 120 °C for another 24 hours. At the end of the experiment, 

the colour of the reaction solution had become slightly darker, which was indicative of 

decomposition of the precursor and possibly the formation of nanoparticles. However, the 

slow change of colour suggested a higher temperature was needed for a faster reaction rate 

and nanoparticle growth. The product was not characterised. 
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Table 5-4. Reaction conditions and the corresponding observations for Expt Ru-16 

conducted at ≤120 °C.  

Temp. 

(°C) 

Time Observation 

70 20 h No colour change 

90 15 No colour change 

100 24 No colour change 

120 24 Dark reddish brown 

 
 

Expt Ru-17.   Reaction at 130 °C 

In this experiment, reaction of the precursor was carried out at 130 °C. After 12 hours the 

reaction solution had turned much darker than that in the previous reaction (Expt Ru-16). 

The experiment was then carried out for a total reaction time of 3 days. Black precipitate 

was collected after purification. The supernatant was pale violet in colour, indicating 

presence of unreacted precursor. 

Figure 5-4a shows a TEM image of the nanoparticles obtained. The sample consisted of 

nanoparticles of near-spherical and rod-like structures. The size of the near-spherical 

nanoparticles ranged between 3.5 and 10 nm, while the latter had an average diameter of 

2.5 nm and length of 10–20 nm. Both types of nanoparticles are highly crystalline. The 

SAED pattern acquired from a large ensemble of the nanoparticles was indexed to hcp Ru, 

as shown in Figure 5-4b. The corresponding EDS in Figure 5-4c shows the sole presence of 

ruthenium in the sample. 

The rod-like nanoparticles were observed to adopt a zigzag pattern, and are hence 

described as zigzag nanorods. A typical zigzag nanorod is shown in Figure 5-5a. A power 

spectrum acquired from an area covering the zigzag part of the nanorod (indicated by white 

square) is shown in Figure 5-5b, which indicates a single crystal structure being projected 

along a 100  zone axis of hcp Ru (Figure 5-5c). The observation also indicated the nanorod 

growth was along the c-axis of the hexagonal structure. 
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Figure 5-4. Mixture of near-spherical nanoparticles and zigzag nanorods (Ru-17). 

a. TEM image of the nanoparticles obtained from Expt Ru-17. b. The corresponding SAED pattern, 

which can be indexed to hcp Ru. c. EDS showing sole presence of Ru in the sample; Cu and C 

peaks were resulted from the TEM grid.  
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[100]Ru[100]Ru

 

  

Figure 5-5. HRTEM image of nanoparticles observed in Expt Ru-17. 

a. HRTEM image of a typical zigzag nanorod.  

b. Power spectrum acquired from an area indicated by the white square in image a, which can be 

matched to a simulated 100  projection of hcp Ru (c.). 
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Reaction under Nitrogen Atmosphere 

An additional experiment was carried out under nitrogen atmosphere to investigate the 

effect of reaction atmosphere on the decomposition of the precursor. Other reaction 

conditions were the same as that in Expt Ru-17.  

After 3 days, dark brown precipitate was collected after purification. Figure 5-6 shows a 

TEM image of the nanoparticles obtained. The nanoparticles are of rod-like morphology but 

are much smaller in size compared to those observed in Expt Ru-17.  

 

Figure 5-6. TEM image of ruthenium nanoparticles obtained from reaction of 

ruthenium(III) acetylacetonate under nitrogen. 

 

5.3.1. Effect of Stabilising Agent 

The effect of the stabilising agent is demonstrated by Expts  Ru-18, Ru-20, Ru-19, and Ru-21, 

in which TEM and HRTEM characterisation of the samples are detailed below. As unreacted 

precursor was indicated in Expt Ru-17, subsequent experiments were carried out at 140 °C 

for 60 hours (2½ days), which yielded brown to black precipitate in colourless supernatant 

after purification. The colourless supernatant clearly indicated all precursor had reacted.  
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Expt Ru-18.   Reaction with 0.2 equivalents oleylamine at 140 °C 

(low oleylamine concentration) 

The nanoparticles obtained from a reaction with a low oleylamine to ruthenium ratio (0.2:1) 

mainly adopted the morphology of the zigzag nanorods, but with a much greater aspect 

ratio. These nanoparticles have an average diameter of 4  1 nm, and lengths in the range 

40–100 nm. Due to the much higher aspect ratio, these nanoparticles were observed to 

resemble the structure of a wooden stick, and are thus described as nanosticks. Figure 5-7 

shows a TEM image of the nanoparticles obtained. The nanosticks tend to randomly stack 

onto each other when the nanoparticle suspension dries on a TEM grid. It is possible that 

some form of aggregation had occurred due to the reduced amount of stabilizing agent 

present. The isolated nanosticks were observed to be single crystalline structures. TEM 

image of a typical nanostick is shown in Figure 5-8a. HRTEM image and the corresponding 

power spectrum showed that the nanostick was a single crystal. A close-up of the nanostick 

as indicated by the white square is shown in Figure 5-8b, and the power spectrum shown in 

the inset.  

 

Figure 5-7. TEM image of ruthenium nanoparticles obtained from reaction with low 

oleylamine concentration. 
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Figure 5-8. HRTEM analysis of a nanostick. 

a. TEM image of a typical nanostick. b. HRTEM image of a section of the nanostick (indicated by 

white square in image a), which shows single crystal stricture. The inset shows the power 

spectrum of the image, which can be matched to a 100  projection of hcp Ru. The nanostick is 

thus indicated to be growing along the 001  directions. 
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Expt Ru-19.   Reaction with 10 equivalents oleylamine 

(high oleylamine concentration) 

 

Figure 5-9. Nanoparticles obtained from reaction of high oleylamine to ruthenium 

ratio. 

a. TEM image of the nanoparticles obtained. b. HRTEM image of a faceted, truncated triangular 

plate-like nanocrystal, with lattice fringes showing a hexagonal symmetry corresponding to the 

projection along a 001 hcp direction. c. Power spectrum of image b. d. A simulated [001] 

projection of hcp Ru. 
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At a much higher oleylamine to ruthenium ratio of 10:1, near-spherical ruthenium 

nanoparticles of average 6 nm were obtained, as shown in Figure 5-9a.  

Close examination of the TEM image revealed that about half of the nanoparticles were 

spherical and multiply twinned, while the other half were faceted and adopted a hexagonal 

or a truncated triangular plate-like morphology. Figure 5-9b shows a HRTEM image of a 

highly faceted nanoparticle, which can be described as a truncated triangular plate-like 

nanocrystal. The corresponding power spectrum indicates the nanocrystal is being 

projected along a 001  zone axis of the hcp structure.  

As these nanoparticles are near-monodisperse in size, they tend to assemble into a 

hexagonal array when the nanoparticle suspension dries on the TEM grid. It was then 

observed in the TEM that these closely assembled nanoparticles sintered under the electron 

beam. Figure 5-10 shows the TEM images of nanoparticles before (a) and during (b) the 

sintering was observed, in which groups of 2–3 nanoparticles sinter to form chain-like 

nanostructures. 

 

Figure 5-10. Sintering of ruthenium nanoparticles. 

a. TEM image of a group of ruthenium nanoparticles before sintering was observed.  

b. TEM image of the same area showing sintering of some nanoparticles. 
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Expt Ru-20.   Reaction with 0.2 equivalents oleic acid 

(low oleic acid concentration) 

 

Figure 5-11. Worm-like nanostructures from reaction of low oleic acid:Ru ratio. 

a. TEM image of the nanoparticles obtained. b. HRTEM image of worm-like nanoparticles. 

 

A TEM image of the nanoparticles obtained from the reaction with low 

oleic acid : ruthenium ratio (0.2:1) is shown in Figure 5-11a. The ruthenium nanoparticles 
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look similar to a rod-like structure that is curved or curled. These nanoparticles typically 

have an average diameter of ~2 nm, and lengths varying between 5 and 20 nm. Variations 

of the worm-like morphology were also observed, including branched and 2-D network of 

worm-like structures. The nanostructures were observed to be polycrystalline, as can be 

seen in the HRTEM image in Figure 5-11b. 

 

Expt Ru-21.   Reaction with 10 equivalents oleic acid 

(high oleic acid concentration) 

When the oleic acid amount was increased by 50-fold, to an oleic acid to ruthenium ratio of 

10:1, discrete nanoparticles of well-defined morphology were formed. Figure 5-12 shows a 

TEM image representative of the sample. Three groups of nanoparticles in terms of 

morphology are observed: (i) spherical, (ii) truncated triangular plate-like, and (iii) tripod. 

The ratio of these three groups counted from 200 nanoparticles was i:ii:iii = 2:1:1. The 

spherical nanoparticles were near-monodisperse in size, averaging at 3.2 ± 0.2 nm, and 

tend to assemble into a hexagonal array among themselves when the nanoparticle 

suspension dries on the TEM grid. Most of these nanoparticles were observed to be 

polycrystalline. 

The truncated triangular plate-like nanoparticles generally have sides 5–10 nm. The tripods 

typically have three arms of 2 nm in diameter and lengths of 5–9 nm. Both types of 

nanoparticles were observed to be single crystals. HRTEM image of a typical truncated 

triangular plate-like nanoparticle is shown in Figure 5-13a. The corresponding power 

spectrum in Figure 5-13b indicates a projection along a 001  direction of the hcp structure. 

The tripod nanoparticles were observed to be single crystalline and had the same 001  

orientation as projected by the truncated triangular plate-like nanocrystals. Two different 

tripod nanocrystals are shown in Figure 5-13d and f., with the power spectra of the images 

shown in e and g, respectively. The arms of the tripod nanocrystal in image d were 

measured to be 120° apart, and growth of the {100} planes were indicated by the power 

spectrum. Conversely, the second tripod nanocrystal (image f) was characterised by a 

3-fold symmetry. Two of the arms were observed to be 120° apart, but the third arm was 

30° closer to one of the other arms. The growth directions of the arms are further discussed 

in the growth mechanism section (5.4.2.).  
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Figure 5-12. TEM image of ruthenium nanoparticles obtained from reaction of high 

oleic acid concentration. 
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Figure 5-13. HRTEM analysis of triangular plate-like and tripod nanocrystals. 

a. HRTEM image of a truncated triangular plate-like nanocrystal. b. Power spectrum of image a. 

c. Simulated [001] projection of hcp Ru. d. HRTEM image of a tripod nanocrystal. Arrows indicate 

the growth directions of the arms, which are 120° apart. e. Power spectrum of image d. f. HRTEM 

image of a slightly different tripod nanocrystal; not all arms are 120° apart. g. Power spectrum of 

image f. 
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5.4. Discussion 

In this study, ruthenium nanoparticles of different morphologies were observed. As shown 

in the results section above, the non-spherical morphologies include 1-dimensional 

structures such as the zigzag nanorods and worm-like structures, and branched structures 

such as tripods. While spherical and near-spherical nanoparticles are a result of uniform 

growth of the respective nuclei, non-spherical nanoparticles are often observed to assume 

very different growth mechanisms. The conditions leading to the size and morphological 

control of the nanoparticles are first considered, followed by a discussion on the proposed 

growth mechanisms of the non-spherical nanoparticles observed.  

5.4.1. Size and Morphological Control 

For spherical and near-spherical morphologies, nanoparticles in the size range of 

1.9-5.5 nm were obtained with small size distribution. Reaction temperature and the 

amount of stabilising molecules present were observed to be the main factors that impose 

an obvious effect on the nanoparticle size. These effects are further summarised in 

Figure 5-14. 

As reaction temperature is increased, more energy is supplied to the reaction system. It has 

been shown that this increases the rates of adsorption and desorption of stabilising 

molecules on the nanoparticle surface.[13] Since the exchange of the stabiliser on the 

nanoparticle surface becomes more dynamic, there is a higher chance of free atoms adding 

onto the nanoparticle surface for growth, leading to larger nanoparticle size.  

When the relative stabiliser concentration is increased, there is more stabilising molecules 

surrounding or around the nanoparticles. If the amount of the stabiliser present is large 

enough, the surface and surrounding of the nanoparticles could become crowded and 

addition of free atoms onto nanoparticle surface is restricted. In this situation, free atoms 

are more likely to come together forming nuclei or clusters followed by minimal growth 

into nanocrystals of relatively small size.  
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Figure 5-14. Effect of temperature and amount of stabiliser on nanoparticle 

morphology and size. 

Increase of temperature leads to growth of larger nanoparticles; whereas increase of oleylamine 

(stabiliser) concentration restricts nanoparticle growth results in smaller nanoparticles and of 

more uniform morphology. All scale bars are 10 nm. 

 

Formation of spherical morphologies was mainly observed for nanoparticles stabilised by 

alkylamines. This suggests that there is no difference in the adsorption of amine molecules 

onto the different facets of the nanoparticles, as no effect on the nanoparticle morphology 

was observed. Although one dimensional structures were observed, the formation occurred 

in the presence of limited amount of stabiliser, at 0.2 equivalents. It is thus believed that the 

morphologies were a result of growth along the easy axis (c-axis) of the hcp structure, or 

aggregation of spherical nanoparticles, instead of growth directed by selective binding of 

the stabiliser on different facets. 

In the presence of oleic acid, ruthenium nanocrystals with tripod structures were observed, 

compared to near-spherical or plate-like structures observed in the presence of the same 

amount of oleylamine. This difference indicates the role of oleic acid in the growth of 

ruthenium nanoparticles. The tripod morphologies are believed to be a result of selective 

binding. Based on the 001  orientations of the nanoparticles, the carboxylic acid is 
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indicated to be binding more strongly onto the {001} facets, causing nanoparticle growth to 

occur in other directions, with branching being one of the options. 

5.4.2. Discussion of Growth Mechanism 

Zigzag nanorods and nanosticks 

Growth along the c-axis of hcp ruthenium was observed in both zigzag nanorods and 

nanosticks. Previous computational and experimental results have shown that 

morphologies with elongation along the c-axis are the most thermodynamically stable 

shapes for hcp structures.[14]  

The formation of similar zigzag structure was first observed in TiO2 nanoparticles by Penn 

and Banfield.[15] The growth was described to have occurred through the coalescence of 

faceted nanocrystals in an oriented fashion, such that two high-energy facets are eliminated 

through each attachment process. The attachment process, often described as oriented 

attachment, is one of the commonly observed mechanisms in recent literature for the 

growth of nanorods and nanowires.[16,17] The nanosticks and zigzag nanorods are believed 

to have formed via the same oriented attachment mechanism. The growth is likely to be 

promoted by the sequential elimination of the {001} facets, which are the higher energy 

facets. A typical characteristic of the resulting nanoparticles is the presence of defects, 

which are also observed in the nanosticks.  

Worm-like nanoparticles 

Worm-like structures similar to those observed in this study have been previously reported 

elsewhere.[18,19] Although there was no strong evidence from HRTEM imaging to indicate 

the possible growth mechanisms, the authors proposed the growth as a form of aggregation 

or random attachment of smaller nanoparticles. Likewise, the observations in this study 

suggest that the worm-like structures most likely resulted from aggregation of slightly 

elongated nanoparticles. Among the three types of one-dimensional structures observed in 

this study, the worm-like nanoparticles are unique in many ways. Unlike the zigzag 

nanorods and nanosticks, the worm-like nanoparticles are usually not single crystals, and 

there is no specific direction of growth observed in the elongation of the nanoparticles. 

From HRTEM imaging, a worm-like nanoparticle typically comprised a few segments with 
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each being a single crystal. These segments usually have aspect ratios greater than one, and 

can be straight or curved. It is believed that these segments were first formed as single-

crystalline nanoparticles that eventually aggregated into worm-like structures.  

Tripod and plate-like nanocrystals 

When a hcp crystal structure is projected along the [001] direction, the indexed directions 

in the lattice are shown in Figure 5-15. From HRTEM imaging, the arms of the single-

crystalline, tripod nanoparticles were indicated to have grown along these specific 

directions. For a tripod nanocrystal that is characterised by a 3-fold symmetry, in which the 

arms are 120° apart, as shown in Figure 5-13d, these arms are observed to grow along the 

[-2-10], [120] and [1-10] directions, or the [210], [-1-20] and [-110] directions, respectively. 

This indicates growth of the {10-10} facets. Tripod nanocrystals with arms 90° and 150° 

apart were also observed, as shown in Figure 5-13f. For this type of tripod nanocrystals, 

growth of the {2-1-10} facets is indicated for one of the arms, while the other two arms 

grow as described above. Hence, growth along one of the [100], [010], or [110] directions is 

indicated.  

 

Figure 5-15. Directions in a hexagonal lattice projected along the [001] zone axis. 

 

As discussed earlier, the formation of tripod nanocrystals was under the influence of strong 

binding of oleic acid onto the {0001} planes. The truncated triangular plate-like 

morphology observed in the same sample is believed to be under similar influence. The 

nanocrystal in Figure 5-13a is believed to be in the stage of initial branching. The 

nanocrystal is believed to nucleate into hexagonal or a truncated triangular plate-like 
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structure, which is one of the preferred morphologies for hcp crystal structures. This type 

of morphology is typically bound by {0001}, {10-10}, and {10-10} planes. Since the growth 

of {0001} is restricted, growth of other planes such as {10-10} is thus promoted.  

5.5. Chapter Summary 

Synthesis of ruthenium nanoparticles has been explored and investigated, through a mild 

and facile solution-phase synthesis method. For all samples characterised, the nanoparticles 

obtained were shown to be highly crystalline and adopt the hcp structure of bulk ruthenium. 

A collection of different nanoparticle morphologies and sizes was achieved through the 

combination of different experimental conditions. 

The increase in nanoparticle size was indicated to be a result of increase of reaction 

temperature and/or decrease of stabiliser to ruthenium ratio. This trend is observed to be 

independent of the type of surfactant and precursor used. 

5.6. Experimental 

Materials 

All reagents were used as received without further purification. Bis(2-methylallyl) 

(1,5-cyclooctadiene) ruthenium(II), ruthenium(III) acetylacetonate and oleic acid (reagent 

grade, ≥99%) were purchased from Sigma-Aldrich. Oleylamine (technical, ≥70%) was 

purchased from Fluka. Toluene, ethanol and methanol were of reagent grade. 

Synthesis 

In a typical experiment, 0.1 mmol of a ruthenium precursor was weighed in a vial, then 

added with toluene as the solvent and oleylamine or oleic acid as the stabilising agent. The 

vial was placed in a Fischer-Porter bottle, which was then flushed 3 times with hydrogen 

gas (H2) before being filled with 200 kPa H2, and sealed. The bottle was secured in a fume 

cupboard for room temperature synthesis (Expts Ru-01–Ru-07), or placed into an oven 

heated at the desired reaction temperature in the range of 40-140 °C. 
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Purification 

Reactions carried out at temperatures 40-140 °C were allowed to cool to room temperature 

naturally before the Fischer-Porter bottles were opened to air. Equivalent volume of 

ethanol or methanol was added to the reaction mixture to flocculate and precipitate the 

nanoparticles. The mixture was centrifuged at 4-10 x103 rpm for 5 minutes to isolate a 

brown to black solid. The solid was re-dispersed in toluene and the precipitation and 

centrifugation steps repeated. The final product was collected and stored as a powder. 

Sample for TEM characterisation 

The samples for TEM studies were prepared by resuspending the precipitate in toluene. 

One drop of the toluene suspension was put onto a carbon-supported copper grid and 

allowed to evaporate under ambient conditions. 
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Chapter 6  

Growth Study of 

Platinum Nanoparticles in Solution 
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6.1. Introduction 

This chapter presents and discusses the findings obtained from a detailed study of the 

growth of platinum nanoparticles in solution. The main aim of the research was to 

investigate the growth of faceted and branched structures of platinum nanoparticles, of 

which the formation was previously shown to be strongly influenced by precursor 

concentration.[1,2] 

In solution-phase synthesis, platinum nanoparticles of spherical or near-spherical 

structures and polyhedra enclosed by {100} and/or {111} facets are the most commonly 

reported.[3-5] Recent studies have also shown the capability to produce unconventional 
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structures such as nanoparticles bound by high-index facets, nanowires, multiarmed and 

porous nanostructures.[2,6,7]  

The tendency of platinum nanoparticles to grow into various morphologies has also 

generated much research interest, especially in the growth of unconventional structures 

from the highly symmetrical fcc system. Study of the growth mechanism and kinetics 

governing growth not only contributes to a fundamental understanding of crystal growth at 

the nanoscale regime, but also provides an essential means to predict the conditions for 

controlled synthesis needed to tailor the desired properties. Recent reviews in the 

literature have discussed the profound importance of and challenges in understanding and 

controlling nanoparticle growth in order to achieve well-defined properties.[8-10] The tested 

strategies to manipulate growth kinetics, particularly those of metal nanoparticles, include 

selective capping by suitable stabilising agents, controlling the rate of decomposition or 

reduction of metal precursors, and deliberate introduction of an etching mechanism.[11-13] 

The understanding of these concepts has mainly been developed through ex situ studies by 

quenching the growth process at different reaction times and examining the intermediate 

products using XRD, TEM, and spectroscopy techniques. Kinetic studies based on an in situ, 

or real time, approach are relatively recent and have mainly concentrated on nanocrystal 

growth in terms of crystallite size changes but not considered the shape evolution during 

the growth process.[14-16] 

In this study, synchrotron-based XRD was employed to study the growth of platinum 

nanoparticles in real time and to provide a direct assessment of the crystallinity, 

nanocrystal concentration, and crystallite size of the product. TEM was then used to 

investigate the nanoparticle morphology at different growth stages. By combining the 

results and observations from both in situ and ex situ studies, the different growth 

mechanisms associated with thermodynamic and kinetic growth regimes are elucidated 

and discussed. 
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6.2. Results 

6.2.1. Synchrotron-Based In situ Experiments 

The experiment involved thermal decomposition of a platinum precursor in a 

Fischer-Porter bottle in the presence of oleylamine as the stabilising agent, under a 

hydrogen atmosphere. Two precursor concentrations were employed in this study, 0.005 M 

and 0.05 M platinum(II) acetylacetonate (Pt(acac)2) in toluene, and are labelled as low and 

high concentration, respectively.  

The in situ experiments were conducted in a custom-made XRD cell. Diffractograms were 

collected with 2θ values coinciding with the Pt(111) and Pt(200) peaks. Growth of the 

diffracted Pt(111) and Pt(200) peaks was observed and monitored every 5-10 minutes, for 

up to 1080 minutes (18 hours). 

Expt Pt-1.   Low-concentration reaction (0.005 M Pt(acac)2) 

For the low-concentration reaction, the experiment was terminated after 1080 minutes 

(18 hours). As shown by the in situ XRD plots in Figure 6-1, no peaks were initially observed, 

most likely due to the initial crystallites being too small to be observable and/or there being 

a short induction time before nanoparticle nucleation. As the reaction proceeded, small 

peaks corresponding to Pt(111) and Pt(200) began to emerge and progressively grow over 

time. The initial peaks were generally broad, especially when they first appeared, indicating 

the formation of small crystallites. As the reaction continued, the peak area increased 

indicating an increase in the concentration of nanocrystalline platinum ([PtNC]) within the 

(constant) diffracting volume, and the peak became narrower indicating an increase in the 

average crystallite size. 

From the peak positions, the lattice parameters were calculated. The difference between 

the calculated and the bulk lattice values, Δd, was plotted against time, as shown in 

Figure 6-2. The Δd values were observed to vary between -0.01 and 0.01 Å for peaks 

scanned during the first 120 minutes, after which Δd remained at -0.002  0.001 Å. The 

calculated lattice parameters were thus close to the bulk showing little or no strain within 

the nanocrystal domains. 
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The area integrated under the Pt(200) peak had the same profile as that obtained from the 

Pt(111) peak, and both profiles were identical after being normalized to the final maximum 

value, as shown in Figure 6-3. The peak area increased approximately linearly during the 

first 300 minutes of the experiment, and then increased in a more gradual, logarithmic, 

fashion through the end of the experiment. The same figure also shows a time-dependent 

plot of the X-ray correlation length (L) calculated from the fwhm of each peak, which 

provides an approximation of the crystallite size over time. The L value increased rather 

rapidly from ~3 to 8 nm during the first 250 minutes and remained almost constant 

throughout. As a result, the growth in low concentration reaction is divided into two stages: 

I and II, with Stage II begins at 250 minutes, from which L was observed to remain almost 

constant at 8.4 ± 0.3 nm.  
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Figure 6-1. In situ XRD plot for low-concentration reaction. 

Growth of Pt(111) and Pt(200) peaks over 1080 minutes; the respective positions of the (111) and 

(200) reflections for bulk fcc platinum are shown by blue lines at the bottom of plot. 
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Figure 6-2. Shift in the calculated d-spacing from the bulk value for the 

low-concentration reaction. 

Δd = dcalculated – dbulk; the green line across at Δd = 0 indicates d = 2.26 and 1.96 Å, corresponding 

to bulk Pt(111) and Pt(200), respectively. 
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Figure 6-3. Normalised area and X-ray correlation length against time for the 

low-concentration reaction. 
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The product obtained at the end of the in situ experiment was characterised by TEM. As 

shown in Figure 6-4, the product collected comprised faceted nanoparticles of irregular 

shapes. These nanoparticles were single-crystalline, with an average size of 11 ± 3 nm, 

consistent with the X-ray correlation length shown in Figure 6-3.  

 

Figure 6-4. TEM result of the in situ experiment of low precursor concentration (Pt-1). 

 

Expt Pt-2.   High-concentration reaction (0.05 M Pt(acac)2) 

The high-concentration experiment was terminated after 900 minutes (15 hours), and the 

in situ XRD plots are shown in Figure 6-5. No peaks were initially observed, and small peaks 

corresponding to Pt(111) and Pt(200) began to emerge and progressively grew as the 

reaction proceeded, which was similar to that observed for the low concentration reaction. 

As shown in Figure 6-6, the lattice parameters calculated from the peak positions were 

close to the bulk, again showing little or no strain within the nanocrystal domains. The 
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difference between the calculated and the bulk lattice values was determined to 

be -0.004  0.001 Å in average. 

Figure 6-7 shows that both the normalised peak area and X-ray correlation length (L) 

derived from the Pt(200) peak were almost identical to that from the Pt(111) peak. As 

compared with that observed for the low-concentration reaction, the peak area plot for the 

high-concentration reaction was more complex and could be divided into four stages based 

on the slope of the plot. For better comparison between the two reactions, the peak area 

under Pt(111) (not normalised) of both reactions were plotted against time, as shown in 

Figure 6-8.  

For the first ~60–100 minutes of growth, denoted as Stage I, the peak area for the 

high-concentration reaction increased rapidly and linearly, with a slope that is ten times 

greater than that of the low-concentration plot. This indicated a 10-fold increase in the 

growth rate of [PtNC] in the high-concentration reaction compared to that in the 

low-concentration reaction. Remarkably, between ~100 and 180 minutes, denoted as 

Stage II, the peak area remained almost constant, which showed almost no growth in [PtNC]. 

From ~180–300 minutes, denoted as Stage III, the peak area resumed with a more rapid 

increase; the gradient was ~60% of that observed in Stage I, but was still much larger than 

that for the low-concentration reaction and thus [PtNC] increased rapidly again. From 

around 300 minutes, denoted as Stage IV, the slope of the area plot decreased slightly, with 

a gradient of about 1/3 of that in the previous stage (Stage III), which was indicative of a 

slower increase in [PtNC]. 

As shown in Figure 6-7, L for the high-concentration reaction increased during Stage I from 

the initial ~5 nm to ~8.2 nm at 100 minutes. During Stage II, it remained almost constant 

between 100 and 180 minutes at 8.0 ± 0.2 nm. Interestingly during Stage III, 

180-300 minutes, L actually decreased from 8.1 to 7.6 nm, differing markedly from the 

low-concentration reaction. After 300 minutes, L continued to decrease gradually and was 

calculated to be ~7.1 nm at the end of Stage IV.  
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Figure 6-5. In situ XRD plot for high-concentration reaction. 

Growth of Pt(111) and Pt(200) peaks over 900 minutes; the respective positions of the (111) and 

(200) reflections for bulk fcc platinum are shown by blue lines at the bottom of plot. 
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Figure 6-6. Shift in the calculated d-spacing from the bulk value for the 

high-concentration reaction. 

Δd = dcalculated – dbulk; the green line across at Δd = 0 indicates d = 2.26 and 1.96 Å, corresponding 

to bulk Pt(111) and Pt(200), respectively. 
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Figure 6-7. Normalised area and X-ray correlation length against time for the 

high-concentration reactions. 
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Figure 6-8. Time evolution of area under the Pt(111) peak. 

Different growth rates of nanocrystalline platinum indicated by the evolution of area under the 

Pt(111) peak; I–V denote the growth stages of the high-concentration reaction. 
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Figure 6-9 shows a TEM image of the platinum nanoparticles collected at the end of the in 

situ experiment of high precursor concentration. The nanoparticles were mainly of 

branched structures, and are described as multiply-branched nanoparticles. The average 

size of the nanoparticles was 50 ± 9 nm; where size was determined by measuring the 

longest distance across the particle. 

 

Figure 6-9. TEM image of nanoparticles collected at the end of the high-concentration 

in situ experiment. 
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6.2.2. Off-Line (Ex situ) Experiments 

To better understand the growth mechanisms of the low- and high-concentration reactions, 

a series of off-line (ex situ) experiments were carried out with each reaction quenched after 

certain growth stages and the product characterised using TEM. Due to the small volume of 

the reaction cell, intermediate products collected during early stages were too small in 

amount to be properly purified and characterised. Hence most of the offline experiments 

were carried out in a Fischer-Porter bottle. The reaction times for the off-line experiments 

were selected based on interesting regions in the XRD data. Experiments with different 

reaction conditions corresponding to the different growth stages are listed in Table 6-1. The 

purpose of Expts Pt-3C and Pt-4E was to compare the results of Fischer-Porter bottle 

reactions with those of the in situ reaction cell. 

 
Table 6-1. Reaction conditions for off-line experiments. 

Expt Concentration Reaction time 

(min.) 

Reaction vessel Growth stage 

Pt-3A Low 80 Fischer-Porter bottle I 

Pt-3B Low 480 Fischer-Porter bottle II 

Pt-3C Low 1080 Fischer-Porter bottle II 

Pt-4A High 75 Fischer-Porter bottle I 

Pt-4B High 120 Fischer-Porter bottle II 

Pt-4C High 240 Reaction cell III 

Pt-4D High 500 Reaction cell IV 

Pt-4E High 900 Fischer-Porter bottle IV 

 

Expt Pt-3A.   Low-concentration reaction at 80 minutes 

As shown in Figure 6-10, the purified product collected from a reaction quenched at 

80 minutes comprised faceted nanoparticles of irregular shapes, with nanoparticle size 

measured in the range of 6  2 nm. HRTEM imaging showed that some of the nanoparticles 

were twinned while most were single crystals, with a 1:6 ratio of twinned to single crystal. 

As these nanocrystals were later observed to be the building blocks for larger nanocrystals, 

they are described as primary crystallites. 
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Figure 6-10. TEM image of platinum nanoparticles from low-concentration reaction at 

80 minutes (Pt-3A). 

 

Expt Pt-3B.   Low-concentration reaction at 480 minutes 

As shown in Figure 6-11a, the nanoparticles collected at 480 minutes, in the middle of 

Stage II, adopted an interesting morphology that is somewhat different from those 

observed in Expts Pt-1 and Pt-3A. Close examination showed that each individual 

nanoparticle, averaging at 13 ± 2 nm, was made up of at least 4 sub-units of 5 ± 1 nm 

attached together. These nanoparticles are thus described as attached nanocrystals. 

HRTEM image of a typical attached nanocrystal is shown in Figure 6-11b, with the 

corresponding power spectrum shown in Figure 6-11c. The nanocrystal was observed to 

consist of 4 cube-like structures – the sub-units, which were of darker contrast. The regions 

between the sub-units, which were of lighter contrast, indicated thinner cross sections 

within the attached nanocrystal. The whole attached nanocrystal was observed to be 

projected along a 100  zone axis and hence all the sub-units must be in the same 

crystallographic orientation. 
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Figure 6-11. TEM images of attached nanocrystals from low-concentration reaction at 

480 minutes (Pt-3B). 

a. TEM image of the nanoparticles collected. b. HRTEM image of a typical attached nanocrystal. 

c. Power spectrum of image b, which can be matched to a 100  projection of the fcc structure. 

The nanocrystal is shown to be a single crystal Pt being projected along a 100  zone axis. 
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Expt Pt-3C.   Low-concentration reaction at 1080 minutes 

The synthesis in Expt Pt-3C was a repetition of Expt Pt-1, but in a Fischer-Porter bottle. 

TEM characterisation showed that the nanoparticles collected from Expt Pt-3C were the 

same as those observed in Expt Pt-1. Figure 6-12, a HRTEM image shows that these 

nanoparticles adopted similar morphologies to those observed in Figure 6-10 (Expt Pt-3A, 

at 80 minutes), but were of bigger size range, averaging at 13  2 nm. 

 

Figure 6-12. TEM image of the platinum nanoparticles from low-concentration reaction 

at 1080 minutes (Pt-3C). 

 

Expt Pt-4A.   High-concentration reaction at 75 minutes 

Figure 6-13a shows the TEM image of the platinum nanoparticles obtained at 75 minutes of 

a high-concentration reaction, the middle of Stage I. These nanoparticles adopted a nearly 

cubic morphology with an average size of 6.5 ± 0.6 nm.  
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Figure 6-13. TEM images of quasi-octapods from high-concentration reaction at 

75 minutes (Pt-4A). 

a. TEM image of the nanoparticles obtained, which had assembled into a monolayer of cubic 

packing. b. HRTEM image of a typical quasi-octapod which shows single crystal structure. 

c. Power spectrum of image b which can be matched to a 100  projection of fcc structure. 
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An HRTEM image of a typical nanocrystal is shown in Figure 6-13b, with the corresponding 

power spectrum shown in Figure 6-13c. The platinum nanoparticle was observed to be a 

single crystal being projected along a 100  zone axis. On the basis of this projection, the 

exposed flat faces of the nanocrystal could be identified as the {100} facets. However, 

differing from a nanocube that has sharp corners/vertices, the nanocrystal had protruded 

and rounded corners appearing as short arms projecting along the 111  directions. 

Generally nanoparticles with eight arms/pods are known as octapods, but because of the 

short arms displayed by the nanocrystals observed here, they are described as 

quasi-octapods. 

 

 

Expt Pt-4B.   High-concentration reaction 120 minutes 

Figure 6-14a shows the platinum nanoparticles collected at 120 minutes, the middle of 

Stage II. These nanoparticles were larger in size, averaging at 11.2 ± 0.6 nm, and have the 

same 100  orientation as displayed by the quasi-octapods. Figure 6-14b shows the HRTEM 

image of a typical nanocrystal obtained during this stage, with the corresponding power 

spectrum shown in Figure 6-14c, indicating again a single-crystalline structure and a 100  

orientation. Close examination on the HRTEM images revealed that these nanocrystals did 

not appear exactly the same as the quasi-octapods. On the basis of observations in the TEM, 

the nanocrystals at 120 minutes had thinner cross-sections towards the centre of the {100} 

faces, which is indicative of etching. The arms of the quasi-octapods had grown by ~2.5 nm 

along the 111  directions, while the cross-section towards the centre of the {100} facets 

had reduced by 1–2 nm. These nanocrystals are thus described as etched-octapods. Both 

the quasi- and the etched-octapods tend to assemble into cubic packing when the 

nanoparticle suspension dries on a TEM grid. 
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Figure 6-14. TEM images of etched-octapods from high-concentration reaction at 

120 minutes (Pt-4B). 

a. TEM image showing cubic packing assembly of the nanoparticles obtained. b. HRTEM image of 

a typical etched octapod, which is of single crystal structure. c. Power spectrum of image b, which 

matches a 100  projection of the fcc structure. 
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Expt Pt-4C.   High-concentration reaction at 240 minutes 

Figure 6-15a shows the platinum nanocrystals obtained at 240 minutes, the middle of 

Stage III. The nanocrystals comprised a mixture of etched-octapods and porous 

nanostructures, in a ratio of ~1:3. The latter is also known as porous platinum[17] and is 

described as porous nanocrystals. A typical porous nanocrystal is shown in Figure 6-15b, 

with the power spectrum of the image of the whole particle shown in Figure 6-15c. The 

nanocrystal may appear to be consisting of a number of attached crystallites, but it was 

observed to be a single structure, with a projection along a 100  direction. The porous 

nanocrystals were typically 19 ± 2 nm in size. 

 

Expt Pt-4D.   High-concentration reaction at 500 minutes 

As shown in Figure 6-16a, the platinum nanocrystals obtained at 500 minutes, i.e. middle of 

Stage IV, were almost exclusively porous nanocrystals. In Figure 6-16b, the HRTEM image 

of a typical porous nanocrystal shows clearly the lattice fringes across the entire 

nanocrystal indicating single crystallinity of the nanocrystal. The power spectrum of the 

image, as shown in Figure 6-16c, matched a 110  projection of the fcc structure. With an 

average size of 24 ± 3 nm, these porous nanocrystals were generally larger than the same 

species obtained at 240 minutes. 
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Figure 6-15. TEM images of porous nanocrystals from high-concentration reaction at 

240 minutes (Pt-4C). 

a. TEM image of the nanoparticles obtained. b. HRTEM image of a typical porous nanocrystal in 

Stage III of the growth. c. Power spectrum of image b, matching a 100  projection of fcc Pt. 
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Figure 6-16. TEM images of porous nanocrystals from high-concentration reaction at 

500 minutes (Pt-4D). 

a. TEM image of the nanoparticles obtained. b. HRTEM image of a typical porous nanocrystal in 

Stage IV of the growth. c. Power spectrum of image b indicating single crystal structure and a 

110  projection of the platinum nanocrystal. 
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Expt Pt-4E.   High-concentration reaction at 900 minutes 

The synthesis in Expt Pt-4E was a repetition of Expt Pt-2, but was carried out in a 

Fischer-Porter bottle. TEM characterisation showed that the nanoparticles collected from 

Expt Pt-4E were the same as the multiply-branched nanoparticles observed in Expt Pt-2. 

Observations in the TEM showed that the multiply-branched nanoparticles were of 

polycrystalline structures.  

Figure 6-17a shows the TEM image of a typical multiply-branched nanoparticle obtained 

from Expt Pt-4E. As can be seen, the nanoparticle comprised multiple branches extending 

outward from the centre of the particle. Each branch originated from the centre terminated 

with a secondary branch or multiple branching. Likewise, further branch formation or 

branching appeared in a similar manner for the secondary branches and branches of higher 

orders. These branches were 2–3 nm in diameter when measured on TEM images. Each 

branch or sub-branch was of a different crystal orientation, giving rise to a highly 

polycrystalline structure. Figures 6-17b and c show the HRTEM image of part of the 

nanoparticle and the corresponding power spectrum, respectively.  
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Figure 6-17. TEM image of multiply-branched nanoparticle from high-concentration 

reaction at 900 minutes (Pt-4E). 

a. TEM image of a typical multiply-branched nanoparticle. b. HRTEM image of part of the 

nanoparticle (indicated by square in image a), showing the polycrystalline nature of the 

nanoparticle. c. Power spectrum of image b. 
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6.3. Discussion 

6.3.1. Growth Mechanism: Low-Concentration Reaction 

The growth of platinum nanocrystals in the low-concentration reaction occurs in Stages I 

and II, as indicated by the change in the X-ray correlation length (L) in Figure 6-3. The most 

interesting observation for the low-concentration reaction was at about 250 minutes. At 

this point in time, the average crystallite size as indicated by L, reached the average 

maximum value; whereas the amount of crystallites present was just slightly more than 

30% of the total crystallites collected at the end of the in situ experiment. L was then 

observed to remain constant while the nanocrystalline platinum concentration ([PtNC]) 

continued to increase. TEM observations of the nanoparticles at different stages suggest the 

growth involves the attached nanocrystals shown in Figure 6-11.  

Stage I.   Formation and attachment of primary crystallites 

From the XRD data, the [PtNC] in Stage I increased approximately linearly with time, 

whereas L (an indication of average crystallite size) was shown to increase relatively 

rapidly from 3 to 8.5 nm. TEM evidence indicated the formation of mainly single crystalline 

structures of faceted and non-branched morphologies during this stage. The average 

nanoparticle size of 5 nm was closer to that indicated by the XRD data in the middle of 

Stage I. It is believed that the primary crystallites were mostly formed at around 

100 minutes of the experiment. These nanocrystals then began to orientate among each 

other and attach with each other in groups of 4–10 nanocrystals. As the primary crystallites 

began to attach together in an oriented fashion, the average crystallite size, and hence L, 

increased considerably. 

Stage II.   Growth of attached nanocrystals 

In Stage II, the [PtNC] was indicated to be growing continuously while the average crystallite 

size remained approximately constant. TEM results suggested that most of the primary 

crystallites formed in Stage I had begun to attach together in groups of 4–10 crystallites in 

early Stage II.  
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Consider the attachment of two iso-oriented crystallites. Free platinum atoms adsorb onto 

the two crystal planes closely facing each other and eventually fuse the two crystallites. As 

complete fusion takes time to achieve, there exists regions or gaps at the interface between 

the crystallites. These gaps were observed as the lower contrast regions in the TEM image 

(Figure 6-11b). The amount of crystalline platinum present thus increases as more gaps are 

filled by the free platinum atoms from solution. As L was an indication of the average 

crystallite size, its increase was expected to be less obvious between one stage in which 

fusion had begun, and the other stage in which fusion was near completion. Besides, it is 

also possible that there was small amount of primary crystallites present in the solution 

and did not participate in any attachment process. The proposed growth mechanism is 

illustrated in the scheme in Figure 6-18.  

Stage I Stage II
 

Figure 6-18. Schematic illustration of the growth mechanism for nanoparticles in the 

low-concentration reaction. 

Platinum monomers first nucleate and grow into faceted primary crystallites, which then grow 

through oriented attachment, forming attached nanocrystals. The attached nanocrystals continue 

to grow with free platinum atoms filling up the gaps between the primary crystallites. 

 

As mentioned, the growth rate of [PtNC] is much slower for the low-concentration reaction, 

compared to that for the high-concentration reaction. TEM observations of nanoparticles 

from the different reaction times suggest that the faceted and non-branched morphologies 

are maintained throughout the reaction. Slow nanocrystal growth and formation of 

non-branched morphologies have been shown to be characteristic of growth in a 

thermodynamically controlled growth regime.[18-20] With the low precursor concentration, a 

low solution concentration of free platinum atoms is produced, resulting in relatively slow 

nanocrystal growth. The growth is also shown to involve oriented attachments of faceted 

crystallites, leading to faceted nanocrystals of single crystalline structures. This irreversible 

process is understood to be thermodynamically favoured as high-energy surfaces (of much 

smaller nanocrystals) are eliminated resulting in the reduction of the surface free energy of 

the system.[21,22] Nanocrystal growth in the low-concentration reaction therefore occurs 
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under thermodynamic control involving an oriented attachment growth process, yielding 

stable morphologies.  

6.3.2. Growth Mechanism: High-Concentration Reaction 

The growth of platinum nanoparticles in the high-concentration reaction was observed to 

occur in Stages I–IV. Hence the growth mechanism is broken down into the four stages, and 

is discussed based on results obtained from both in situ and off-line experiments. 

Stage I.   Formation of quasi-octapods  

The XRD data showed that the increase of [PtNC] during Stage I was rapid and there was fast 

growth of nanocrystals. A fast growth rate has been associated with kinetically controlled 

growth, which often leads to a complex growth pattern and nanocrystals having branched 

morphologies.[19] Interpretation from TEM imaging suggests that the platinum nanocrystals 

nucleate and grow into quasi octapods during this stage. For fcc metals such as gold and 

platinum, a single-crystalline nanocrystal often originates from a cuboctahedral nucleus or 

seed that is enclosed by six {100} facets and eight {111} facets.[23,24] The observed quasi-

octapods are believed to be a result of faster growth on the {111} facets than on the {100} 

facets, giving rise to the short arms along the 111  directions. 

Stage II.   Quasi-octapods  etched-octapods  

There was almost no change in the total amount of platinum atoms in the nanocrystals 

([PtNC]) in Stage II. TEM images showed that the arms of the quasi-octapods had grown 

further along the 111  directions, while the cross-section towards the centre of the {100} 

facets had reduced. The growth on the quasi-octapods thus took place over the arms along 

the 111  directions, while etching had occurred on the {100} facets, leading to the 

formation of etched-octapods. 

By correlating the observations in XRD and TEM, it can be seen that the increase in [PtNC] 

due to nanocrystal growth is balanced by the loss of re-dissolved platinum atoms from the 

nanocrystals as a consequence of etching; hence the peak area remains constant over this 

growth stage. Similarly, the near-constant X-ray correlation length as observed in 
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Figure 6-7 is  evidence of an increase and decrease in the crystallite size that effectively 

average out to no change.  

These observations thus suggest that both growth and etching processes were occurring 

selectively, simultaneously, and at comparable rates.  

Stage III.   Etched-octapods  porous nanocrystals  

The relatively rapid increase in [PtNC] in Stage III was similar to that observed in Stage I, 

which indicated that the growth at this stage again occurred under kinetic control. However, 

the slight decrease in L suggested an unconventional type of growth. As observed in the 

TEM images (Expt Pt-4C), a significant change in the particle morphology gradually took 

place, which was characterized by etching of much of the central core and the formation of 

more branches. These changes led to an increase of porosity in the nanocrystals. As the 

nanocrystals became increasingly porous, the average size of the single crystalline domains, 

and hence L, decreased.  

 

Stage IV.   Growth of porous nanocrystals  

Both XRD and TEM results suggested that the porous nanocrystals continued to grow but at 

a relatively slower rate compared to Stages I and III. The relatively slow growth could be 

understood as a result of monomer depletion in the solution. TEM imaging showed that 

there was increase in both overall nanoparticle size and branches on the porous 

nanocrystals at 500 minutes. This means increase in the [PtNC] and degree of porosity, 

resulting in a slight decrease in L.  

It is believed that multiple branching of the porous nanocrystals also induces twin defects 

into the nanocrystals, resulting in the formation of polycrystalline structures. This is 

believed to be occurring towards the later part of Stage IV, in which multiply-branched 

nanoparticles began to form. The polycrystalline nature of the multiply-branched 

nanoparticles also implied the occurrence of aggregation.  
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Therefore, a growth mechanism of branched platinum nanoparticles that is under kinetic 

control has been observed, which involves rapid growth and selective etching. The scheme 

in  Figure 6-19 illustrates the proposed growth mechanism from Stage I to III. 

It is interesting to note that at Stage I, the TEM average nanocrystal size (6.5 nm) agrees 

well with the XRD coherence length L (6 nm), confirming the single crystal nature of the 

quasi-octapod nanoparticles. In contrast, in Stages II-IV, L is noticeably smaller than the 

TEM average nanocrystal size. Thus the variance between the L and the nanoparticle size 

obtained from the TEM images is a useful measure of nanoparticle porosity. 

 

Figure 6-19. Schematic illustrates the proposed growth mechanism of platinum 

nanocrystals in the high-concentration reaction. 

Growth is illustrated for the first three stages (I – III). Platinum monomers first nucleate into 

cuboctahedral nuclei (A), and then grow into single-crystalline quasi-octapods (B). Growth of the 

arms of the quasi-octapods, coupled with selective etching on the edges and centres of facets 

leads to formation of etched-octapods (C). These processes continue and transform the 

nanocrystals to porous nanocrystals (D). 

 

6.3.3. The Etching Process in High-Concentration Reaction  

During the growth of the platinum nanocrystals one point of particular interest is Stage II 

where simultaneous, selective growth and etching take place at comparable rates leading to 

shape transformation, but no overall nanocrystal growth.  

In terms of a possible etchant species, a mixture of surfactant, solvent, and precursor are 

present in solution-phase synthesis. Since etching is only observed only in the reaction of 

high precursor concentration, it is likely that the etchant originates from the precursor, 

which can be the acetylacetonate or a decomposition/reaction by-product of 

acetylacetonate that could perform oxidative etching of platinum. Etching most likely 

commences during Stage II, rather abruptly beginning at ~100 minutes. At this point in the 
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reaction, it is believed that enough of the platinum acetylacetonate has reacted to produce a 

sufficiently high concentration of the etchant to begin etching the nanocrystals. 

At ~180 minutes (end of Stage II) the etching was observed to have stopped and growth 

continued rapidly. There could be two reasons for the end of Stage II growth. First, it was 

observed that etching took place almost exclusively on the {100} facets, and hence it was 

unlikely to occur when no {100} facets were available. Thus, the etching process was 

retarded at the end of Stage II when most {100} facets had disappeared. Second, when 

enough atoms on the {100} facets were removed, high-index facets together with kinked- 

and stepped-faces were exposed. The newly exposed faces are believed to be the main 

driving factor for the rapid growth that commenced in Stage III. It is known that kinks and 

steps can induce preferential and spontaneous growth, resulting in much faster growth 

rates on faces with these defects.[25,26] 

6.4. Chapter Summary 

Growth and evolution of platinum nanoparticles in solutions of different precursor 

concentration were investigated by both in situ XRD and ex situ TEM analyses.  

The low-concentration reaction has been shown to occur under a thermodynamically 

controlled regime. The growth mechanism involved an oriented attachment growth process, 

with faceted morphologies being maintained throughout the reaction.  

In a reaction with high precursor concentration, growth was more complex and has been 

shown to be under kinetic control, resulting in multiply-branched nanoparticles. The 

results and analyses have demonstrated that growth in the high-concentration reaction 

involved a structural transformation mechanism for octapod-like nanocrystals to grow into 

porous nanostructures. Selective growth and etching occurring during early growth stages 

have been shown to be responsible for the transformation. 
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6.5. Experimental 

Materials 

All reagents were used as received without further purification. Platinum(II) 

acetylacetonate (Pt(acac)2) was purchased from Sigma-Aldrich, and oleylamine (technical, 

≥70%) was purchased from Fluka. Toluene and methanol were of reagent grade. 

In situ experiment 

In a typical experiment, the high-precursor concentration solution was prepared by 

dissolving 0.05 mmol (0.0196 g) of Pt(acac)2 in 1 mL of toluene, giving a 0.05 M solution, to 

which 0.5 mmol (0.165 mL) of oleylamine was added. For the low-concentration reaction, 

0.1 mL of the 0.05 M solution was diluted by adding toluene to make up a 1 mL solution, 

giving 0.005 M. The prepared precursor solution was injected into the XRD cell and in situ 

experiments were conducted as described in Chapter 2, Sections 2.1.2 and 2.2.1. 

Ex situ synthesis 

In a typical high-concentration reaction, 0.1 mmol (0.039 g) of Pt(acac)2 was weighed in a 

vial, then added with 2 mL of toluene and 1 mmol (0.33 mL) of oleylamine. The vial was 

placed in a Fischer-Porter bottle. For the low-concentration reaction, 0.05 mmol (0.0196 g) 

of Pt(acac)2 was weighed and transferred to a Fischer-Porter bottle, then added with 10 mL 

of toluene and 0.5 mmol (0.165 mL) of oleylamine. The Fischer-Porter bottle was flushed 

3 times with hydrogen gas (H2) before being filled with 200 kPa H2, and sealed. The bottle 

was placed into an oven heated at 70 °C for the desired reaction time. 

For ex situ experiments carried out in the XRD cell, preparation was the same as that for the 

in situ experiments. Once prepared the cell was placed into an oven heated at 70 °C. 

Purification 

The reaction was allowed to cool to room temperature naturally before the Fischer-Porter 

bottle or the XRD cell was opened to air. Equivalent volume methanol was added to the 

reaction mixture to flocculate and precipitate the nanoparticles. The mixture was 

centrifuged at 10 krpm for 5 minutes to isolate a black solid. The solid was re-dispersed in 
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toluene and the precipitation and centrifugation steps repeated. The final product was 

collected and stored as a powder. 

TEM characterization 

The samples for TEM studies were prepared by resuspending the precipitate in toluene. 

One drop of the toluene suspension was put onto a carbon-supported copper grid and 

allowed to evaporate under ambient conditions. 
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7.1. Conclusions 

This thesis is concerned with the synthesis and characterisation of nanoparticles, and the 

growth of nanoparticles in solution. Materials involved were iron, iron carbide, ruthenium 

and platinum.  

The synthesis of iron, iron carbide and ruthenium nanoparticles using Fischer-Porter 

bottles was explored and investigated by employing different experimental conditions. 

Although these materials crystallise in different structures, the effects of different reaction 

conditions on the synthesis results were observed to be similar or closely related, and are 

discussed in Section 7.1.1 below. Observations specific to the synthesis of iron and iron 

carbide nanoparticles, and the synthesis of ruthenium nanoparticles, are summarised in the 

respective sub-sections. 

A detailed study was undertaken to investigate the growth of platinum nanoparticles in 

solution, employing in situ synchrotron-based XRD and ex situ TEM techniques. This part of 

the research work is summarised in Section 7.1.2. 
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7.1.1. Fischer-Porter Bottle Synthesis 

In this study, a facile synthesis route was developed in producing nanoparticles of iron, iron 

carbide and ruthenium. The nanoparticles synthesised were highly crystalline, and in most 

cases were observed to be of single-crystal structures. Factors that contributed to the 

formation of nanoparticles of different sizes and shapes include precursor concentration, 

the type and amount of stabilisers used, the reaction temperature and time. 

Syntheses were carried out in Fischer-Porter bottles. The use of Fischer-Porter bottles for 

nanoparticle synthesis (including those of iron and ruthenium) has been mainly reported 

by Chaudret and co-workers since late 1990’s.[1,2] However, the reported synthesis method 

requires that the Fischer-Porter bottle setup be prepared in a glove box. This is mainly 

because the precursors involved are often volatile and/or air-sensitive. In the present study, 

the precursors used were relatively stable in air hence preparation of the Fischer-Porter 

bottles was carried out in fume cupboards. Not only that, the use of different precursors in 

this study has also produced nanoparticles of various morphologies including some 

unconventional ones. 

General trend 

The control of nanoparticle size was observed to be related to the amount of stabiliser used. 

The increase of the amount of oleylamine as a stabilising agent resulted in the increase of 

the size of iron and iron carbide nanoparticles. However, the opposite effect was observed 

for the synthesis of ruthenium nanoparticles, in which smaller nanoparticles were 

produced when larger amount of alkylamine was used.  

For the formation of iron and iron carbide nanoparticles, the involvement of the stabilising 

molecules in the reaction pathway of the precursor was implied by the results obtained. In 

larger presence of the stabiliser, the interaction between the stabilising molecules and the 

precursor and/or the partially decomposed/reacted precursor was believed to have 

inhibited the nucleation process and reduced the number of nuclei formed. Larger 

nanoparticles were thus produced due to greater supply of monomer over time as the 

precursor continued to decompose/react slowly. 

Involvement of the amine stabiliser in the reaction pathway of the precursor was not 

indicated for the synthesis of ruthenium nanoparticles. The role of the alkylamine was 
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observed to be merely a stabilising agent. Stronger stabilisation effect was demonstrated by 

the smaller nanoparticles obtained from reactions with larger presence of the stabiliser. 

The effect of temperature on the nanoparticle size was observed to be related to the role 

played by the stabiliser in the synthesis. The size of iron and iron carbide nanoparticles was 

observed to decrease with the increase of temperature. In contrast, larger ruthenium 

nanoparticles were produced from reactions with higher temperatures. 

Type of reactions involved 

Syntheses were mainly conducted under a reducing (hydrogen) atmosphere. Some 

experiments were repeated under an inert (nitrogen) atmosphere, which provided an 

indication of the type of reactions involved in the synthesis. 

For nanoparticle synthesis that required the presence of hydrogen, such as that of 

ruthenium nanoparticles from the reaction of Ru(MA)2(COD), the reaction of the precursor 

was deduced to be of reduction. The reaction of the iron precursor Fe(C5H5)(C6H7), in 

contrast, was deduced to be of thermal decomposition, as the nanoparticles were observed 

to be the same when only reaction atmosphere was varied. Through the comparison of the 

synthesis results under the different atmospheres, a trend of the nanoparticle size 

distribution was observed, as summarised in Table 7-1. Syntheses involved with the 

reduction of precursors in general were observed to produce nanoparticles with small size 

distribution. A monodisperse sample was more difficult to achieve with syntheses involving 

mainly thermal decomposition of the precursors. 

It has been reported that in Fischer-Porter bottle synthesis, nucleation and growth of 

nanoparticles under a hydrogen atmosphere are much slower than those involved with 

other solution methods, such as thermal decomposition of a precursor in a three-necked 

flask.[3,4] It is thus believed that in this study, when nanoparticle synthesis involved mainly 

thermal decomposition of the precursor, the nucleation and growth of nanoparticles 

occurred at higher rates and hence in a less controlled fashion.  

Perhaps several different reactions were involved in each experiment. Nevertheless, the 

type of reactions as implied by the results was merely concerned with the synthesis of 

nanoparticles investigated. It is hoped that the above observations could aid in the design 

                                                             

 MA = 2-methylallyl; COD = 1,5-cyclooctadiene 
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and planning of future synthetic strategies involving Fischer-Porter bottle synthesis and the 

like. 

 
Table 7-1. Comparison of size distribution achieved through different reactions. 

Precursor Type of reaction involved in 

nanoparticle synthesis 

Size distribution of NPs 

from an average synthesis‡ 

Fe(C5H5)(C6H7) Thermal decomposition Large 

FeCl3 Reduction Small 

Ru(MA)2(COD) Reduction Small 

Ru(acac)3 Reduction and thermal decomposition Medium 

Pt(acac)2 Reduction Small 

‡ Small, medium and large correspond to different range of standard deviation, σ;  
Small: σ ≤ 15%; Medium: 15% < σ < 25%; Large: σ ≥ 25%. 

 

Iron and iron carbide nanoparticles 

Highly crystalline nanoparticles of α-Fe and Fe3C were successfully synthesised, as 

described in Chapters 3 and 4. Depending on the reaction conditions, near-monodisperse 

core/shell nanoparticles in the range of 14-25 nm were obtained. An oxide layer of 3-4 nm 

was found to have formed instantly on the nanoparticle surface upon exposure to air. 

Further oxidation was observed to be depending on time and size of nanoparticles. One of 

the advantages shown in this study over other syntheses reported in the literature is that 

nanoparticles obtained are generally larger in size. The relatively larger nanoparticle size 

thus means greater stability of the nanoparticles. This allows post-synthesis processes such 

as purification and surface modification be carried out under ambient conditions.  

Perhaps one of the most significant observations during this research is the formation of 

Fe3C at temperatures as low as 110 °C. The reaction conditions involved are much milder 

compared to other methods in the literature, in which 350 °C has been the lowest 

reported.[5] 

Ruthenium nanoparticles 

Single-crystal hcp ruthenium nanoparticles were successfully synthesised through the 

reactions of precursors Ru(MA)2(COD) and Ru(acac)3 in Fischer-Porter bottles, as described 
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in Chapter 5. Nanoparticle morphologies observed include spherical and near-spherical, 

rod- and worm-like, tripod and plate-like structures. Morphological control was achieved 

by varying the stabilisation conditions. Non-branched morphologies such as spherical and 

near-spherical structures were mainly observed for nanoparticles stabilised by alkylamine, 

whereas tripod nanoparticles were formed in the presence of oleic acid. When a small 

amount of stabiliser was used, formation of one-dimensional morphologies was promoted. 

Rod-like nanoparticles were shown to be a result of growth along the 001  directions (the 

c-axis) of the hcp structure. 

7.1.2. Growth of Nanoparticles in Solution 

Growth and evolution of platinum nanoparticles of different morphologies were 

investigated using both in situ and ex situ techniques, as presented in Chapter 6. The study 

demonstrated the utility of TEM and in situ XRD for revealing the growth details of different 

morphologies. 

Growth of faceted nanocrystals in the low-concentration reaction was shown to occur 

under a thermodynamically controlled regime. Nanoparticle growth involved an oriented 

attachment mechanism, in which cube-like crystallites of ~6 nm assembled and attached in 

iso-orientation to form  nanocrystals of similar morphologies but of much larger size of 

~12 nm. The growth of branched and porous nanoparticles in the high-concentration 

reaction was shown to be more complex, under a kinetically controlled regime. It was 

demonstrated that nanoparticle growth involved a structural transformation of 

octapod-like nanocrystals into porous nanostructures. A new mechanism involving 

selective growth and etching that occurred during early growth stages has been shown to 

be responsible for the transformation.  

7.2. Future Work 

This study has shown that nanoparticles of iron, iron carbide and ruthenium were 

synthesised via a facile chemical route using Fischer-Porter bottles.  

The synthetic methodology developed could be employed for the synthesis of nanoparticles 

of other metals such as cobalt and nickel, and the synthesis of nanoparticles of metal 
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carbide such as nickel carbide and molybdenum carbide. Organometallic compounds 

similar to the organoiron complex used in this study could be explored for the synthesis of 

carbide nanoparticles. 

Suggested future work for the investigation of iron and iron carbide nanoparticles 

essentially centres around the mechanistic studies and further characterisations of the 

various core/shell nanoparticles. In particular, nanoparticles of interesting morphologies 

such as the dimer- and dumbbell-like structures. Perhaps the reactions could be quenched 

at different stages and the intermediate crystallites be characterised. Of course, the 

post-synthesis work would have to be done with extreme care in order to prevent oxidation 

process. Another approach might be an in situ study, which could adopt the techniques 

developed in the growth study of platinum nanoparticles. Further characterisation work 

will aim at gaining information about the composition of the sample as a whole, particularly 

products consisting of a mixture of α-Fe and Fe3C nanoparticles. For example, Mossbauer 

spectroscopy could be used in conjunction with the XRD and SAED data obtained in this 

study to provide further information of the relative phases formed under the different 

reaction conditions. 

The results from magnetic measurement of selected samples of iron-based nanoparticles 

showed that these nanoparticles have the potential to be modified on the surface to exhibit 

ferro- or superparamagnetic behaviour. Hence the next step would be to examine the effect 

of surface modification on the magnetic properties. Different capping ligands have been 

used for coating iron oxide nanoparticles, thus the same approach could be applied on the 

core/shell nanoparticles in this study. This will also provide an assessment of the 

availability of the nanoparticles for various magnetic applications. 

The synthesis of ruthenium nanoparticles can be further investigated. The synthesis 

through the reaction of Ru(acac)3 might be tuned to produce nanorods and branched 

structures of different sizes and aspect ratios.  

One of the common conditions shared by the syntheses of both iron and ruthenium 

nanoparticles is the reaction temperature. This implies that both precursors could react at 

the same temperature to produce bimetallic nanoparticles of Fe-Ru, which have been 

shown to possess unique catalytic properties.[6,7] Thus one possible future work would be to 
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investigate the synthesis of Fe-Ru bimetallic nanoparticles, of dimer or core/shell 

structures.  

The methodology developed in studying the growth of nanocrystals in solution could be 

extended to nanoparticles of other crystal structures. One possible candidate is ruthenium 

nanoparticles, of which different morphologies were observed in this study. Study could be 

conducted to investigate the growth of the tripod and zigzag rod-like structures. The 

outcome is believed to be applicable to other metals of hcp structures that are known to 

form one-dimensional structures, such as cobalt. The information gained from different 

systems could eventually lead to a complete and general mechanistic understanding of 

nanoparticle growth in solution. 
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