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Abstract 

Chapter 1 contains a general introduction into the motive for investigating the synthesis of metal 

nanoparticles as well as their assembly onto a support. The remainder of the chapter deals with the 

motive for our characterisation techniques used in following chapters. 

 Chapter 2 describes the decomposition of ferrocene into iron oxide nanoparticles. The size 

and shape of the nanoparticles were controlled and manipulated through changing typical 

experimental conditions, such as reagent and surfactant concentrations as well as reaction time. 

Through the aforementioned changes to experimental conditions, three distinct nanoparticle shapes 

were synthesised: spheres, distorted cubes and cubic nanoparticles with concave faces. The 

nanoparticles produced by the decomposition of ferrocene resulted in nanoparticles forming with a 

wüstite (FeO) core and an iron oxide shell of either magnetite (Fe3O4) or maghemite (γ-Fe2O3). The 

remainder of the chapter relates to some decompositions of 1,1’-bis(diphenylphosphino)ferrocene as 

well as lanthanum tris(1-ferrocenyl-1,3-butanedione) and lanthanum tris(1-ferrocenyl-3-phenyl-1,3-

propanedione) into nanoparticles. 

 Chapter 3 describes the syntheses of bimetallic cobalt-ruthenium nanoparticles through 

decompositions of [Et4N][Ru3Co(CO)13] as well as RuCo2(CO)11. Although alloyed nanoparticles 

could not be synthesised from our attempts, methods were developed for synthesising cobalt and 

ruthenium nanoparticles of similar sizes (2–3 nm). The metal ratios of the nanoparticles synthesised 

did not appear to reflect the stoichiometric metal ratios of the precursor used during synthesis. 

 Chapter 4 describes decompositions of lanthanide complexes in a supercritical fluid flow 

reactor. The remainder of the chapter focuses on the investigation of synthesising monodispersed 

lanthanum oxide nanoparticles by decomposing lanthanum oleate in 1-octadecene. Nanoparticles of 

2 nm in diameter were synthesised and could be assembled onto an alumina support to prepare 

lanthanum-promoted catalysts. 

 Chapter 5 describes the preparation of cobalt nanoparticles on mesoporous alumina support 

systems. Improvements into the dispersion of preformed cobalt nanoparticles on support were 

consequently investigated through support modification. Support modifications investigated 

consisted of acid and base treatment of the alumina support, treatment with tetraethyl orthosilicate or 

introducing lanthanum onto the alumina support surface. The influence of a metal, such as platinum, 

on the dispersion of cobalt on alumina was also investigated through assembly of CoPt nanoparticles 

on alumina. Nanoparticles synthesised in Chapter 3 were also assembled onto alumina support to 

investigate the influence ruthenium has on cobalt dispersion on alumina support. Lanthanum oxide 

nanoparticles synthesised in Chapter 4 were used for support modification to lanthanum-promoted 
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alumina support. Dispersion of iron oxide nanoparticles, synthesised in Chapter 2, on alumina support 

were also investigated. The formed catalysts were subjected to thermal treatments in order to 

investigate the nanoparticle stability on support. Changes in nanoparticle morphology were mainly 

monitored through transmission electron microscopy techniques and also powder X-ray diffraction. 
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1.1. Motive for study 

There are two issues humanity faces today in regards to energy demand. The first is the cost of climate 

change and the second is limited fossil fuel reserves. Atmospheric removal of greenhouse gases, such 

as carbon dioxide and methane, have attracted the most attention in the literature.1, 2 In particular, 

sequestration or storage of carbon dioxide and methane, and conversion of these gases into useful 

form, for alternative fuels, have also received attention.3-6 Today, it is considered common knowledge 

that anthropogenic greenhouse gas emissions are the cause for climate change and the increased 

average global air temperature, as well as the acidification of the oceans.7 Former president of the 

United States of America, Barack Obama, addressed the issues surrounding anthropogenic 

greenhouse gas emissions in a Science journal article, concluding investment into cleaner energy is 

not only beneficial to the planet, but also makes sense in terms of the financial sector.8  

 Considering the current technology at our disposal and the goals set for reducing greenhouse 

gas emissions during the Paris agreement, one needs to consider using carbon neutral or renewable 

forms of fuel to power the World’s energy demands. With 60 % of the World’s fuel consumption 

consisting of fossil fuels, it can be seen the goals set in the Paris agreement will be challenging to 

achieve.9, 10 Furthermore, there are limited oil reserves available. Once these reserves have been 

depleted and the current technologies have not been adapted to renewable forms of energy, there will 

be significant strain on the global energy demand. It is still being debated as to when these reserves 

will be depleted; however, it is agreed upon that they are limited and will eventually run out.11-15 

 As a consequence of this potential strain on the oil reserves, synthetic fuels have been 

considered as an alternative to relieve the strain on current reserves.16 They may also serve as a 

carbon-neutral energy source to alleviate potential strain on the global energy demand, and are 

therefore worthwhile investigating. The Fischer-Tropsch (FT) process, coupled with the reformation 

of methane and carbon dioxide, could offer such carbon neutral fuel as carbon dioxide and methane 

can be harvested from the environment and made into useful fuels. Our interest lies in the 

heterogeneous catalysts used during the FT processes, making synthesis of fuels possible. 

1.2. Forming a catalyst 

Catalysis is one of many areas utilising nanotechnology and materials science for further 

improvement to catalysts. The term “nanotechnology” is fairly new and emerged around 20 years 

ago, and is defined as studying materials on the scale of 1–100 nm. Although this term is relatively 

new and sometimes used more for marketing purposes than actual science,17 the technology is not 

new. As an example, it is believed that carbon nanotubes in steel gave rise to the strength, mechanical 

properties, and sharpness of ancient Damascus steel sabres.18 
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 In the area of catalysis, particularly industrial scale, metals are considered the standard with 

most catalytic reactions occurring on the metal surface. The fraction of unexposed metal atoms 

therefore needs to be minimised, as any metal atom that cannot be accessed by a reactant molecule 

can be considered wasteful.19 Therefore metal nanoparticles are considered to be ideal for catalysis, 

due to their high surface area/volume ratios when compared to their bulk form. The nanoparticles are 

typically dispersed on a high surface area support, so that a significant fraction of the active metal 

surface is exposed, to increase the number of metal atoms available for catalysis.20 

 Transition metal nanoparticles on support are the most considered catalysts for systems 

involving energy production and environmental restoration.21-23 Some transition metals, particularly 

noble metals, such as rhodium and ruthenium, are expensive and face a supply limit. Therefore, any 

improvement into catalyst activity, selectivity, dispersion of metal on support, stability, and/or their 

catalytic lifetime is considered as desirable.19 It is known that size and shape of an active metal cluster 

has an effect on catalyst activity and selectivity.24-26 It would seem intuitive that metal loading onto 

the support is only limited by the available support surface area; however, this is not the case. As an 

example, it was shown the maximum nickel content on an alumina supported catalyst is reached at 

50 % nickel content.27 The support loading with active metal catalyst also needs to be considered. A 

number of transition metals display activity towards FT synthesis; however, only iron and cobalt are 

considered for commercial catalytic systems.28 

 High surface area supports encountered in the literature consist of zeolites, silicates, alumina, 

titania, zirconia, and carbon materials.29-34 Alumina (γ-Al2O3) is the industry standard for FT supports, 

therefore we used this support for our studies. FT catalysts are typically prepared by methods such as 

co-precipitation, impregnation and sol-gel procedures; however, nanoparticle size is difficult to 

control.35, 36  Assembly of preformed nanoparticles onto support ensures the catalyst contains 

monodispersed nanoparticles of known size and shape, as the nanoparticles on support are not formed 

in situ. Few reports currently exist regarding assembly of preformed nanoparticles on support.37-42 

Preformed nanoparticle dispersion on a support has not received significant attention and still requires 

improvement. 

 When considering metal nanoparticle synthesis, two approaches exist; top-down and bottom-

up.43 Both approaches have merit with each having their own advantages and disadvantages; however, 

the bottom-up approach provides greater control over the nanoparticles formed.43, 44 The bottom-up 

approach itself can be subdivided into a number of methods for synthesising nanoparticles; 

microwave, laser ablation, photochemical, thermal decomposition, supercritical fluid, co-

precipitation and the use of organic solvents.45 Thermal decomposition is considered the ideal method 
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for synthesising highly monodispersed nanoparticles with tuneable size, shape and composition.45-48 

We therefore considered the thermal decomposition approach for nanoparticle syntheses in this thesis. 

 In this thesis we focused on the synthesis of nanoparticles forming part of iron or cobalt based 

FT catalysts. The nanoparticles were then assembled onto support using different methods that may 

influence their dispersion and nanoparticle-support interactions. We investigated nanoparticle 

behaviour under different conditions, to determine the stability of the nanoparticles on support. 

1.3. Characterisation techniques 

Due to the size and complexity of the nanoparticles and nanoparticle-support materials produced in 

our work, appropriate characterisation instruments and techniques were required for characterisation 

and analysis. Transmission electron microscopy (TEM) was chosen as the cornerstone 

characterisation method for our studies. Appropriate use of a TEM offers visualisation of 

nanoparticles to atomic resolution, meaning the nanomaterial morphology can be visualised and 

elucidated with relative ease. High resolution TEM and selected area electron diffraction are some of 

the basic techniques used for nanomaterial composition determination. Further composition of 

nanomaterials were also determined through advanced TEM characterisation techniques, such as 

scanning TEM (STEM) imaging, annular dark field (ADF) STEM, high angle ADF STEM, energy 

dispersive X-ray spectroscopy and electron energy-loss spectroscopy. 

 Although TEM offers a broad range of characterisation techniques, it does have limitations. 

Therefore, other analysis techniques were also considered, such as powder X-ray diffraction, infrared 

spectroscopy and nuclear magnetic resonance. For further catalyst characterisation, BET/BJH 

measurements and temperature programmed reduction analysis were also used. 
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2.1. Introduction 

Iron oxide nanoparticles form an interesting and important area of research. Their chemical, magnetic, 

as well as optical properties afford a range of potential technological and industrial applications, 

particularly in the areas of magnetic storage, biomedical imaging as contrast agents, targeted drug 

delivery, cancer hyperthermia or catalysis.1-7 In order to apply iron oxide nanoparticles to these areas 

it is essential to have good size and shape control, as the iron oxide nanoparticle morphology 

influences its properties especially in regard to its magnetic properties.8 This goal to achieve control 

over nanoparticle shape and size during synthesis was hence the driving force that motivated 

extensive research into iron oxide nanoparticle synthesis.  

 Over the last couple of decades various routes have been explored to synthesise iron oxide 

nanoparticles. These methods typically consist of laser9 or flame10 pyrolysis, coprecipitation,11 

polymer assisted approach,12 thermal decomposition13 or hydrothermal treatment14 of organometallic 

complexes. It has been established in the literature that thermal decomposition or hydrothermal 

treatment methods achieve optimal shape and narrow size distribution control of nanoparticles.15 

Organometallic complexes are typically used as iron sources for such solution-phase thermal 

decomposition syntheses of nanoparticles.15 When choosing the appropriate complex for controlled 

decomposition, it is important to consider one that will decompose at a convenient and accessible 

temperature. The most common solution-phase decomposition precursors encountered in the 

literature are Fe(CO)5,
7, 16-21 Fe(acac)2,

13 Fe(acac)3,
14, 22, 23 Fe[N(SiMe3)2]2

24, 25 and iron oleate.26-29 

These complexes decompose readily under the appropriate conditions, are used in a range of solvents, 

and the literature for nanoparticle syntheses with them are well established.7, 8, 13-20, 22-31 

2.1.1. Ferrocene as organometallic iron precursor 

One organometallic complex that also received some attention in the literature32-35 for its potential as 

iron source for nanoparticle synthesis was η5-cyclopentadienyl iron, more commonly known as 

ferrocene. It was first synthesised serendipitously in 1951 and reported by Tom Kealy and Peter 

Pauson, and noted for its stability, particularly towards oxygen, heat and strong acids.36, 37 Ferrocene 

was also synthesised by other groups during this time and initially thought to be a linear structure; 

however, it was soon realised to be a sandwich complex.36, 38-44 Some argue its discovery as a start to 

the organometallic chemistry revolution.45, 46 Due to its stability ferrocene consequently received little 

attention in regards to solution-phase decompositions; however, it did receive considerable attention 

in regard to carbon nanotube (CNT) synthesis,9, 10, 47 Ferrocene provides both the catalytic iron source, 

in the form of the metal centre, as well as the carbon source for the CNTs, in the form of the 

cyclopentadiene rings. CNTs are typically formed when ferrocene is decomposed using laser, flame, 
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or plasma pyrolysis during which iron nanoparticles initially form, which catalyse the formation of 

CNTs.9, 10, 47, 48  

 Although ferrocene is less toxic and easier to handle than some zerovalent iron precursors, for 

example Fe(CO)5, it is not yet routinely decomposed into nanoparticles, as few examples exist in the 

literature with reactions often being less predictable.2, 9, 47 The examples of controlled systems using 

a solution-phase decomposition of ferrocene into nanoparticles describe the formation of 

monodispersed spherical single crystal γ-Fe2O3 nanoparticles with a 20 nm diameter.32 A subsequent 

investigation on the growth kinetics of the nanoparticles showed nanoparticle formation is time 

dependent and not precursor concentration dependent when using ferrocene.33 Iron oxide 

nanoparticles formed in both these studies when ferrocene was decomposed in paraffin wax as solvent 

and in the presence of oleic acid (OA) as surfactant. The authors stated that temperatures exceeding 

400 °C are necessary to decompose ferrocene and hence chose paraffin wax as solvent, due to its high 

boiling point of around 400 °C.32, 33 This specific temperature was initially observed during the 

decomposition of ferrocene in supercritical CO2.
32, 33, 49 

 A recent study,34 on three individual iron sandwich complexes and the reactivity of the 

metallocenes was rationalised based on their different metal-ligand bond dissociation energies. The 

iron complexes were each decomposed in 1-octadecene (ODE) as solvent and in the presence of 

oleylamine (OAm) as surfactant. Ferrocene yielded irregular nanoparticles with a broad size 

distribution. The size and shape of the nanoparticles were rationalised from the high energy required 

to break the metal-ligand bonds during decomposition.34 Furthermore, it was suggested through a 

theoretical study that ferrocene was not ideal for solution-phase decomposition to form iron oxide 

nanoparticles, as it predicted a broad size distribution.35 

 We rationalised it is possible for solution-phase thermal decomposition of ferrocene at less 

than 400 °C. A previous study34 using ODE as solvent, with a  boiling point around 310 °C, obtained 

nanoparticles. Additionally, we wanted to investigate the combination of both OA and OAm as 

surfactants, as a combination of these surfactants is commonly used in iron oxide nanoparticle 

syntheses.22, 30, 31 By using a combination of OA and OAm we believed the size and shape of the 

nanoparticles could be controlled. Although mixtures of OA and OAm are widely used in nanoparticle 

syntheses in the literature, to obtain high quality nanoparticles, the exact mechanism for how these 

parameters influence size and shape is still being debated and explored.8, 50-52 Early examples showed 

OA and OAm to be good capping agents that stabilise nanoparticles.16, 53 Later examples in the 

literature showed that OA and OAm control the size and shape of the nanoparticles through different 

binding modes of the surfactants onto the nanoparticle surface.51, 54 Recently, it was shown that an 
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acid-base interaction between OA and OAm may be the driving force for nanoparticle size and shape 

control.8 It is clear that the nanoparticle-surfactant relationship and mechanisms are complex with a 

recent example even showing OA and OAm are involved in a ligand exchange mechanism with a 

metal precursor before the nanoparticles are being formed in solution.55 

 In this chapter we present methods to obtain monodispersed wüstite (FeO) nanoparticles, the 

nonstoichiometric iron oxide phase,56 by solution-phase decomposition of ferrocene in ODE as 

solvent and in the presence of a combination of OA and OAm as surfactants. Previous syntheses of 

wüstite nanoparticles, through a solution-phase decomposition of an iron complex, typically used 

Fe(CO)5,
57 Fe(acac)3,

22, 23 Fe[N(SiMe3)2]2,
24 or iron oleate26, 27 as iron source. 

2.1.2. Other ferrocene-based complexes 

After establishing a reliable method for synthesising nanoparticles from solution-phase 

decomposition of ferrocene, other ferrocene-based complexes were briefly investigated. In this 

chapter we also investigated the decomposition of 1,1’-bis(diphenylphosphino)ferrocene and two 

heteronuclear complexes. The formation of these two heteronuclear complexes is depicted in Scheme 

2.1. The decomposition of a heteronuclear complex into nanoparticles could potentially hold benefits 

such as offering a single source metal precursor that could form multimetallic nanoparticles with 

predetermined metal ratios. We reasoned that due to ferrocene’s relative ease of functionalisation,58, 

59 ferrocene-type heteronuclear precursors would be ideal candidates for decomposition into 

nanoparticles. 
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Scheme 2.1 – Reaction pathway to obtain heteronuclear ferrocene-based derivatives   
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2.2. Experimental 

2.2.1. General conditions 

The synthesised nanoparticles and other reactions were characterised by transmission electron 

microscopy (TEM), high resolution TEM (HRTEM), scanning transmission electron microscopy 

(STEM), STEM energy dispersive X-ray spectroscopy (STEM-EDS), STEM electron energy-loss 

spectroscopy (STEM-EELS), selected area electron diffraction (SAED), powder X-ray 

diffractometry (XRD) and nuclear magnetic resonance (NMR) spectroscopy. 

 TEM and HRTEM images, and SAED patterns were acquired on a JEOL 2100 TEM (80–200 

kV, LaB6 filament gun) operating at 120 kV, equipped with an 11 MP Gatan Orius digital camera. 

Additional TEM and HRTEM images and SAED patterns, along with STEM images, STEM-EDS 

and STEM-EELS spectra were acquired on an FEI Titan G2 80–200 TEM/STEM with ChemiSTEM 

Technology (80–200 kV, XFEG source) operating at 200 kV, equipped with a 2k x 2k Gatan 

Ultrascan CCD camera, Super-X EDX system, Gatan Efinium ER EELS spectrometer and BF, DF2, 

DF4 and HAADF STEM detectors. EDS quantification was done using Bruker Esprit V1.9 software. 

EELS data were viewed and interpreted on Gatan software. Sample specimens were prepared by 

dropping sample solution onto a continuous carbon-coated 200-mesh Cu grid (SPI brand) before air 

drying. 

 XRD patterns in the 2-theta range of 5–90° were acquired on a silicon low background sample 

stage on a PANalytical Empyrean XRD (40 kV, 40 mA, Cu Kα 1.54060 Å radiation source) 

diffractometer and processed with PANalytical High Score Plus software, comparing patterns to PDF 

files in the International Center for Diffraction Data Database (ICDD). 

 NMR spectra were recorded on a Varian 400 MHz spectrometer. 1H and 13C spectra were 

referenced to residual solvent signals. 

 Nanoparticles were separated upon addition of a 3:1 acetone: ethanol solution, followed by 

centrifugation, using a Sigma 3-16P centrifuge, set at 6000 rpm for 30 min before the nanoparticles 

were dispersed into hexane. The nanoparticles were separated and further purified by repeated 

precipitation of the hexane solutions with 3:1 acetone: ethanol addition. Afterwards, the nanoparticles 

were redispersed in hexane and stored under an argon atmosphere. 

2.2.2. Ferrocene as precursor 

Ferrocene powder (FcH, 99 %, Alfa Aesar), 1-octadecene (ODE, technical grade, 90 %, Alfa Aesar), 

dibenzyl ether (BzEt, 98 %, Aldrich), oleylamine (OAm, ≥ 98 %, Aldrich) and oleic acid (OA, 
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technical grade, 90 %, Aldrich), were used as received without any further purification. ODE, BzEt, 

OAm and OA were thoroughly freeze-pump-thaw degassed prior to synthesis. 

2.2.2.1. Synthesis of iron oxide nanoparticles 

All reactions were performed under an atmosphere of high purity argon using standard Schlenk 

techniques during the synthesis of iron oxide nanoparticles.  

 During a typical nanoparticle synthesis of monodispersed spherical 29 nm nanoparticles, FcH 

(0.967 g, 5.20 mmol) was placed under argon before transferring ODE (20 mL), OA (0.29 mL, 0.92 

mmol) and OAm (0.30 mL, 0.91 mmol) under argon. The reaction mixture was heated to reflux at a 

heating rate of 14 °C min-1 with vigorous stirring, and kept at 310 °C for 1 h. The solution was then 

allowed to cool to room temperature by replacing the heating mantle with a magnetic stirrer before 

separating the nanoparticles from solution. 

 A typical synthesis for monodispersed 24 nm cubic nanoparticles with concave faces 

consisted of transferring ODE (20 mL), OA (0.29 mmol, 0.92 mmol) and OAm (0.30 mL, 0.91 

mmol), under argon. This mixture was then heated to 120 °C for 1 h, before allowed to cool to room 

temperature. FcH (0.967 g, 5.20 mmol) was then transferred under argon to the reaction vessel and 

its contents. The reaction solution was then heated to reflux at a heating rate of 17 °C min-1 with 

vigorous stirring, and kept at 310 °C for 1 h. The solution was then allowed to cool to room 

temperature with stirring before nanoparticle separation. 

 Reaction conditions are summarised in the tables below. Reactions involving dibenzyl ether 

as solvent are summarised in Table 2.1. Table 2.2 summarises reactions involving ODE as solvent. 

Reactions that lead to cubes with concave faces forming, also using ODE as solvent, are summarised 

in Table 2.3. The entry labels for the reaction conditions to produce nanoparticles will be used as 

reference to describe the nanoparticles in the results and discussion section. 

Table 2.1 – Reaction conditions involving dibenzyl ether as solvent. The temperatures presented are 

the maximum reflux temperatures the reaction solution was able to reach.  

ID Ferrocene 

(mM) 

Oleic Acid 

(mM) 

Oleylamine 

(mM) 

Solvent 

(mL) 

Temperature 

(°C) 

Reflux Time 

(h) 

Fe1 260 44.4 45.6 10 280 1 

Fe2 260 38.8 38.0 20 280 1 

Fe3 260 45.9 45.6 20 260 1 
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Table 2.2 – Reaction conditions involving ODE as solvent. The reaction indicated with an asterisk 

(*) was not cooled to room temperature but left stirring at 120 °C. 

ID Ferrocene 

(mM) 

Oleic Acid 

(mM) 

Oleylamine 

(mM) 

Solvent 

(mL) 

Temperature 

(°C) 

Reflux Time 

(h) 

Fe4 130 22.2 21.3 10 310 1 

Fe5 260 44.4 45.6 10 310* 1 

Fe6 260 44.4 45.6 10 310 1 

Fe7 260 91.9 91.2 10 310 1 

Fe8 560 91.9 91.2 10 310 1 

Fe9 260 45.9 45.6 20 310 1 

Fe10 260 45.9 45.6 20 310 0.75 

Fe11 260 45.9 45.6 20 310 2 

Fe12 260 91.9 45.6 20 310 1 

Fe13 260 22.2 45.6 20 310 1 

Fe14 260 0.00 45.6 20 310 1 

Fe15 260 45.9 0.00 20 310 1 

Fe16 260 22.2 0.00 20 310 1 

Fe17 260 45.9 22.8 20 310 1 

Fe18 260 91.9 91.2 20 310 1 

 

Table 2.3 – Reaction conditions that lead to the formation of cubes with concave faces. All reactions 

involved a preheating of the solvent-surfactant mix prior to ferrocene addition. The reaction 

temperature with two asterisks (**) indicates the reaction was heated to 120 °C for 30 min before 

heating to reflux. 

ID Ferrocene 

(mM) 

Oleic Acid 

(mM) 

Oleylamine 

(mM) 

Solvent 

(mL) 

Temperature 

(°C) 

Reflux Time 

(h) 

Fe19 260 45.9 45.6 20 310 1 

Fe20 260 45.9 45.6 20 310 1.5 

Fe21 260 45.9 45.6 20 310** 1 

Fe22 260 128 129 20 280 1 
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2.2.2.2. NMR study involving OA and OAm 

Degassed OA (2.87 mL, 9.09 mmol) and degassed OAm (2.99 mL, 9.09 mmol) were added to a 

flame-dried Schlenk flask under argon and allowed to mix thoroughly with magnetic stirring. A 0.5 

mL aliquot sample was taken for NMR analysis before the flask was heated to and kept at 120 °C for 

3 h. Samples were then also taken in 0.5 mL aliquots every 30 min and transferred to NMR tubes, 

under argon, for NMR analysis. Deuterated benzene was added as reference lock solvent. 

 Oleic Acid 

1H NMR (C6D6, 400 MHz): δ 0.88 (t, J = 6.50 Hz, 3 H, -CH3), 1.1 – 1.5 (multiplet, 22 H, -CH2-CH2-

CH2-), 1.9 – 2.2 (multiplet, 6 H, -CH2-CH2-CH2-COOH), 5.40 (multiplet, 2 H, -CH2-CH=CH-CH2), 

11.99 (s, 1 H, -COOH). 

13C NMR (C6D6, 400 MHz): δ 14.43 (-CH3), 23.19 (-CH2-CH2-CH3), 25.01, 27.68, 27.75, 29.42, 

29.47, 29.54, 29.62, 29.73, 29.76, 29.85, 29.88, 29.95, 29.98, 30.09, 30.19, 30.25, 30.32, 32.43, 34.34 

(-CH2COOH), 130.11, 130.26, 180.99 (-CH2COOH). 

 Oleylamine 

1H NMR (C6D6, 400 MHz): δ 0.59 (s, 2 H, -NH2), 0.90 (t, J = 4.0 Hz, 3 H, -CH3), 1.16 – 1.40 

(multiple broad peaks, 24 H, alkyl chain H), 1.95 – 2.15 (multiplet, 4 H, -CH2-CH=CH-CH2-), 2.50 

(2H, t, -CH2-NH2), 5.47 (t, J = 4.5 Hz, 2 H, -CH=CH-). 

13C NMR (C6D6, 400 MHz): δ 14.46 (-CH3), 23.22 (-CH2-CH2-CH3), 27.48, 27.76, 29.42, 29.54, 

29.72, 29.75, 29.77, 29.81, 29.83, 29.86, 29.88, 29.93, 29.99, 30.04, 30.11, 30.14, 30.16, 30.20, 30.22, 

30.26, 30.29, 30.31, 30.35, 32.48, 33.21, 34.59, 42.75 (-CH2-NH2), 130.17, 130.19, 130.71, 130.73. 

 Typical oleic acid and oleylamine mixture 

1H NMR (C6D6, 400 MHz): δ 0.90 (t, J = 6.4 Hz, 6 H, 2 × -CH3), 1.1 – 2.2 (multiple broad peaks, 54 

H, alkyl chain H), 2.42 (t, J = 7.4 Hz, 2 H, -CH2-CH2-NH3
+), 2.74 (t, J = 7.2 Hz, 2 H, -CH2-CH2-

COO-), 5.45 (t, J = 5.3 Hz, 4 H, 2 × -CH2-CH=CH-CH2), 8.63 (s, 3 H, -NH3
+). 

13C NMR (C6D6, 400 MHz): δ 14.43 (2 × -CH3), 23.17 (-CH2-CH2-CH3), 27.22, 27.31, 27.76, 27.81, 

27.84, 28.85, 29.74, 29.78, 29.83, 29.85, 29.91, 29.96, 30.01, 30.04, 30.08, 30.14, 30.23, 30.26, 30.31, 

30.33, 30.36, 30.46, 30.52, 32.40, 33.22, 33.25, 38.84 (-CH2COO-), 39.93 (-CH2-NH3
+), 130.15, 

130.18, 130.20, 130.24, 130.69, 130.78, 180.96 (-CH2COO-). 
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2.2.3. Nanoparticle syntheses involving other iron precursors 

2.2.3.1. Decomposition of dppf into nanoparticles 

1,1’-Bis(diphenylphosphino)ferrocene (dppf) complex was synthesised by the literature 

procedures60-63 and supplied by the School of Molecular Sciences. The dppf complex was freshly 

recrystallised, using hot hexanes, prior to nanoparticle synthesis. 

 The dppf complex was decomposed using a similar procedure for synthesising spherical 

nanoparticles (Section 2.2.2.1.). The reagents used are summarised in Table 2.4 below and the 

nanoparticles were separated from solution. 

Table 2.4 – Reaction conditions for decomposing dppf in ODE as solvent. 

ID Dppf 

(mM) 

Oleic Acid 

(mM) 

Oleylamine 

(mM) 

Solvent Temperature 

(°C) 

Reflux Time 

(h) 

FeP1 260 46 46 20 mL 300 1 

FeP2 74 46 46 20 mL 300 1 

 

2.2.3.2. Synthesis of heteronuclear iron containing precursors 

Standard Schlenk conditions were used during the synthesis of the ferrocene complexes. Acetyl 

chloride (AcCl, ≥ 99.0 %, Sigma-Aldrich), ethyl benzoate (EtBz, 99.0 %, Unilab), sodium (Na, 

Aldrich), hydrochloric acid (HCl, 32 %, Univar), lanthanum oxide (La2O3, 99.99 %, Electronic Space 

Products International) were used as received without any further purification. Absolute ethanol 

(EtOH, 99.5 %, Univar), tetrahydrofuran (THF, ≥ 99.5 %, Merck), ethyl acetate (EtOAc, ≥ 99.5 %, 

Univar) and dichloromethane (DCM, ≥ 99.9 %, Merck) were dried and distilled prior to use. Sodium 

ethoxide (NaOEt) was prepared by dissolving Na in EtOH and evaporating to dryness.64 Lanthanum 

chloride (LaCl3) was prepared by dissolving La2O3 in concentrated HCl and evaporating the product 

to dryness. 

 Mono acetylferrocene (1) 

 

This compound was prepared via a modified literature procedure.65 Acetyl chloride (8.1 mmol) in 

DCM (10 mL) was added over 15 min to a refluxing mixture of FcH (0.50 g, 2.71 mmol) and ZnO 
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(0.25 g, 0.31 mmol) in DCM (10 mL). The mixture was then allowed to reflux for a further 30 min, 

and the progress was monitored by TLC. The purple reaction mixture was allowed to cool to room 

temperature before being poured into stirring ice water. The blue aqueous layer was separated from 

the dark red organic layer and washed with DCM (10 mL × 3). The organic phases were combined 

and neutralised by washing with NaHCO3, water and then brine solution before being dried over 

MgSO4. DCM was removed in vacuo to obtain the crude dark red product which was purified by 

column chromatography (1:1 hexane: ethyl acetate). The purified product was dried in vacuo to yield 

mono acetylferrocene (0.52 g, 2.26 mmol, 84 %) as dark red needles. 

1H NMR (CDCl3, 400 MHz): δ 2.38 (s, 3 H, CH3), 4.19 (s, 5 H, C5H5), 4.48 (t, J = 2.0 Hz, 2 H, 

C5H4), 4.75 (t, J = 2.0 Hz, 2 H, C5H4).  

13C NMR (CDCl3, 400 MHz): δ 27.7, 69.9, 70.2, 72.6, 79.6, 202.4. 

 1-ferrocenyl-1,3-butanedione (2a) 

 

This compound was prepared via a modified literature procedure.66 Sodium (0.229 g, 9.96 mmol) was 

added to ethanol (100 mL) and stirred at room temperature until all the metal was dissolved. 

Acetylferrocene (0.49 g, 2.15 mmol) was then added to the solution and stirred at room temperature 

for 2 h. Ethyl acetate (0.30 mL, 3.40 mmol) was added dropwise to the ethanol solution. The reaction 

mixture was then refluxed for 6 h and monitored by TLC. The reaction mixture was then poured into 

ice water and acidified (pH ~ 6) by addition of 1 M HCl solution. The crude product was then 

extracted using ethyl acetate. The aqueous phase was washed with ethyl acetate (10 mL × 3) and all 

the organic phases were combined. Ethyl acetate was removed in vacuo to obtain a dark red crude 

product which was purified by column chromatography (4:1 hexane: ethyl acetate). The purified 

product was dried in vacuo to deliver the red 1-ferrocenyl-1,3-butanedione (0.21 g, 0.78 mmol, 36 

%). 

1H NMR (CDCl3, 400 MHz): δ 2.09 (s, 2.73 H, enol CH3), 2.32 (s, 0.64 H, keto CH3), 3.83 (s, 0.50 

H, keto CH2), 4.12 (s, 4 H, enol C5H5), 4.23 (s, 1 H, keto C5H5), 4.49 (t, J = 2.0 Hz, 1.74 H, enol 

C5H4), 4.57 (t, J = 2.0 Hz, 0.44 H, keto C5H4), 4.77 (multiplet,  2.12 H, C5H4), 5.72 (s, 0.94, enol 

CH). 
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 1-ferrocenyl-3-phenyl-1,3-propanedione (2b) 

 

This compound was prepared via a modified literature procedure.67 A solution of acetylferrocene 

(0.50 g, 2.21 mmol), ethyl benzoate (0.57 mL, 3.99 mmol) and NaOEt (0.29 g, 4.26 mmol) in 50 mL 

of THF was refluxed under argon for 4 hours and monitored by TLC. The red precipitate was acidified 

with 2 M HCl and dissolved in DCM. The DCM solution was washed with water (3 × 10 mL), and t 

he organic layer was dried over MgSO4. The solvent was taken off in vacuo yielding a dark red oil 

which was purified by column chromatography (10 % EtOAc in hexane). The purified product was 

dried in vacuo to yield 1-ferrocenyl-3-phenyl-1,3-propanedione as a dark red viscous oil (0.28 g, 0.85 

mmol, 38 %). 

1H NMR (CDCl3, 400 MHz): δ 4.22 (s, 5 H, C5H5), 4.27 (s, 0.27 H, enol CH), 4.36 (s, 0.22 H, enol 

CH), 4.56 (t, J = 2.0 Hz, 2.15 H, C5H4), 4.89 (t, J = 2.0 Hz, 2.04 H, C5H4), 6.39 (s, 1.29 H, keto CH2), 

7.50 (multiplet, 3.57 H, enol C6H5), 7.93 (multiplet, 2.16 H, keto C6H5). 

 Lanthanum tris(1-ferrocenyl-1,3-butanedione) (3a) 

 

This complex was prepared via a modified literature procedure.68 Compound 2a (0.20 g, 0.75 mmol) 

was dissolved in 1:1 MeOH: H2O (25 mL) and aqueous ammonia was added dropwise until red litmus 

paper turned blue. LaCl3 (0.094 g, 0.38 mmol) dissolved in 1:1 MeOH: H2O (25 mL) was added 

dropwise to the 50 °C stirring solution containing 2a. The solution was allowed to stir for 1 hour 

before the red precipitate was collected and washed with water, followed by methanol. The product 

was dried in vacuo to yield a red powder of lanthanum tris(1-ferrocenyl-1,3-butanedione) (0.13 g, 

0.14 mmol, 19 %). 
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1H NMR (CDCl3, 400 MHz): δ 2.09 (s, 2.30 H, enol CH3), 2.32 (s, 0.70 H, keto CH3), 3.83 (s, 0.45 

H, keto CH2), 3.97 (s, 0.14 H, unknown), 4.19 (s, 4.00 H, C5H4H), 4.23 (s, 1.00 H, C5H4H), 4.50 (s, 

1.50 H, C5H4), 4.57 (s, 0.50 H, C5H4), 4.77 (s, 2.00 H, C5H4), 5.72 (s, 0.80, enol CH). 

 Lanthanum tris(1-ferrocenyl-3-phenyl-1,3-propanedione) (3b) 

 

The same procedure for the synthesis of 3a was followed to prepare 3b; however, a 1:1 EtOH: H2O 

solution was used instead of a 1:1 MeOH: H2O solution. Compound 2b (0.28 g, 0.85 mmol) and 

LaCl3 (0.072 g, 0.29 mmol) was used to yield a dark red solid of lanthanum tris(1-ferrocenyl-3-

phenyl-1,3-propanedione) as product (0.22 g, 0.20 mmol, 69 %). 

1H NMR (CDCl3, 400 MHz): δ 1.28, 1.95, 2.04, 2.08, 2.19, 2.27, 2.39, 2.61, 3.44, 4.19, 4.21, 4.50, 

4.77, 4.97. Due to significant peak broadening, the NMR spectrum could not be integrated properly. 

2.2.4. Decomposition of heteronuclear iron containing precursors into nanoparticles 

Standard Schlenk techniques were used. The decomposition of lanthanum tris(1-ferrocenyl-1,3-

butanedione) and lanthanum tris(1-ferrocenyl-3-phenyl-1,3-propanedione) used a modified 

procedure discussed in section 2.2.1. of this chapter. Each complex was dissolved in ethyl acetate and 

transferred to the reaction vessel. Ethyl acetate was then removed in vacuo, before the dry red 

complexes were left under vacuum for 1 h before backfilling the vessel with argon. ODE, OA and 

OAm were then transferred under argon before the reaction vessel was heated to reflux for 1 h. The 

reagents used for each experiment are summarised in Table 2.5. 

Table 2.5 – Reaction conditions for decomposing La containing ferrocene complexes in ODE as 

solvent. 

ID Complex Complex 

(mM) 

Oleic Acid 

(mM) 

Oleylamine 

(mM) 

Solvent Temperature 

(°C) 

Reflux Time 

(h) 

FeLa1 3a 14 3.2 3.0 10 mL 300 1 

FeLa2 3b 20 3.5 3.6 10 mL 300 1 
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2.3. Results and Discussion 

Previous studies,32, 33 decomposing ferrocene at 400 °C, used paraffin wax as the solvent, which 

complicates nanoparticle separation from solution as paraffin wax is a solid at room temperature, and 

this was obviated using dibenzyl ether or 1-octadecene (ODE) as solvents. We determined that 

nanoparticles with defined morphologies could be obtained at significantly lower temperatures than 

previously observed.32, 33 

2.3.1. Decompositions involving dibenzyl ether as solvent 

Dibenzyl ether was used during initial test reactions for the decomposition of ferrocene. This solvent 

was chosen as it is commonly used in the literature, due to its high boiling point and is readily 

available.22, 69 Furthermore, a recent study70 observed an improvement in nanoparticle crystallinity 

when dibenzyl ether was used as solvent, rather than other high boiling point solvents, such as dioctyl 

ether or 1-octadecene.70 

 Dibenzyl ether’s reflux temperature of 298 °C could never be reached and it was challenging 

to establish a stable reaction temperature that did not fluctuate during the reaction. However, these 

reactions (Fe1–3) did produce nanoparticles of uniform shape (spherical) and size. The average 

nanoparticle sizes produced were 8.3 ± 1.9 nm (Fe1 in Figure 2.1(a)), 7.7 ± 2.1 nm (Fe2 in Figure 

2.1(b)) and 4.5 ± 0.8 nm (Fe3 in Figure 2.1(c)). The nanoparticles in Figure 2.1 were characterised 

by selected area electron diffraction (SAED) and it was found the nanoparticles consisted of 

magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3). Differentiating between the two iron oxide phases 

of magnetite and maghemite is difficult due to their similar diffraction patterns, consequent of their 

lattice parameters, spinel structures and line broadening of the patterns.56, 73 The nanoparticle size 

distribution and SAED data are available in Appendix A Figure A1. 

 

Figure 2.1 – Bright field TEM micrographs of nanoparticles produced by, a) Fe1, b) Fe2 and c) Fe3. 

In each case, the nanoparticles were found to be magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3). 
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 Although reactions Fe1–3 produced nanoparticles of uniform shape and size, it was decided 

that dibenzyl ether is not an ideal solvent choice to use for decomposition of ferrocene, due to the 

difficulty in controlling the reaction temperature. It was therefore decided to use a different solvent 

for consequent reactions. 

2.3.2. Initial ferrocene decomposition reactions involving 1-octadecene as 

solvent 

ODE was tested as reaction solvent as it is also commonly used as solvent in nanoparticle synthesis 

reactions.21, 22 By using ODE a more stable reflux temperature of 310 °C could be achieved. Small 

scale reactions (10 mL ODE) were trialled; however, we found it challenging to control the reaction 

heating rate for reactions conducted with 10 mL ODE. Nevertheless, the nanoparticles produced by 

these reactions (Fe4–8) were deemed interesting and are shown in Figure 2.2. The nanoparticles were 

characterised by SAED (Appendix Figure A3) and the data summarised in Appendix A Table A3. 

 By using low ferrocene concentrations and low OA and OAm surfactant concentrations (Fe4) 

large structures were produced (Figure 2.2(a)). No interpretable SAED pattern could be obtained for 

Fe4 as the nanoparticles were large and did not allow sufficient transmission of the electrons and 

hence poor diffraction of the electrons. 

 Triangular shaped nanoparticles formed serendipitously (Figure 2.2(b–c)) when larger 

ferrocene, OA and OAm concentrations (Fe5) were used. Upon completion of this reaction (Fe5), the 

heating mantle was removed and the reaction mixture was allowed to cool with magnetic stirring, 

using a heater-stirrer block. The reaction mixture was allowed to cool and stir over night; however, 

the heating dial was turned on. The proximity of the reaction vessel to the stirrer allowed sufficient 

heat to be transferred from the stirrer to the reaction vessel. This caused the reaction mixture to not 

cool below 120 °C for a period of 14 hours. Few nanoparticles were isolated from the reaction 

mixture; however, the triangular nanoparticles produced by Fe5 (Figure 2.2(b–c)) had an SAED 

pattern that was in agreement with that of magnetite71 (Fe3O4) or maghemite72 (γ-Fe3O4). 

 The reaction conditions of Fe5 were repeated, with the overnight heating step of the reaction 

mixture duplicated using an oil-bath, preheated to 120 °C. A mixture of spheres, cubes and other 

smaller shapes were produced (Figure 2.2(d)). The repeat of Fe5 (Figure 2.2(d)) had diffraction planes 

consistent with that of magnetite71 (Fe3O4) or maghemite72 (γ-Fe3O4); however, the planar spacings 

could also be assigned to wüstite74 (FeO). 

 Repeating Fe5, without the post reaction heating step (Fe6), delivered large cubes as well as 

smaller nanoparticles without a defined shape (Figure 2.2(e)). Nanoparticles produced by Fe6 (Figure 
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2.2(e)) were also difficult to analyse due to the presence of the large nanoparticles; however, the 

SAED pattern was consistent with that of magnetite71 (Fe3O4) or maghemite72 (γ-Fe3O4). 

 Increasing the OA and OAm concentration (Fe7) delivered cubes and other large structures 

(Figure 2.2(f–g)). Fe7 yielded nanoparticles (Figure 2.2(f–g)) with an SAED pattern consistent with 

that of either wüstite74 (FeO), magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe3O4). 

 A larger concentration of ferrocene (Fe8) yielded in a mixture of shapes as well as small 

nanoparticles that appear to cluster together to form “flowerbeds” on the TEM grid (Figure 2.2(h)). 

These “flower bed” nanoparticle clusters appeared to be an isolated occurrence, as other areas on the 

TEM grid did not have these nanoparticle clusters; however, the larger nanoparticles did appear to 

also form clusters of nanoparticles (Figure 2.2(i)). 

 

Figure 2.2 – TEM micrographs of nanoparticles produced by altering the reactant concentrations in 

10 mL of ODE; nanoparticles produced by a) Fe4, b) Fe5, c) higher magnification Fe5, d) repeat of 

reaction conditions Fe5, e) Fe6, f) Fe7, g) magnification of the nanoparticles produced by Fe7, h) 

the “flowerbed” type of nanoparticle clusters produced by Fe8, i) other larger nanoparticle clusters 

without a defined shape, also produced by Fe8. 
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 Furthermore, Fe8 yielded nanoparticles that appeared to be of mixed phases that could not be 

separated. The “flowerbed” nanoparticles (Figure 2.2(h)) had an SAED pattern consistent with that 

of magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe3O4). The nanoparticles that formed clusters, in a 

different area on the TEM grid, had an SAED pattern also consistent with magnetite71 (Fe3O4) and/or 

maghemite72 (γ-Fe3O4); however, the diffraction planes were also in agreement with that of wüstite74 

(FeO). 

2.3.2.1. Discussion and remarks 

Although not reproducible, we deem the triangular nanoparticles (Fe5) and “flowerbed” nanoparticle 

clusters (Fe8) noteworthy as these nanoparticle shapes have not previously been synthesised during 

a solution-phase decomposition of ferrocene in ODE. The distorted cubic shaped nanoparticles (Fe7) 

were also interesting; however, optimisation of distorted cubic shaped nanoparticle synthesis is 

described later in this chapter. X-ray diffraction (XRD) analysis could not be conducted on 

nanoparticles that formed during reactions with 10 mL ODE as insufficient sample was present for 

XRD analysis. 

 We believe the triangular shaped nanoparticles (Fe5) in Figure 2.2(c) formed due to the 

serendipitous heating of the reaction mixture while being cooled. The nanoparticles aged in such a 

way that these triangular shapes formed. The temperature may have also fluctuated during the post-

heating for Fe5, making it difficult to reproduce these results, as observed for Fe5’s repeat under 

controlled conditions. Nanoparticle ageing is known to alter the phase, size and shape of 

nanoparticles.75, 76 

 The “flowerbed” clusters of nanoparticles (Fe8) are unique and the exact mechanism for their 

formation is unclear. It appears these nanoparticle clusters consist of misshapen magnetite or 

maghemite nanoparticles that aggregated together during sample preparation. Wüstite “popcorn” 

shaped nanoparticles were previously reported in the literature77 and had similarities in appearance to 

our “flowerbed” nanoparticles (Figure 2.2(h)). However, the “flowerbed” nanoparticles presented 

here (Figure 2.2(h)) consist of individual nanoparticles that aggregated together, whereas the 

literature “popcorn” clusters are single polycrystalline nanoparticles.77 
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2.3.3. Improved solution-phase decomposition of ferrocene into wüstite-iron 

oxide core-shell nanoparticles 

Due to the challenging nature of establishing a reliable reaction heating rate with 10 mL ODE, 

consequent reactions were conducted on a larger scale of 20 mL ODE. It was found that using a larger 

volume provided less of a challenge to achieve a reproducible reaction heating rate. The following 

results presented in this section (Section 2.3.3.) of this chapter consist mostly of work intended for 

publication in a peer-reviewed journal. 

 Three distinct nanoparticle shapes were synthesised, namely spherical, distorted cubic and 

concave faced distorted cubic nanoparticles. We were able to achieve these shapes through simple 

adjustments to the reaction parameters. 

2.3.3.1. Spherical and distorted cubic nanoparticle synthesis 

Nanoparticle shape and size control was explored through adjusting typical reaction conditions, such 

as reagent, surfactant concentration and reaction time. 

 The effects of adjusting OA concentration, while keeping OAm concentration constant during 

each experiment, are shown in the bright field TEM images of spherical nanoparticles (Figure 2.3). 

By using an equimolar concentration ratio of OA: OAm (Fe9) 29.3 ± 2.3 nm nanoparticles (Figure 

2.3(c)) formed. Increasing the OA concentration to an OA: OAm ratio of 2:1 (Fe12) yielded smaller 

7.5 ± 2.8 nm nanoparticles (Figure 2.3(a)). Larger nanoparticles (57.0 ± 13.7 nm) were produced 

when an OA: OAm concentration ratio of 1:2 (Fe13) was used (Figure 2.3(e)). These larger 

nanoparticles (Fe13) appeared to not have a distinct sphere shape as those produced by Fe9 or Fe12.  
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Figure 2.3 – Bright field TEM images of nanoparticles produced by adjusting the OA concentration: 

(a) 2:1 OA: OAm concentration ratio (Fe12) yielding small spherical nanoparticles with (b) a narrow 

size distribution of 7.5 ± 2.8 nm, (c) 1:1 OA: OAm concentration ratio (Fe9) yields larger 

nanoparticles with (d) a narrow size distribution of 29.3 ± 2.3 nm, (e) 1:2 OA: OAm concentration 

ratio (Fe13) yielded larger nanoparticles starting to losing their distinct sphere shape and with (f) a 

broader size distribution of 57.0 ± 13.7 nm. 

 Figure 2.4(a) shows freshly prepared nanoparticle samples (Fe9) with a corresponding SAED 

pattern (Figure 2.4(b)). Figures 2.4(c) and 2.4(d) show an aged nanoparticle sample (Fe9) and its 

corresponding SAED. The corresponding lattice spacing measurements from the SAED patterns are 

summarised in Appendix A Table A4. Freshly prepared nanoparticle samples had planar spacings 

consistent with that of wüstite74 (FeO). However, we noted in the aged sample two additional weak 

rings at ~ 1.6 Å and ~ 2.9 Å were also present. These spacings are consistent with that of magnetite71 

(Fe3O4) or maghemite72 (γ-Fe2O3), suggesting the initial nanoparticles have partially oxidised upon 

ageing. It is important to note the spacings measured from the aged sample are similar to that of either 

wüstite or magnetite/maghemite. Even though the measurements appear to support the continuous 

presence of the wüstite phase, we cannot conclude with absolute confidence from SAED data alone 
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whether the wüstite phase is still present in the aged sample. We also note a change in the appearance 

of the nanoparticles; freshly prepared nanoparticles had a distinct core-shell nature (Figure 2.4(a)), 

while the aged sample had a less apparent core-shell morphology (Figure 2.4(c). This apparent change 

in the morphology of the nanoparticles, together with the SAED data, suggest an initial disordered 

shell (fresh sample) converts into an ordered oxide shell over the course of a few days of ageing. The 

thickness of the shell is now uncertain in the aged sample. 

 

Figure 2.4 – Bright field TEM image of (a) freshly prepared nanoparticles (Fe9) with insert showing 

the core-shell morphology of the nanoparticles (scale bar = 20 nm) and (b) corresponding SAED 

pattern consistent with that of wüstite74 phase. (c) The nanoparticles appeared to oxidise upon ageing 

with the insert showing the apparent disappearance of the distinct core-shell morphology, after seven 

days ageing (scale bar = 10 nm) with (d) corresponding SAED pattern with additional rings (i and 

iv) consistent with magnetite71 or maghemite72 phases. 

 The presence of the phases wüstite74 (FeO), magnetite71 (Fe3O4) and/or maghemite72 (γ-

Fe2O3), in the aged sample was confirmed by powder XRD (Figure 2.5). Additionally reflections 

corresponding to iron78 (α-Fe) were also observed. The XRD data are summarised in Appendix A 

Table A5. The wüstite cores observed in the fresh samples have therefore not fully oxidised at this 

point. 
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Figure 2.5 – Powder XRD pattern for spherical nanoparticles (Fe9) with wüstite74 (FeO) and iron78 

(α-Fe) labelled with Miller indices. The peaks marked with an asterisk (*) corresponds to the 

magnetite71 (Fe3O4) or maghemite72 (γ-Fe2O3) phases also present. The XRD data are summarised in 

Appendix A Table A5. 

 Smaller spherical nanoparticles (Figure 2.6(a)) could also be produced when using the same 

reaction conditions as Fe9, but with a decreased reaction time (Fe10). Similarly, when the reaction 

time was extended to two hours (Fe11) larger nanoparticles formed; however, theses nanoparticles 

were misshapen (Figure 2.6(c)). The SAED patterns from these nanoparticles (Fe10 and Fe11) are 

consistent with that of other synthesis conditions (Appendix A Table A6). This nanoparticle size and 

shape change is therefore indicative of how reaction time can affect nanoparticle morphology. The 

size change with changing reaction time is similar to what has been previously observed in the 

literature for ferrocene decomposition at higher temperatures.32, 33 
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Figure 2.6 – Bright field TEM images of (a) small spherical nanoparticles produced by a reduced 

reaction time (Fe10) with (b) corresponding SAED pattern consistent with that of wüstite74 (FeO), 

magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3), (c) large misshapen nanoparticles produced by 

an extended reaction time (Fe11) with (d) corresponding SAED pattern consistent with that of 

wüstite74 (FeO), magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3). 

 Different nanoparticle morphologies were obtained when changing the OA and OAm 

concentrations (Figure 2.7). Distorted cubic nanoparticles (Figure 2.7(a)) formed when using a 2:1 

OA: OAm concentration ratio (Fe17). These nanoparticles (Fe17) had an entirely different 

morphology to the nanoparticles from reaction conditions Fe9, also using a 2:1 OA: OAm ratio. Both 

these reactions (Fe9 and Fe17) were conducted in a 20 mL volume ODE; however, Fe17 had half the 

total surfactant concentration to Fe9, (i.e. Fe9 had a 4:2 OA: OAm concentration ratio, relative to 

Fe17’s 2:1 OA: OAm concentration ratio). Due to this result, further experiments were conducted to 

elucidate the effects of OA on nanoparticle formation. Therefore, OAm was excluded from the 

reaction mixture (Fe15), resulting in a mixture of distorted cubes and spheres of similar sizes forming 

(Figure 2.7(c)). Like the spherical nanoparticles (Fe15), the distorted cubic nanoparticles (Fe15) had 

a core-shell nature. These two morphologies could not be separated from each other. HRTEM and 

SAED (Appendix A Figure A4) again supported the formation of core-shell nanoparticles consisting 

of wüstite74 (FeO) core and a shell of magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3). Figure 

2.7(d) shows the resulting nanoparticles that formed when the OA concentration was reduced further 

(Fe16). The nanoparticles from this reaction (Fe16) consisted of distorted cubes varying in size as 



Chapter 2 

 

31 

 

well as other larger misshapen nanoparticles. When OA was not present in the reaction mixture 

(Fe14), small misshapen nanoparticles formed (Appendix A Figure A5). This was consistent with 

previous observations when OAm was used as the only present surfactant when decomposing 

ferrocene in ODE.34 Additionally, when using reaction conditions Fe18, particles of various shapes 

and sizes formed (Appendix A Figure A6). The SAED data (Appendix A Table A8) for these 

nanoparticles (Fe18) were consistent with previously observed nanoparticles. 

 

Figure 2.7 – Bright field TEM micrographs of nanoparticles, resulting from adjustments to the 

surfactant concentrations, by decomposing ferrocene in 20 mL ODE; (a) 46 mM OA and 22 mM OAm 

(2:1 ratio) yields distorted cubes (Fe17), (b) 92 mM OA and 46 mM OAm (2:1 ratio) yields spheres 

(Fe9), (c) 46 mM OA without OAm yields a mixture of spheres and distorted cubes (Fe15), and (d) 

22 mM OA without OAm yields in distorted cubes and other large structures forming (Fe16). 

 We deemed the distorted cubic nanoparticles (Fe17) noteworthy as such morphology had not 

been previously synthesised using ferrocene in a solution-phase decomposition. These nanoparticles 

(Fe17) also had a core-shell morphology (Figure 2.8) and had an average nanoparticle diameter of 

38.6 ± 6.9 nm (Appendix A Figure A7). These nanoparticles did not noticeably age as the thickness 

of the initial shell did not increase significantly over a storage period of three months (Appendix A 

Figure A8). Also, no significant changes were observed in the SAED patterns (Appendix A Table 

A9), which were consistent again with patterns obtained from other nanoparticle syntheses. Through 

HRTEM we confirmed both the core and the shell of the nanoparticles (Fe17) to be crystalline 

(Appendix A Figure A8(b)). Lattice spacing measurements of the core (2.48 ± 0.03 Å) had a slightly 

smaller value than the shell (2.51 ± 0.03 Å). These measurements were consistent with the (111) 
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(2.4976 Å)74 wüstite (FeO) plane and the (311) (2.5347 Å)79 magnetite (Fe3O4) or (2.5168 Å)72 

maghemite (γ-Fe2O3) plane, respectively. This once more supports the hypothesis that we have a 

wüstite core and magnetite/maghemite shell. 

 

Figure 2.8 – Bright field TEM image of (a) distorted cubic nanoparticles produced by Fe17 with (b) 

corresponding SAED pattern. The measured planar spacings correspond to wüstite74 (FeO), 

magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3) and is summarised in Appendix A Table A9. 

 The powder XRD pattern of the distorted cubic nanoparticles (Fe17) are shown in Figure 2.9. 

The corresponding planar spacings (Appendix A Table A10) can be assigned to the iron oxide phases 

of wüstite74 (FeO), magnetite71 (Fe3O4), and/or maghemite72 (γ-Fe2O3). We also note the (111) 

reflection for iron78 (α-Fe) was also present. 

 

Figure 2.9 – Powder XRD pattern of the distorted cubic nanoparticles (Fe17) showing the presence 

of wüstite74 (FeO) and iron78 (α-Fe). The reflections marked with an asterisk (*) denotes the 

magnetite71 (Fe3O4) or maghemite72 (γ-Fe2O3) phases. The labels correspond to the Miller indices 

for the set of lattice planes responsible for the diffraction plane. The XRD data are summarised in 

Appendix A Table A10. 
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 In order to obtain a better visualisation of the core-shell morphology of the distorted cubic 

nanoparticles (Fe17), scanning TEM (STEM) imaging techniques were used. A comparison of bright 

field (BF) STEM, annular dark field (ADF) STEM and high angle annular dark field (HAADF) 

STEM is shown in Figure 2.10. The BF STEM image (Figure 2.10(a)) acts as a reference image to 

the other images and has similar contrast to a standard BF TEM image, showing the core-shell 

morphology of the nanoparticles. The ADF STEM image (Figure 2.10(b)) gives an improved 

visualisation of the core-shell morphology of the nanoparticles. The contrast difference in the ADF 

STEM image between the core and the shell is due to either mass or crystallographic orientation 

differences between the core and shell of the nanoparticle. The HAADF STEM image (Figure 

2.10(c)) gives a qualitative visualisation of mass-thickness contrast; however, the contrast between 

the core and shell is not as clear as in the BF or ADF STEM images of the nanoparticles. This 

diminished contrast difference in the HAADF STEM image suggests the contrast differences in the 

ADF STEM image (Figure 2.10(b)) may be predominantly due to different crystallographic 

orientations within the sample.  

 

Figure 2.10 – STEM images of an iron oxide nanoparticle with (a) the bright field image showing 

the core-shell structure, (b) annular dark field image showing the phase difference in the nanoparticle 

composition, (c) high angle annular dark field image showing very little mass-thickness-contrast, (d) 

EDX spectrum of the nanoparticle, (e) elemental mapping of iron within the sample and (f) elemental 

mapping of oxygen within the sample. 

 Energy dispersive X-ray spectroscopy (EDX) (Figure 2.10(d)) confirmed the elemental 

composition of the distorted cubic nanoparticles. In addition to the expected Fe and O signals, Cu and 
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C are also observed and arises due to the carbon coated Cu TEM grid used for sample preparation. 

STEM-EDX mapping (Figure 2.10(e, f)) suggested the distorted cubic nanoparticles consisted 

entirely of iron and oxygen, further confirming both the core and the shell to be iron oxide species. 

EDX quantification near the centre of the nanoparticles; where the signal will predominantly be from 

the nanoparticle core, (Appendix A Table A11) showed an approximately 1:1 Fe: O ratio, further 

suggesting the core to consists of wüstite (FeO). The same analysis could not be conducted on the 

shell of the nanoparticle due to insufficient signal for accurate analysis and was subject to a significant 

background signal from the neighbouring nanoparticle core. 

 Electron energy-loss spectroscopy (EELS) (Figure 2.11) was conducted to confirm the 

valence states of Fe in the core and the shell of the distorted cubic nanoparticles produced by Fe17. 

The electron beam was scanned across the nanoparticle. The core was found to have predominantly 

Fe(II) characteristics, while the shell of the nanoparticle tends towards Fe(III) characteristics. The 

energy-loss edges were referenced to the zero-loss peak, calibrated to 0.0 eV. A shift in the L3 edge, 

from 708.7 eV to 709.5 eV, is observed when the electron beam transitions from the core to the shell 

of the nanoparticle. This shift was also apparent in the L2 edge, with a shift from 721.7 eV to 722.8 

eV. A slight shoulder is observed, on the low-loss side of the spectrum, for the nanoparticle shell’s 

L3 edge (Figure 2.11(b)), suggesting the nanoparticle shell contained a mixture of mostly Fe(III) and 

some Fe(II).80, 81 
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Figure 2.11 – EELS analysis of a nanoparticle; (a) overlaid EELS spectra of the core and shell of 

the nanoparticle with the HAADF STEM image of the nanoparticle (insert), showing the scanned 

section. Relative intensity spectra for comparison of (b) the Fe L3 edges and (c) the Fe L2 edges. 

2.3.3.2. Distorted cubic nanoparticles with concave faces 

 We noticed a subtle change in the heating regime, to include a preheating step of the solvent-

surfactant mix, resulted in monodispersed distorted cubic nanoparticles with concave faces (Fe19) 

(Figure 2.12) forming, with an average nanoparticle diameter of 23.5 ± 2.6 nm (Appendix A Figure 

A10). SAED (Appendix A Table A12), powder XRD (Appendix A Figure A11) as well as EDX 

analysis (Appendix A Figure A12) were consistent with previous nanoparticles. 
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Figure 2.12 – Bright field TEM image (a) of the monodispersed distorted cubic nanoparticles with 

concave faces (Fe19), with (b) a higher magnification of some of the nanoparticles and (c) 

corresponding SAED pattern of the nanoparticles, with planar spacings corresponding to wüstite74 

(FeO), magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3), and are summarised in Appendix A Table 

A12. 

 It was thought that extending the reaction time of Fe19 would result in distorted cubes with 

sharp edges, similar to Fe17. However, larger distorted cubic nanoparticles with concave faces 

(Figure 2.13) of 54.0 ± 13.5 nm (Appendix A Figure A13) formed when the reaction time was 

extended (Fe20). SAED (Appendix A Table A14) was in agreement to previously observed 

nanoparticles. Powder XRD (Figure 2.14) of the nanoparticles (Fe20) confirmed the phases of 

wüstite74 (FeO) and magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3) within the sample, with the 

XRD data summarised in Appendix A Table A15. 

 

Figure 2.13 – Bright field TEM image (a) of the larger distorted cubic nanoparticles with concave 

faces, resulting from an extended reaction time (Fe20) with (b) corresponding SAED pattern. The 

measured planar spacings correspond to wüstite74 (FeO), magnetite71 (Fe3O4) and/or maghemite72 

(γ-Fe2O3) and are summarised in Appendix A Table A14. 
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Figure 2.14 – Powder XRD pattern of the larger distorted cubic nanoparticles with concave faces 

(Fe20) showing the presence of wüstite74 (FeO). The reflections marked with an asterisk (*) denotes 

the magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3) phases. The labels correspond to the Miller 

indices for the set of lattice planes responsible for the diffraction planes. The XRD data are 

summarised in Appendix A Table A15. 

 We rationalised that reaction conditions Fe19 can be simplified, to minimise any potential air 

exposure to the reaction mixture upon transfer of ferrocene to the reaction vessel, after the reaction 

solution preheating step. Fe21 avoided potential air exposure, after the preheating step, by including 

ferrocene in the reaction solution prior to the preheating step. The resulting nanoparticles from this 

reaction (Fe21) were not uniform in shape (Figure 2.15(a)), as distorted cubic nanoparticles with 

concave faces formed along with other sphere-like nanoparticles. The two shapes could not be 

separated from each other. The SAED pattern for Fe21 (Figure 2.15(b)) was consistent with that of 

previous nanoparticles (Appendix A Table A16). 

 Drastically increasing the surfactant concentration (Fe22) still yielded distorted cubic 

nanoparticles with concave faces. The reaction mixture (Fe22) could not reach previously observed 

reflux temperatures (Fe19). The SAED pattern for Fe21 (Figure 2.15(b)) was consistent with that of 

previous nanoparticles (Appendix A Table A16). 
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Figure 2.15 – Bright field TEM images of (a) distorted cubic nanoparticles with concave faces as 

well as sphere-like nanoparticles (Fe21) with (b) corresponding SAED pattern with measured planar 

spacings corresponding to wüstite74 (FeO), magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3), (c) 

distorted cubic nanoparticles with concave faces (Fe22) with (d) corresponding SAED pattern with 

measured planar spacings corresponding to wüstite74 (FeO), magnetite71 (Fe3O4) and/or 

maghemite72 (γ-Fe2O3). The SAED planar measurements are summarised in Appendix A Table A16. 

2.3.3.3. NMR experiments 

We reasoned that a reaction might have occurred during the heating of the surfactants, prior to 

ferrocene addition. It has been observed82 that dialkylamides can direct nanoparticle growth 

differently than a mixture of OA and OAm.82 The 1H and 13C NMR spectra of the preheated mixture 

of OA and OAm suggested that no dialkylamides were formed, but OA was ionised, forming [OA-

H]- and [OAm+H]+. This ion paired species, [OA-H][OAm+H], formed prior to heating the surfactant 

mix and no new species formed upon heating. Figures 2.16 and 2.17 show the 1Hand 13C NMR spectra 

of the surfactant mixture after 1 h of heating, therefore representing the surfactant mix before 

ferrocene addition in a typical reaction forming cubes with concave faces. The most noteworthy 

feature in the 1H NMR spectra (Figure 2.16) is the appearance of a singlet peak at 8.63 ppm in the 

surfactant mix. This is indicative of a deprotonation of OA and protonation of OAm. When integrating 

the peaks in the surfactant mixture spectrum the relative integrals of the peaks at 0.90 ppm, 5.45 ppm 

and 8.63 ppm had a ratio of 6:4:3, which are consistent with a total of six protons on the methyl 

groups on each hydrocarbon chain, four protons over the two double bonds and three protons on the 
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–NH3
+ functional group. This protonation, rather than amide formation, is further supported by the 

13C NMR spectra (Figure 2.17). No new peaks consistent with an amide are present in the surfactant 

mixture 13C NMR spectrum; however, we do note an apparent upfield shift of the peak at 42.75 ppm 

in the OAm spectrum to 39.85 ppm in the surfactant mix spectrum. Furthermore, the peak at 34.65 

ppm in the OA spectrum appears to shift downfield to 38.80 ppm in the surfactant mix spectrum. We 

attribute these shifts due to electronegativity changes in the molecules as OA is deprotonated and 

OAm is protonated. 

 

Figure 2.16 – 1H NMR spectra of OA, OAm and the surfactant mixture after heating for 1 h. 
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Figure 2.17 – 13C NMR spectra of OA, OAm and the surfactant mixture after heating for 1 h. 

2.3.3.4. Ferrocene decomposition discussion and remarks 

It seems paradoxical to obtain iron oxide nanoparticles using rigorous inert and oxygen-free reaction 

conditions. Most other studies appear to ignore this subtle issue; however, it has been proposed that 

OA may be the oxygen source for iron oxide formation.83 It has also been shown that the formation 

of small Fe3O4 or Fe2O3 nanoparticles arises from the initial formation of FeO, which oxidises upon 

workup in air.13, 84 Larger FeO nanoparticles do not fully oxidise upon workup, leading to FeO-iron 

oxide core-shell nanoparticles,85 as we observed in this study. 

 Each synthesis, reported in this section (Section 2.3.3.), produced wüstite (FeO) nanoparticles. 

It is known for nanoscale wüstite to be considerably more stable at ambient temperatures than bulk 

wüstite, but also known to be more difficult to synthesise.23 Nanoscale wüstite, like its bulk form, 

also disproportionates into α-Fe and Fe3O4 via a two-step mechanism, and Fe3O4 can then further 

oxidise into γ-Fe2O3.
56, 74, 80, 86 We noted this disproportionation and oxidation in the SAED and XRD 

data reported here. It is clear, from these data, the nanoparticles do oxidise during ageing,85 forming 

an iron oxide shell around the wüstite core, obliging their storage under inert conditions. Due to their 
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similar diffraction patterns, consequent of their lattice parameters, spinel structures and line 

broadening of the patterns, it is difficult to distinguish between Fe3O4 and γ-Fe2O3.
56, 73 

 The core-shell morphology of the distorted cubic nanoparticles (Fe17) was visualised with 

greater clarity by using HRTEM and STEM imaging techniques opposed to when standard BF TEM 

imaging was used. This, along with EELS analysis, allowed further elucidation and justification of 

the nanoparticle compositions. It is known that spacially resolved EELS analysis on the L2 and L3 

edges, in the high energy-loss part of the EEL spectrum of iron, provides information to differentiate 

between the Fe(II) and Fe(III) phases of iron in the form of a subtle peak shift.80, 81 Through this we 

advocated the core of the nanoparticles consisted of an Fe(II) environment, hence FeO, while the shell 

comprised of an Fe(III) environment, hence Fe3O4 or γ-Fe2O3. Care needed to be taken when 

analysing the samples, as the electron beam was capable of damaging the shell of the nanoparticles 

in some cases. In such cases Fe(II) was present in the shell of the nanoparticle over a previously 

scanned region and therefore suggests the electron beam reducing the Fe(III) rich shell to Fe(II). We 

note, from the shape of the L3 edge (Figure 2.11(b)), it can be seen the shell of the nanoparticles also 

possibly contained a mixture of Fe(III) and Fe(II). This mix of iron valencies further suggest the shell 

composition to be magnetite (Fe3O4), known to have both divalent and trivalent iron, and can be 

denoted as [Fe(II)][Fe(III)]2O4.
56 

 We attribute the controlled nanoparticle formation observed in this section (Section 2.3.3.) to 

the use of a combination of OA and OAm as surfactants. Previous studies excluded OA when ODE 

was used as a solvent for the decomposition of ferrocene,34 or excluded OAm when paraffin wax was 

used as solvent.32, 33 The distorted cubes produced and described here, Fe17 and Fe19, are particularly 

noteworthy, as only spheres had been previously synthesised during solution-phase decomposition of 

ferrocene.32, 33 The shape and size of the nanoparticles can be altered by adjusting the surfactant 

concentrations. We also noted the necessity of using a combination of both OA and OAm for 

nanoparticle shape control, as evidenced by the nanoparticle shape variations of Fe14, Fe15 and Fe16. 

It is known that OA concentration influences the size of iron oxide nanoparticles as we observed for 

the spherical nanoparticles Fe9, Fe10, Fe12 and Fe13. 

 In the case of iron oxide nanoparticle formation, it has been previously shown that OA is the 

main ligand binding to the nanoparticle surface and the role of OAm binding to the nanoparticle 

surface is not clear.8, 87 However, the presence of OAm in the reaction solution does lead to stable 

nanoparticles forming.50, 51 An early example23 of wüstite nanoparticle synthesis, by decomposition 

of Fe(acac)3, showed the OA and OAm ratio regulated nanoparticle shape growth and an excess of 

OAm facilitated spherical nanoparticle formation.23 We see these observations do not hold true to our 
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study, as spherical nanoparticles formed, even when excess OA was used. A recent study8 showed 

the conjugate base of OA adsorbs to the nanoparticle surface through complete chemisorption, and is 

responsible for directing nanoparticle growth. OAm acts as a proton acceptor, decreasing the H+ 

electrostatic pressure in solution and consequently further assisting in the adsorption of OA onto the 

nanoparticle surface.8 It was also previously shown8, 52 that OA and OAm form a salt, which 

influences the growth of the nanoparticles, and it was concluded that the ratio of OA and OAm was 

important for nanoparticle shape control. This does offer an explanation for the nanoparticle shapes 

we observed in our study; however, our observations of nanoparticle shapes cannot be attributed to 

OA and OAm ratios alone. We see a 2:1 OA: OAm ratio gives either spheres (Fe12) or distorted 

cubes (Fe17). The total surfactant concentration in solution is therefore important. 

 We see further evidence for salt formation between OA and OAm during the formation of 

distorted cubic nanoparticles with concave faces (Fe19). By comparing two different reactions, each 

using an equimolar ratio of OA and OAm, we note one producing spheres (Fe9) and the other 

producing cubic nanoparticles with concave faces (Fe19). It is common practice in nanoparticle 

syntheses to preheat the reaction solution before the reaction mixture is heated to reflux, to effect the 

degassing of the reaction mixture, and remove any water that may be present.21, 88, 89 We believe this 

preheating step promotes the formation of this salt8 decreasing available protons, lowering the H+ 

electrostatic pressure, and giving the carboxylate [OA-H]-. This has the effect of regulating the 

nanoparticle growth in the <100> direction over the <111> direction, leading to the formation of 

distorted cubes with concave faces.8, 23 Results from Fe21 suggest it is necessary to preheat the 

reaction solution, without ferrocene being present, in order to obtain uniform cubic nanoparticles with 

concave faces. Furthermore, from Fe22, the shape of the nanoparticles do not appear to be influenced 

by overall surfactant concentration when a preheating of the reaction solution is involved. The 

reduced reflux temperature observed for Fe22 may be due to the excess surfactant present in solution, 

influencing the reflux temperature. 

 Previously in the literature,32, 33 it was observed that nanoparticle size is influenced by reaction 

time when considering the solution-phase decomposition of ferrocene in paraffin wax. Our 

observations for Fe10, Fe11 and Fe20 further confirms this for decomposition in ODE. 

2.3.4. Decomposition of 1,1’-bis(diphenylphosphino)ferrocene into 

nanoparticles 

1,1’-Bis(diphenylphosphino)ferrocene (dppf) was decomposed in ODE as solvent and in the presence 

of OA and OAm surfactants. Reaction conditions FeP1, similar to previous ferrocene decomposition 

reactions (Fe9) that produce spherical nanoparticles, yielded a mixture of cube-like nanoparticles and 
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other shapes with rough surfaces (Figure 2.18(a)). Separation of nanoparticles from solution was 

difficult, as a yellow precipitate was also present within the reaction solution after nanoparticle 

synthesis was completed. This precipitate was likely unreacted dppf and was not easily dissolved in 

the solvents used for nanoparticle separation. A substantial amount of acetone were used in order to 

dissolve this precipitate in order to facilitate its removal from solution. This precipitate could not be 

removed entirely from solution as the TEM samples showed contamination of an organic residue. 

Due to nanoparticle separation issues, lower concentrations of dppf were used (FeP2), resulting in 

the same cubic-like nanoparticles forming (Figure 2.18(c)) with the same residue persisting in this 

sample. This residue is also visible in the bright field TEM image in Figure 2.18(c). The SAED data 

were consistent with previous nanoparticles synthesised using ferrocene as precursor, showing 

wüstite74 (FeO), magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3) phases. However, the diffraction 

data (Appendix A Table A17) appeared more consistent with wüstite phase iron oxide than the other 

iron oxides. 

 

Figure 2.18 – Bright field TEM images of (a) nanoparticles produced by FeP1 with (b) 

corresponding SAED, consistent with wüstite74 (FeO), magnetite71 (Fe3O4) and/or maghemite72 (γ-

Fe2O3) with the diffraction data summarised in Appendix A Table A17, (c) nanoparticles produced 

by FeP2 with (d) corresponding SAED, consistent with wüstite74 (FeO), magnetite71 (Fe3O4) and/or 

maghemite72 (γ-Fe2O3) with the diffraction data summarised in Appendix A Table A17. It is worth 

noting that the appearance of an artefact in the form of a broad half ring in the SAED patterns above 

are due to the microscope lenses and not due to the nanoparticles. 
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 Powder XRD patterns for FeP1 (Appendix A Figure A14) and FeP2 (Figure 2.19) confirmed 

the presence of wüstite74 (FeO) within both samples, as well as magnetite71 (Fe3O4) and/or 

maghemite72 (γ-Fe2O3) with additional reflections also present consistent with halite90 (NaCl). The 

XRD data are summarised in Appendix A Tables A18 (FeP1) and A19 (FeP2). Quantification of the 

XRD pattern for FeP1, using the PANalytical Highscore Plus software, indicated the sample 

consisted of 75 % wüstite, 11 % magnetite and/or maghemite and 14 % halite (Appendix A Figure 

A15). Quantification of the XRD pattern in Figure 2.19 showed the FeP2 sample consisted of 77 % 

wüstite and 11 % magnetite and/or maghemite and 12 % halite (Appendix A Figure A16). The source 

for the halite contamination in FeP1 and FeP2 is unclear and the contamination could not be removed 

from the XRD sample. 

 

Figure 2.19 – Powder XRD pattern nanoparticles produced by decomposition of dppf (FeP2) 

showing the presence of wüstite74 (FeO) and halite90 (NaCl). The reflections marked with an asterisk 

(*) denotes the magnetite71 (Fe3O4) and/or maghemite72 (γ-Fe2O3) phases. The labels correspond to 

the Miller indices for the set of lattice planes responsible for the diffraction planes. The XRD data 

are summarised in Appendix A Table A19. 

 The EDX spectra of FeP1 (Figure 2.20(a)) and FeP2 (Figure 2.20(b)) showed the presence of 

Fe and O, with little P present. Also noted were the presence of Cu and C from the carbon coated 

copper TEM grid used for preparing the sample. These spectra in Figure 2.20 did not show any signals 

corresponding to Na and/or Cl. 

 A typical STEM-EDX mapping of the nanoparticles produced by decomposition of dppf is 

shown in Figure 2.21 and shows nanoparticles produced by reaction conditions FeP2. Here (Figure 

2.21(f)) we see that phosphorous is associated to the nanoparticles; however, due to the lack of 

phosphorous species in the SAED patterns (Figure 2.18) and XRD pattern (Figure 2.19), as well as 
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the low signal in the EDX spectra (Figure 2.20), phosphorous may only be present on the surface of 

the nanoparticles. 

 

Figure 2.20 – EDX spectra of (a) FeP1 and (b) FeP2. 

 

Figure 2.21 – STEM-EDX analysis of the nanoparticles produced by FeP2, (a) BF STEM image of 

the nanoparticles, (b) ADF STEM image showing little mass-thickness-contrast within each 

nanoparticle, (c) HAADF STEM image also showing little mass-thickness-contrast within each 

nanoparticle, suggesting these nanoparticles have the same elemental composition and also the same 

crystallographic phases, (d) elemental mapping of iron within the sample, (e) elemental mapping of 

oxygen within the sample, (f) elemental mapping of phosphorous within the sample.  
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2.3.4.1. Dppf decomposition and remarks 

1,1’-Bis(diphenylphosphino)ferrocene (dppf) was chosen as an iron source for synthesising iron 

oxide nanoparticles, as it is also a sandwich complex, similar to ferrocene, and contains two extra 

functional groups in the form of diphenylphosphine (Figure 2.22). It was shown and predicted in the 

literature34, 35 that by adding extra functionality to the ferrocene complex one can decompose such 

complexes easier than ferrocene. This is due to the energy required to break the metal-ligand bond is 

lowered, facilitating easier decomposition of the metal precursor.34, 35 We not only anticipated easier 

decomposition, but also that phosphorous might be doped into the nanoparticle crystal lattice; 

however, this was not the case as wüstite (FeO) was produced which oxidised to form magnetite 

(Fe3O4) and/or maghemite (γ-Fe2O3), as observed for the nanoparticles produced by the 

decomposition of ferrocene. 

 

Figure 2.22 – Illustration of the difference between ferrocene and 1,1’bis(diphenylphosphino) 

ferrocene (dppf). 

 It was expected that spherical nanoparticles would be produced by FeP1; however, since 

cube-like structures formed it is clear that the additional diphenylphosphino functional groups on the 

ferrocene moieties play a role in nanoparticle shape formation to favour cube-like nanoparticle 

formation. Nanoparticle formation does not appear to be precursor concentration dependent, in the 

case of dppf decomposition reactions, as the same type of nanoparticles formed for high metal 

precursor concentrations (FeP1) as well as lower metal precursor concentrations (FeP2). This 

precursor concentration observation is similar to previous observations of ferrocene 

decompositions.32, 33 

 The source for the NaCl contamination observed in the powder XRD patterns for FeP1 and 

FeP2 is not entirely clear. We are confident that a possible contamination source may be due to using 

the communal low background XRD sample holder the nanoparticles were prepared on for powder 

XRD analysis. Given the care taken to avoid any contaminations during precursor preparation and 

the synthesis of nanoparticles, as well as the lack of Na and Cl signals in the STEM-EDX spectra, 
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this is a likely explanation for the contamination within the XRD patterns. The NaCl XRD pattern 

therefore does not form part of the nanoparticle XRD pattern. 

2.3.5. Synthesis of heteronuclear iron precursors 

The idea of having a bimetallic single source precursor for nanoparticle synthesis seems beneficial, 

especially if known metal ratios are required for bimetallic nanoparticles. The two heteronuclear 

metal complexes (3a and 3b) appeared as potentially viable metal precursors for nanoparticle 

syntheses. 

 Acetylferrocene (1) was synthesised from ferrocene by a Friedel-Crafts acylation in good 

yield (84 %), and the 1H NMR and 13C NMR spectra matched the spectra reported in the literature.65 

2.3.5.1. Lanthanum tris(1-ferrocenyl-1,3-butanedione) 

1-Ferrocenyl-1,3-butanedione (2a) was synthesised from 1 by a Claisen condensation reaction with 

ethyl acetate in poor yield (36 %), and the 1H NMR spectrum matched the spectrum reported in the 

literature.66 

 I attempted to deprotonate 2a and coordinate to lanthanum to form the lanthanum tris(1-

ferrocenyl-1,3-butanedione) (3a) by the literature procedure.68 Complex 3a was obtained in poor 

yield (19 %) and the 1H NMR spectrum did show some minor peak broadening; however, both the 

keto and enol form of compound 2a was present, suggesting lanthanum may not have been 

coordinated to the complex. The overall yield of 3a from ferrocene was 5.7 %. 

2.3.5.2. Lanthanum tris(1-ferrocenyl-3-phenyl-1,3-propanedione) 

1-Ferrocenyl-3-phenyl-1,3-propanedione (2b) was synthesised from 1 by a Claisen condensation 

reaction with benzyl acetate in poor yield (38 %) by a modified literature procedure.67 The 1H NMR 

confirmed the product 2b. I attempted to synthesise this compound (2b) using the same procedure 

used to synthesise compound 2a; however, no reaction occurred. 

 Complex 3b was synthesised by the literature procedure;68 however, an EtOH/H2O solvent 

mix was used, instead of a MeOH/H2O solvent mix, due to solubility issues and the poor yield of 3a. 

The product (3b) had a moderate yield (69 %), giving an overall yield to synthesise 3b from ferrocene 

as 22 %. Significant peak broadening was present in the 1H NMR spectrum of 3b, and the peaks could 

not be integrated properly due to peak broadening. 

2.3.5.3. Heteronuclear complex synthesis discussion and remarks 

Given the time and effort to synthesise complexes 3a and 3b, as well as the low overall yields, these 

complexes may not be viable as single source precursors for nanoparticle syntheses. However, these 

complexes (3a and 3b) serve as proof of concepts, to show heteronuclear ferrocene derivatives can 
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be used in nanoparticle syntheses. It was thought the added steric bulk (phenyl ring) of 3b when 

compared to 3a (methyl group) may cause a difference in the nanoparticles formed when the 

complexes are decomposed. 

2.3.6. Decomposition reactions involving heteronuclear iron precursors 

2.3.6.1. Lanthanum tris(1-ferrocenyl-1,3-butanedione) decomposition 

Complex 3a was decomposed in the presence of OA and OAm as surfactants and ODE as solvent 

using reaction conditions FeLa1. The resulting nanoparticles (Figure 2.23) did not appear to have a 

distinctive shape or size and had a popcorn-like morphology. Figure 2.23(a) shows grain boundaries 

present within each nanoparticle, suggesting these nanoparticles (FeLa1) are polycrystalline. The 

SAED pattern (Figure 2.23(b)) of the nanoparticles was consistent with that of magnetite71 (Fe3O4) 

and/or maghemite72 (γ-Fe2O3) iron oxide phases; however, wüstite74 (FeO) could also be assigned to 

the measured lattice spacings (Appendix A Table A20). From the HRTEM image (Figure 2.23(c)) of 

a zone axis of a nanoparticle, lattice spacing measurements were found to be 2.91 Å, 2.39 Å and 2.51 

Å, corresponding to the (220), (222) and (311) planes, respectively, of magnetite71 (Fe3O4) and/or 

maghemite72 (γ-Fe2O3) iron oxides. It needs to be noted the planar measurement of 2.51 Å can also 

be assigned to that of wüstite74 (FeO); however, the other lattice spacing measurements of 2.91 Å and 

2.39 Å are not in agreement with wüstite phase iron oxide. The fast Fourier transform (FFT) (Figure 

2.23(d)) of this area (Figure 2.23(c)) further confirms magnetite and/or maghemite phase iron oxide. 

Figure 2.23(e) is a radial profile plot of the SAED pattern in Figure 2.23(b) and offers a better 

visualisation of the planar spacings in the SAED. Not enough sample was produced to conduct XRD 

measurements on these nanoparticles (FeLa1). 
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Figure 2.23 – TEM analysis of the “popcorn” shaped nanoparticles; (a) image showing grain 

boundaries within the nanoparticles, (b) the SAED pattern was consistent with that of magnetite71 

(Fe3O4) and/or maghemite72 (γ-Fe2O3), with planar spacings summarised in Appendix A Table A19, 

(c) HRTEM image of a zone-axis of a nanoparticle, with the labels corresponding to the Miller indices 

of the planar spacings of magnetite and/or maghemite iron oxide phases as well as the planar angles, 

(d) FFT insert of the HRTEM image also suggesting magnetite and/or maghemite phases, (e) radial 

profile plot of the presented SAED pattern in (b) showing peaks corresponding to magnetite and/or 

maghemite iron oxides. The labels correspond to the Miller indices for magnetite and/or maghemite. 

 STEM imaging and elemental mapping (Figure 2.24) were conducted to determine the 

elemental composition of the samples. The ADF STEM image (Figure 2.24(b)) showed the majority 

of the nanoparticles to have the same contrast; however, several nanoparticles had brighter regions. 

These brighter regions in the ADF STEM image are due to nanoparticles with a greater mass or 

different crystallographic orientation. The HAADF STEM image (Figure 2.24(c)) provided a 

qualitative visualisation of mass-thickness-contrast, showing different brighter regions to the ADF 

STEM image (Figure 2.24(b)). The ADF and HAADF STEM images therefore suggest that the 

nanoparticles consist of the same composition with different crystallographic orientations in some of 

the nanoparticles. 
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 EDX elemental mapping (Figure 2.24(d–f)) showed the nanoparticles to consist of iron and 

oxygen, with little evidence for the presence of lanthanum within the sample. The corresponding 

EDX spectrum (Figure 2.24(g)) of this region showed very little signal for lanthanum when 

comparing to that of iron and oxygen. Also present in the spectrum (Figure 2.24(g)) are copper and 

carbon, due to the carbon coated copper TEM grid used on which the sample was prepared, and 

silicon due to the high vacuum silicone grease used in the reaction.  

 

Figure 2.24 – STEM analysis of the nanoparticles produced by reaction conditions FeLa1; (a) BF 

STEM image acting as reference image for the (b) ADF STEM image and (c) HAADF STEM image. 

STEM-EDX mapping showed (d) elemental mapping of iron, (e) elemental mapping of oxygen and (f) 

elemental mapping of lanthanum. (g) EDX spectrum of the nanoparticles confirming the element 

presence. 

 EDX quantification (Appendix A Table A21) suggests that lanthanum is present in 

insignificant quantities within the sample. Iron and oxygen were present with an estimated ratio of 

2:3 (iron: oxygen), further suggesting the molecular formula Fe2O3 consistent with that of 

maghemite72 (γ-Fe2O3). It was also expected the nanoparticles (FeLa1) would have a 3:1 Fe: La ratio; 
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however, the EDX quantification results (Appendix A Table A21) showed a Fe: La ratio closer to 

126:1. 

 In order to verify the lanthanum signals in the EDX spectrum (Figure 2.24(g)) are not part of 

background noise, EELS analysis was conducted on the sample (Figure 2.25). Lanthanum M4 and M5 

edges are known to be well detectable by EELS and show characteristic energy-loss edges at 849 eV 

and 832 eV, respectively.91, 92 The beam was scanned across a nanoparticle with a contrast difference 

(Figure 2.25). The contrast difference suggests an apparent core-shell nature of the nanoparticles 

(Figure 2.25). The EEL spectrum for the shell area (the less bright region) had lanthanum M4 and M5 

edges present at 852.7 eV and 831.7 eV, respectively. These lanthanum edges had a significantly 

lower intensity when compared to the iron L2 and L3 edges at 722.0 eV and 708.8 eV, respectively. 

The iron L2 and L3 edges do not change shape or move when comparing the “core” (brighter region) 

of the nanoparticle with the “shell” of the nanoparticle; however, the lanthanum M4 and M5 edges 

disappear almost entirely and do not reappear until the beam has moved past the core of the 

nanoparticle. 

 

Figure 2.25 – EELS analysis of a nanoparticle. The electron beam was scanned across a nanoparticle 

(red line). The Fe L2 and L3 edges are clearly present and significantly greater than the La M2 and 

M3 edges. As the electron beam was moved over the sample, the La edges disappear when it reaches 

the “core” (bright part) of the nanoparticle, suggesting very little La was present. 

2.3.6.2. Lanthanum tris(1-ferrocenyl-3-phenyl-1,3-propanedione) decomposition 

Complex 3b was decomposed in the presence of OA and OAm as surfactants and ODE as solvent 

(FeLa1), resulting in a dark red gel-like mixture forming upon cooling the reaction vessel to room 
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temperature. It was extremely difficult to separate nanoparticles from the gel-like suspension, as the 

mixture did not easily dissolve in acetone, ethanol, hexane or dichloromethane. The nanoparticles 

that were separated were used for a TEM sample. It was difficult to locate nanoparticles on the TEM 

grid, as it appeared excess surfactant was present in the sample, as can be seen in Figure 2.26. No 

SAED pattern could be obtained from this sample (FeLa2). Further investigation showed some 

structure to the contamination and the nanoparticles consisted of a mixture of shapes and sizes. The 

contamination appeared to be fibrous in nature, as seen in Figure 2.26 below. 

 

Figure 2.26 – Bright field TEM image of the nanoparticles that appear to be caught in a fibrous 

web. 

 The TEM sample was plasma cleaned in order to remove excess surfactant and organic residue 

before viewing it again under the microscope. The plasma cleaning had no apparent effect on the 

contamination. STEM imaging techniques were used to better visualise the nanoparticles in the 

sample and to determine the contamination’s composition (Figure 2.27). The ADF STEM image 

(Figure 2.27(b)) of a cluster of nanoparticles showed little contrast difference between the 

nanoparticles, suggesting these nanoparticles to have the same mass or crystallographic orientation. 

The HAADF STEM image (Figure 2.27(c)) showed the nanoparticles to have little contrast difference 

between the nanoparticles. The ADF and HAADF STEM images therefore suggest the nanoparticles 

may have the same composition. EDX mapping (Figure 2.27(d–f)) of the nanoparticle cluster showed 

iron and oxygen to be present in the nanoparticle cluster and lanthanum to be present throughout the 

sample and also concentrated around the nanoparticle cluster. Different areas were selected from 

which to extract EDX spectra in order to visualise the composition of the nanoparticle cluster (Figure 

2.27(a), Selected Area 1) and the fibres in the sample (Figure 2.27(a), Selected Area 2). The EDX 

spectrum of the nanoparticle cluster (Figure 2.27(g)) showed the nanoparticles consisted of iron, 
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oxygen and some lanthanum. The EDX spectrum of the fibres (Figure 2.27(h)) showed the fibres to 

consist of iron, oxygen and lanthanum. From these two spectra (Figures 2.27(g) and 2.27(h)) it can 

be seen there is less lanthanum present in the nanoparticle cluster than in the fibres and the fibres 

contain less iron than the nanoparticle cluster. Furthermore, the lanthanum signals in the EDX spectra 

(Figure 2.27(g, h)) for FeLa2 were more intense than the lanthanum signal in the EDX spectrum 

(Figure 2.24(g)) for FeLa1. 

 

Figure 2.27 – STEM analysis of the nanoparticles produced by reaction conditions FeLa2; (a) BF 

STEM image of a cluster of nanoparticles with marked areas for EDX spectrum extraction, (b) 

corresponding ADF STEM image showing little contrast difference between the nanoparticles, (c) 

HAADF STEM image showing some mass-thickness-contrast, (d) elemental mapping of iron within 

the sample, (e) elemental mapping of oxygen within the sample, (f) elemental mapping of lanthanum 

within the sample, (g) EDX spectrum of marked “Selected Area 1” in (a), and (f) EDX spectrum of 

marked “Selected Area 2” in (a). 

 EDX quantification (Appendix A Tables A22 and A23) of the two EDX spectra (Figures 

2.27(g) and 2.27(h)) of FeLa2 confirmed the nanoparticle cluster had a higher concentration of iron 
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than the fibres. The associated error with lanthanum was too large to estimate the concentration 

difference of lanthanum between the nanoparticle cluster and fibres. Furthermore, EDX quantification 

of the nanoparticle cluster (Appendix A Table A22) suggests the nanoparticles have an estimated 2:3 

Fe: O ratio, suggesting maghemite72 (γ-Fe2O3) iron oxide. 

 EELS mapping was conducted on two areas of the FeLa2 sample, shown in Figure 2.28(b), 

with Area 1 being the fibrous background and Area 2 a single nanoparticle. Analysis of the fibres 

(Figure 2.28(b), Area 1), show the EEL spectrum (Figure 2.28(a)) contains two sharp peaks 

corresponding to the M4 and M5 edges of lanthanum, at 852.7 eV and 833.7 eV respectively. Less 

intense peaks corresponding to the L2 and L3 edges of iron were present at 723.0 eV and 710.5 eV, 

respectively (Figure 2.28(a)). The EEL spectrum (Figure 2.28(d)) of the nanoparticle (Figure 2.28(b), 

Area 2), showed the lanthanum edges’ intensities being less than the iron edges’ intensities, 

suggesting less lanthanum to be present in the nanoparticle. Also noted in Figure 2.28(d) was a small 

shift in the iron L2 and L3 edges to 722.2 eV and 709.5 eV, respectively. 

 

Figure 2.28 – EELS analysis of a nanoparticle produced by FeLa2, on the fibres in the sample; (a) 

EEL spectrum of “Area 1” showing strong signals for the La edges in the sample and weak signals 

for Fe within the sample, (b) HAADF STEM image with marked areas for analysis, (c) the zero-loss 

peak to which the high-loss spectra area calibrated, and (d) EEL spectrum of “Area 2” showing 

strong signals for the Fe edges in the sample and weak signals for La within the sample. 

2.3.6.3. Heteronuclear complex discussion and remarks 

The decompositions of both complexes (3a and 3b) are noteworthy as, to the best of our knowledge, 

decomposition of these complexes (3a and 3b) into nanoparticles has not previously been reported in 
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the literature. It was expected that complexes 3a and 3b would decompose easier than ferrocene due 

to steric functional groups to the ferrocene moities.34, 35 Both FeLa1 and FeLa2 yielded very few 

nanoparticles and in each case the nanoparticles varied in size and shape. 

 The nanoparticles produced from FeLa1 showed very little presence of lanthanum within the 

sample, when considering the SAED (Figure 2.23(b)), STEM-EDX (Figure 2.24) and EELS (Figure 

2.25) data. This suggests lanthanum may only have been doped into the nanoparticles in small 

quantities or lanthanum is located outside the nanoparticles as a “contamination.” We believe very 

little lanthanum was present in the precursor (3a) and hence did not contribute in the structure of the 

nanoparticles forming during FeLa1. 

 The nanoparticles from FeLa1 could be assigned as magnetite71 (Fe3O4) and/or maghemite72 (γ-

Fe2O3), with the use of SAED and HRTEM analysis techniques. EDX quantification suggested these 

nanoparticles (FeLa1) to be magnetite (γ-Fe2O3). The interesting shapes of the nanoparticles are due 

to multiple (sub-10 nm) nanocrystals aggregating into larger polycrystalline structures. Similar 

“popcorn” shaped nanoparticles have been reported when an iron trifluoroacetic acid complex was 

decomposed into wüstite (FeO) nanoparticle clusters.77 These nanoparticles (FeLa1) also appear 

similar to some of the “flowerbed” nanoparticles (Fe8) reported earlier in this chapter; however, the 

nanoparticles formed during FeLa1 were all single polycrystalline nanoparticles and not individual 

single crystal nanoparticles aggregating as with Fe8. 

 The decomposition of 3b formed iron oxide nanoparticles (FeLa2) as well as a gel-like 

residue that may be the lanthanum-rich fibres observed in the TEM samples. EELS analysis (Figure 

2.28) and EDX (Figure 2.27) mapping suggest the nanoparticles (FeLa2) do not contain lanthanum, 

as lanthanum was found in the surrounding fibres. SAED or XRD data of the nanoparticles could not 

be obtained to verify the iron oxide phase present within the sample and EDX quantification 

(Appendix A Table A22) data alone cannot confirm the iron oxide phase of the nanoparticles as it 

gives an estimate of the nanoparticle composition. 

 In both cases (FeLa1 and FeLa2) we saw the formation of iron oxide nanoparticles without 

lanthanum being incorporated into the iron oxide nanoparticles. Given the results, low nanoparticle 

yields, time and effort to synthesise the metal precursors 3a and 3b, we suggest these precursors (3a 

and 3b) may not be viable for using in a solution-phase decomposition reaction as a single source 

precursor. The nanoparticles also had a taxing separation from solution, especially when compared 

with nanoparticles produced by decomposition of ferrocene, making these precursors even less 

favourable and would lead to consideration towards investigation of other precursors. 
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2.4. Summary and Conclusions 

In this chapter we briefly explored using dibenzyl ether as solvent to decompose ferrocene into 

nanoparticles; however, due to the difficulty in controlling the reaction temperature, 1-octadecene 

was used instead. By using 1-octadecene, the reaction temperature could be controlled and maintained 

at a constant temperature during the reaction. In order to obtain more control over the reaction heating 

rate, a larger volume of 1-octadedcene was used. This controlled heating rate allowed ferrocene to 

decompose in a more controlled and reproducible manner than when using less solvent. 

 We showed that it is possible to decompose ferrocene, at a significantly lower temperature 

than previously demonstrated32, 33 in a solution-phase synthesis of nanoparticles of defined shapes. 

These syntheses produced wüstite nanoparticles, which upon ageing and workup form core-shell 

structures, where the core remains wüstite and the shell is magnetite or maghemite. Our protocols 

have allowed control over the size and shape of the nanoparticles, giving three distinct nanoparticle 

morphologies, by adjusting these protocols. We attribute this control to using a combination of OA 

and OAm at different concentration ratios, influenced by salt formation. We note that it is not only 

the surfactant ratio that influences the nanoparticle shape, but also the overall concentration of these 

surfactants in solution. The size of the nanoparticles can also be tuned by varying the reaction time 

and/or surfactant ratios. We also noted the distorted cubic nanoparticles oxidised significantly slower 

than spherical shaped nanoparticles, evident by the slow shell thickness increase in the case of the 

distorted cubic nanoparticles. 

 We briefly demonstrated the decomposition of dppf, using ODE as solvent and OA and OAm 

as surfactants, leads to the formation of wüstite (FeO) nanoparticles. This enabled us to pursue other 

ferrocene functionalised complexes for decomposition reactions. We therefore briefly investigated 

two heteronuclear metal precursors; lanthanum tris(1-ferrocenyl-1,3-butanedione) and lanthanum 

tris(1-ferrocenyl-3-phenyl-1,3-propanedione). The syntheses of the heteronuclear complexes as well 

as their decompositions and nanoparticle separations from solution was taxing. Further investigations 

may be needed; however, due to the low nanoparticle yields from the heteronuclear complexes, we 

do not recommend using them as nanoparticle metal precursors. 

 We also demonstrated the value in using multiple methods of characterisation when 

investigating the structure of nanoparticles. 
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“We are what we repeatedly do. Excellence, then, is not an act, but a 
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3.1. Introduction 

Although often expensive, the noble metals have attracted significant research interest, 

particularly in the area of catalysis.1-3 The area of heterogeneous catalysis is of particular 

interest in industry, a pertinent example being the Fischer-Tropsch process.4  

 Metal nanoparticles are important as a consequence of their high surface area to volume 

ratios, leading to higher activity than the bulk metal counterparts. Nanoparticles have enabled 

a more cost-effective method of incorporating noble metals into heterogeneous catalysts, as a 

greater number of active metal atoms are exposed to reagents, resulting in a highly active 

catalyst.5 Additionally, noble metals can be combined with other transition metals, such as Ni, 

Co, Fe or Cu to modify reactivity.6 It is known that little noble metal is required to enhance the 

catalytic nature of the less expensive aforementioned transition metals.7, 8 It is believed that a 

synergistic effect of mixing two different metals together causes an increase in catalytic activity 

and may lead to better product selectivity.9 For instance, using a bimetallic catalyst consisting 

of Co and Fe, high C5+ hydrocarbon selectivity can be achieved.10 Incorporating Ru into a Co-

based catalyst has also been shown to increase catalytic activity as well as promote C5+ 

hydrocarbon selectivity, due to the synergistic effect of these two metals.11 

3.1.1. Bimetallic nanoparticle synthesis 

When considering the formation of bimetallic nanoparticles, from two metal-containing 

precursors, it is important to take into account the rate of nucleation of each precursor as well 

as the temperature at which it decomposes. For instance, Fe(CO)5 decomposes at 200 °C and 

Co2(CO)8 decomposes at 100 °C, therefore, cobalt nanoparticles would form prior to iron 

nanoparticles.12, 13 Such decomposition, occurring at different intervals, can lead to the 

formation of core-shell nanoparticles forming or a mixture of separate monometallic 

nanoparticles.12 Nanoparticles that form during decomposition of the less stable metal 

precursor can catalyse the decomposition of the more stable metal precursor.14 Sufficiently 

high reaction temperatures can also result in core-shell nanoparticles forming alloys.12, 14 It has 

been shown that elevated reaction temperatures typically result in smaller elementally 

homogenous nanoparticles forming when compared to lower reaction temperatures.15 

However, other reaction parameters, such as surfactant, reaction time and metal precursors also 

affect the composition, shape and size of the nanoparticles forming.16, 17 
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3.1.2. Alloyed nanoparticles 

Alloys often possess properties unique and frequently superior to that of nanoparticles 

consisting of the single phase metals due to synergistic effects.18-20 Furthermore, alloyed 

nanoparticles often exhibit properties relevant to medical applications,21, 22 optics,23, 24 

magnetism,25, 26 and catalysis.27, 28 The most common methods used to synthesise alloyed metal 

nanoparticles are thermal decomposition and co-reduction methods, with the latter being a 

more common approach.12, 29 The formation of thermodynamically stable alloyed nanoparticles 

depend on several factors, such as: similar metal lattice parameters, so called lattice matching, 

the binding energy between different metals needs to be stronger than the binding energy 

between the individual pure metal atoms, sufficient electron charge transfer between the metals 

and similar surface energies between the metals.29  

3.1.3. Nanoparticle synthesis from a bimetallic precursor 

Due to the difficulty in matching the decomposition rates of two separate metallic precursors, 

supplementary chemicals to control the decomposition rates are often added;30 however, this 

may lead to unwanted products forming.12 In order to overcome this challenge bimetallic 

precursors have been proposed as an alternative to using individual separate metallic precursors 

as pre-existing metal-metal bonds in the bimetallic precursor cluster represent the composition 

of the resulting alloyed nanoparticles.31, 32 

3.1.4. The usefulness of bimetallic catalyst systems 

Typically, for industrial catalysts, nanoparticles are assembled onto a support to allow 

sufficient exposure of the active metal surface.33 Nanoparticle assembly onto supports will be 

discussed in Chapter 5 of this thesis.  

 When considering the FT process, the metal catalysts with the best performance are 

cobalt, iron and ruthenium; however, due to the high cost of ruthenium, only cobalt-based and 

iron-based catalysts are typically used in industry.34, 35 Cobalt, although more expensive than 

iron, is the preferred choice of transition metal for FT synthesis, due to its higher resistance to 

deactivation, high selectivity for linear hydrocarbons, and high activity toward FT synthesis.34, 

36 It is well known that the addition of ruthenium to cobalt-based catalysts improve catalytic 

performance as well as catalyst reducibility.37, 38 The methods of preparing ruthenium doped 

cobalt catalysts vary through the literature and it is known the catalyst preparation method 

influences the catalyst reaction kinetics.39 By using a co-impregnation method to introduce 
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ruthenium and cobalt onto a catalyst support, catalytic activity is increased with ruthenium 

enhancing catalytic activity, but not product selectivity.39 

 Cobalt-based catalysts have also been proposed suitable for the oxygen evolution 

reaction during the splitting of water for hydrogen generation.40, 41 Recent advances in research  

geared towards generating hydrogen as a fuel from water showed the presence of ruthenium 

nanoparticles on a carbon supported cobalt nanoparticle surface enhanced the catalytic activity 

toward the oxygen evolution reaction.42 The nanoparticles in this study42 were deposited on the 

carbon surface using a cluster beam deposition technique, similar to vapour deposition 

synthesis of nanoparticles.42, 43 

 RuCo nanoparticles not only hold potential for industrial applications, but also for 

laboratory-scale synthetic reactions. An early example44 highlights the use of ruthenium and 

cobalt nanoparticles on a charcoal support as a catalyst for a Pauson-Khand-type reaction.44  

Cobalt catalysts can also be useful for hydrogenation reactions, with a recent example 

exploring the synergistic effect ruthenium nanoparticles have on cobalt and cobalt oxide 

(Co3O4) nanoparticles supported on carbon black, showing enhanced catalytic performance 

when compared with undoped cobalt systems.1 Another application of cobalt-based catalysts 

is the oxidation of alcohols into carbonyl complexes, where it has been found that noble metals 

such as ruthenium promote the catalyst activity and selectivity.45 The nanoparticles are 

typically prepared separately by reducing cobalt and ruthenium salts into metal nanoparticles.45 

3.1.5. Bimetallic Ru-Co nanoparticle precursors 

Few ruthenium-cobalt bimetallic precursors for nanoparticle syntheses exist in the literature. 

[Et4N][RuCo3(CO)12] is an early example of a ruthenium-cobalt bimetallic precursor used for 

nanoparticle formation.46 A support (MCM-41) was impregnated with the metal cluster, using 

THF as solvent, before being thermally treated to deliver highly dispersed nanoparticles on 

support.46 

3.1.6. Scope of chapter 

Clearly the combination of ruthenium and cobalt has merit due to its potential for catalytic 

applications. In this chapter, the decompositions of two bimetallic complexes, RuCo2(CO)11 

and [Et4N][Ru3Co(CO)13], into nanoparticles are investigated. The different metal 

stoichiometric ratios of the complexes may allow for precise control over the metal ratios in 

the nanoparticles formed. The literature reports the formation of alloyed ruthenium-cobalt 

nanoparticles via a metal organic framework (MOF) approach.47 The framework material 
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Co3[Co(CN)6]2 was utilised and RuCl3 was the ruthenium source, with the ruthenium-doped 

MOF then annealed, to provide graphene coated ruthenium-cobalt alloy nanoparticles for 

hydrogen gas generation, which outperformed conventional Pt/C catalysts.47 

 Furthermore, we investigated methods for controlling nanoparticle size, as it is well 

known that nanoparticle size has an effect on catalyst performance. When considering cobalt-

based catalysts for the FT process it is known that the cobalt nanoparticle size, nanoparticle 

reducibility and stability strongly affects the reaction rate of FT synthesis.48-50 The optimal size 

for cobalt nanoparticles on support as a FT catalyst is deemed between 8–10 nm.51-53 Similarly, 

ruthenium nanoparticle size also affects FT catalyst activity; ruthenium-cobalt systems with 

ruthenium nanoparticles smaller than 1 nm do not show noticeable activity towards FT 

synthesis.54 
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3.2. Experimental 

Standard Schlenk techniques under an argon atmosphere were used throughout the syntheses 

of precursors and nanoparticles, unless stated otherwise. 

3.2.1. General conditions 

General conditions were as reported in Chapter 2. 

Dibenzyl ether (BzEt, 98 %, Aldrich), dioctyl ether (OcEt, 99 %, Aldrich), oleylamine (OAm, 

≥ 98 %, Aldrich), oleic acid (OA, technical grade, 90 %, Aldric), trioctylphosphine oxide 

(TOPO, 99 % Aldrich), 1,2-hexadecanediol (technical grade, 90 %, Aldrich), 

polyvinylpyrrolidone (PVP, Sigma Aldrich), tetraethyl ammonium bromide (TEAB, ≥ 98 % 

(Br), Fluka), sodium borohydride (NaBH4, Aldrich) and n-hexanes (SPS grade, Merck) were 

used as received without further purification. Methanol (MeOH, Merck) was dry distilled over 

Mg(OMe)2 before use. 

DCB, BzEt, OcEt, OA and OAm were freshly freeze-pump-thaw degassed prior to use. 

Dicobalt octacarbonyl (Co2(CO)8, ≥ 90 %, Sigma Aldrich) was recrystallised using hexane 

before synthesis.  Ru3(CO)12 was synthesised according to the literature procedure from 

ruthenium chloride (RuCl3⸱xH2O, Aldrich).55 RuCo2(CO)11 was synthesised according to the 

literature procedures.56, 57 [Et4N][Ru3Co(CO)13] was synthesised according to the literature 

procedures.58, 59 

3.2.2.  Nanoparticle separation from solution 

Nanoparticle separations and purification were as reported in chapter 2, unless stated otherwise. 

3.2.3. Cobalt-ruthenium nanoparticles 

3.2.3.1. Syntheses of Ru-Co nanoparticles 

 Hot-injection approach 

A typical procedure for synthesis of nanoparticles using a hot-injection approach consists of 

dissolving [Et4N][Ru3Co(CO)13] (96 mg, 115 μmol) in 3 mL BzEt, before injecting into a 

refluxing (296 °C) solution of OA (20 μL, 63 μmol) and TOPO (15 mg, 40 μmol) in 17 mL 

BzEt. The reaction was allowed to heat to reflux again before cooling to room temperature, 

with stirring, 7 min after hot-injection. The nanoparticles are then separated from solution. 

Variations to reaction conditions involving a hot-injection approach are summarised in Table 

3.1 below. 
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Table 3.1 – Reaction conditions involving dibenzyl ether as solvent and [Et4N][Ru3Co(CO)13] 

as precursor, using a hot-injection approach. The reaction indicated with an asterisk (*) was 

conducted in dioctyl ether as solvent. The final temperature indicates the temperature of the 

reaction solution upon completion of the reaction before being cooled to room temperature. 

ID Precursor 

(mM) 

OA 

(mM) 

TOPO 

(mM) 

OAm 

(mM) 

Solvent 

(mL) 

Max Temp 

(°C) 

Final Temp 

(°C) 

Time 

(min) 

RuCo1 5.8 3.2 2.0 - 10 282 274 7 

RuCo2 5.8 3.2 2.0 - 10 296 272 7 

RuCo3 5.8 3.2 2.0 - 20 292 272 7 

RuCo4 5.8 3.2 2.0 - 20 294 282 7 

RuCo5 5.6 3.2 2.0 - 20 292 280 7 

RuCo6 5.8 1.6 2.0 - 20 292 284 7 

RuCo7 5.8 1.6 2.0 1.6 20 290 278 7 

RuCo8 5.8 - 2.0 3.2 20 292 280 7 

RuCo9 11.5 6.4 4.0 - 20 290 282 7 

RuCo10 5.8 6.4 2.0 3.2 20 * 296 296 30 

 

 Heat-up approach 

A typical procedure for synthesising nanoparticles using a heat-up approach consists of heating 

a solution of [Et4N][Ru3Co(CO)13] (96 mg, 115 μmol), OA (20 μL, 63 μmol) and TOPO (15 

mg, 40 μmol) in 20 mL BzEt to 100 °C for 30 min, then further heating to 200 °C for 2 h, and 

finally to reflux (296 °C) for 30 min. The reaction is then cooled to room temperature, with 

stirring, before nanoparticles are separated from solution. Variations to reaction conditions 

involving a heat-up approach are summarised in Tables 3.2 below. 
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Table 3.2 – Reaction conditions involving dibenzyl ether as solvent and [Et4N][Ru3Co(CO)13] 

(RuCo11–RuCo13) or RuCo2(CO)11 (RuCo14–RuCo16) as precursor, using a heat-up 

approach. The reactions indicated with an asterisk (*) was conducted in dioctyl ether as 

solvent. The final temperature indicates the temperature of the reaction upon completion of the 

reaction before being cooled to room temperature. 

ID Precursor 

(mM) 

OA 

(mM) 

TOPO 

(mM) 

Solvent 

(mL) 

Max Temp 

(°C) 

Final Temp 

(°C) 

Time 

(min) 

RuCo11 5.8 3.2 2.0 20 296 250 30 

RuCo12 5.8 6.4 2.0 20 294 252 30 

RuCo13 5.8 6.4 2.0 20 * 294 294 30 

RuCo14 4.8 1.6 0.9 20 292 275 30 

RuCo15 4.8 1.6 0.9 20 280 270 30 

RuCo16 9.5 12.7 3.6 10 * 292 292 30 

 

 Nanoparticle seed-mediated growth 

Additionally, seed mediated growth was trialled. The nanoparticles, suspended in hexanes, 

were transferred to a reaction flask. The hexanes were then removed in vacuo before other 

reagents were added to the reaction flask. 

RuCo17: A solution of nanoparticles from RuCo5 (10 mg) along with [Et4N][Ru3Co(CO)13] 

(96 mg, 115 μmol), OA (20 μL, 63 μmol) and TOPO (15 mg, 40 μmol) in 20 mL dibenzyl ether 

was heated to 100 °C for 30 min, then 200 °C for 2 h, and then to reflux (292 °C) for 30 min. 

The final reflux temperature of the solution after 30 min was 255 °C, before it was cooled to 

room temperature with stirring. The nanoparticles were separated from solution. 

RuCo18: [Et4N][Ru3Co(CO)13] (96 mg, 115 μmol) was dissolved in 3 mL dibenzyl ether and 

injected into a refluxing (292 °C) solution of nanoparticles, from RuCo9 (10 mg), along with 

OA (20 μL, 63 μmol) and TOPO (15 mg, 40 μmol) in 17 mL dibenzyl ether. The solution was 

allowed to heat to reflux again before cooling to room temperature, with stirring, 30 min after 

hot-injection. The nanoparticles were separated from solution. 

 

 



Chapter 3 

 

69 

 

 Other nanoparticle syntheses 

RuCo19: Nanoparticles were synthesised following the modified literature procedure.60 

[Et4N][Ru3Co(CO)13] (85 mg, 102 μmol), OA (95 μL, 300 μmol), OAm (100 μL, 300 μmol) 

and 1,2-hexadecanediol (130 mg, 500 μmol) were dissolved in 20 mL BzEt and heated to 100 

°C for 30 min, before heating to 200 °C for 2 h and then to reflux (292 °C) for 30 min. The 

final temperature of the solution after 30 min was 264 °C, before it was cooled to room 

temperature with stirring. The nanoparticles were separated from solution. 

RuCo20: Nanoparticles were synthesised following the modified literature procedure.61 

[Et4N][Ru3Co(CO)13] (85 mg, 102 μmol), OA (20 μL, 63 μmol), TOPO (6 mg, 16 μmol), OAm 

(21 μL, 63 μmol), and 6 mg PVP were stirred and heated to 100 °C for 30 min in 10 mL dioctyl 

ether and 10 mL ethylene glycol, before it was heated to reflux (200 °C) for 30 min. The 

reaction mixture was allowed to cool to room temperature before nanoparticle separation. 

RuCo21: The same conditions as in RuCo20 were used; however, 10 mL ethylene glycol was 

excluded from the reaction solution, for a total volume of 10 mL dioctyl ether. The reflux 

temperature was 294 °C. 
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3.3. Results and Discussion 

3.3.1. Hot-injection approach 

In the literature it is common to consider carbonyl-containing metal precursors for nanoparticle 

synthesis to use a hot-injection approach to synthesise nanoparticles, due to this method 

offering excellent size and shape control.13, 62 Typically, metal-carbonyl precursors decompose 

easily and the literature for their decomposition into nanoparticles are well established.12 By 

using a “hot-injection” approach to metal-carbonyl precursor decomposition into nanoparticles, 

concurrent decomposition can be achieved, leading to zero-valent metal atoms to nucleate 

simultaneously and form monodispersed nanoparticles.12 Furthermore, metal-carbonyl 

decomposition reactions do not require prolonged reaction times due to the typically rapid 

nucleation and formation of the nanoparticles.13 

 From previous work,63 it was established that reaction times of seven minutes were 

necessary to synthesise monodispersed nanoparticles by decomposing [Et4N][Ru3Co(CO)13]. 

The goal was to obtain monodispersed nanoparticles and in this chapter I explore methods for 

increasing nanoparticle size by adjusting reaction parameters such as surfactant and heating 

regimes. 

RuCo1 was heated at 282 °C, RuCo2 was heated at 296 °C, and RuCo3 was heated at 292 °C. 

Nanoparticles (Figure 3.1(a)), with an average size of 2.24 ± 0.43 nm were produced during 

RuCo1. Scaling-up the reaction (RuCo2) produced 2.57 ± 0.65 nm nanoparticles (Figure 

3.1(a)), and using reaction conditions RuCo3 delivered very similar nanoparticles (Figure 

3.1(c)) to RuCo2 with an average nanoparticle size of 2.41 ± 0.64 nm (Figure 1(e)). It therefore 

appears that the reaction RuCo1 can be scaled-up to deliver similar nanoparticles. Scalability 

of nanoparticle syntheses may facilitate their use in a commercial scale. Currently, there exists 

development for synthesising nanomaterials at increasingly larger scales.64-66 
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Figure 3.1 – Bright field (BF) TEM images of (a) nanoparticles produced by RuCo1 with (b) 

corresponding nanoparticle size distribution with average size of 2.24 ± 0.43 nm (200 

nanoparticles measured), (c) nanoparticles produced by RuCo2 with (d) corresponding 

nanoparticle size distribution with average size of 2.57 ± 0.65 nm (100 nanoparticles 

measured) and (e) nanoparticles produced by RuCo3 with (f) corresponding nanoparticle size 

distribution with average size of 2.41 ± 0.64 nm (250 nanoparticles measured). 

 Powder X-ray diffraction (XRD) was conducted on RuCo2 (Figure 3.2) and the XRD 

data are summarised in Appendix B Table B3. The interpretation of the pattern was 

challenging, as there were only two peaks present with significant peak broadening, due to the 

size of the nanoparticles. However, peak broadening in XRD patterns allows for a useful tool 

to estimate the crystallite (or nanoparticle) size, using the Scherrer equation. From the peak 

broadening in the XRD pattern for RuCo2 (Figure 3.2) the average nanoparticle size was 

estimated to be around 24 Å, which is in agreement with that of TEM nanoparticle sizing 
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(Figure 3.1(d)). The peak that appears at the 2θ value 18.8° (Figure 3.2) could not be assigned; 

however, broad peaks at this 2θ value also appear in some of the literature,67, 68 leading us to 

believe it may be due to the size of the nanoparticles or the surfactant encapsulating the 

nanoparticles. The XRD pattern for a blank sample holder (Appendix B Figure B1) does not 

have any peaks around the 2θ value of 18°, suggesting this peak (2θ value 18.8° in Figure 3.2) 

does not arise from the sample holder. It needs to be noted that organic minerals such as 

hartite69 (C20H34) and kratochvilite/fluorene70 (C13H10) have their highest intensity reflections 

between 2θ values 16.01° (hartlite)69 and 19.28° (kratochvilite),70 which may suggest the peak 

at 2θ value 18.8° (Figure 3.2) may be due to surfactant. The peak at 2θ value 42.2° (Figure 3.2) 

corresponding to a lattice spacing of 2.138 Å is in agreement with the most intense peak 

observed in the literature for the CoO powder XRD pattern;71 the (200) plane with a lattice 

spacing of 2.1313 Å.71 It must be noted that ruthenium metal has a similar lattice spacing of 

2.1408 Å for its (002) plane;72 however, the most intense peak, for the ruthenium literature 

XRD pattern,72 occurs at 2θ value 44.08°, corresponding to the 2.0819 Å lattice spacing for its 

(101) plane.72 It would therefore be expected that the (101) plane for ruthenium, rather than the 

(002) plane would be observed. Furthermore, cobalt oxide’s second most intense diffraction 

peak at 2θ value 36.47° (2.4634 Å)71 would also be observed; however, it is not.  We believe 

the severe lack of characteristic peaks for cobalt and ruthenium species in the XRD pattern 

(Figure 3.2) may be due to the size of the nanoparticles, causing the sample to have an 

amorphous-like diffraction pattern with extreme peak broadening. This type of diffraction 

occurs because the nanoparticles are closely packed together in different orientations and 

therefore each nanoparticle diffracts similarly to how an individual atom within an amorphous 

material would, leading to an amorphous-like pattern. 
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Figure 3.2 – XRD pattern of nanoparticles produced by RuCo2. Two broad peaks were 

observed in the XRD pattern corresponding to lattice spacings of 4.717 Å and 2.138 Å. The 

2.138 Å spacing was assigned to the 2.1313 Å lattice spacing of CoO.71 The XRD data are 

summarised in Appendix B Table B3. 

 The XRD pattern for RuCo3 (Appendix B Figure B1) also only had one assignable 

diffraction peak at 2θ value 41.8° (2.160 Å) which may also be in agreement with that of CoO71 

and/or Ru.72 The XRD pattern for RuCo3 (Appendix B Figure B1) again appeared to have a 

feature around 2θ value 18°; however this reflection for RuCo3 (Appendix B Figure B1) was 

less intense than that observed for RuCo2 (Figure 3.2). The average nanoparticle size for 

RuCo3, determined from the XRD pattern (Appendix B Figure B1), was estimated to be 

around 22 Å, also in agreement with that observed during TEM nanoparticle sizing (Figure 

3.1(f)). The XRD data are summarised in Appendix B Table B4. 

 The reaction solution temperature decreased notably during reaction conditions 

RuCo3. RuCo3 was therefore repeated (RuCo4) using freshly distilled dibenzyl ether, with 

less reaction solution temperature drop as a result. A similar size distribution (Figure 3.3(b)) to 

RuCo3 was observed for nanoparticles produced by RuCo4 (Figure 3.3(a)), with an average 

nanoparticle size of 2.15 ± 0.49 nm.  
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Figure 3.3 – Nanoparticles produced by RuCo4; (a) BF TEM image of the nanoparticles and 

(b) corresponding nanoparticle size distribution with an average size of 2.15 ± 0.49 nm (200 

nanoparticles measured). 

 Scanning TEM (STEM) energy dispersive X-ray (EDX) mapping (Figure 3.4) of the 

particles showed Co and Ru were present throughout the sample (RuCo4), as well as oxygen, 

suggesting the nanoparticles possibly consisted of ruthenium oxide and cobalt oxide. Due to 

their small size, it is expected the nanoparticles will rapidly oxidise upon exposure to air.73 

Furthermore, it did not appear that Co and Ru were always found in the same location of the 

sample (Figure 3.4(c–d)), suggesting ruthenium and cobalt species may not occur in the same 

nanoparticle, but in separate nanoparticles. EDX quantification (Appendix B Table B5) 

suggests that cobalt and ruthenium were present roughly in a 1:1 ratio. The lack of ruthenium 

in the sample according to the EDX data would suggest that ruthenium may have been removed 

during nanoparticle purification, either as smaller nanoparticles or unreacted ruthenium. 

During centrifugation purification larger nanoparticles are easier to isolate than smaller 

nanoparticles or unreacted molecules in solution. Therefore, when the solution is separated 

from the nanoparticles, some of the smaller nanoparticles or unreacted reagent may also be 

removed along with the solution. 
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Figure 3.4 – Elemental mapping of RuCo4 nanoparticles: (a) High angle annular dark field 

(HAADF) STEM image as reference, (b) oxygen location within the sample, (c) ruthenium 

location within the sample, (d) cobalt location within the sample and (e) EDX spectrum 

confirming the presence of the elements. 

 Using less [Et4N][Ru3Co(CO)13] during the preparation of RuCo5, relative to RuCo4, 

resulted in nanoparticles forming with a broad size distribution (3.2 ± 2.2 nm) (Figure 3.5(c)). 

The corresponding selected area electron diffraction (SAED) pattern (Figure 3.5(b)) of the 

nanoparticles (RuCo5) in Figure 3.5(a) showed an amorphous-like pattern. We believe the 

amorphous-like diffraction in the SAED pattern (Figure 3.5(b)) is due to the nanoparticles’ 

size. The nanoparticles are small enough and close enough to each other to act as their own 

crystal lattice, and due to their various orientations, an amorphous-like SAED pattern is 

observed. This amorphous-like diffraction therefore made the SAED pattern (Figure 3.5(b)) 

difficult to analyse, due to the broad diffraction planes; however, planar spacing measurements 

of 2.11 Å and 1.16 Å were observed. The 2.11 Å spacing corresponds to CoO (2.1313 Å)71 

and/or Ru (2.0819 Å),72 and the 1.16 Å spacing corresponds to Co (1.1506 Å),74 Ru (1.1431 

Å)72 and/or RuO2 (1.1573 Å).75 The SAED data are summarised in Appendix B, Table B6. It 

is interesting to note that the 2.11 Å spacing observed in the RuCo5 SAED pattern (Figure 

3.5(b)) is in agreement with that of the 2.14 Å and 2.16 Å spacings observed for the XRD 

patterns of RuCo2 (Figure 3.2) and RuCo3 (Appendix B Figure B2), respectively. 
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Figure 3.5 – Nanoparticles produced by RuCo5; (a) bright field TEM image with (b) 

corresponding SAED pattern with planar spacings corresponding to Co,74 CoO,71 Ru72 and/or 

RuO2,
75 and (c) corresponding nanoparticle size distribution with an average size of 3.2 ± 2.2 

nm (500 nanoparticles measured). The SAED data are summarised in Appendix B Table B6. 

 Nanoparticles with a broad size distribution (Figure 3.6), with an average size of 5.7 ± 

5.2 nm, were observed when the oleic acid (OA) concentration, from RuCo5, was halved for 

reaction conditions RuCo6. The nanoparticles (Figure 3.6(a)) appeared to have a bimodal 

distribution (Figure 3.6(b)). The XRD pattern (Appendix B Figure B3) for these nanoparticles 

(RuCo6) again showed broad diffraction peaks with the 2.13 Å lattice spacing being present, 

possibly corresponding to CoO.71 

 

Figure 3.6 – Nanoparticles produced by RuCo6, (a) bright field TEM image showing both 

small nanoparticles as well as larger ones, (b) corresponding nanoparticle size distribution 

with an average size of 5.7 ± 5.2 nm (300 nanoparticles measured). 

 The addition of oleylamine (OAm) to the reaction mixture for an equimolar OA:OAm 

ratio was explored (RuCo7), resulting in a mixture of large and small nanoparticles forming 

(Figure 3.7). The nanoparticles produced by RuCo7 had a very broad size range, with 

seemingly two size distributions of 4.85 ± 3.27 nm and 30.4 ± 7.3 nm (Figure 3.7(d)). It was 

noted from higher magnification images, such as Figure 3.7(b), that the larger nanoparticles in 
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the sample had a polycrystalline nature. From this image (Figure 3.7(b)) it was also observed 

that smaller nanoparticles were also present in the sample. An area containing exclusively the 

large nanoparticles or exclusively the smaller nanoparticles could not be found. The SAED 

pattern (Figure 3.7(c)) for the large and small nanoparticles (RuCo7) did not have an 

amorphous-like diffraction pattern as previously observed (Figure 3.5(b)) but had distinct 

planes visible. The SAED (and XRD) data are summarised in Appendix B Table B8 and 

corresponds to CoO,71 Co3O4
76 and/or RuO2.

75 Also of note is the presence of the 2.11 Å planar 

spacing previously observed for other nanoparticles synthesised, possibly corresponding to 

CoO.71 It was not possible to separate the large nanoparticles from the smaller nanoparticles, 

making it difficult to say to which of the larger or smaller nanoparticles the aforementioned 

oxide phases belong. The XRD pattern (Figure 3.7(e)) of these nanoparticles (RuCo7) only 

had the presence of one significant peak, corresponding to the 2θ value of 42.12° and lattice 

spacing of 2.144 Å, also observed in the SAED pattern (Figure 3.7(c) label iii), which 

corresponds to CoO71 and/or RuO2.
75 

 By using reaction conditions RuCo5 but simply replacing OA for OAm in the reaction 

to produce RuCo8, small nanoparticles (Figure 3.8(a)) with a narrow size distribution and an 

average size of 2.14 ± 0.74 nm (Figure 3.8(b)) were observed. The XRD pattern (Appendix B 

Figure B4) for these nanoparticles (RuCo8) was similar to the XRD pattern of previously 

observed nanoparticles, with a significant broad peak corresponding to a lattice spacing of 2.12 

Å, suggesting CoO.71 

 We explored the effect of doubling the reactant concentrations of those used in the 

preparation of RuCo5 (reaction conditions RuCo9). The nanoparticles that formed from 

RuCo9 (Figure 3.9(a)) had a similar size distribution (Figure 3.9(d)) and average size (3.1 ± 

1.6 nm) to the nanoparticles produced by conditions RuCo5 (Figure 3.5). The nanoparticles 

produced by conditions RuCo9 were also similar in appearance to the nanoparticles produced 

by RuCo5. High resolution TEM (HRTEM) study of RuCo9 showed the nanoparticles 

produced were crystalline, with fast Fourier-transform (FFT) analysis of a nanoparticle 

suggesting a lattice spacing of 2.11 Å, which is tentatively assigned to that of CoO.71 
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Figure 3.7 – Nanoparticles produced by RuCo7, (a) bright field TEM image showing large 

nanoparticles, (b) bright field TEM image at higher magnification showing smaller 

nanoparticles are also present within the sample, (c) corresponding SAED pattern with planar 

spacings labelled, possibly corresponding to CoO,71 Co3O4
76 and/or RuO2,

75 (d) corresponding 

nanoparticle size distribution. Two apparent size distributions were present, the smaller 

distribution having an average size of 4.85 ± 3.27 nm (365 nanoparticles measured), and the 

larger distribution (30.4 ± 7.3 nm) not shown in the image (135 nanoparticles measured), and 

(e) XRD pattern of the nanoparticles, showing a single broad peak, possibly corresponding to 

CoO71 and/or RuO2.
75 The SAED and XRD patterns are summarised in Appendix B Table B. 

 

Figure 3.8 – Nanoparticles produced by RuCo8, (a) bright field TEM image of the 

nanoparticles and (b) corresponding nanoparticle size distribution with average size of 2.14 ± 

0.74 nm (200 nanoparticles measured). 
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 Although appearing to be an amorphous-like diffraction, the SAED pattern (Figure 

3.9(c)) for RuCo9 further supports the HRTEM data (Figure 3.9(b)), as a planar spacing of 

2.13 Å was observed in the SAED pattern (Figure 3.9(c)). This planar spacing (2.13 Å) was 

also observed in the XRD pattern in Figure 3.9(e) as 2.13 Å (2θ value 42.37°). The XRD and 

SAED data also appears to be in agreement with the 2.1313 Å spacing of CoO71 and with the 

diffraction data summarised in Appendix B Table B10. 

 

Figure 3.9 – Nanoparticles produced by RuCo9; (a) bright field TEM image of the 

nanoparticles, (b) HRTEM image of the nanoparticles, with FFT insert of a nanoparticle, (c) 

SAED pattern of the nanoparticles, (d) corresponding nanoparticle size distribution with an 

average size of 3.1 ± 1.6 nm (1000 nanoparticles measured), and (e) XRD pattern of the 

nanoparticles. The SAED and XRD data are summarised in Appendix B Table B10. 

 STEM EDX mapping (Figure 3.10) was conducted on the particles produced in RuCo9 

to determine the nanoparticle composition. The EDX spectrum (Figure 3.10(e)) confirms the 

presence of Ru, Co and O within the sample, with Cu and C also present due to the carbon 

coated copper sample TEM grid. Elemental mapping of Ru and Co (Figure 3.10(c–d)) suggests 

that the larger nanoparticles in the sample are rich in cobalt, while the smaller nanoparticles 

appear to consist of ruthenium. EDX quantification (Appendix B Table B11) of the mapped 

area (Figure 3.10(a)) suggests the distribution of Co and Ru in the sample is at a ratio of roughly 

1:1 as previously observed for RuCo4 (Figure 3.4). 
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Figure 3.10 – STEM EDX mapping of nanoparticles produced by RuCo9; (a) HAADF STEM 

image of the nanoparticles, (b) oxygen location within the sample, (c) ruthenium location 

within the sample, (d) cobalt location within the sample, and (e) the corresponding EDX 

spectrum of the area analysed. 

 Typically longer reaction times lead to the formation of  larger nanoparticles.77 We 

therefore deviated from the previous reaction time of 7 min to a reaction time of 30 min in 

dioctyl ether as solvent for RuCo10. Dioctyl ether is also frequently used in the literature as 

solvent.78 Considering nanoparticles formed by RuCo5 (Figure 3.5(a)) and RuCo6 (Figure 

3.6(a)), one notes a decrease in OA concentration, from 3.2 mM (RuCo5) to 1.6 mM (RuCo6), 

results in a mixture of small and large misshapen nanoparticles forming. Reaction RuCo7 

(Figure 3.7) showed the addition of OAm to the reaction mixture plays a role in forming larger 

nanoparticles; however, it appeared a 1:1 OA: OAm ratio results in two different sized 

nanoparticles forming. Therefore 6.4 mM OA was used for reaction RuCo10. 

 The nanoparticles produced by reaction RuCo10 (Figure 3.11) had a large size 

distribution (Figure 3.11(c)) with an average size of 3.1 ± 1.6 nm. Nanoparticles ranged from 

~ 2 nm to 14 nm in diameter, with HRTEM (Figure 3.11(b)) showing the larger nanoparticles 

of RuCo10 to be crystalline with crystal lattices clearly visible. FFT of the larger nanoparticles 

in Figure 3.11(b) suggests lattice spacings of 2.13 Å and 2.07 Å, which are in agreement with 

CoO (2.1313 Å)71 and Co (2.0350 Å)74 respectively; however, Ru (2.1408 Å and 2.0819 Å)72 

can also be assigned to the FFT. The XRD pattern (Appendix B Figure B5) for these 

nanoparticles (RuCo10) was similar to previously discussed XRD patterns, showing very 

broad peaks and a lattice spacing of 2.110 Å present at 2θ value 42.62°, consistent with the 100 

% peak of CoO (2.1313 Å).71 Therefore, the XRD data (Appendix B Table B12) would suggest 
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the HRTEM data (Figure 3.11(b)) are in agreement with that of CoO (2.1313 Å).71 It is 

therefore likely that initially the large nanoparticles (Figure 3.11) of RuCo10 consisted of 

cobalt, but oxidised to CoO upon workup and TEM analysis, resulting in core-shell CoO-Co 

nanoparticles observed in HRTEM analysis (Figure 3.11(b)); however, the lattice spacing of 

2.07 Å may belong to small Ru nanoparticles surrounding the larger nanoparticle. STEM EDX 

mapping (Appendix B Figure B6) confirmed the larger nanoparticles (Figure 3.11) were cobalt-

rich, while the smaller surrounding nanoparticles consisted of ruthenium. 

 

Figure 3.11 – Nanoparticles produced by RuCo10; (a) bright field TEM image of a cluster of 

nanoparticles, (b) HRTEM image with FFT insert of one of the large nanoparticles (marked), 

suggesting CoO,71 and (c) nanoparticle size distribution of 3.1 ± 1.6 nm (100 nanoparticles 

measured). 

3.3.2. Heat-up approach 

Another form of nanoparticle synthesis consists of heating a reaction mixture containing 

surfactants and precursor to reflux, and is therefore termed the “heat-up” approach. This 

approach is also commonly used in the literature and often has longer reaction times than the 

hot-injection approach.15, 79 

 Previously, reaction conditions RuCo3 resulted in the formation of nanoparticles with 

a small size distribution, we therefore conducted a reaction on the same scale, using a heat-up 

approach (RuCo11). The nanoparticles that formed using reaction conditions RuCo11 (Figure 

3.12(a)) had a small size distribution and an average nanoparticle diameter of 3.32 ± 0.58 nm 

(Figure 3.12(b)). The nanoparticles that formed (Figure 3.12(c)), by increasing the OA 

concentration (RuCo12), had a broader size distribution and smaller average nanoparticle size 

of 2.80 ± 0.93 nm (Figure 3.12(d)) when compared to conditions RuCo11. A stable reaction 

temperature could not be achieved during RuCo11 and RuCo12 when BzEt was used as 

solvent. During these reactions (RuCo11 and RuCo12) the solution reflux temperature 
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dropped by more than 40 °C from the maximum noted reflux temperature, even when 

maximum heat was applied to the reaction vessel. 

 

Figure 3.12 – Bright field TEM images of (a) nanoparticles produced by RuCo11 with (b) 

corresponding size distribution of 3.32 ± 0.58 nm (500 nanoparticles measured), (c) 

nanoparticles produced by RuCo12 with (d) corresponding size distribution of 2.80 ± 0.93 nm 

(240 nanoparticles measured). 

 RuCo12 was repeated, and to overcome the previously observed temperature drop, 

dioctyl ether was used as solvent (RuCo13). A stable reaction temperature of 294 °C over 30 

min was observed. By using reaction conditions RuCo13, larger nanoparticles formed (Figure 

3.13) with a broader size distribution than RuCo12, and had an average size of 3.99 ± 2.49 nm 

(Figure 3.13(d)). Figure 3.13(b) shows the HAADF STEM image of the RuCo13 

nanoparticles, offering a clear visualisation of the different sizes present in the sample. The 

HRTEM image (Figure 3.13(c)) allows a clear visualisation of the smaller nanoparticles in the 

sample. The FFT of a large nanoparticle (Figure 3.13(c) (insert)) was difficult to assign to a 

single phase as planar spacings in agreement with that of Co,74 CoO,71 and/or Ru72 were 

present. The reason for the presence of these phases can be ascribed to small nanoparticles also 

being present in the area analysed by FFT (Figure 3.13(c)), leading to interference, and 

resulting in an apparent mixed phase nanoparticle. The XRD pattern (Figure 3.13(e)) of the 

RuCo13 nanoparticles was similar to that previously observed for other nanoparticle samples. 
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A planar spacing of 2.126 Å could be assigned to the XRD pattern (Figure 3.13(e)) at the 2θ 

value 42.48°, again suggesting CoO71 in the sample. Using the Scherrer equation, the average 

nanoparticle size was estimated to be 29 Å, which is in agreement with that observed in the 

TEM data (Figure 3.13(d)). The XRD data are summarised in Appendix B Table B13. 

 

Figure 3.13 – Nanoparticles produced by RuCo13; (a) BF TEM image of the nanoparticles, 

(b) corresponding HAADF STEM image, (c) HRTEM image, (d) size distribution of the 

nanoparticles (200 nanoparticles measured) and (e) XRD pattern of the nanoparticles. The 

XRD data are summarised in Appendix B Table B13. 

 We briefly explored the decomposition of RuCo2(CO)11 into nanoparticles. RuCo14 

involved using BzEt as solvent and used a scaled-down approach to the literature procedure80 

for producing Co nanoparticles. RuCo14 served as a test reaction with nanoparticles that 

formed being misshapen (Figure 3.14) and had a broad size distribution with nanoparticles 

ranging from 2 nm to 29 nm in diameter (Figure 3.14(c)), with an average nanoparticle size of 

6.3 nm ± 4.0 nm. HRTEM analysis (Figure 3.14(b)) of the smaller nanoparticles suggests the 

smaller nanoparticles to consist of RuO2.
75 
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Figure 3.14 – Nanoparticles produced by RuCo14; (a) BF TEM image of the nanoparticles, 

(b) HRTEM image of the smaller nanoparticles with FFT (insert) of a selected area (red) and 

(c) corresponding size distribution with an average nanoparticle size of 6.3 ± 4.0 nm (300 

nanoparticles measured). 

 A subtle change in the heating regime of RuCo14 was made for reaction conditions 

RuCo15. This reaction (RuCo15) involved heating the reaction mixture to 280 °C and 

attempting to keep the reaction mixture at 280 °C. We believed a variation of the reaction 

temperature in RuCo14 may have caused the large size distribution observed for RuCo14 

(Figure 3.14(c)). The reaction temperature for RuCo15 could not be kept at the desired 280 °C 

and dropped by 10 °C. The resulting nanoparticles were misshapen (Figure 3.15(a)) and also 

had a broad size distribution (Figure 3.15(b)) with an average nanoparticle size of 7.25 ± 3.34 

nm. 

 

Figure 3.15 – (a) BF TEM image of nanoparticles produced by RuCo15 with (b) 

corresponding size distribution, with an average size of 7.25 ± 3.34 nm (210 nanoparticles 

measured). 

 Reactions RuCo14 and RuCo15 (Figures 3.14(c)) and 3.15(b) respectively) were 

therefore conducted in order to explore the effect of surfactant concentrations which may result 

in the formation of large nanoparticle size distributions. 
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 Conditions RuCo16 used dioctyl ether as solvent with an increase in surfactant 

concentration. The nanoparticles that formed, consequent of these reaction conditions and 

increased surfactant concentration (RuCo16), were mostly small nanoparticles of 3 nm in 

diameter (Figure 3.16); however, there were also larger nanoparticles present reaching sizes up 

to 18 nm. The nanoparticle size distribution appeared narrower (Figure 3.16(c)) than previous 

RuCo2(CO)11 decomposition reactions, with an average nanoparticle size of 2.93 ± 2.06 nm. 

We observed interesting “rings” of nanoparticles in the TEM sample of RuCo16 (Figure 

3.16(a)), which we believe result from nanoparticles self-assembling in this fashion due to 

solvent evaporation during TEM sample preparation. The nanoparticle “rings” are better 

visualised in the STEM image below (Figure 3.16(b)). 

 

Figure 3.16 – Nanoparticles produced by RuCo16; (a) BF TEM image of the nanoparticles, 

with arrows indicating the “rings” of nanoparticles (b) HAADF STEM image of the 

nanoparticles and (c) corresponding size distribution (260 nanoparticles measured). 

3.3.3. Nanoparticle seed-mediated growth 

Seed-mediated growth has long been used in order to grow larger nanoparticles or grow core-

shell nanoparticles. The procedure typically consists of growing nanoparticles which may be 

isolated and then used in a consecutive decomposition reaction as “seeds” that grow into larger 

nanoparticles.81 

 The nanoparticles produced by conditions RuCo5 were used as seeds during RuCo17. 

The nanoparticles produced appeared to consist of two sizes (Figure 3.17(a)), which is expected 

for a seed-mediated growth reaction, due to the precursor forming seeds that do not coat the 

larger nanoparticles.82 Typically, smaller nanoparticles can be removed from the sample 

containing larger nanoparticles by centrifuge;82, 83 however, we were interested in viewing the 

entire sample. The larger nanoparticles in the sample (RuCo17) did not have a distinct shape 

and were surrounded by the smaller nanoparticles. The average size of these nanoparticles 

(RuCo17) were 3.11 ± 2.18 nm with a broad size distribution (Figure 3.17(c)). An SAED 
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(Figure 3.17(b)) of the nanoparticles (RuCo17) showed a diffraction pattern with clearer 

diffraction planes, which is in agreement with that of Co,74 CoO,71 Ru,72 and/or RuO2.
75 The 

XRD pattern (Appendix B Figure B7) supports the phases observed in the SAED pattern 

(Figure 3.17(b)). The SAED and XRD data are summarised in Appendix B Tables B14 (SAED) 

and B15 (XRD). 

 

Figure 3.17 – TEM analysis of nanoparticles produced by RuCo17; (a) BF TEM image of the 

nanoparticles, (b) corresponding SAED pattern and (c) corresponding size distribution of the 

nanoparticles (1000 nanoparticles measured).  

 EDX elemental mapping (Figure 3.18) of the nanoparticles (RuCo17) suggests the 

larger nanoparticles in the sample are cobalt rich, while the smaller nanoparticles are ruthenium 

rich. This suggests that alloyed nanoparticles did not form, but rather two separate species of 

cobalt-based and ruthenium-based nanoparticles formed. EDX quantification (Appendix B 

Table B16) of the mapped area in Figure 3.18 suggests roughly a 1:2 Co: Ru ratio within the 

sample analysed. 

 RuCo18 involved the precursor introduced to the refluxing nanoparticle solution by 

hot-injection, contrary to RuCo17, where the precursor was present in the nanoparticle solution 

as it was heated to reflux. The nanoparticles (Figure 3.19) produced by RuCo17 did not appear 

to have grown significantly larger when compared to the seed nanoparticles (RuCo9) pictured 

in Figure 3.9. The nanoparticles produced by RuCo18 had an average size of 2.83 ± 0.92 nm 

and had a broader size distribution (Figure 3.19(d)) than RuCo9 (Figure 3.9(d)). These 

nanoparticles (RuCo18) were also interesting, in the sense that they assembled into an egg-like 

layout; a large nanoparticle as the yolk and smaller nanoparticles surrounding the yolk, 

representing the egg-white (Figure 3.19(a)). The STEM image in Figure 3.19(c) gives a better 

visualisation of this “egg-like” assembly the nanoparticles (RuCo18) had. No apparent crystal 

lattices could be observed in the HRTEM image (Figure 3.19(b)) of the larger nanoparticles 

surrounded by smaller nanoparticles. 



Chapter 3 

 

87 

 

 

Figure 3.18 – EDX mapping of nanoparticles produced by RuCo17; (a) HAADF STEM image 

for reference, (b) oxygen location within the sample, (c) ruthenium location within the sample, 

(d) cobalt location within the sample, and (e) corresponding EDX spectrum, confirming the 

presence of the elements. Copper and carbon signals arise from the carbon coated TEM grid. 

 

Figure 3.19 – TEM analysis of nanoparticles produced by RuCo18; (a) BF TEM image of the 

nanoparticles showing the “egg-like” assembly of the nanoparticles, , (b) HRTEM showing a 

higher magnification of the smaller nanoparticles surrounding the larger nanoparticle centre. 

HAADF STEM image of the nanoparticles is shown in (c), showing the large nanoparticle in 

the sample is not part of the TEM grid on which the nanoparticles were prepared, due to the 

contrast differences between the grid and the nanoparticles. The size distribution of the 

nanoparticles is shown in (d) with an average nanoparticle size of 2.83 ± 0.92 nm (1210 

nanoparticles measured). 
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 EDX mapping (Appendix B Figure B8) of the nanoparticles (RuCo18) showed the 

“yolk” of the nanoparticle assembly to be cobalt rich, while the surrounding nanoparticles were 

ruthenium rich. This suggests large cobalt-rich nanoparticles formed and smaller ruthenium-

rich nanoparticles formed alongside. 

3.3.4. Other nanoparticle syntheses 

The use of other surfactants and solvents were also explored briefly, in order to grow 

monodispersed Co-Ru nanoparticles. 

 Incorporating OA, OAm and 1,2-hexanedecanediol as surfactants, and excluding 

TOPO (RuCo19) resulted in both large and small nanoparticles forming (Figure 3.20(a)). The 

nanoparticles (RuCo19) had a broad size distribution, ranging from 2 nm to 30 nm (Figure 

3.20(b)), and had an average size of 4.06 ± 4.65 nm. 

 Reaction conditions RuCo20, where a solvent mixture of dioctyl ether and ethylene 

glycol was used, yielded large nanoparticles, ranging from 100 nm to 150 nm, as well as smaller 

nanoparticles forming (Figure 3.21(a)). The smaller nanoparticles had a small size distribution 

(Figure 3.21(b)) and an average size of 2.06 ± 0.46 nm. EDX mapping (Figure 3.22) showed 

the large nanoparticles produced by RuCo20 were cobalt rich, while the smaller nanoparticles 

in the sample were ruthenium rich. Different regions within the sample were selected for EDX 

quantification analysis (Region 1 and Region 2 in Figure 3.22(a)). EDX quantification 

(Appendix B Table B17) on the EDX spectrum (Figure 3.22(e)) of Region 1 in Figure 3.22(a) 

showed the nanoparticle consists almost entirely of cobalt with little oxygen (~ 4 %) and 

ruthenium (~ 5 %) in the analysed area. In contrast, EDX quantification (Appendix B Table 

18) of the EDX spectrum (Figure 3.22(f)) of Region 2 in Figure 3.22(a) showed the 

nanoparticles consist mostly of ruthenium (~ 52 %) and oxygen (~ 33 %), with little cobalt (~ 

14 %) present. The small nanoparticles produced by RuCo20 therefore probably consist of 

ruthenium oxide species while the larger nanoparticles consist of cobalt metal. 
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Figure 3.20 – Nanoparticles produced by RuCo19; (a) BF TEM image of the nanoparticles 

with (b) corresponding size distribution, with an average nanoparticle size of 4.06 ± 4.65 nm 

(250 nanoparticles measured). 

 

 

Figure 3.21 – Nanoparticles produced by RuCo20; (a) BF TEM image showing large 

nanoparticles (100 – 150 nm) as well as small nanoparticles, (b) size distribution 

corresponding to the small nanoparticles with an average size of 2.06 ± 0.46 nm (100 

nanoparticles measured). 
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Figure 3.22 – STEM EDX analysis of the nanoparticles produced by RuCo20; (a) HAADF 

STEM image of the nanoparticles showing the area selected for elemental mapping, (b) oxygen 

location within the mapped area, (c) ruthenium location within the mapped area, (d) cobalt 

location within the mapped area, (e) EDX spectrum corresponding to the area in “Region 1” 

in (a) and (f) EDX spectrum corresponding to the area in “Region 2” in (a). Copper and carbon 

signals in the EDX spectra in (e) and (f) arise from the carbon coated copper TEM grid used 

to prepare the sample on. 

 RuCo20 was repeated; however, ethylene glycol was left out of the reaction (reaction 

conditions RuCo21). By using these reaction conditions (RuCo21), a higher reaction 

temperature could be reached than for RuCo20 due to the exclusion of a lower boiling point 

solvent (ethylene glycol).  The nanoparticles that formed by using RuCo21 are shown in Figure 

3.23. Visually it appeared that nanoparticles with two different size distributions formed and 

clustered together in separate locations when RuCo21 was viewed under the TEM. It was noted 

that some of the smaller nanoparticles (Figure 3.23(b)) appeared to be encapsulated by an 

amorphous layer, which probably consisted of excess surfactant. The smaller nanoparticles had 

an average size of 2.18 ± 0.35 nm (Figure 3.23(d)), while the larger nanoparticles had an 

average size of 2.84 ± 0.56 nm and broader size distribution (Figure 3.23(c)). However, the 

two average sizes are within experimental error of each other. 
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Figure 3.23 – Nanoparticles produced by RuCo21; (a) BF TEM image (b) HRTEM image of 

a cluster of nanoparticles (c) size distribution of the larger nanoparticles (100 nanoparticles 

measured, and (d) size distribution of the smaller (100 nanoparticles measured). 

 STEM EDX mapping (Figure 3.24) of RuCo21 showed ruthenium and cobalt were 

both present in the same location in the clustered nanoparticles; however, EDX quantification 

(Appendix B Table B19) suggests cobalt is present in only small concentrations (~ 3 %) and 

ruthenium is found in significantly higher concentrations (~ 72 %). A region consisting of 

larger nanoparticles produced by RuCo21 was also analysed by STEM EDX (Appendix B 

Figure B10), as Figure 3.24 also showed cobalt and ruthenium were located within the same 

area of the sample; however, cobalt appeared to be present in a higher concentration. EDX 

quantification (Appendix B Table B20) confirmed higher concentrations of cobalt (~ 14 %) 

and ruthenium was present in slightly lower concentrations (~ 52 %). It would therefore appear 

that the two nanoparticle clusters in Figure 3.23(a) are indeed different. 
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Figure 3.24 – STEM EDX mapping of nanoparticles produced by RuCo21; (a) HAADF STEM 

image of the nanoparticles, (b) oxygen location within the sample, (c) ruthenium location 

within the sample, (d) cobalt location within the sample, and (e) corresponding EDX spectrum 

of the mapped area, showing a strong signal for ruthenium and a significantly weaker signal 

for cobalt. The copper and carbon signals arise from the carbon coated copper TEM grid used 

to prepare the TEM sample on. 

3.3.5. General discussion 

Previous reported decompositions of bimetallic precursors resulted in the formation of 

bimetallic nanoparticles.31, 32 We therefore expected ruthenium-cobalt bimetallic nanoparticles 

forming with elemental compositions relatable to the metal ratio in the precursor used;31, 32 

however, accumulated data suggest otherwise. Each decomposition resulted in separate 

ruthenium nanoparticles and cobalt nanoparticles forming with no data supporting the 

formation of an alloy. EDX quantifications of the nanoparticles also suggest the metal in the 

nanoparticles did not form in stoichiometric ratios relatable to the bimetallic precursors used 

for nanoparticle syntheses. 

3.3.5.1. SAED and XRD data 

All XRD patterns presented in this chapter showed significant peak broadening, due to the 

nanoparticles being only a couple of nanometres in diameter, as evidenced by TEM imaging. 

Through the Scherrer equation, we could relate XRD peak broadening to nanoparticle size 

which confirmed TEM size measurements. We also noted each XRD pattern contained a 

feature in the 2θ value range of roughly 15-25° which could not be assigned. We believe these 

unassignable features may be due to the organic surfactants stabilising the nanoparticles due to 

other organic minerals (hartlite69 and kratochvilite70) showing reflections in this region.  
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 SAED patterns of the nanoparticles typically showed an amorphous-like diffraction 

pattern, possibly due to the size of the nanoparticles. The SAED patterns typically had a planar 

spacing consistent with CoO;71 however, due to the resolution of the SAED patterns, the same 

planar spacing could also be assigned to Ru.72 

 When comparing XRD and SAED patterns, generally XRD patterns offer the more 

reliable characterisation of a sample due to XRD having a higher angular resolution, capable 

of distinguishing between some phases. However, our samples made SAED and XRD analysis 

challenging with no certainty about sample composition. 

 We believe that due to their small size, the nanoparticles oxidise readily upon workup, 

leading to metal oxides forming. Unlike FeO, discussed in Chapter 2, CoO is stable and does 

not readily oxidise further to Co3O4 or Co2O3.
84, 85 Furthermore, Co2O3 is only stable at low 

temperatures in an environment with a high oxygen partial pressure.85 This stability of CoO 

therefore explains why CoO was observed in our samples rather than Co3O4. 

3.3.5.2. EDX mapping and quantification 

EDX mapping is a useful tool to visualise the distribution of elements throughout the sample. 

Using EDX mapping in conjunction with EDX quantification allowed us to observe the sample 

compositions. We noted that cobalt and ruthenium did not appear to occur in the same 

nanoparticles, which would suggest that metal-metal bonds within the precursors are not strong 

enough to carry through to the nanoparticles. Furthermore, EDX quantification would suggest 

that the precursor stoichiometric metal ratios do not relate to the stoichiometric metal ratios 

formed in the nanoparticles. 

 Through EDX analysis we were able to determine that, in samples with nanoparticles 

of two distinct sizes, larger nanoparticles typically were cobalt-rich while the smaller 

nanoparticles were ruthenium-rich, for example RuCo20 (Figure 3.22). We were not able to 

determine the exact atomic ratio of cobalt to ruthenium with the analysis methods we report 

here. 
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3.4. Summary and Conclusions 

We explored the decomposition of two bimetallic complexes into nanoparticles, namely 

[Et4N][Ru3Co(CO)13] and RuCo2(CO)11. It was anticipated that the stoichiometric metal ratios 

of the nanoparticles would relate to their bimetallic precursors; however, this was not the case. 

 By varying typical reaction conditions, such as reaction temperature and surfactants, 

we could tune the size of the nanoparticles. For instance, we demonstrated that increased 

surfactant concentrations or lower reaction temperatures lead to the formation of smaller 

nanoparticles. We also demonstrated that TOPO is necessary to form Co-based and Ru-based 

nanoparticles of similar sizes. STEM-EDX allowed us to determine that cobalt and ruthenium 

nanoparticles appeared to form separately and did not appear to be located within the same 

nanoparticles. Cobalt-based and ruthenium-based nanoparticles also seem to grow at different 

rates, leading to nanoparticles with a broad size distribution forming when reaction times were 

increased. This was particularly evident by long reaction times of 30 min. It was therefore 

determined that shorter reaction times of 7 min form cobalt and ruthenium nanoparticles of 

similar sizes with a narrower size distribution. 

 Due to the small nanoparticle size, in samples containing cobalt and ruthenium 

nanoparticles of similar size, it was difficult to characterise samples using powder XRD due to 

the presence of broad reflections in the XRD patterns. This limited our characterisation 

techniques to mostly rely on TEM imaging. Although the SAED patterns of the nanoparticles 

resembled the same amorphous-like diffraction patterns observed in XRD analysis, we were 

able to confirm the nanoparticles were indeed crystalline by using advanced TEM imaging 

techniques, such as HRTEM. By using powder XRD, SAED and HRTEM, we were able to 

confirm that the nanoparticles that did form consisted of Co and/or CoO as well as Ru and/or 

RuO2. However, due to the limitations in the characterisation techniques used, we were not 

able to determine the exact phases of the individual nanoparticles. 
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4.1. Introduction 

The word “lanthanide” originates from the Greek word lanthaneien, meaning “to lie hidden” and was 

introduced by V. M. Goldschmidt in 1925.1, 2 The lanthanide series of elements, also known as rare 

earth metals, range from lanthanum to lutetium, with scandium and yttrium also considered as part of 

the lanthanide series.3 Their name “rare earth” is somewhat conflicting with their abundance within 

Earth’s crust, as lanthanides tend to be more common than other elements, such as precious metals 

(for example; gold, platinum, palladium and rhodium).4 Deposits of lanthanides are typically found 

within the same ore,5 with concentrations often not high enough to be considered economically viable 

for mining.6 As a result of their interesting optical,7 magnetic,8 and catalytic9 properties, lanthanides 

have become commonplace within daily life. They can be found in modern electronics,1 camera and 

telescope optics,10 lasers,11 MRI contrast agents12 and nuclear batteries for satellites.13 

 Lanthanide complexes and materials have also enjoyed significant attention in the literature.14-

17 Lanthanide ions exhibit intense luminescence in the near-infrared and visible light spectrum.18 

Their interesting luminescent properties include a large Stokes’ shift, narrow emission bands and long 

decay times.19, 20 The emissions observed for the lanthanide ions occur from internal 4f-shell electron 

transitions.21 The 4f-shell of trivalent lanthanide ions are shielded by filled 5s and 5p orbitals, causing 

the 4f electrons to receive little influence from the lanthanide ion’s surroundings.21 

 Indeed, as a result of their remarkable luminescent properties, lanthanides are often considered 

superior to quantum dots in a number of applications.22 In addition to the strong monochromatic 

emissions lanthanides exhibit, they also show no blinking behaviour, a resistance to photobleaching, 

upconversion capabilities, and do not have size dependent emission spectra, as found for quantum 

dots.23, 24 Furthermore, quantum dots often rely on toxic elements, such as cadmium, while 

lanthanides are considerably less toxic and therefore applicable to biomedical studies.24, 25 

Lanthanides do have poor light absorption capabilities within the visible light spectrum, due to 

forbidden transitions.26 By using an appropriate ligand poor light absorption by the lanthanide can be 

overcome by what is known as the antenna effect. The antenna effect involves light being absorbed 

by the ligand, with energy transferred to the lanthanide ion, whereupon the lanthanide luminesces.26 

 Due to their many advantages, lanthanide nanoparticles have received considerable attention 

in the literature,27-29 particularly towards biomedical applications.30-32 Formation of nanoparticles can 

on occasion be challenging. It has been stated, for instance, the formation of monodispersed 

crystalline Gd2O3 nanoparticles is due to a high temperature annealing process.8 
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 Our study encompasses the investigation into the formation of lanthanum oxide nanoparticles. 

Trivalent lanthanum ions do not show f-f orbital transitions as a consequence of an empty 4f-shell,33 

lanthanum is therefore not used for luminescence studies. However, lanthanum oxide has received 

attention in catalysis as it is a good catalyst promotor.34-36 Considering the Fischer-Tropsch process, 

lanthanum oxide is considered a catalyst promotor as it increases catalytic performance and selectivity 

towards the formation of higher hydrocarbons.34, 37-40 

Previous chapters mentioned different approaches to synthesising nanoparticles, of which we 

explored thermolysis approaches. This chapter continues to explore nanoparticle formation using 

thermolysis of a metal precursor, as well as presenting some works toward nanoparticle formation 

using a supercritical fluid reactor. 

4.1.1. Supercritical fluid reactor nanoparticle synthesis 

A supercritical fluid (SCF) is classified as a material at a temperature and pressure past its critical 

point, where the gas and liquid phases can no longer be distinguished from one another and therefore 

occur as a single fluid phase.41, 42 SCFs offer the user properties of both liquid and gas phases of a 

particular material; the high density of a liquid, ideal for dissolving compounds, and the fast diffusion 

and miscibility of a gas.43 An SCF is not a proper phase as there is continuous change from liquid to 

gaseous phases. By varying the temperature and pressure of the SCF, the viscosity, diffusion 

capabilities, density, and surface tensions can be varied.44 The SCF can therefore be tuned to exhibit 

either more gas-like or more liquid-like phase properties.45 SCFs also offer incredibly low viscosity 

and surface energy, ideal for supercritical inclusion techniques, such as the formation of nanowires 

within the pores of a material.46-48  

 Water49-51 and CO2
52-54 are some of the most studied SCFs as these solvents are considered 

environmentally benign. Although a greenhouse gas, the use of CO2 in an SCF reactor is considered 

green as CO2 is harvested from the atmosphere and is therefore carbon-neutral.55, 56  

 Nanoparticle synthesis using supercritical fluids have been investigated, especially for larger 

scale reactions involving supercritical CO2
57 and water58 as solvents. However, other supercritical 

organic solvents have also been investigated in the literature,59 particularly when considering 

nanoparticle syntheses.60-62 The benefit of using supercritical organic solvents are: reaction 

temperatures higher than the solvent boiling point (at ambient pressure) can be reached, therefore 

changing reaction rates, and the solubility of some metal precursors increases in polar organic 

solvents.42 Furthermore, when compared to the thermolysis approach of nanoparticle synthesis, 

involving a high boiling point solvent and surfactants, SCF reactions are easier to scale up when 

synthesising nanoparticles, especially when considering a continuous flow system.57, 63 
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 Lanthanide β-diketonate complexes were chosen as the metal precursors for SCF flow 

reactions, as the metal complex syntheses are well established.64-66 Typically metal nitrides are used 

when synthesising lanthanide-based nanoparticles using an SCF flow reactor.67-71 There are also 

studies relating to the formation of lanthanide oxide nanoparticles using metal acetylacetonate or 

acetate precursors.72, 73 We therefore endeavoured to investigate the decomposition of lanthanide β-

diketonate complexes in the presence of oleylamine and oleic acid as surfactants, using supercritical 

organic solvents in an SCF flow reactor. 

4.1.2. Thermolysis approach 

As with other metals discussed in this thesis, thermolysis is a method used to achieve excellent 

nanoparticle size and shape control.74 As with SCF flow reactions, lanthanide β-diketonate complexes 

are a common precursor used for lanthanide nanoparticle synthesis in the literature.75-77 

4.1.2.1. Lanthanide oleate decomposition 

The work conducted using an SCF flow reactor at Aarhus University, Denmark (Figure 4.1), led to 

the investigation of lanthanum oleate decomposition. We believed the long alkene chains of the 

lanthanum oleate moiety could act as surfactant, potentially simplifying reaction parameters. 

Lanthanum oleate complex would therefore act as a single-source precursor, providing both metal 

atom as well as surfactant required for nanoparticle synthesis and stabilisation. 

 

Figure 4.1 – Small-scale SCF flow reactor used at Aarhus University, Denmark. 

 Numerous studies on the decomposition of lanthanide oleates into nanoparticles exist in the 

literature;78-80 however, the studies typically incorporated more than one precursor to produce 

nanoparticles. Such additional precursors often involve a fluoride source, such as NaF, or another 
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lanthanide oleate79, 81, 82 in order to develop methods for synthesising luminescent nanoparticles.83 

However, our research focus was on the formation of lanthanum oxide nanoparticles by decomposing 

a single source precursor.  

 Nanoparticle formation using lanthanum oleate and 1-octadecene (ODE) as solvent has 

received little attention in the literature. Related studies of this kind typically involve using 

trioctylamine and oleic acid (OA) as a solvent-surfactant system,84 oleylamine as both surfactant and 

solvent,85 or incorporate NaF as a fluoride source.79 It has also been noted that there is a lack in the 

literature of a systematic investigation of the general syntheses as well as properties of lanthanide 

fluoride nanoparticles using a thermal decomposition method of a lanthanide oleate precursor.79, 86  

 We therefore investigated La2O3 nanoparticle formation by the decomposition of lanthanum 

oleate as a single-source precursor, in ODE by altering typical reaction conditions such as reaction 

time, precursor concentration and reaction temperature. For comparative reasons, we briefly 

investigated the addition of supplementary surfactants to the reaction mixture and their effect on 

nanoparticle morphology. 
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4.2. Experimental 

4.2.1. General conditions 

General conditions were as reported in Chapter 2. 

4.2.2. Formation of LnCl3 from Ln2O3 

The modified literature procedure was used to obtain lanthanide chlorides.65 

As an example, LaCl3 formation: La2O3 (1.0 g, 3.0 mmol) was dissolved in excess conc. HCl solution 

(5 mL). Water (10 mL) was added to the clear solution before the solution was heated to allow excess 

HCl to evaporate. Water was added in four 10 mL aliquots to the boiling solution to ensure excess 

HCl has evaporated. The solution was then allowed to boil to dryness. The product was allowed to 

dry in vacuo before collecting LaCl3·xH2O as a white powder. 

4.2.3. Formation of Ln(β-diketonate)3 complexes from LnCl3 

Ln(β-diketonate)3 complexes were synthesised by reacting deprotonated β-diketone with the 

appropriate Ln3+ ion, as per the literature procedure.65 

4.2.4. Flow reactor syntheses 

4.2.4.1. Preparation of precursor solution 

An example of a typical precursor solution preparation is as follows: La(acac)3 powder (0.228 g, 

0.522 mmol) is added to a mixture of oleylamine (1.34 g, 5.01 mmol) and oleic acid (0.706 g, 2.50 

mmol). The metal precursor-surfactant mixture is then heated to 100 °C with stirring, for an hour, 

until the suspension became clear yellow. This solution is then diluted with 50 mL toluene, before 

being passed through the flow reactor. Table 4.1 contains details regarding each flow reaction’s stock 

solution details. 
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Table 4.1 – Stock reagent solution preparation details for flow reactions. The concentrations in 

brackets are the effective concentrations of the reaction solution as it passes into the main reactor 

after being diluted in line. 

ID Precursor Oleylamine (70 %) Oleic Acid Dilution Solvent 

Flow1 Eu(acac)3 

25.4 mM 

 

250 mM 

 

125 mM 

Toluene 

Flow2 Eu(acac)3 

24.8 mM 

 

251 mM 

 

131 mM 

Toluene 

Flow3 Eu(acac)3 

24.8 mM 

 

252 mM 

 

129 mM 

Anisole 

Flow4 La(acac)3 

26.0 mM 

 

250 mM 

 

125 mM 

Toluene 

Flow5 Er(acac)3 

25.9 mM 

 

250 mM 

 

125 mM 

Toluene 

Flow6 La(hfac)3 

5.24 mM 

(2.62 mM) 

 

35.0 mM 

(17.5 mM) 

 

25.1 mM 

(12.6 mM) 

Toluene 

Flow7 La(acac)3 

5.20 mM 

(2.60 mM) 

 

36.1 mM 

(18.0 mM) 

 

27.3 mM 

(13.7 mM) 

Toluene 

Flow8 La(acac)3 

10.5 mM 

(5.25 mM) 

 

70.4 mM 

(35.2 mM) 

 

50.0 mM 

(25.0 mM) 

Toluene 

Flow9 La(acac)3 

52.1 mM 

(26.0 mM) 

 

35.4 mM 

(17.7 mM) 

 

25.2 mM 

(12.6 mM) 

Toluene 

Flow10 La(tfac)3 

5.32 mM 

(2.66 mM) 

 

35.1 mM 

(17.5 mM) 

 

26.9 mM 

(13.4 mM) 

Toluene 

Flow11 La(tfac)3 

5.37 mM 

(2.69 mM) 

 

0.00 mM 

 

0.00 mM 

Acetone 

Flow12 La(tta)3 

5.24 mM 

(2.62 mM) 

 

35.0 mM 

(17.5 mM) 

 

24.9 mM 

(12.4 mM) 

Toluene 
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4.2.4.2. Flow reactor details 

Two flow reactor setups were used for nanoparticle syntheses: the first setup (Setup 1) is shown in 

Appendix C Figure C1 and typically involved passing diluted precursor mixture through a constant-

flow gradient HPLC piston pump at a flow rate of 1.00 mL min-1 into coiled tubing, 4.5 m in length 

and 1.0 mm inner diameter, in a heating block furnace set at 500 °C, for an internal coil temperature 

of 450 °C. The hot mixture was cooled by passing through tubing in an ice bath. The mixture then 

passes through a pressure regulating valve, set at 20 MPa, before exiting the flow reactor for collection 

in a beaker. The second setup (Setup 2) is shown in Appendix C Figure C2 and typically involved 

similar steps to Setup 1 but the precursor solution was diluted in the reactor with preheated solvent. 

The preheated solvent was prepared by passing solvent through a constant-flow gradient HPLC piston 

pump at a flow rate of 1.00 mL min-1 into coiled tubing, 4.5 m in length, in a heating block furnace 

set at 500 °C, for an internal coil temperature of 450 °C. The hot solvent meets the precursor mixture 

with a flow rate of 1.00 mL min-1 and is diluted (2.00 mL min-1 total flow rate) before passing through 

a second coiled tube, 5.6 m in length and 1.6 mm inner diameter, in a heating block furnace set at 500 

°C, for an internal coil temperature of 450 °C. The mixture then passes through the remaining part of 

the flow reactor as per Setup 1. Reaction temperatures were monitored by thermocouples placed 

inside the furnace heating block, making contact with the coil tubing. The flow rate was determined 

by setting the pumps at the desired flow rate, which in turn was monitored by a balance at the 

collection point. Attempts at nanoparticle separation from solution were made by centrifugation once 

the reacted solution was collected. Table 4.2 contains a summary of the reactor conditions used for 

each flow synthesis. 
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Table 4.2 – Flow reactor details for flow reactions carried out at 20 MPa. The reaction marked with 

an asterisk (*) was carried out at 1 MPa. Flow reactions 1–5 were carried out using a flow reactor 

with Setup 1, and Flow reactions 6–12 were carried out using a flow reactor with Setup 2. The 

reagent solution for Flow4 contained undissolved La(acac)3 and could not be passed through the 

reactor. 

ID Main reactor 

temperature 

(°C) 

Solvent 

preheating 

reactor 

temperature 

(°C) 

Reagent 

stock 

solution 

flow rate 

(mL/min) 

Dilution 

solvent 

flow rate 

(mL/min) 

Total flow 

rate 

through 

reactor 

(mL/min) 

Reactor 

Residence 

Time 

(min) 

Flow1 275 N/A 1 N/A 1 3.5 

Flow2* 450 N/A 1 N/A 1 3.5 

Flow3 450 N/A 1 N/A 1 3.5 

Flow4 450 N/A 1 N/A - - 

Flow5 450 N/A 1 N/A 1 3.5 

Flow6A 450 366 4 4 8 1.4 

Flow6B 450 461 3 3 6 1.9 

Flow6C 450 472 2 2 4 2.8 

Flow6D 450 455 1 1 2 5.6 

Flow7A 275 233 1 1 2 5.6 

Flow7B 450 385 1 1 2 5.6 

Flow8 450 384 1 1 2 5.6 

Flow9 350 360 1 1 2 5.6 

Flow10A 450 452 1 1 2 5.6 

Flow10B 450 462 2 2 4 2.8 

Flow11 450 451 1 1 2 5.6 

Flow12 450 457 1 1 2 5.6 

 

4.2.5. Ln(oleate)3 syntheses 

Ln(oleate)3 complexes were prepared following the modified literature procedure.87 

 As an example, La(oleate)3 was prepared by dropwise addition, at room temperature, of a 

solution of dissolved NaOH (1.197 g, 29.9 mmol) in water (20 mL) to a solution containing oleic acid 

(9.415 g, 33.3 mmol) in ethanol (20 mL). The mixture was stirred and heated to 50 °C for 30 min 

before being cooled to room temperature to obtain Na(oleate). The Na(oleate) solution was added 

dropwise, with stirring, to a solution of LaCl3 (2.453 g, 10.0 mmol) in 1:1 ethanol/water (20 mL) at 

room temperature. Upon complete addition of the Na(oleate) solution, hexane (40 mL) was added to 

the reaction mixture. The reaction mixture was then vigorously stirred and heated to reflux for four 

hours before cooling to room temperature. Two layers formed when stirring stopped and these two 
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layers were separated. The aqueous layer was washed with hexane (3 × 20 mL) and the organic layer 

was washed with 1:1 ethanol/water (3 × 20 mL). All the organic phases were combined, dried over 

MgSO4 and filtered. Hexane was removed in vacuo to deliver a white wax-like product La(oleate)3 

(8.220 g, 8.36 mmol, 83 %). 

 La(oleate)3 

1H NMR (CDCl3, 400 MHz): δ 0.87 (t, J = 7.0 Hz, 3 H, -CH3), 1.26 (multiplet, 19 H, -CH2-CH2-

CH2-), 1.54 (multiplet, 2.60 H, -CH2-CH2-COO-), 1.99 (multiplet, 3.60 H, -CH2-CH=CH-CH2), 2.21 

(multiplet, 2.21 H, -CH2-COO-), 5.32 (multiplet, 2 H, -CH2-CH=CH-CH2). Melting point: 50–55 

°C. 

 For decomposition reactions, a 100 mL stock solution of La(oleate)3 (8.220 g, 8.36 mmol) in 

hexane was prepared and stored in a Schlenk rotaflow flask. The concentration of the La(oleate)3 

solution was calculated to be 83.6 mM. 

 La(oleate)3 heated to 120 °C 

A small sample of La(oleate)3 was heated on a glass slide in air to 120 °C for 30 min, during which 

the white wax-like solid melted into a clear colourless liquid, which became a clear yellow liquid. 

1H NMR (CDCl3, 400 MHz): δ 0.88 (t, J = 7.0 Hz, 3 H, -CH3), 1.26 (multiplet, 18.8 H, -CH2-CH2-

CH2-), 1.53 (multiplet, 2.79 H, -CH2-CH2-COO-), 1.99 (multiplet, 3.53 H, -CH2-CH=CH-CH2), 2.22 

(multiplet, 2.60 H, -CH2-COO-), 5.32 (multiplet, 1.89 H, -CH2-CH=CH-CH2). 

4.2.6. La(oleate)3 decomposition into nanoparticles 

As an example of a typical decomposition reaction: 25 mM La(oleate)3 was added to a three-necked 

round bottom flask under argon and placed under vacuum for 30 min before backfilling with argon. 

ODE (10 mL) and 50 mM OAm were added under argon, before being heated to 300 °C for 60 min 

with vigorous stirring. The reaction flask was allowed to cool to room temperature before 

nanoparticles were separated by centrifugation as in Chapter 2 of this thesis. All reaction conditions 

used are summarised in Table 4.3 below. 
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Table 4.3 – Reaction conditions used for the decomposition of La(oleate)3 as a single source 

precursor. All reactions were conducted in 10 mL 1-Octadecene as solvent. 

ID La(oleate)3 

concentration 

(mM) 

Additional 

surfactant 

Additional 

surfactant 

concentration 

(mM) 

Reaction time 

(min) 

Reaction 

temperature 

(°C) 

SS1 50 None - 60 300 

SS2 50 None - 60 250 

SS3 50 None - 30 300 

SS4 25 None - 60 300 

SS5 25 None - 60 250 

SS6 25 None - 30 300 

SS7 12.5 None - 60 300 

SS8 12.5 None - 60 250 

SS9 25 Oleylamine 50 60 300 

SS10 25 Oleylamine 100 60 300 

SS11 25 Oleylamine 150 60 300 

SS12 25 Oleylamine 200 60 300 

SS13 25 Oleylamine 50 30 300 

SS14 25 Oleylamine 100 30 300 

SS15 25 Oleylamine 150 30 300 

SS16 25 Oleylamine 200 30 300 

SS17 25 Oleylamine 450 60 300 

SS18 25 Oleylamine 

Oleic Acid 

50 

25 

60 300 

SS19 25 Oleylamine 

Oleic Acid 

50 

50 

60 300 

SS20 25 Oleylamine 

Oleic Acid 

50 

75 

60 300 

SS21 25 Oleylamine 

Oleic Acid 

50 

100 

60 300 

SS22a 25 Oleylamine 200 1440 150 

SS22b 25 Oleylamine 200 2880 150 

SS22c 25 Oleylamine 200 4320 150 

SS23a 25 None - 1440 150 

SS23b 25 None - 2880 150 

SS23c 25 None - 4320 150 

SS23d 25 None - 5760 150 

 

 

 



Chapter 4 

 

111 

 

4.2.7. Further Ln(β-diketonate)3 decomposition reactions 

Reaction conditions Eu1: Eu(acac)3 was decomposed into nanoparticles following the modified 

literature procedure.75 Eu(acac)3 (0.100 g, 0.22 mmol) was dissolved in 6 mL oleic acid and 10 mL 

oleylamine. The reaction solution was then degassed for 1 h under vacuum at 90 °C, before the 

reaction vessel was backfilled with argon and heated to reflux for 1 hour. The reaction vessel was 

then allowed to cool naturally, with stirring, before separating the nanoparticles from solution by 

centrifuge as described in Chapter 2. 
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4.3. Results and Discussion 

4.3.1. Flow reactor syntheses 

The synthesis of nanoparticles using a supercritical fluid flow reactor was part of a research exchange 

collaboration between the University of Western Australia, Australia, and Aarhus University, 

Denmark.  

 Flow reactions were carried out on an in-house built continuous-microflow reactor, with inner 

tube diameters of 1 mm, or 1.6 mm. When a fluid passes through a tube, it flows slower at the tube 

walls than in the centre of the tube where fluid velocity is a maximum. Due to this phenomenon, 

reaction solution closest to the wall of the tubing has a longer residence time than reaction solution 

in the centre of the tubing. In contrast to reactors with a large inner tube diameter, small inner tube 

diameter reactors allow a more idealised plug flow model of the reaction fluid; that is fluid in contact 

with the reactor walls flow at almost the same rate as fluid in the centre of the tube.88 Other benefits 

of using a microflow reactor are: low reagent consumption,89 enhanced heat and mass transfers,90 

increased reproducibility91 and potential for in situ reaction monitoring.92 

 A drawback of using the small tubing was that it would block easily if a precursor mixture 

was used that had not properly dissolved or the precursor mixture is mixed in the reactor with solvent 

in which the precursor mixture is not soluble. The reactor was flushed with ethanol, while heated to 

the desired temperature. To prevent unwanted reagent mixture contact with a solvent used to flush 

the reactor, a buffer of reagent dilution solvent was passed through the reactor prior to the reaction 

solution passing through it. Using a high reagent concentration can also lead to blockages forming 

within the reactor, therefore dilution with an appropriate solvent is essential. Residence time is 

defined as how long a reaction mixture resides within a reactor, and therefore effectively the reaction 

time, as it takes less time to pass a small volume of reagent through. An example of calculating the 

residence time of a fluid in a reactor, passing through a tube of 1.6 mm inner diameter, 5.6 m in 

length, at a flow rate of 6 mL min-1, is available in Appendix C Equation C1. Generally, the residence 

time of a reactor can be increased by increasing the tube length the fluid passes through within the 

reactor. Alternatively, decreasing the flow rate and/or increasing the tube diameter also extends 

residence time, by decreasing the passing fluid’s velocity. 

 Our attempts at using the flow reactor did not deliver nanoparticles, as we first had to establish 

reaction conditions that would deliver nanoparticles for our system. We faced constant challenges of 

blockages in the flow reactor, caused by overly concentrated reagent solutions and solvent mixtures 

that were incompatible with our reagent mixture within the reactor. We also faced reaction 

temperature instabilities. 
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 We overcame clogging of the flow reactor and temperature instabilities with the addition of a 

second reactor to the flow reactor (Appendix C Figure C2), which preheats reaction solvent before 

meeting reagent solution further down the reactor stream, and diluting the reagent solution before 

passing through a second reactor. The addition of the second reactor to the stream greatly improved 

temperature stability. We then trialled different flow rates (reactor residence times), reactant 

concentrations, metal precursors, and solvents for further unsuccessful nanoparticle syntheses. 

Flow6D was the only reaction that may have delivered nanoparticles; however, after several hours of 

centrifugation, only a small intractable amount of precipitate was present, which could not be 

removed from the Teflon centrifuge tubes when we tried separating the nanoparticles from solution. 

4.3.1.1. Comments and remarks regarding flow syntheses 

It needs to be noted that we were unable to analyse for nanoparticles that may have formed during 

the flow reactions discussed in this chapter. The reactor used was new at the facility and therefore 

was still in an initial trial and error phase. Therefore, the results presented here were useful for further 

exploration using the flow reactor. Other metal precursors would still need to be investigated; 

however, it appears that using the concentration ratios of Flow9 may deliver promising results. 

 It would be ideal to use supercritical CO2 or supercritical water as solvent for flow reactions 

as these solvents are classified as more environmentally friendly alternatives to the organic solvents 

we used.55, 56 Water was not considered as a viable solvent for our syntheses due to oleylamine 

forming a wax-like substance when in contact with water. 

 All reactions were conducted at supercritical solvent conditions, except for Flow2 and 

Flow7A. The critical points for the solvents used were 318.6 °C @ 4.1 MPa (toluene),93 235 °C @ 

4.7 MPa (acetone),93 and 372.4 °C @ 4.2 MPa (anisole),94 all below that of our temperatures and 

pressures used. Reaction Flow2 was conducted using gas-phase toluene, while Flow7A was 

conducted using liquid-phase toluene. No critical temperature or critical pressure could be found for 

oleylamine and no critical temperature for oleic acid could be found; however, the critical pressure 

for oleic acid is 3.0 MPa.94 

 It needs to be noted the lanthanide β-diketonate complexes, dissolved in oleic acid and 

oleylamine at 100 °C, remained dissolved when cooled to room temperature. This may be beneficial 

in terms of transport, as concentrated batches of reactant mixtures could potentially be prepared, 

stored and transported conveniently without dilution until required for reactions. Furthermore, we 

believed a complex may have formed between the lanthanide and oleic acid upon heating. As 

discussed in chapter 2 of this thesis, oleic acid and oleylamine form an acid-base complex even at 

room temperature. A lanthanide complex, such as La(acac)3, in the presence of OA could potentially 
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undergo a ligand exchange at elevated temperatures, resulting in a metal-oleate (La(oleate)3) forming. 

Indeed, it has been shown in the literature that metal oleates may form during decomposition 

reactions, prior to the formation of nanoparticles.95 

4.3.2. Ln(oleate)3 synthesis and decomposition 

The potential formation of rare earth oleate complexes forming prior to decomposition into 

nanoparticles therefore motivated the pursuit of Ln(oleate)3 decomposition reactions. 

4.3.2.1. Ln(oleate)3 synthesis 

The preparation of La(oleate)3 was challenging when following the literature procedure.87 The 

literature reported Ln(oleate)3 complexes forming as a precipitate during the reaction;87 however, we 

rarely observed the phenomenon. When the precipitate was observed, it was difficult to separate and 

collect by filtration, due to its wax-like nature. By incorporating hexane into the reaction mixture 

during preparation and reflux, we were able to separate our product into the organic solvent.  

 Unlike other lanthanides, La(III) is not paramagnetic, allowing us to gain some useful 

information from NMR. The distinct peak associated with the oleic acid -OH (δ 11–12 ppm) is 

missing from the 1H NMR spectrum of La(oleate)3 . The absence of this peak is indicative that oleic 

acid was indeed deprotonated and coordinated to lanthanum. FT-IR data  correspond with that seen 

in the literature for La(oleate)3.
87 A broad stretch in the FT-IR spectrum, which may correspond to 

water, was noted around 3500–2500 cm-1, as it is also noted in the literature that lanthanide oleates 

are hygroscopic.87 Furthermore, we note the absence of characteristic –OH stretches, in the 

La(oleate)3 FT-IR spectrum, found in the FT-IR spectrum of oleic acid. The melting point range of 

the La(oleate)3 wax also corresponds to that reported in the literature.87 When the La(oleate)3 wax 

was heated past 100 °C, an oleate smell was noted and the colourless liquid turned clear yellow. The 

colour intensity of the yellow liquid increased as La(oleate)3 was heated and upon cooling the clear 

yellow liquid turned into a clear yellow solid. The 1H NMR spectrum of the yellow solid was similar 

to that of unheated La(oleate)3, suggesting no decomposition took place. 

4.3.2.2. Ln(oleate)3 decomposition 

ODE is typically used as organic solvent during nanoparticle syntheses in the literature due to its high 

boiling point and being a non-coordinating solvent.96 

 SS1–3 involves decomposition reactions using 50 mM La(oleate)3 with resulting 

nanoparticles shown in Figure 4.2. Reactions carried out at 300 °C (SS1 and SS3) all produced 

misshapen platelets, similar in size and appearance. Very few nanoparticles were produced for SS2, 

carried out at 250 °C. No reaction was carried out at 250 °C for 30 min. Appendix C Figure C3 show 
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a comparison of bright field scanning transmission electron microscope (BF STEM) and high angle 

annular dark field (HAADF) STEM micrographs of nanoparticles produced by SS1. The HAADF 

STEM image (Appendix C Figure C3(b)) allows a better visualisation of the nanoplates. 

 

Figure 4.2 – TEM micrographs of nanoparticles produced by decomposition of 50 mM La(oleate)3 

in ODE; (a) SS1 carried out at 300 °C over 60 min producing misshapen plates, (b) SS2 carried out 

at 250 °C over 60 min producing very few nanoparticles, and (c) SS3 carried out at 300 °C over 30 

min producing misshapen plates. 

 By halving the La(oleate)3 precursor concentration from 50 mM to 25 mM for reactions SS4–

6, nanoparticles with well-defined shapes were produced (Figure 4.3). SS4 resulted in the formation 

of uniform shaped plates (Figure 4.3(a)) for decomposition reactions at 300 °C. However, 

decomposition reactions carried out at 250 °C (SS5) did not yield the same size and shaped 

nanoparticles (Figure 4.3(b)). Irregular shaped nanoparticles formed when La(oleate)3 was 

decomposed over 30 min (SS6) (Figure 4.3(c)). This suggested the ideal conditions for decomposing 

La(oleate)3 in 10 mL ODE to form nanoparticles with a defined shape is at 300 °C over 60 min. 

 

Figure 4.3 – TEM micrographs of nanoparticles produced by decomposition of 25 mM La(oleate)3 

in ODE; (a) SS4 carried out at 300 °C over 60 min producing uniform shaped plates, (b) SS5 carried 

out at 250 °C over 60 min producing nanoparticles that agglomerated together, and (c) SS6 carried 

out at 300 °C over 30 min producing irregular shaped platelets. 
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 High resolution TEM (HRTEM) of the nanoparticles produced by SS4 (Figure 4.4(a)), 

revealed them to consist of square plates with an average size of 12 ± 2.5 nm (Figure 4.4(b)). The 

nanoplates appeared to self-assemble into vertical stacks of plates, as seen can be seen from the 

parallel lines in Figure 4.4(a). Such self-assembly of nanoparticles is common in the literature for 

nanoplatelets,97-100 particularly if the nanoplatelets have magnetic characteristics.97, 101 The 

nanoparticles tend to self-assemble in order for each nanoparticle’s magnetic moment to be in the 

same direction as the other nanoparticles’ magnetic moments.101 Lanthanum and lanthanum oxide 

species are not known to be magnetically active, unlike other lanthanides such as gadolinium.97 

Therefore, the nanoparticle stacking behaviour can be attributed to the packing entropy favouring 

oriented ordering of the nanoparticles, caused by surfactants and surface energy.98, 102 Each of the 

nanoplates in Figure 4.4(a) have a thickness of about 2 nm, which may explain the relatively poor 

contrast between the other nanoparticles and the carbon film background. A nanoparticle size-

distribution could not be determined for nanoparticles produced by SS5; however, nanoparticles 

produced by SS6 had an average nanoparticle size of 3.2 ± 1.0 nm (Appendix C Figure C4). 

 

Figure 4.4 – TEM analysis of SS4; (a) HRTEM image of a section of sample showing vertical stacked 

platelets (lines), and (b) average nanoparticle size distribution (12 ± 2.5 nm) with 200 nanoparticles 

measured. 

 The La(oleate)3 precursor concentration was further reduced from 25 mM (SS4–SS6) to 12.5 

mM for reactions SS7 and SS8. Roughly the same size nanoparticles of 1.85 ± 0.42 nm and 1.75 ± 

0.41 nm were produced for reactions carried out at 300 °C (SS7) and 250 °C (SS8) respectively 

(Figure 4.5). The size distributions of SS7 and SS8 are available in Appendix C Figure C5. It was 

difficult separating nanoparticles from the reaction solution. The nanoparticles that were separated 

were all used during TEM sample preparations, leaving none for other forms of characterisation. 

Reaction times of 30 min were not conducted due to the small nanoparticles forming as well as the 

difficulty in separating the low quantity of nanoparticles produced during each reaction. 
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Figure 4.5 – TEM micrographs of nanoparticles produced by decomposition of 125 mM La(oleate)3 

in ODE; (a) SS7 carried out at 300 °C over 60 min producing small nanoparticles (1.85 ± 0.42 nm) 

in diameter, and (b) SS8 carried out at 250 °C over 60 min producing small nanoparticles (1.75 ± 

0.41 nm) in diameter. Size distributions of the nanoparticles are available in Appendix C Figure C5. 

 The nanoparticles produced by SS8 were further analysed by STEM EDX mapping (Figure 

4.6). The presence of lanthanum (Figure 4.6(b)) and oxygen (Figure 4.6(c)) were confirmed by the 

EDX spectrum (Figure 4.6(e)). EDX quantification (Appendix C Table C1) suggests the nanoparticles 

may consist of La2O3. A very strong carbon signal is observed in the EDX spectrum below (Figure 

4.6(e)), arising from the carbon coated copper TEM grid used in sample preparation as well as excess 

organic species (surfactant and solvent). The excess organic species could not be removed with 

centrifugation or plasma cleaning of the TEM sample prior to analysis. Therefore, care needed to be 

taken when analysing the sample as the excess organic species caused damage to the sample if an 

electron beam with too high intensity was exposed to the sample for too long. 
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Figure 4.6 – STEM EDX analysis of a section of nanoparticles produced by reaction conditions SS8; 

(a) HAADF STEM image as reference image for elemental mapping with the bright areas showing 

the nanoparticles, (b) lanthanum location within the sample, (c) oxygen location within the sample, 

(d) overlay of lanthanum, oxygen and the reference STEM image showing lanthanum and oxygen are 

part of the nanoparticles, and (e) EDX spectrum of the mapped area, confirming the presence of 

lanthanum and oxygen. Quantification of the EDX spectrum can be found in Appendix C Table C1. 

 Reactions SS1–8 therefore offered some insight into how reaction conditions affect the 

formation of nanoparticles by decomposing La(oleate)3 in ODE. Nanoparticles form at reaction 

temperatures of 250 °C (SS2, SS5 and SS8); however, the nanoparticles do not appear to age into 

larger nanoparticles at this temperature. Reaction temperatures of 300 °C appeared to be favourable 

for the formation of larger nanoparticles, with the exception of SS7. It therefore does not appear that 

reaction time plays a role in the formation of larger nanoparticles when considering SS1 and SS3 

(Figure 4.2); however, reaction time does appear to play a role in the ageing of nanoparticles into a 

defined shape (SS4 vs SS6) as observed in Figure 4.3. 

 The incorporation of an additional surfactant, oleylamine, was also investigated as it is 

commonly used in the literature in combination with oleic acid for nanoparticle syntheses.103-105 From 

SS1–8 it was established that reaction temperatures of 300 °C and precursor concentrations of 25 mM 
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in 10 mL ODE yielded uniformly shaped nanoparticles of sufficient size. Therefore SS9–17 

investigated the effect of the addition of oleylamine at different concentrations, as well as reaction 

time while keeping the precursor concentration constant at 25 mM. 

 Reaction conditions SS9–12 involved varying OAm concentration, from 50 mM to 200 mM, 

in the reaction solution, while maintaining a constant reaction temperature (300 °C), reaction time 

(60 min) and a constant precursor concentration of 25 mM throughout each reaction. The resulting 

nanoparticles isolated from each reaction (SS9–12) are shown in Figure 4.7. Reaction conditions SS9 

(Figure 4.7(a)) and SS10 (Figure 4.7(b)) produced irregular shaped nanoparticles, similar in 

appearance to nanoparticles produced by reaction conditions SS1 and SS3 (Figure 4.2); however, the 

nanoparticles isolated from reaction SS10 (Figure 4.7(b)) appeared to also contain square platelets 

with an average size of 8.4 ± 1.3 nm (Appendix C Figure C6). STEM EDX mapping (Appendix C 

Figure C7) showed the nanoparticles to be lanthanum and oxygen rich, with EDX quantification 

(Appendix C Table C2) suggesting them to be La2O3. SS11 produced nanoparticles that appeared to 

agglomerate into larger misshapen structures (Figure 4.7(c)). The small nanoparticles, produced by 

SS11, are difficult to see in Figure 4.7(c) due to poor contrast resulting from the larger agglomerates 

also present within the sample. The small nanoparticles (4.76 ± 0.87 nm) in Figure 4.7(c) are shown 

clearer in Appendix C Figure C8. Reaction conditions SS12 produced very little nanoparticles; 

however, the nanoparticles produced appeared to be 3–5 nm in diameter (Figure 4.7(d)). Obtaining a 

size distribution of these nanoparticles (SS12) was challenging due to the few nanoparticles available 

for analysis and the nanoparticles aggregating together, causing size measurement difficulty. 
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Figure 4.7 – TEM micrographs of nanoparticles produced by decomposition of 25 mM La(oleate)3 

in 10 mL ODE at 300 °C, over 60 min, using (a) 50 mM OAm (SS9) resulting in misshapen platelets 

forming, (b) 100 mM OAm (SS10) resulting in a mixture of larger misshapen platelets forming as 

well as smaller square-shaped platelets of 8.4 ± 1.3 nm in size (Appendix C Figure C6), (c) 150 mM 

OAm (SS11) resulting in a mixture of small misshapen nanoparticles 4.76 ± 0.87 nm in size (Appendix 

C Figure C8) as well as larger apparent agglomerates forming, and (d) 200 mM OAm (SS12) 

resulting in small nanoparticles forming that aggregate together. 

 Reaction conditions SS9–12 were repeated with shorter reaction times of 30 min for reaction 

conditions SS13–16. During reaction conditions SS13 similar misshapen nanoparticle platelets 

formed (Figure 4.8(a)) that were observed during SS9 (Figure 4.7(a)). The nanoparticles isolated from 

SS14 (Figure 4.8(b)) were not like the nanoparticles produced by SS10 (Figure 4.7(b)). These 

nanoparticles (SS14) were 2.90 ± 0.46 nm (Appendix C Figure C9) in diameter and aggregated 

together into larger structures, as seen in Figure 4.8(b). Few nanoparticles were able to be isolated 

from reaction conditions SS15 (Figure 4.8(c)); however, the nanoparticles that were isolated appeared 

to be aggregations of nanoparticles into small clusters 10–15 nm in diameter. Reaction conditions 

SS16 yielded a small residue upon purification. This residue did not appear to contain any 

nanoparticles upon standard TEM analysis (Figure 4.8(d)), therefore no nanoparticle size 

measurements could be carried out on SS16. STEM EDX mapping (Appendix C Figure C10) showed 
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the SS16 TEM sample did contain lanthanum and oxygen, with EDX quantification (Appendix C 

Table C3) suggesting the sample possibly contains La2O3. The sample (SS16) analysed may have 

also consisted of unreacted La(oleate)3 precursor, due to the distinct lack of nanoparticles within the 

sample (Figure 4.8(d)), as well as the presence of a strong signal for carbon, in the EDX spectrum 

(Appendix C Figure C10(e)). 

 

Figure 4.8 – TEM micrographs of nanoparticles produced by decomposition of 25 mM La(oleate)3 

in 10 mL ODE at 300 °C, over 30 min, using (a) 50 mM OAm (SS13) resulting in misshapen platelets 

forming, (b) 100 mM OAm (SS14) resulting in agglomerated structures forming, (c) 150 mM OAm 

(SS15) resulting in very few nanoparticles forming, with agglomerates roughly 10–15 nm in diameter, 

and (d) 200 mM OAm (SS16) resulting in small nanoparticles forming that could not accurately be 

measured using TEM images. 

 Reaction conditions SS17 involved the decomposition of 25 mM La(oleate)3 in 10 mL ODE 

at 300 °C, over 60 min, in a large excess of OAm (450 mM). Based on observations from reaction 

conditions SS9–SS10, we anticipated if nanoparticles formed during SS17, they would be small. 

Indeed, very little product could be isolated upon purification, as with SS16, in the form of a residue. 

What little residue obtained was analysed using STEM EDX mapping (Figure 4.9), showing the 

sample isolated from SS17 contained lanthanum (Figure 4.9(b)) as well as oxygen (Figure 4.9(c)). 
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Figure 4.9 – STEM EDX analysis of a section of sample produced by reaction conditions SS17; (a) 

HAADF STEM image as reference image for elemental mapping, showing the residue on the TEM 

sample grid as a brighter region, (b) lanthanum location within the sample, (c) oxygen location within 

the sample, (d) overlay of lanthanum, oxygen and the reference STEM image showing lanthanum and 

oxygen are part of the same regions, and (e) EDX spectrum of the mapped area, confirming the 

presence of lanthanum and oxygen. Quantification of the EDX spectrum can be found in Appendix C 

Table C4. 

 By using 50 mM OAm as additional surfactant to a reaction involving the decomposition of 

25 mM La(oleate)3 in 10 mL ODE at 300 °C consistently resulted in the formation of platelets. 

Therefore it was hypothesised that the addition of oleic acid to the reaction mixture may result in 

nanoparticles forming with a uniform shape and size. We anticipated an acid-base type reaction 

between oleic acid and oleylamine, as discussed in Chapter 2 of this thesis, may have some effect on 

the formation of nanoparticles to yield different shapes. The addition of oleic acid, at various 

concentrations, was therefore briefly investigated. Reactions SS18–21 were carried out with the 

resulting isolated nanoparticles shown in Figure 4.10 below. Reaction conditions SS18 resulted in the 

formation of nanoparticles with an average size of 2.19 ± 0.46 nm, with an occasional larger 

nanoparticle about 30 nm in diameter (Figure 4.10(a)). Nanoparticles produced by SS19 (Figure 

4.10(b)) were slightly larger (3.23 ± 0.70 nm) than nanoparticles produced by SS18 and had 

nanoparticles agglomerating into larger structures. Small nanoparticles of 1.94 ± 0.55 nm in diameter 

were isolated after SS20 and no nanoparticle clusters were observed (Figure 4.10(c)). Reaction 
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conditions SS21 produced nanoparticles with an average diameter of 3.71 ± 0.66 nm with very little 

nanoparticle aggregation observed throughout the sample (Figure 4.10(d)). Nanoparticle size 

distributions are available in Appendix C Figure C11. STEM EDX analyses of the nanoparticle 

samples produced by reaction conditions SS18–21 were not possible, as the samples appeared to 

sustain damage when exposed to a focussed scanning electron beam. 

 

Figure 4.10 – TEM micrographs of nanoparticles produced by decomposition of 25 mM La(oleate)3 

in 10 mL ODE at 300 °C, over 60 min, while keeping OAm constant at 50 mM and varying OA 

addition; (a) 25 mM OA (SS18) resulting in nanoparticles with an average size of 2.19 ± 0.46 nm 

forming, (b) 50 mM OA (SS19) resulting in nanoparticles with an average size of 3.23 ± 0.70 nm 

forming, (c) 75 mM OA (SS20) resulting in nanoparticles with an average size of 1.94 ± 0.55 nm 

forming, and (d) 100 mM OA (SS21) resulting in nanoparticles with an average size of 3.71 ± 0.66 

nm forming. Nanoparticle size distributions are available in Appendix C Figure C11. 

 Several repeats of reaction conditions SS21 were conducted as cubic nanoparticles were 

isolated several times upon sample purification (Figure 4.11(a)). Selected area electron diffraction 

(SAED) of the sample (SS21) showed a diffraction (Figure 4.11(b)) pattern consistent with that of 

halite106 (NaCl). SAED diffraction data are summarised in Appendix C Table C5. STEM EDX 

mapping (Figure 4.12) showed the cubic shaped nanoparticles were rich in sodium (Figure 4.12(e)) 

and chlorine (Figure 4.12(f)).  
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Figure 4.11 – (a) TEM micrograph of cubic-shaped nanoparticles produced during a trial of SS21, 

and (b) corresponding SAED pattern of the nanoparticles, with planar spacings consistent with that 

of Halite (NaCl).106 Diffraction data are summarised in Appendix C Table C5. 

 

Figure 4.12 – STEM EDX mapping of nanoparticles isolated during a trial of reaction conditions 

SS21; (a) HAADF STEM image as reference image for the mapped area, (b) lanthanum location 

within the sample, (c) oxygen location within the sample, (d) overlay of mapped elements showing 

lanthanum and oxygen not to have a strong concentration within the cubic nanoparticles, (e) sodium 

location within the sample, and (f) chlorine location within the sample. The presence of the 

aforementioned elements was confirmed by the EDX spectrum (Appendix C Figure C12). 

 Lanthanum (Figure 4.12(b)) and oxygen (Figure 4.12(c)) were present within the sample as 

well; however, it appeared to be distributed evenly across the TEM grid. The EDX spectrum 

(Appendix C Figure C12) of the mapped area (Figure 4.12(a)) confirmed the presence of the 

aforementioned elements, with EDX quantification (Appendix C Table C6) further suggesting the 

cubic nanoparticles within the sample consist of NaCl. 
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 It was initially thought NaCl contamination of SS21 may have occurred during sample 

preparation, as a brine-ice bath was prepared in the same fume cupboard as the TEM sample for SS21; 

however, upon remaking the TEM sample in a different clean fume cupboard, the salt crystals 

remained in the sample. During the preparation of La(oleate)3, NaCl is formed as by-product (Scheme 

4.1) which we believed was not fully removed upon dissolution of La(oleate)3 in hexane and washing 

with water. 

 

Scheme 4.1 – The formation of La(oleate)3 from LaCl3 and Na(oleate)3. 

 Since a new batch of La(oleate)3 stock solution was prepared prior to SS21, ICP was carried 

out on the new batch of precursor and it was found to consist of 15.2 % sodium (30.4 % NaCl). The 

precursor was therefore redissolved in chloroform and washed three more times with deionised water, 

where after ICP showed the precursor consisted of 3.47 % sodium (6.94 % NaCl). The precursor was 

therefore redissolved once more, in hexane, and washed three more times with deionised water with 

ICP results showing a final sodium concentration of 1.45 % (2.90 % NaCl). This precursor was used 

for SS21 once more, without producing NaCl nanoparticles. Since LaCl3 was added in excess to form 

La(oleate)3 (Scheme 4.1), we did not believe the sodium source in our precursor was unreacted 

Na(oleate)3, but rather NaCl. We see evidence for this for the decreasing sodium concentration as the 

precursor was washed with deionised water. The halide and alkali metal contamination may have 

occurred during the preparation of LaCl3 when LaCl3 was heated to dryness. The reaction of La2O3 

with HCl results in the formation of LaCl3·xH2O which, if heated to intensely to dryness, may 

decompose into LaOCl. 

 One would have expected La2O3 nanoparticles to form in a higher concentration than that of 

NaCl nanoparticles during initial SS21 reactions (Figure 4.12), however, NaCl was predominantly 

present within the sample, as per EDX quantification (Appendix C Table C6). It would therefore 

appear that the formation of NaCl nanocrystals are favoured above that of La2O3 nanoparticles. This 

incident occurred only after preparing fresh La(oleate)3 solution for reactions after SS20 and appeared 

to be a single occurrence for this study involving La(oleate)3. 

 Reaction conditions SS22 were used to investigate if La2O3 nanoparticles may form at lower 

temperatures and over a longer period of time. This may be applicable if a reaction mixture was 

prepared for SCF reactor syntheses and stored over a long period of time. A solution of 25 mM 

La(oleate)3 and 200 mM OAm in ODE was therefore prepared and stirred under argon at 150 °C for 

three days. A sample was taken every 24 hours and nanoparticles were separated from the solution 
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by centrifuge. No nanoparticles could be separated from the reaction mixture at 0 hours into the 

reaction. Figure 4.13 shows the nanoparticle growth over three days.  

 

Figure 4.13 – TEM analysis of nanoparticles produced by decomposition of 25 mM La(oleate)3 with 

200 mM OAm in ODE at 150 °C. Samples (1 mL) were taken at different stages during the 

decomposition; (a) TEM micrograph of nanoparticles after 24 hours of decomposition (SS22a), with 

(b) corresponding size distribution of 1.98 ± 1.73 nm (200 nanoparticles measured), (c) TEM 

micrograph of nanoparticles after 48 hours of decomposition (SS22b), with (d) corresponding size 

distribution of 1.96 ± 0.47 nm (200 nanoparticles measured), and (e) TEM micrograph of 

nanoparticles after 72 hours of decomposition (SS22c), with (f) corresponding size distribution of 

2.26 ± 0.49 nm (200 nanoparticles measured). 
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 After 24 hours (SS22a) the nanoparticles that formed (Figure 4.13(a)) were small (1.98 ± 1.73 

nm) (Figure 4.13(b)) and difficult to visualise on the TEM grid. The nanoparticles isolated after 48 

hours (SS22b) (Figure 4.13(c)) were similar in size (1.96 ± 0.47 nm) (Figure 4.13(d) to SS22a. The 

nanoparticles appeared to age into larger nanoparticles (2.26 ± 0.49 nm) (Figure 4.13(f)) after 72 

hours (SS22c) (Figure 4.13(e)). It needs to be noted the nanoparticle size measurements all fall within 

experimental error of each other and therefore there remains an uncertainty about the growth of the 

nanoparticles. The nanoparticles from SS22c were also viewed under BF STEM (Figure 4.14(a)) and 

HAADF STEM (Figure 4.14(b)) to offer a better visualisation of the nanoparticles that appeared to 

form during SS22.  

 

Figure 4.14 – STEM analysis of SS22c; (a) BF STEM image, and (b) corresponding HAADF STEM 

image showing clearer contrast of the nanoparticles and the TEM carbon grid. 

 It is therefore possible to form some nanoparticles at milder temperatures (150 °C) when 

decomposing La(oleate)3 in the presence of OAm and ODE (SS22). The ideal conditions for La2O3 

nanoparticles to form with a defined shape and uniform size by decomposing La(oleate)3 in ODE 

appears to be that of SS4 (Figure 4.3(a) and Figure 4.4). For this reaction (SS4) additional surfactants 

were not necessary, therefore showing La(oleate)3 can be used as a single-source precursor for 

nanoparticle formation. 

4.3.3. Further lanthanide-complex decomposition reactions 

SCF reactor experiments, discussed earlier in this chapter, involved the decomposition of lanthanide 

β-diketonate complexes. In order to compare the potential results produced during the SCF 

experiments, lanthanide β-diketonate complexes were investigated. An attempt was made at forming 

Eu2O3 nanoparticles by decomposition of Eu(acac)3, using reaction conditions Eu1. The 

nanoparticles that formed were rod-shaped nanoparticles, with some having a core-shell morphology 

(Figure 4.15) and this reaction will hence forth be known as ExEu1. 
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Figure 4.15 – Nanoparticles produced during the decomposition of Eu(acac)3; (a) producing rod-

shaped nanoparticles with a range of lengths, with some nanoparticles (b) appearing to have a core-

shell morphology. 

 Attempts were made to replicate the nanoparticles presented in Figure 4.15 (ExEu1), using 

reaction conditions Eu1; however, such efforts were unsuccessful. Fresh Eu(acac)3 was prepared, by 

reacting EuCl3 with acetylacetone and reaction conditions Eu1 were repeated, producing disk-shaped 

nanoparticles (Figure 4.16). These nanoparticles (Figure 4.16) were 10.8 ± 1.62 nm in size, with a 

thickness ranging from 1.2–2.0 nm and had a resemblance to square-shaped nanoparticles, as per 

literature results.75 It needs to be noted that unlike the literature procedure,75 Eu1 does not incorporate 

ODE into the solvent mixture. The nanoparticles produced by decomposing fresh Eu(acac)3, appeared 

to self-assemble in some areas into vertically stacked disks (darker lines in Figure 4.16(b)). The same 

type of nanoparticle self-assembly stacking behaviour has been previously observed for Eu2O3 

disks.107 STEM-EDX mapping of these nanoparticles (Figure 4.17) showed the nanoparticles to 

consist of europium and oxygen, suggesting the nanoparticles to be Eu2O3. 

 Reanalysing the rod-shaped nanoparticles (ExEu1) in Figure 4.15, using STEM-EDX 

mapping (Figure 4.18) showed the nanoparticles to contain chlorine, confirmed by the EDX spectrum 

(Figure 4.18(f)) of the analysed area. EDX quantification (Appendix C Table C7) suggests the 

nanoparticles produced by ExEu1 to consist of a mixture of EuCl3 and Eu2O3. Furthermore, the 

SAED pattern (Appendix C Figure C13) for the rod-shaped nanoparticles (ExEu1) may be in 

agreement with EuCl3,
108 Eu109 and/or Eu2O3.

110 Due to resolution limits in SAED patterns, it is 

difficult to determine the exact composition of the nanoparticles. An XRD pattern for the 

nanoparticles could not be obtained. 

 The initial nano-rods produced by ExEu1 (Figure 4.15) may therefore have formed due to a 

chlorine contamination, possibly due to unreacted EuCl3, present after the synthesis of Eu(acac)3. 

Therefore, ExEu1, producing core-shell nano-rods, was not reproducible. 
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Figure 4.16 – Nanoparticles produced by decomposition of Eu(acac)3; (a) BF TEM image of the 

nanoparticles showing their different orientations within the sample, (b) higher magnification of a 

region containing stacked nanoparticles, with the nanoparticles having a thickness between 1.2–2.0 

nm, (c) HAADF STEM image of the nanoparticle sample offering a slightly clearer view of the 

nanoparticle plates, and (d) corresponding size distribution of 10.8 ± 1.62 nm (200 nanoparticles 

measured). 
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Figure 4.17 – STEM-EDX mapping of the disk-shaped nanoparticles produced by repeating reaction 

conditions Eu1 using freshly prepared Eu(acac)3; (a) HAADF STEM image as reference image for 

the mapped area, (b) location of europium within the sample, (c) location of oxygen within the sample, 

(d) overlay of the mapped areas, showing europium and oxygen are found within the same location 

of the sample, (e) corresponding EDX spectrum confirming the presence of europium and oxygen 

within the sample. 
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Figure 4.18 – STEM-EDX mapping of the nano-rods presented in Figure 4.15; (a) HAADF STEM 

image as reference image for the mapped area, (b) location of europium within the sample, (c) 

location of oxygen within the sample, (d) location of chlorine within the sample, (e) overlay of the 

mapped areas, showing europium, oxygen and chlorine are within the same locations within the 

sample, and (d) corresponding EDX spectrum confirming the presence of the aforementioned 

elements. EDX quantification of the EDX spectrum is available in Appendix C Table C7. 
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4.4. Summary and Conclusions 

Even though no nanoparticles could be isolated from SCF flow experiments, valuable insight into 

operating a small scale SCF flow reactor was gained and protocol could be established for future 

lanthanide β-diketonate decomposition reactions. 

 From the SCF reactions we were led onto the systematic investigation into the decomposition 

of La(oleate)3 into La2O3 nanoparticles. From our investigation it would appear that lanthanide oleates 

may be a prime candidate for SCF flow reactions, as a single-source precursor. La(oleate)3 does not 

require any additional surfactants to decompose in ODE at elevated temperatures to form 

nanoparticles of defined shape and size (SS4). Excess surfactants used during lanthanide β-diketonate 

SCF decompositions may have contributed to complications we experienced with the SCF reactor. 

Therefore, SCF flow reactions may be simplified by using a lanthanide oleate, without additional 

surfactants, to form nanoparticles. It would appear from our investigation that the reaction time, at 

temperatures above 250 °C, does not play a significant role in the outcome of the size of the 

nanoparticles; however, it does appear to influence the nanoparticle shape. The nanoparticle size 

appears to be influenced largely by temperature, as larger nanoparticles formed when La(oleate)3 was 

decomposed at 300 °C, when compared to decompositions taking place at 250 °C. Incorporating 

additional surfactants, such as OA and OAm, into the reaction mixture does appear to add complexity 

to the reaction and does not appear to be necessary to form nanoparticles with a defined shape and of 

similar size. 

 The nano-rods produced during ExEu1 (Figure 4.15) were interesting as they had a core-shell 

appearance and SAED results suggested them to be a mixture of Eu2O3 and EuCl3. Although non-

TEM characterisation techniques could be applied to these nanoparticles (ExEu1 in Figure 4.15), 

advanced TEM techniques allowed for elemental composition determination. Due to a possible 

chlorine contamination in the precursor, these nanoparticles (ExEu1) could not be reproduced. 
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“If anyone can show me, and prove to me, that I am wrong in thought or deed, I 

will gladly change. I seek the truth, which never harmed anybody. It is only 

persistence in self-delusion and ignorance which does harm.” 

- Marcus Aurelius, Emperor of Rome -  
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5.1. Introduction 

Previous chapters covered the development of techniques for synthesising nanoparticles reliably from 

metal complexes. Some of the nanoparticles discussed in previous chapters were assembled onto 

supports and will be covered in this chapter. This chapter discusses the development and investigation 

of heterogeneous catalysts that could potentially be used as catalysts for the Fischer-Tropsch (FT) 

process. We were particularly interested in investigating the dispersion of nanoparticles on support 

materials. 

 The FT process involves the conversion of CO and H2, over a transition metal catalyst, into 

useful hydrocarbons. Some of the hydrocarbons can also be used as a sulfur-free fuel for the internal 

combustion engine.1 Initially FT synthesis was reported2 in 1912 as a method for the preparation of 

organic complexes; however, it was not until the 1920s that Franz Fischer and Hans Tropsch 

reported3, 4 industrialised methods for synthesising hydrocarbons. Although the FT process has been 

in existence for nearly a century, substantial interest remains and incremental improvements are 

continuously made. Interestingly, there is a strong correlation between oil price per barrel and the 

number of peer reviewed research papers published on FT syntheses, indicating that as the oil price 

increases, so does FT research.5 

 A commercial scale typically uses coal or natural gas, which is converted into a mixture of 

CO and H2, termed synthesis gas, or syngas. The syngas is subsequently passed over a transition 

metal catalyst for the hydrogenation of carbon monoxide.6 A number of factors, such as the catalyst 

used during the process, affects the products formed.7, 8 Due to metal aggregates and clusters not 

maintaining their form, and hence activity, in industrial reaction streams, metal aggregates are 

typically supported on inorganic support materials, forming industry standard catalytic materials.9 

Several methods exist for incorporating metal aggregates onto inorganic supports. By using a co-

precipitation or ion-exchange process, the metals can be incorporated directly onto the support.10-12 

Low dopant concentration, reduced metal reactivity, as well as migration of the metal to the surface 

of the support with subsequent agglomeration are some limitations to the co-precipitation method.12, 

13 Wet impregnation methods can be used as a solution to the aforementioned problems, and involve 

metal salt deposition onto the support with ensuing reduction into metal aggregates.11, 12, 14 This 

method often results in metal aggregates forming with a wide size range, negatively affecting the 

selectivity of the catalyst.12, 15 Traditional heterogeneous FT catalysts contain metal species varying 

in shape, size and composition, and are frequently mobile upon heating.16, 17 Therefore, developing 

new catalysts based on monodispersed nanoparticles may be a solution for improvement of FT 

catalyst selectivity.18 Nanoparticles have the potential to form FT catalysts with tailored properties.19 
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Greater control over the active metal species can be achieved by using preformed nanoparticles, rather 

than forming the desired metal species in situ. FT active metal nanoparticles can be synthesised using 

hydrothermal techniques, discussed in previous chapters of this thesis. Therefore, by using this 

method, nanoparticles typically form which are highly crystalline, monodispersed, and the shape of 

the nanoparticles can be controlled.20, 21 Nanoparticles formed by hydrothermal techniques can 

subsequently be incorporated directly onto a support material. Greater control over the species 

assembled onto support can be achieved and may remove aggregation problems observed in 

traditional catalysts. Few reports exist on the preparation of catalysts using preformed nanoparticles 

on support, despite the ease of preparation.22-27 

 Another factor affecting catalytic performance is dispersion of the active metal species on the 

support.28 In order for nanoparticles to be used as heterogeneous catalysts, a support is required for 

them to be assembled on in a controlled way. It has been previously shown that deposition of 

preformed nanoparticles on support offers good dispersion.26 Several factors, such as zeta potential, 

surfactant, nanoparticle size and shape, temperature, and support surface affect the rate and manner 

in which nanoparticles assemble onto a support.26 The aforementioned factors impact the competing 

interactions occurring between the nanoparticles and the support, and between the nanoparticles 

themselves.29 Theoretical studies regarding nanoparticle deposition on support are well established 

in the literature.30 However, experimental systems often do not behave as theory predicts, due to their 

complexity, with support surface roughness changing predictions of simple theories, as an example.31 

5.1.1. Fischer-Tropsch catalysts 

It is well established that all groups 8–10 metals show activity towards the hydrogenation of 

hydrocarbons and carbon monoxide.1 Particularly, ruthenium is the most active FT metal, followed 

by iron, nickel and subsequently cobalt. The average molecular weight produced by the groups 8–10 

metals decreases in the order: Ru > Fe > Co > Rh > Ni > Ir > Pt > Pd.32 Nickel catalysts tend to 

produce too much methane, leaving ruthenium, iron, cobalt and rhodium for consideration as catalytic 

metals; however, ruthenium and rhodium are too expensive for industrial applications.1, 5 Iron and 

cobalt are therefore the only viable FT metals for industrial catalysis and were initially proposed for 

use by Fischer and Tropsch for syngas conversion into hydrocarbons.3, 4 

 Cobalt is the industry preferred catalyst, due to its high activity and resistance to deactivation 

due to coke build-up, even though it is more expensive than iron. Iron catalysts typically are prone to 

deactivation due to coke build-up and the catalyst productivity slows considerably due to water 

generated by the FT synthesis.1, 5 However, iron FT catalysts can tolerate more sulfur than cobalt FT 

catalysts before catalyst poisoning and deactivation takes place.33-35 Two operating modes for FT 
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synthesis currently exist; high temperature FT (HTFT) (300–350 °C) and low temperature FT (LTFT) 

(200–240 °C) syntheses.33, 36 Iron catalysts are typically used for HTFT synthesis producing 

hydrocarbons in the C1–C15 hydrocarbon range; e.g. liquid fuels and olefins.37 Iron and cobalt can 

be used for LTFT synthesis, typically producing linear long-chain hydrocarbon waxes in the C1–

C100 hydrocarbon range.34, 38 Due to its abundance and low associated costs, iron is one of the most 

frequently used metals in the world.5 Of the 16 iron oxides,39 of which the iron oxide hydroxides and 

iron hydroxides are included, only five are important in FT synthesis (hematite α-Fe2O3, magnetite 

Fe3O4, maghemite γ-Fe2O3, wüstite and goethite α-FeOOH).5 

 Due to the many advantages cobalt offers, it is the most developed FT catalyst, with particular 

focus on its selectivity, arising from metal aggregate size on support.16, 28, 40-43 Several catalysts based 

on preformed nanoparticles on support have been reported in the literature;17, 25, 27, 44 however, the 

dispersion of these nanoparticles on support have not received significant focus. 

5.1.2. Fischer-Tropsch catalyst supports and promotors 

The active catalytic metal is typically fixed on a support, as this allows greater exposure of the active 

metal species to the syngas mixture, and offers mechanical strength for slurry FT reactions.1 A 

number of possible supports have been investigated for FT catalytic systems, such as silicates,45-47 

carbon-based materials,48-50 titania,51-53 and alumina54-56 supports. Of these supports, alumina 

supports are considered the industry standard for use in FT synthesis, due to their thermal stability 

and high-surface area promoting high reaction rates.57 

 The addition of a promotor to the FT catalytic system allows improved catalyst properties, 

such as reducibility, catalyst stability, and active metal dispersion on support.58 It is known the 

addition of noble metals to FT catalysts increase catalyst reducibility. Noble metals such as ruthenium 

and platinum reduce at lower temperatures than cobalt oxides do and accelerate cobalt reduction, and 

lower cobalt oxide reduction temperatures, possibly due to hydrogen spillover from the promotor’s 

surface.58, 59 Addition of ruthenium to a cobalt catalyst can also increase the catalyst’s selectivity,60 

whereas addition of platinum does not affect hydrocarbon selectivity during typical FT conditions.61 

However, platinum addition has been shown to increase cobalt dispersion across the support 

surface.62, 63 

 Lanthanum is also frequently considered for FT catalysis promotion. It has been suggested 

that lanthanum promoted cobalt/alumina catalysts have increased selectivity towards higher 

hydrocarbon formation than un-promoted catalyst.64 Conversely, it has also been suggested that 

promotion with lanthanum leads to an increase of methane formation for cobalt catalyst systems.65 

Some uncertainty regarding the selectivity of a lanthanum promoted catalyst therefore still remains. 
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Regardless of the selectivity, catalyst reducibility as well as catalyst activity increases with lanthanum 

promotion of the support.66 Increased catalytic activity and reducibility improvement may be 

attributed to lanthanum promoting dispersion of the active metal on the support as well as an increase 

of active sites for the catalyst.67 

5.1.3. Aims of this chapter 

This chapter aims to provide insight into the dispersion of cobalt, cobalt-platinum, cobalt-ruthenium 

and iron oxide nanoparticles on an alumina support. Due to the complexity of the surface chemistry 

of the polycrystalline, amphoteric support, we also briefly investigated the use of a more ordered 

silica-based support. We also investigate how nanoparticle distribution is affected by changes in 

nanoparticle composition and surfactant of the nanoparticle through the addition of FT promotor 

metals, platinum and ruthenium, to the cobalt system. We also briefly investigated the effect a 

lanthanum doped alumina support has on the dispersion of cobalt and iron oxide nanoparticles across 

the support. We also investigated the changes occurring to the nanoparticles on support after various 

thermal treatments. 
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5.2. Experimental 

Standard Schlenk techniques under an argon atmosphere were used throughout the syntheses of 

precursors and nanoparticles, unless stated otherwise. 

5.2.1. General conditions 

General conditions were as reported in Chapter 2. 

 Cobalt(II) acetylacetonate (Co(acac)2, 97 %, Aldrich), platinum(II) acetylacetonate (Pt(acac)2, 

97 %, Aldrich), 1,2-dichlorobenzene, (DCB, anhydrous, 99 %, Aldrich), oleylamine (OAm, ≥ 98 %, 

Aldrich), oleic acid (OA, technical grade, 90 %, Aldrich), trioctylphosphine oxide (TOPO, 99 % 

Aldrich), n-hexanes (SPS grade, Merck), tetraethyl orthosilicate (TEOS, reagent grade, 98 %), cobalt 

nitrate (Co(NO3)2, ≥  98 %, Aldrich) and lanthanum nitrate (La(NO3)3, 99.9 %, Alfa Aesar) were used 

as received without further purification. Methanol (MeOH, Merck) was dry distilled over Mg(OMe)2 

before use. 

 Alumina (γ-Al2O3, SASOL PURALOX® SBa200, batch B27013, size < 90 μm) (a gift from 

Chevron Energy) was calcined in air at 750 °C for 2.5 h (pore diameter 84 Å, BET 167 m2 g-1) before 

use. 

 DCB, BzEt, OcEt, OA and OAm were freshly freeze-pump-thaw degassed prior to use. 

H2PtCl6, and Co2(CO)8 were supplied by the School of Molecular Sciences. 

5.2.1.1. Characterisation 

Characterisation was as reported in Chapter 2 with further characterisation reported below. 

 The amount of Co, Al and Pt in the sample material was determined by X-Ray Fluorescence 

(XRF) Spectrometry (Ultra Trace Pty Ltd). Samples were cast using a 12:22 flux to form a glass bead 

for XRF analysis. 

 N2 absorption and desorption isotherms were measured at 77 K for both the calcined support 

materials and calcined assembled material catalysts using a Micromeritics TriStar II 3020 instrument, 

equipped with a three-port sample manifold, thermally stable dosing manifold, rapid response servo 

valve, and a dedicated tube for measuring saturation pressure. Prior to measurement, the sample (~ 

0.1 g) was degassed under vacuum overnight at 130 °C. Specific surface areas were estimated using 

BET analysis and pore diameters by BJH desorption. 

 Temperature-Programmed Reduction (TPR) analyses were carried out on a Micromeritics 

AutoChem II 2920 Chemisorption Analyser with N2 gas as the carrier gas and a mixture of 8 % H2 

in N2 gas as the analysis gas. Prior to measurement the sample (20–50 mg) was heated to 200 °C 
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under N2 flow for 30 min before being cooled to ambient temperature (~ 27 °C). During analysis, the 

sample was heated to 850 °C at a heating rate of 10 °C min-1. 

5.2.2. Cobalt nanoparticle synthesis 

Cobalt nanoparticles were synthesised following modified the literature procedures.68-71 Co2(CO)8 

(0.54 g, 1.6 mmol) was dissolved in 3 mL DCB, before being injected into a refluxing (180 °C) 

solution of TOPO (0.10 g, 0.26 mmol) and OA (0.20 mL, 0.63 mmol) in 15 mL DCB. The reaction 

was heated to reflux again before cooling the reaction, 20 min after hot-injection. 

5.2.2.1. Cobalt nanoparticle separation and purification 

The nanoparticles were separated from solution using a magnet. MeOH was added to the cooled 

solution while a magnet was kept underneath the reaction flask. The reaction vessel was allowed to 

stand for four hours before the pink solution above the nanoparticles was taken off by cannula needle. 

This was repeated another two times before the nanoparticle product was allowed to dry under 

vacuum. 

5.2.3. Cobalt-platinum nanoparticle synthesis 

Cobalt-platinum nanoparticles were synthesised according to a literature25 procedure and modified as 

follows. Typically H2PtCl6 (7.0 mg, 0.017 mmol), Pt(acac)2 (37 mg, 0.094 mmol), and Co(acac)2 

(36.8 mg, 0.143 mmol) were dissolved in OAm (7.0 mL) and heated to 80 °C, on a heating mantle, 

until a dark green solution turned orange (~ 100 min). Thereafter the reaction vessel was moved to a 

hot heating mantle for rapid heating to reflux at 230 °C for 10 min before being cooled to room 

temperature with stirring. The black solution was removed as soon as the stirring of the flask was 

stopped, and stored in a Schlenk flask. The nanoparticles (~ 10 mg) that were left on the magnetic 

stirrer bar was washed off with chloroform and purified by centrifugation or precipitated by addition 

of methanol under argon. The purified nanoparticles were stored in a Schlenk flask under argon. 

5.2.4. Other nanoparticles 

Cobalt-ruthenium nanoparticles (~ 3 nm), La2O3 nanoparticles (~ 3 nm) and iron oxide nanoparticles 

were prepared as respectively described in Chapters 3, 4 and 2 of this thesis. 

5.2.5. Treatment of alumina support 

The Puralox® alumina support was subjected to treatments for surface modification. 

5.2.5.1. Acid and base treatment of alumina 

The procedure for the treatment of the alumina support is a modification of a literature method.72 

Prior to chemical treatment, the alumina was calcined at 750 °C for 2 hours in air. Subsequently, the 

alumina was treated with a solution of acetic acid (pH 4) or a solution of NH3 (pH 8). The supports 
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were then placed in a Teflon-lined autoclave for hydrothermal treatment at 220 °C for 2 hours. 

Consequently, the supports were filtered and dried in air for 2 hours at 120 °C, before being calcined 

at 750 °C for 2.5 hours in air. 

5.2.5.2. Hydrophobic treatment of alumina 

TEOS-treated alumina support was prepared by following the literature procedure.73 The TEOS-

treated alumina was dried in air for 2 hours at 120 °C. 

5.2.5.3. Unmodified alumina 

Alumina, not subjected to surface modification treatment, was calcined at 750 °C for 2.5 hours in air, 

prior to nanoparticle assembly onto the alumina support. 

5.2.5.4. La doped alumina preparation using incipient wetness impregnation 

The support (5 % La on Al2O3) was prepared following a literature incipient wetness impregnation 

method, with La(NO3)3 as lanthanum source.74 The support was dried in air overnight at 120 °C, 

before being calcined at 750 °C for 2.5 hours. 

5.2.6. Nanoparticles on a support 

5.2.6.1. Preformed nanoparticles on a support 

Nanoparticles were assembled onto support using previously reported methods.23, 24 The assemblies 

were carried out in an inert argon atmosphere, using standard Schlenk techniques and are summarised 

below. 

 Cobalt nanoparticles were suspended in 10–20 mL hexane and transferred via cannula to a 

separate flask containing an agitated suspension of MCM-41 in 10–20 mL hexane. After transfer was 

completed, the suspension was agitated for a further 5 min. Colourless hexane was subsequently 

removed, and the light grey powder was dried under vacuum and stored under argon. Similarly, cobalt 

nanoparticles were assembled onto acid-treated, base-treated, TEOS-treated, and La-treated alumina 

supports, using hexane as solvent. Chloroform was used as solvent for cobalt nanoparticle assembly 

onto untreated alumina and La-treated alumina; however, the nanoparticle-alumina suspension 

required to be agitated several hours before the colourless chloroform solution could be removed. 

 Cobalt-platinum nanoparticles were assembled onto alumina support similarly to cobalt 

nanoparticles are described above; however, longer agitation of the nanoparticle-alumina suspension 

was required (~ 10 min) before the colourless hexanes could be removed. The light grey powder was 

then dried under vacuum and stored under argon. 

 Cobalt-ruthenium nanoparticles were assembled onto alumina support, similarly to the 

abovementioned cobalt-platinum nanoparticle method; however, chloroform was used as solvent and 
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the reaction suspension of cobalt-ruthenium nanoparticles and alumina in chloroform required 

agitation of several hours before the colourless chloroform could be removed. The catalyst was 

allowed to dry under vacuum and stored under argon. 

 La2O3 nanoparticles were assembled onto alumina support using chloroform as solvent for (2 

%, 2.5 %, 3 % and 5 % La2O3 loadings). Due to the La2O3-chloroform suspension being clear, the 

La2O3 nanoparticle-alumina suspension was allowed to stir for 24 hours before chloroform was 

removed and the La2O3/Al2O3 support was dried under vacuum, before being calcined. For calcination 

details, refer to section 5.2.7. below. 

 Iron oxide nanoparticles were assembled onto alumina, and calcined (500 °C) La2O3/Al2O3 

supports using hexane as solvent. The nanoparticle-alumina suspension was agitated for ~ 5 min 

before the colourless hexane was removed and the light grey powder dried under vacuum and stored 

under argon. 

5.2.6.2. Other nanoparticles on a support 

Cobalt was introduced onto an alumina support (5 % and 10 % cobalt) following a literature incipient 

wetness impregnation method, with Co(NO3)2 as cobalt source.74 The catalyst was dried in air 

overnight at 120 °C, before being calcined at 750 °C for 2.5 hours. 

5.2.7. Calcination of supported nanoparticles 

All nanoparticles on support were calcined using the same method. A sample was heated to a 

temperature (specified below in Table 5.1) for one hour under a flow of nitrogen, before calcined 

under a flow of air at the same temperature for a further three hours. The catalyst was then allowed 

to cool to room temperature, under vacuum. 
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Table 5.1 – Calcination temperatures used for catalysts. 

Catalyst Calcination 

Temperature 1 

(°C) 

Calcination 

Temperature 2 

(°C) 

Calcination 

Temperature 3 

(°C) 

Co nanoparticles on alumina supports 200 500 - 

Co nanoparticles on MCM-41 

support 

200 500 - 

CoPt nanoparticles on alumina 

support 

500 - - 

CoRu nanoparticles on alumina 

support 

200 500 - 

La2O3 nanoparticles on alumina 

support 

200 500 750 

Iron oxide nanoparticles on alumina 

supports 

200 500 750 
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5.3. Results and Discussion 

Some of the work presented in this chapter has been published in New Journal of Chemistry. This 

chapter is therefore an expansion of this work.75 

5.3.1. Cobalt nanoparticles on a support 

We were interested in studying the interactions of cobalt nanoparticles on a support and how the 

supported nanoparticles may change during analysis or preparation. 

 Spherical 8 nm ε-Co nanoparticles were synthesised using the literature procedures,68-71 with 

characterisation details available in Appendix D Figure D1. Strict Schlenk conditions were used to 

maintain the integrity of the cobalt nanoparticles, to prevent oxidation, during assembly on a support. 

5.3.1.1. Cobalt nanoparticles on untreated alumina 

The cobalt nanoparticles were assembled onto calcined alumina support using chloroform as solvent. 

The commercially available alumina support was calcined prior to nanoparticle assembly and had a 

BET surface area of 167 m2 g-1 and a BJH pore width of 84 Å. The addition of the black nanoparticle 

suspension to the support suspension resulted in a dark grey suspension which became colourless 

over several hours, indicating the nanoparticles assembled onto the support. When hexane was used 

as solvent, the nanoparticles appeared to instantaneously assemble onto the support.75 It was believed 

the longer reaction time, when chloroform was used as solvent, would offer better dispersion of the 

nanoparticles onto the support; however, no difference in nanoparticle dispersion was observed.75 X-

ray fluorescence (XRF) spectroscopy showed a 4.2 % cobalt loading on the support. Inductively 

coupled plasma (ICP) analysis suggests a 3.9 % cobalt loading. 

 The catalyst was calcined at 200 °C and 500 °C. Figure 5.1(a) shows a TEM image of the 

uncalcined catalyst and is comparable in appearance with that of the sample calcined at 200 °C 

(Figure 5.1(b)), suggesting the supported nanoparticles are stable at 200 °C. The nanoparticles 

appeared to form larger structures when the catalyst was calcined at 500 °C (Figure 5.1(c)), suggesting 

the nanoparticles are not stable on the support at this temperature (500 °C) as they either migrate 

during calcination or nanoparticle clusters form larger structures. It is important for the materials to 

be stable at elevated temperatures for the reduction steps required prior to use as a catalyst. Due to 

the polycrystalline nature of the alumina support and the size of the nanoparticles, it was difficult to 

observe the nanoparticle dispersion. It was easier to observe the nanoparticles on the support after the 

catalyst was calcined at 500 °C, due to the nanoparticles forming larger structures. 
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Figure 5.1 – TEM micrographs of cobalt nanoparticles assembled onto calcined alumina, using 

chloroform; (a) uncalcined sample, with the cobalt nanoparticles barely visible on the support, (b) 

sample calcined at 200 °C, section showing nanoparticle cluster on the support, and (c) sample 

calcined at 500 °C, nanoparticles appeared to form larger structures and are now clearly visible on 

the support. 

 Table 5.2 shows the changes in BET surface area and BJH pore width of the catalyst, calcined 

at different temperatures, compared to neat calcined alumina. It can be seen from the data in Table 

5.2 that the BET surface area of the catalyst decreases slightly when the nanoparticles were assembled 

onto the alumina support, while the BJH pore width does not increase significantly. The BET surface 

area increased when the catalyst was calcined, suggesting excess surfactants were removed, leaving 

behind smaller nanoparticles (with larger surface area) behind on the alumina support. Due to the size 

of the nanoparticles (8 nm) and the width of the support’s pores (84 Å) it is highly unlikely that the 

nanoparticles would have assembled in the support pores, but would rather adhere to the support’s 

surface. 

Table 5.2 – N2 adsorption and desorption isotherm summary of cobalt nanoparticles on alumina; 

uncalcined and calcined at 200 °C and 500 °C, compared to neat, unloaded calcined alumina. 

 BET surface area (m2 g-1) BJH pore width (Å) 

Neat calcined alumina 167 84 

Uncalcined catalyst 117 81 

200 °C calcined catalyst 157 81 

500 °C calcined catalyst 155 86 

 

 Temperature programmed reduction (TPR) analysis was used to simulate how the catalyst 

would behave in a reducing environment at elevated temperatures and to also determine the oxidation 

state of the nanoparticles on the support. TPR is a complementary form of analysis that has the 

capability of determining the oxidation state of a transition metal.5 Typically, 5–10 % hydrogen gas 
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in nitrogen or argon is continuously passed over a catalyst, and the consumption of hydrogen is 

monitored during heating of the catalyst.1 

 The catalyst (cobalt on untreated alumina) calcined at 200 °C was used for TPR analysis as 

the nanoparticles did not migrate during calcination, as in the case of the 500 °C catalyst. 

 Catalyst consisting of 5 % cobalt nanoparticles on untreated alumina was monitored by TEM 

after different treatments of the catalyst (Figure 5.2). Uncalcined catalyst is shown in Figure 5.2(a), 

with no apparent larger structures on the support. The uncalcined catalyst was subjected to TPR 

analysis. Reduction of cobalt oxide (Co3O4) occurs in two stages; Co3O4 to CoO and CoO to Co.76, 77 

The TPR profile of the uncalcined catalyst (Figure 5.2(f)(black)), shows three distinct reduction peaks 

(236 °C, 377 °C and 490 °C), suggesting three reduction stages. A more complex reduction pathway 

therefore appears to take place, making assignment of each peak difficult. The catalyst saw large (> 

8 nm) structures present on the support, after TPR analysis (Figure 5.2(b)) suggesting the cobalt 

nanoparticles aggregated during TPR analysis. The support was calcined at 500 °C, with little visible 

change to the majority of the catalyst (Figure 5.2(c)). The 500 °C calcined catalyst was subjected to 

TPR analysis and only two distinct peaks were noted (394 °C and 624 °C) in the TPR profile (Figure 

5.2(f)), corresponding to Co3O4 to CoO and CoO to Co transitions. The catalyst was noticeably 

different after TPR analysis (Figure 5.2(d)) and two consecutive TPR experiments (Figure 5.2(e)), 

when compared to uncalcined catalyst (Figure 5.2(a)) and catalyst calcined at 500 °C (Figure 5.2(c)). 

The presence of the large structures after TPR analysis suggest the nanoparticles may migrate and 

form these large structures during the TPR experiments. A single broad peak at 229 °C, ranging from 

155 °C to 290 °C, was observed in the TPR profile of the catalyst calcined at 200 °C (Appendix D 

Figure D2), which corresponds to observations in the literature for cobalt-species on alumina support, 

calcined at low temperatures, as the reducibility of a catalyst decreases with increasing calcination 

temperature.77 
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Figure 5.2 – Behaviour of cobalt nanoparticles on alumina support; TEM micrographs of (a) 

uncalcined cobalt nanoparticles on support, (b) sample after uncalcined catalyst was subjected to 

TPR experiment, (c) cobalt nanoparticles on support, calcined at 500 °C, (d) sample after calcined 

(500 °C) catalyst was subjected to TPR experiment, (e) sample after calcined (500 °C) was subjected 

to two consecutive TPR experiments, and (f) the TPR profiles of uncalcined catalyst (black) and 

calcined (500 °C) catalyst (red). 

 Figure 5.3 shows the 200 °C calcined catalyst (5 % Co on untreated alumina), after TPR 

analysis, viewed under bright field (BF) scanning TEM (STEM), annular dark field (ADF) STEM 

and high angle annular dark field (HAADF) STEM. ADF and HAADF STEM imaging allows better 

visualisation of the nanoparticles on support, particularly smaller nanoparticles. Elemental mapping 

of the catalyst after TPR analysis showed the large nanoparticles on the support were cobalt rich 

(Figure 5.3(c)). The formation of these larger structures during TPR analysis is unsurprising as large 

structures are also formed during calcination at 500 °C, but to a lesser extent. EDX quantification 
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(Appendix D Table D3) suggests cobalt to be present in 8.8 % atomic loadings for the area viewed 

(Figure 5.3(a)), which is higher than the expected 5 % loading. This may be due to nanoparticles 

having a greater concentration in the analysed sample area.  

 

Figure 5.3 – STEM EDX analysis of a sample (200 °C calcined cobalt on untreated alumina catalyst) 

after TPR analysis; (a) BF STEM image of the nanoparticles on alumina support shows the 

nanoparticles aggregated and formed larger structures, (b) ADF STEM image of the nanoparticles 

on alumina, acting as reference image for EDX mapping, (c) cobalt location within the sample, (d) 

aluminium location within the sample, (e) oxygen location within the sample, and (f) overlay of the 

mapped elements, clearly showing discrete cobalt particles on support. EDX spectrum of this mapped 

area, confirming the presence of the aforementioned elements, is available in Appendix D Figure D3. 

5.3.1.2. Cobalt nanoparticles on MCM-41 support 

The most common and well-studied silica supports in the literature are SBA-1578-80 and MCM-41.81-

84 Assembly of preformed nanoparticles onto silica supports have been investigated previously.22, 25 

Cobalt nanoparticles at 22.1 % loadings on an SBA-15 support were investigated for nanoparticle 

magnetic interactions.22 The reported nanoparticles were well distributed over the support; however, 

areas of significant aggregation were also present. Monodispersed cobalt and cobalt-platinum 

nanoparticles were assembled onto MCM-41 support.25 Materials designed for FT synthesis have 

more moderate loadings than materials made for magnetic studies, and therefore are less likely to 
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have significant magnetic coupling of the nanoparticles occurring. Nanoparticle dispersion across the 

support was not fully explored in this study.25 

 Cobalt nanoparticles were therefore also assembled onto an MCM-41 support, using hexane 

as solvent. The MCM-41 support has a significantly higher BET surface area of ~ 1111 m2 g-1 when 

compared with that of alumina (167 m2 g-1), and MCM-41 has a BJH pore width of ~ 41 Å. The 

catalyst was also calcined at 200 °C and 500 °C, shown in Figure 5.4. Unlike the alumina supported 

cobalt nanoparticles, heating the catalyst to 500 °C did not change the appearance of the MCM-41 

supported nanoparticles. Furthermore, TEM imaging (Figure 5.4) suggests the nanoparticles are well 

distributed across the support with no major clustering occurring. 

 

Figure 5.4 – TEM micrographs of cobalt nanoparticles assembled onto MCM-41 support; (a) 

uncalcined sample with the cobalt nanoparticles visible on the support, (b) sample calcined at 200 

°C, with no apparent cluster formation of the nanoparticles on the support, (c) sample calcined at 

500 °C, showing the nanoparticles on the support without the formation of larger cobalt structures. 

 Table 5.3 shows the changes in BET surface area and BJH pore width of the catalyst, 

compared to neat calcined MCM-41, as the uncalcined catalyst was calcined at different temperatures. 

The BJH pore width decreases when nanoparticles are assembled onto the support and a decrease in 

BET surface area is also noted, suggesting the nanoparticles are assembled onto the support. 

Table 5.3 – N2 adsorption and desorption isotherm summary of cobalt nanoparticles on MCM-41; 

uncalcined and calcined at 200 °C and 500 °C, compared to neat, unloaded calcined alumina. 

 BET surface area (m2 g-1) BJH pore width (Å) 

Neat calcined MCM-41 1111 41 

Uncalcined catalyst 1010 24 

200 °C calcined catalyst 1038 24 

500 °C calcined catalyst 1123 25 
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 TPR analysis on the MCM-41 catalyst calcined at 200 °C resulted in a TPR with no distinct 

or significant peaks (Appendix D Figure D4). The lack of peaks in the TPR profile suggest the support 

did not contain reducible species, inferring the catalyst has a very low reducibility when compared to 

alumina supported cobalt nanoparticles. The catalyst therefore may not have had cobalt oxide present 

on the support, or no nanoparticles were present on the support. The catalyst was viewed under TEM 

after the TPR experiment and the support appeared unchanged (Figure 5.5). Furthermore, the 

nanoparticles on the support did not form larger structures (Figure 5.5(b)), unlike the cobalt 

nanoparticles on alumina discussed earlier. 

 

Figure 5.5 – The catalyst after TPR analysis; (a) the catalyst appears unchanged with no larger 

structures present on the support, and (b) HRTEM image of the catalyst showing the discrete 

nanoparticles on support. 

 It would appear that MCM-41 offers a better nanoparticle-support interaction than alumina 

does and hence the nature of the support appears important when considering supports for catalysts. 

Unlike alumina, MCM-41 support has a uniform, well-defined structure with hexagonal pores. MCM-

41 lacks the random crystal faces, edges and corners alumina has due to its polycrystalline nature, 

making MCM-41 seemingly more ideal than alumina for specific chemical nanoparticle interactions 

and hence also dispersion of nanoparticles across the support. However, silica-based supports such 

as MCM-41 is known to lack the thermal stability alumina has, which is required for industrial 

supports,85 making consideration towards alumina supports more favourable. 

5.3.1.3. Cobalt nanoparticles on acid and base treated alumina 

Assembling preformed nanoparticles onto an industry standard calcined alumina support results in 

nanoparticle aggregation and the formation of larger structures at elevated temperatures. We 

attempted to improve nanoparticle dispersion on the alumina support by treating the support with acid 

or base, prior to nanoparticle assembly. For the purpose of this thesis, only work conducted relating 

to nanoparticles assembled onto acid treated alumina (at pH 4) and base treated alumina (at pH 8) 
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will be presented. Through calcination of alumina at 750 °C we ensure the removal of surface 

hydroxyl groups through dehydration,86, 87 with an improved interaction between cobalt and alumina 

and consequently less migration of the nanoparticles across the support.72 

 The supports were calcined and 8 nm cobalt nanoparticles were then assembled, using hexane 

as solvent, onto each support aiming for a 5 % cobalt loading. XRF confirmed the cobalt loadings on 

the support as 4.6 % and 4.4 %, for acid-treated and base-treated alumina respectively. There was no 

visible improvement of nanoparticle dispersion on the support, based on TEM imaging of the 

samples. It appeared the acid-treated supports had more nanoparticle clustering than the base-treated 

supports; however, nanoparticle clustering were still evident in both samples (Figure 5.6). 

 

Figure 5.6 – TEM micrographs of catalysts with supports that were (a) acid treated and (b) base 

treated before cobalt nanoparticle assembly. The acid-treated support (a) shows the particles had 

poor dispersion on the support, whereas the base-treated support (b) shows a region with clustering 

of the nanoparticles. 

 N2 absorption and desorption isotherms of the acid-treated support showed a decrease in BET 

surface area and a slight increase in BJH pore width (Table 5.4). A significant decrease in BET surface 

area was also noted after the nanoparticles were assembled onto the acid-treated support, before 

calcination of the catalyst. The BET surface area increased again, once the catalyst was calcined. No 

significant change in the BJH pore width of each sample was noted. The same trends, regarding BET 

surface areas and BJH pore widths, were noted for the base-treated support samples (Table 5.4). The 

decrease in BET surface area after the nanoparticles were assembled onto the supports and no 

significant change to the BJH pore widths, before calcination, are indicative of the nanoparticles 

assembling, with excess surfactant, onto the surface of the support and not in the pores. The excess 

surfactant covers the rough surface area of the support, thereby decreasing the surface area. During 

calcination the excess surfactant is removed, showing an increase in the BET surface area, as 

expected. 
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Table 5.4 – N2 adsorption and desorption isotherm summary of cobalt nanoparticles on acid-treated 

and base-treated alumina; uncalcined and calcined at 200 °C and 500 °C, compared to neat, 

unloaded calcined alumina. 

  BET surface area 

(m2 g-1) 

BJH pore width 

(Å) 

Acid-treated support 

Unloaded alumina 154 90 

Uncalcined catalyst 68 91 

200 °C calcined catalyst 142 88 

500 °C calcined catalyst 134 92 

Base-treated support 

Unloaded alumina 136 90 

Uncalcined catalyst 54 90 

200 °C calcined catalyst 137 90 

500 °C calcined catalyst 127 92 

 

 The TPR profile for the acid-treated support catalysts, calcined at 200 °C (Appendix D Figure 

D5(black)) showed two broad peaks at 168 °C and 284 °C, ranging from 100 °C to 380 °C. Similarly, 

the base-treated support catalyst (Appendix D Figure D5(red)) showed two broad peak regions 

splitting into peaks at 152 °C (shoulder at 120 °C), 246 °C and 286 °C, ranging from 100 °C to 350 

°C. The TPR profiles for the acid-treated and base-treated supported catalysts are different to that of 

the untreated alumina catalyst (discussed earlier). The more complex TPR profile for the base-treated 

support catalyst suggests a more complex reduction mechanism may take place when compared to 

the TPR profiles of untreated support catalyst and acid-treated support catalyst. 

5.3.1.4. Cobalt nanoparticles on TEOS-treated alumina support 

The alumina support was treated with tetraethyl orthosilicate (TEOS) in order to make the alumina 

support more hydrophobic. We believed that having a more hydrophobic support will offer better 

nanoparticle-support interaction through the hydrophobic nanoparticle surfactants. Figure 5.7 shows 

the XRD patterns of different stages of catalyst formation. An appearance of a peak at 2θ value 18.01° 

(4.922 Å) in the XRD pattern (Figure 5.7(b)) could not be assigned; however it appeared when TEOS 

was added to the support. This peak remains when cobalt nanoparticles are assembled onto the TEOS-

Al2O3 support. We note an absence of peaks in the XRD pattern corresponding to the cobalt species 

on the TEOS-Al2O3 support; however, after calcination (500 °C) of the catalyst, we note the 

disappearance of the XRD peak possibly due to TEOS at 2θ value 18.01° and the appearance of peaks 

consistent with spinel Co3O4.
88  XRD data are summarised in Appendix D Tables D7–D10. It would 

appear TEOS is removed from the support surface upon calcination of the catalyst and the cobalt 

nanoparticles oxidise. Using the Scherrer equation it was determined the average cobalt oxide 
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nanoparticle size on the calcined catalyst was 13–18 nm, indicating the nanoparticles also increased 

in size (from ~ 8 nm) during calcination. 

 

Figure 5.7 – Powder XRD patterns of (a) calcined alumina, (b) TEOS treated alumina, (c) cobalt 

nanoparticles on TEOS treated alumina, and (d) calcined sample of cobalt nanoparticles on TEOS 

treated alumina. The peaks labelled with a pound symbol (#) could not be assigned. The peaks 

labelled with an asterisk (*) correspond to spinel Co3O4.
88 The unlabelled peaks correspond to γ-

Al2O3.
89 The XRD data are summarised in Appendix D Tables D7–D10. 

 TEM analysis of the catalyst (Figure 5.8) showed the nanoparticles did not aggregate and form 

significantly larger structures as previously observed for cobalt nanoparticles on untreated alumina 

(Figure 5.1). Due to the nanoparticle size and the polycrystallinity of the support, it was difficult 

visualising the nanoparticles and confirming their size increase as suggested by XRD data for the 500 

°C calcined catalyst (Figure 5.8(b)). Furthermore, it did not appear that significantly larger cobalt 

structures formed after the catalyst was subjected to TPR analysis (Figure 5.8(c)).  
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Figure 5.8 – TEM micrographs of cobalt nanoparticles on TEOS treated alumina support; (a) 

uncalcined catalyst, (b) catalyst calcined at 500 °C, and (c) calcined catalyst after TPR analysis. 

 Furthermore, STEM analysis of the catalyst after 500 °C calcination (Figure 5.9) did not show 

evidence of larger cobalt structures present on the support. We expected to observe larger structures 

(13–18 nm) (from XRD analysis) on the calcined support; however, both ADF STEM (Figure 5.9(b)) 

and HAADF STEM (Figure 5.9(c)) imaging provided little contrast between the nanoparticles and 

support, suggesting the nanoparticles may be well dispersed throughout the sample and may be in 

low concentrations in Figure 5.9. EDX mapping (Figure 5.9(d–f)) showed cobalt is uniformly 

distributed throughout the support, with its presence confirmed in the EDX spectrum (Appendix D 

Figure D6). It was expected that cobalt would be present in concentrations of ~ 5 wt%; however, 

EDX quantification (Appendix D Table D11) suggests cobalt to be present in smaller concentrations 

(~ 2 wt%). 

 Since the XRD pattern for the 500 °C calcined catalyst (Figure 5.7(d)) suggested the 

nanoparticles on the support consist of Co3O4, we expected two reduction peaks (Co3O4 > CoO > Co) 

in the catalyst’s TPR profile.77 However, TPR analysis of the 500 °C calcined Co/TEOS-Al2O3 

catalyst showed a narrow single reduction peak at 313 °C (Appendix D Figure D7). The narrow single 

reduction peak would suggest the nanoparticles are small and uniform in size, leading to a quick full 

reduction of the catalyst. The nanoparticles are indeed fully reduced, as a second consecutive TPR 

analysis of the sample did not show a reduction peak (Appendix D Figure D7(b)). Further analysis of 

the single reduction peak in the TPR profile (Appendix D Figure D7(b)) showed the peak contains a 

lower temperature shoulder region, further suggesting rapid, complete, reduction of Co3O4 to Co. It 

would therefore appear that TEOS-treatment of the alumina support promotes nanoparticle dispersion 

as well as increasing nanoparticle reducibility. 
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Figure 5.9 – STEM EDX analysis of the cobalt nanoparticles on TEOS-treated alumina support, after 

500 °C calcination; (a) BF STEM image of the catalyst with an area marked for elemental mapping 

(d-f), (b) ADF STEM image showing little contrast between the nanoparticles and the support, (c) 

HAADF STEM image also showing little contrast between the nanoparticles and the support, (d) 

cobalt location within the sample, (e) aluminium location within the sample, and (f) oxygen location 

within the sample. 

5.3.1.5. Cobalt nanoparticles on La promoted alumina support 

It is common for FT catalysts to incorporate a promotor onto the support, such as La2O3, which is 

known to assist in the reducibility of the active metal species, dispersion of the active metal particles 

onto the support, and to reduce poisoning of the catalyst by coke build-up.65, 90 We therefore prepared 

a lanthanum doped alumina support by using a wetness impregnation approach where La(NO3)3 was 

introduced onto the support before calcination to deliver the desired support with a 5 % La weight 

loading. The XRD pattern of the lanthanum doped support (Figure 5.10) showed planar spacings 

consistent with γ-Al2O3,
89 and no lanthanide species. The lack of crystalline lanthanum phases on the 

support suggest lanthanum is highly dispersed across the alumina surface and/or due to the amorphous 

nature of La2O3 on the support surface.64, 91 The XRD data are summarised in Appendix D Table D12. 

The exact phase of the lanthanum species on support therefore remains uncertain; however, the 

literature suggests it is most likely La2O3.
92 TEM imaging of the lanthanum doped support (Appendix 

D Figure D8) also did not show any nanoparticles on the support, further suggesting lanthanum is 

highly dispersed over the support surface. 
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Figure 5.10 – XRD pattern of lanthanum doped alumina support, after calcination at 500 °C. Planar 

spacings are consistent with that of γ-Al2O3,
89 and XRD data are summarised in Appendix D Table 

D12. 

 Cobalt nanoparticles (8 nm) were prepared and assembled (10 % loading) onto the La2O3-

Al2O3 support. We investigated two solvents for nanoparticle assembly; chloroform and hexane. As 

previously observed, it was noted the nanoparticles assembled more rapidly using hexane as solvent 

than when using chloroform. The catalyst prepared using hexane as solvent appeared to suffer more 

severe nanoparticle aggregation upon calcination (Appendix D Figure D9) than the material prepared 

using chloroform as solvent. The catalyst prepared using chloroform as solvent was therefore 

investigated in more detail, to observe nanoparticle behaviour under various conditions, with Figure 

5.11 presenting the TEM results. The freshly prepared catalyst (Figure 5.11(a)) appeared to have 

cobalt nanoparticles dispersed onto the support with no observable aggregation of the nanoparticles 

occurring. After calcination at 500 °C, large structures were present on the support surface (Figure 

5.11(b)), indicating the nanoparticles aggregated. The calcined catalyst was viewed under TEM after 

TPR analysis (Figure 5.11(c)) with no clear visible change to the nanoparticles on the support. 

However, two consecutive TPR experiments of the catalyst clearly show an increase of nanoparticle 

aggregation on the support (Figure 5.11(d)). Significant nanoparticle aggregation and growth of 

calcined catalyst takes place in a reducing environment at 350 °C, over three hours (Figure 5.11(e)). 

We also noted nanoparticle growth for TPR experiment conditions with a maximum temperature of 

400 °C (450 °C lower than the maximum temperature of our typical TPR experiments). Therefore, 

catalyst change occurs even at relatively low temperatures in a reducing environment. 
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Figure 5.11 – TEM micrographs of a Co/La2O3-Al2O3 catalyst after different treatments; (a) 

uncalcined catalyst with few clusters of nanoparticles on the support visible, (b) the catalyst after 

calcination at 500 °C, with some large irregular-shaped structures visible, (c) calcined catalyst after 

TPR analysis, with large structures visible, (d) calcined catalyst after two consecutive TPR analyses, 

with the cobalt clusters appearing to have grown larger, (e) calcined catalyst after TPR experiment 

and three hours in a reducing environment at 350 °C, and (f) calcined catalyst after TPR experiment 

not exceeding 400 °C. 

 We confirmed the large structures on the calcined catalyst support are cobalt rich, by STEM 

EDX mapping (Figure 5.12). Figures 5.12(a) and (b) respectively show the BF STEM image and 

HAADF STEM image of the catalyst, with the HAADF STEM image offering better contrast between 

the nanoparticle and the catalyst support. Figure 5.12(c) confirms the nanoparticle is indeed cobalt 

rich, and Figure 5.12(d) shows the support is coated in lanthanum, probably in the form of La2O3. 

Figures 5.12(e) and (f) show the locations of aluminium and oxygen respectively (Al2O3). It is 

interesting to note that Figure 5.12(f) (oxygen) shows a concentration of oxygen in the same shape 

and location as cobalt (Figure 5.12(c)), suggesting the nanoparticle to be a cobalt oxide. The 

aforementioned elements’ presence is confirmed by the EDX spectrum (Figure 5.12(g)) of the 

catalyst. EDX quantification (Appendix D Table D13) shows cobalt is present in 4.2 wt% on the 

support; however, EDX quantification was conducted on a small area of the sample, containing few 

nanoparticles and is therefore not entirely indicative of the actual catalyst cobalt loading. 
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Figure 5.12 – STEM EDX analysis of the catalyst, calcined at 500 °C; (a) BF STEM image of the 

catalyst, marking an area (red box) with a large nanoparticle for elemental mapping, (b) HAADF 

STEM image offering clearer contrast between the nanoparticle and the support, (c) cobalt location 

within the sample, (d) lanthanum location within the sample, (e) aluminium location within the 

sample, (f) oxygen location within the sample, with an apparent rich presence of oxygen where cobalt 

is located in the sample, and (g) corresponding EDX spectrum of the mapped area, confirming the 

presence of cobalt, lanthanum, aluminium and oxygen. The presence of carbon and copper arises 

from the carbon coated TEM grid used to prepare the sample on. 

 As in the case of the TEOS-treated Al2O3 support discussed in section 5.3.1.4. of this chapter, 

evidence for the cobalt nanoparticles were not seen in the XRD pattern for uncalcined Co/La2O3-

Al2O3 catalyst (Figure 5.13), with a pattern consistent with that of γ-Al2O3.
89 After calcination at 500 

°C, the presence of spinel Co3O4
88 and γ-Al2O3

89 were noted. The XRD data are summarised in 

Appendix D Tables D14 and D15. 

 Since the XRD pattern (Figure 5.13) for calcined Co/La2O3-Al2O3 catalyst showed the 

presence of Co3O4,
88 we expected two reduction peaks in the catalyst TPR profile. However, TPR 

analysis (Figure 5.14(a)) of the calcined Co/La2O3-Al2O3 catalyst showed a single reduction peak at 

322 °C, comparable to the TPR profile for Co/TEOS-Al2O3 catalyst (Appendix D Figure D7). 

Furthermore, calcined Co/La2O3-Al2O3 catalyst appears to completely reduce, with a second 

consecutive analysis showing no reduction peaks in the TPR profile (Figure 5.14(b)). 
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Figure 5.13 – XRD patterns of cobalt nanoparticles assembled onto La3O3-Al2O3 support. The 

pattern for the uncalcined catalyst (a) (black) shows planar spacings consistent with that of γ-Al2O3.
89 

The pattern for the catalyst calcined at 500 °C (b) (red) shows planar spacings consistent with that 

of spinel Co3O4,
88 labelled with an asterisk (*), and γ-Al2O3.

89 The XRD data are summarised in 

Appendix D Tables D14 and D15. 

 

 

Figure 5.14 – TPR analysis of calcined Co/La2O3-Al2O3 catalyst with nanoparticles assembled using 

chloroform as solvent; (a) single TPR analysis showing one reduction peak at 322 °C, (b) two 

consecutive TPR analyses with overlayed profiles showing a single reduction peak (black) for the 

first analysis and the second analysis (red) shows no reduction peaks. TPR analysis of calcined 

Co/La2O3-Al2O3 catalyst, with nanoparticles assembled using hexane as solvent showed similar 

results and are presented in Appendix D Figure D10. 
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 Although La2O3 does not appear to improve nanoparticle-support interaction, due to evidence 

of nanoparticle migration upon calcination and reduction at elevated temperatures, it does appear to 

improve dispersion of cobalt nanoparticles on the support. Furthermore, it also appears to improve 

nanoparticle reducibility, evident by TPR results. 

5.3.1.6. Other Co/Al2O3 systems 

 We prepared catalysts using an incipient wetness impregnation (IWI) method for 5 % and 10 

% cobalt loadings on alumina, for comparison purposes to our results using preformed nanoparticles 

on support. The prepared catalysts were calcined at 500 °C. Figure 5.15(a) shows a micrograph of the 

material with 5 % cobalt loading on alumina catalyst before TPR analysis and Figure 5.15(b) after 

TPR analysis. Similarly, Figure 5.15(c) shows the 10 % cobalt loading on alumina catalyst before 

TPR analysis and Figure 5.15(d) after TPR analysis. From the TEM images in Figure 5.15 it can be 

seen that the nanoparticles on support are irregular shaped and vary greatly in size. 

 

Figure 5.15 – TEM micrographs of Co/Al2O3 catalysts prepared by incipient wetness impregnation; 

(a) 5 % cobalt loading on Al2O3, with irregular shaped darker regions on the support due to the 

nanoparticles formed, (b) 5 % cobalt loading catalyst after TPR analysis, with discrete nanoparticles 

visible on the support, (c) 10 % cobalt loading on Al2O3, also with irregular shaped darker regions 

corresponding to the nanoparticles formed, and (d) 10 % cobalt loading catalyst after TPR analysis, 

also with discrete nanoparticles visible on the support. 
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 We confirmed the irregular shaped structures in Figure 5.15 are cobalt rich nanoparticles by 

STEM EDX analysis. Figures 5.16(a–b) show calcined 10 % Co/Al2O3 catalyst viewed as BF STEM 

and HAADF STEM images respectively. Elemental mapping (Figures 5.16(c–e)) shows cobalt is 

distributed throughout the catalyst support. STEM EDX mapping of the 10 % Co/Al2O3 catalyst after 

TPR analysis further confirmed the nanoparticles observed in Figure 5.15(d) are cobalt rich 

(Appendix D Figure D11). 

 

Figure 5.16 – STEM EDX analysis of the 10 % Co/Al2O3 catalyst before TPR analysis; (a) BF STEM 

image of the nanoparticles on support with marked area (red) for elemental analysis, (b) HAADF 

STEM image of the catalyst, (c) cobalt location within the sample, (d) aluminium location within the 

sample, (e) oxygen location within the sample, and (f) EDX spectrum confirming the presence of 

cobalt, aluminium and oxygen. Copper and carbon signals arise due to the carbon coated copper 

TEM grid used to prepare the sample on. 

 TPR experiments of the 5 % and 10 % Co/Al2O3 catalysts, prepared by IWI, gave similar TPR 

profiles with very broad reduction peaks, ranging from 300 °C to 700 °C. The TPR profile for the 10 

% Co/Al2O3 catalyst is presented in Figure 5.17 below and appears to have two broad overlapping 

reduction peaks, corresponding with Co3O4 > CoO (peak maximum at 435 °C) and CoO > Co 

(shoulder peak at 650 °C) reduction steps. The broadness of the peaks in Figure 5.17 can be attributed 

to size variation of the cobalt oxide nanoparticles on the alumina support. It is unlikely that a peak in 

the TPR profile is present due to remaining Co(NO3)2 decomposing, as it has been reported that 
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residual Co(NO3)2 only remains if the catalyst was calcined below 300 °C.93 Temperatures exceeding 

300 °C result in all nitrate species on the support to thermally decompose completely.94 The TPR 

profile for the 5 % Co/Al2O3 catalyst is available in Appendix D Figure D12 and is similar to the TPR 

profile of 10 % Co/Al2O3 (Figure 5.17). 

 

Figure 5.17 – TPR profile of 10 % Co/Al2O3 catalyst showing a very broad reduction peak, ranging 

from 300 °C to 700 °C. The reduction peak appears to be an overlap of two peaks; the first peak is 

observed at 435 °C and the second peak appears as a shoulder peak at 650 °C. 

5.3.2. Cobalt-platinum nanoparticles on a support 

LTFT catalysts such as cobalt-based catalysts often consist of a promotor metal, such as platinum, 

which enhances FT catalyst activity through increasing the reducibility of the cobalt oxide species 

and therefore creating more active sites.95 Due to costs and increased methane production, only small 

amounts of platinum are added to the catalyst. Large platinum concentrations in CoPt nanoparticles 

result in the migration of platinum to the nanoparticle surface during the reduction cycle. This 

migration of platinum results in a decrease in the number of active metal sites for FT synthesis.25 

 Therefore, in addition to investigating cobalt nanoparticle dispersion on support, we also 

investigated the dispersion of cobalt-rich CoPt nanoparticles on support. Few reports exist of 

monodispersed cobalt-rich CoPt nanoparticles in the literature.96, 97 The formation of monodispersed 

CoPt nanoparticles has previously been investigated with the focus on developing equi-atomic CoPt 

nanoparticles for computer storage systems.96, 97 Due to their ferromagnetism, cobalt-rich CoPt 

nanoparticles tend to precipitate on the magnetic stirrer bar upon reaction completion, while 

equiatomic CoPt and platinum-rich CoPt nanoparticles have reduced ferromagnetism and tend to stay 

in the reaction solution longer. We used this assumption to isolate nanoparticles that were presumably 

cobalt rich CoPt nanoparticles that precipitated on the magnetic stirrer bar of the reaction.  
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 Due to the small volume of nanoparticles produced and the inability to scale up the reaction, 

no compositional characterisation of the nanoparticles was done using standard analytical methods 

before the nanoparticles were assembled onto a support. The nanoparticles produced were 

characterised by TEM (Figure 5.18(a)) and their average size determined to be 7.7 ± 1.1 nm in 

diameter (Figure 5.18(b)). The nanoparticles produced were not spherical but had a trigonal shape 

(Figure 5.18(c)). EDX of the nanoparticles confirmed the presence of cobalt and platinum within the 

sample (Figure 5.18(d)), with copper and carbon signals arising from the carbon coated copper TEM 

grid on which the sample was prepared. It was difficult to confirm the atomic ratio of Co: Pt of the 

CoPt nanoparticles from the analytical methods described here. 

 

Figure 5.18 – CoPt nanoparticle analysis; (a) TEM micrograph of the nanoparticles, with (b) 

corresponding size distribution 7.7 ± 1.1 nm (300 nanoparticles measured), (c) HRTEM image 

showing no clear core-shell morphology of the nanoparticles, suggesting them to be CoPt alloys, and 

(d) corresponding EDX spectrum of the nanoparticles, confirming the presence of cobalt and 

platinum within the sample. 

 The CoPt nanoparticles were assembled onto calcined alumina support using hexane as 

solvent. Upon addition of the nanoparticles to the stirring mixture of alumina in hexane, the black 

suspension quickly became colourless, indicating the nanoparticles assembled onto the support. It 

was easier to visualise the CoPt nanoparticles on the alumina support than cobalt nanoparticles on 
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alumina support, using bright field TEM (Figure 5.19). The presence of platinum within the CoPt 

nanoparticles allowed greater contrast between the nanoparticles and the alumina support. It appeared 

the CoPt nanoparticles assemble in a similar fashion to the cobalt nanoparticles, discussed earlier, in 

the sense that some nanoparticle clustering were present on the support as well as other regions with 

well dispersed nanoparticles. The catalyst did not appear to change upon calcination at temperatures 

up to 500 °C (Figure 5.19(c)). In fact, the catalyst did not appear to undergo any drastic changes 

during TPR analysis (Figure 5.19(d)). This would suggest the CoPt nanoparticles are more stable on 

the support than the cobalt nanoparticles previously discussed.  

 

Figure 5.19 – TEM micrographs of CoPt nanoparticles on support; (a) uncalcined sample, (b) 

sample calcined at 200 °C, (c) sample calcined at 500 °C, and (d) sample after TPR analysis. The 

nanoparticles do not appear to migrate or form larger structures during calcination and analysis. 

 The XRD pattern (Figure 5.20) of CoPt/Al2O3 catalyst, calcined at 500 °C showed planar 

spacings consistent with γ-Al2O3,
89 with no reflections observed for any cobalt or platinum phases. 

XRD data are summarised in Appendix D Table D16. The absence of cobalt, platinum and/or cobalt-

platinum phases may be due to the nanoparticles being highly dispersed on the support. XRF analysis 

showed the overall cobalt to platinum ratio of the nanoparticles was 1:4 on the alumina support, with 

a nanoparticle loading of ~ 6 %. We cannot infer that the nanoparticles are uniform in composition. 
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 The TPR profile (Figure 5.21) of the catalyst did not show any distinguishable peaks, 

suggesting that either little to no reducible species on the alumina support were present. The lack of 

reduction peaks in the TPR profile is difficult to explain otherwise, as the literature TPR profiles for 

Pt promoted Co/Al2O3 catalysts do show reduction peaks.98  

 

Figure 5.20 – XRD pattern of CoPt nanoparticles on Al2O3, calcined at 500 °C. The planar spacings 

are in agreement with that of γ-Al2O3.
89 No reflections corresponding to cobalt, platinum and/or 

cobalt-platinum were visible. The XRD data are summarised in Appendix D Table D16. 

 

Figure 5.21 – TPR profile of CoPt nanoparticles on alumina support, showing no reduction peaks. 

 N2 adsorption and desorption isotherms of the CoPt nanoparticles on alumina (Table 5.5) were 

similar to that of cobalt nanoparticles on alumina (Table 5.2). Due to their size, it is unlikely the CoPt 

nanoparticles would be located in the pores of the alumina support but would rather be on the surface. 

We see evidence for this in the decreased BET surface area for the 500 °C calcined catalyst that shows 
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no apparent change in the BJH pore width (Table 5.5). It can also be inferred from Table 5.5 that a 

calcination temperature of 200 °C is not enough to remove excess surfactant from the catalyst. 

Although the CoPt nanoparticles had a different surfactant coating and composition to the cobalt 

nanoparticles, there was no observed improvement of the nanoparticle dispersion on the alumina 

support. However, the CoPt nanoparticles do appear more stable on the alumina support and do not 

appear to form large structures upon calcination or TPR experiments, unlike cobalt nanoparticles on 

alumina support. 

Table 5.5 – N2 adsorption and desorption isotherm summary of CoPt/Al2O3 catalyst, uncalcined and 

calcined at 200 °C and 500 °C, compared to neat, unloaded calcined Al2O3. 

 BET surface area (m2 g-1) BJH pore width (Å) 

Neat calcined alumina 167 84 

Uncalcined catalyst 121 77 

200 °C calcined catalyst 147 76 

500 °C calcined catalyst 155 84 

 

5.3.3. Cobalt-ruthenium nanoparticles on support 

Ruthenium is also often considered as a promotor metal in low temperature cobalt-based FT catalyst 

systems. The addition of ruthenium to the catalyst improves the catalyst reducibility, catalytic activity 

and product selectivity and improves resistance to deactivation.40, 99 Due to the high cost and 

availability of ruthenium, it is not considered for an industrial FT system; however, it is known that 

only a small amount of ruthenium needs to be added to a cobalt-based catalyst system in order for 

improvement in catalyst properties.62, 63 

 Monodispersed ruthenium-cobalt nanoparticle samples with their synthesis and 

characterisation discussed in Chapter 3 of this thesis were used for nanoparticle assembly onto 

calcined alumina support. Suspension of the nanoparticles was easier using chloroform as solvent 

than when hexane was used as solvent. When hexane was used as solvent the nanoparticles appeared 

to deposit from solution quickly, even after addition of oleic acid as surfactant, therefore chloroform 

was used for assembly reactions in an attempt to minimise nanoparticle aggregation on support. The 

nanoparticles in chloroform were added to a suspension of alumina in chloroform, and stirred for 

several hours before the black solution became colourless, indicating the nanoparticles assembled 

onto the support. The catalysts were prepared with a 10 wt% loading of nanoparticles on support and 

calcined at 200 °C and 500 °C. The nanoparticles appeared to be uniformly distributed over the 

alumina support (Figure 5.22(a)) before calcination, with HAADF STEM imaging (Figure 5.22(d)) 

offering a better contrast between the nanoparticles (bright white dots) and alumina support. The 
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nanoparticles on support did not appear to undergo change when calcined at 200 °C (Figure 5.22(b)) 

with the nanoparticles remaining well distributed throughout the support without any obvious signs 

of aggregation (Figure 5.22(e)). Changes to the nanoparticles on the support were observed after the 

catalyst was calcined at 500 °C. Some areas appeared to have larger structures, seen in Figure 5.22(c) 

and Appendix D Figure D13. HAADF STEM imaging (Figure 5.22(f)) shows the nanoparticles are 

no longer uniformly distributed over the alumina support after calcination at 500 °C, but appear to 

have migrated, with some areas having a higher concentration of nanoparticles visible. 

 

Figure 5.22 – TEM micrographs of the catalyst; (a) BF TEM image of uncalcined catalyst, (b) BF 

TEM image of catalyst calcined at 200 °C, (c) BF TEM image of catalyst calcined at 500 °C, (d) 

HAADF STEM image of uncalcined catalyst showing, (e) HAADF STEM image of catalyst calcined 

at 200 °C, and (f) HAADF STEM image of catalyst calcined at 500 °C. 

 STEM EDX mapping of catalyst calcined at 500 °C (Figure 5.23) confirmed the presence and 

disclosed the locations of ruthenium and cobalt on alumina support. From the EDX spectrum in 

Figure 5.23(g), it can be seen that cobalt and ruthenium have significantly less signal than aluminium 

and oxygen, suggesting little elemental presence on the support. Indeed, from EDX quantification 

(Appendix D Table D17) it can be seen that cobalt and ruthenium were present in insignificant 

amounts on the alumina support; 1.08 wt% and 2.39 wt% respectively. It needs to be noted that the 

area analysed by EDX is small compared to the rest of the sample and therefore EDX quantification 

of cobalt and ruthenium concentrations may not be indicative of the elemental loading on the support 

as a whole. 
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Figure 5.23 – STEM EDX analysis of catalyst calcined at 500 °C; (a) HAADF STEM image of the 

catalyst, as reference image, (b) aluminium location within the sample, (c) cobalt location within the 

sample, (d) ruthenium location within the sample, (e) oxygen location within the sample, (f) overlay 

of the aforementioned elements, highlighting the location of the nanoparticles, and (g) EDX spectrum 

confirming the presence of ruthenium, cobalt, aluminium and oxygen. Carbon and copper signals 

arise due to the carbon coated copper TEM grid used to prepare the sample on. 

 Powder XRD patterns (Figure 5.24) of the calcined samples provided further insight into any 

changes the catalyst may undergo. Each sample showed reflections consistent with γ-Al2O3,
89 

attributed to the support the nanoparticles were assembled on. The catalyst calcined at 200 °C (Figure 

5.24(b)) did not show any additional reflections that may correspond to the nanoparticles; however, 

the catalyst calcined at 500 °C (Figure 5.24(c)) had additional reflections present, consistent with that 

of RuO2.
100 No reflections consistent with cobalt phases were observed and may be attributed to the 

ruthenium-cobalt nanoparticles, from Chapter 3, consisting of mostly ruthenium. XRD patterns as in 

Figure 5.24 were also observed for other cobalt-ruthenium nanoparticles and are presented in 

Appendix D Figure D. We know from EDX analysis (Figure 5.23(g)) of the catalyst, calcined at 500 

°C, that cobalt was indeed present within the sample. XRD data for Figure 5.24 are summarised in 

Appendix D Tables D18–D20. 
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Figure 5.24 – XRD patterns of; (a) calcined alumina support as reference pattern, (b) nanoparticles 

on alumina support calcined at 200 °C, and (c) nanoparticles on alumina support calcined at 500 

°C. The patterns are consistent throughout the samples corresponding to γ-Al2O3;
89 however, the 

presence of RuO2
100 is also noted in the sample calcined at 500 °C, with reflections marked with an 

asterisk (*). XRD data are summarised in Appendix D Tables D18–D20. 

 BET analysis of the catalyst (Table 5.6) showed a decrease in BET surface area from ~ 167 

m2 g-1 for neat calcined alumina to ~ 156 m2 g-1 for catalyst calcined at 200 °C and ~ 162 m2 g-1 for 

catalyst calcined at 500 °C. This trend of change in BET surface area is consistent with that previously 

observed in this chapter for the cobalt nanoparticles on alumina support. The catalyst calcined at 200 

°C showed a decrease in BJH pore diameter, from ~ 84 Å for neat calcined alumina to ~ 76 Å for the 

calcined catalyst. Given their size (~ 2.5 nm) and the decrease in BJH pore diameter would suggest 

the nanoparticles are likely occupying the pores of the alumina support. In contrast, we notice the 

BJH pore diameter for catalyst calcined at 500 °C (~ 85 Å) is comparable with that of neat calcined 

alumina, suggesting the nanoparticles may have migrated out of the alumina pores upon calcination.  
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Table 5.6 – N2 adsorption and desorption isotherm summary of RuCo/Al2O3 catalyst, calcined at 200 

°C and 500 °C, compared to neat, unloaded calcined Al2O3. 

 BET surface area (m2 g-1) BJH pore width (Å) 

Neat calcined alumina 167 84 

200 °C calcined catalyst 156 76 

500 °C calcined catalyst 162 85 

 

 TPR analysis was conducted on the RuCo/Al2O3 catalyst to determine the reducibility of the 

catalyst. Catalyst calcined at 200 °C did not show reduction peaks in the TPR profile (Appendix D 

Figure D15), suggesting no reducible species present on the sample support. In contrast, catalyst 

calcined at 500 °C had a TPR profile with reduction peaks present (Figure 5.25), ranging from 100 

°C to 225 °C, involving two slightly overlapping peaks with maxima at 136 °C and 177 °C. 

 

Figure 5.25 – TPR profile of RuCo/Al2O3 catalyst, calcined at 500 °C, showing a narrow reduction 

temperature range between 100 °C and 225 °C, with two overlapping reduction peaks at 136 °C and 

177 °C. 

 These reduction peaks (Figure 5.25) occur at much lower temperatures than that of Co/Al2O3 

catalyst, presented earlier in this chapter. It is known that ruthenium promoted Co/Al2O3 catalyst 

systems have lower reduction temperatures than unpromoted Co/Al2O3 catalyst systems.101, 102 

Ruthenium oxide reduces at a lower temperature than cobalt oxide, leading to ruthenium metal acting 

as a reduction nucleus for hydrogen spillover to cobalt oxide particles.102 Neat Ru/γ-Al2O3 catalyst 

systems typically have a TPR profile with a single peak around 200 °C, due to the single reduction 

step from RuO2 > Ru.103-105 Ruthenium promoted Co/Al2O3 systems typically have three reduction 



Chapter 5 

 

175 

 

peaks, which form two reduction peaks with increasing ruthenium concentration with reduction 

temperatures decreasing.106 

 A sample of the RuCo/Al2O3 catalyst, calcined at 500 °C, was viewed under TEM after TPR 

analysis. The sample had clear large structures on the support (Figure 5.26), suggesting the 

nanoparticles migrated further during TPR analysis and formed large structures. It would therefore 

appear that even though the catalyst may have excellent reducibility, it may not be suitable to be used 

as an industry catalyst, due to nanoparticle migration and aggregation under elevated temperatures. 

 

Figure 5.26 – TEM micrograph of RuCo/Al2O3 catalyst, calcined at 500 °C, after TPR analysis. 

Large structures are clearly evident on the catalyst support. 

5.3.4. La2O3 nanoparticles on support 

La2O3 nanoparticles of 3 nm in size were assembled onto calcined γ-Al2O3 support using chloroform 

as solvent. It was difficult to determine if the nanoparticles assembled onto the support, as the 

La2O3/hexane suspension was clear. The reaction was therefore allowed to stir for 24 hours before 

the prepared La2O3/Al2O3 support was dried. La2O3 loadings of 2 %, 2.5 %, 3 % and 5 % were 

prepared; however, the actual support loadings were 1.94 %, 2.72 %, 2.90 % and 4.77 %, determined 

by weight. The La2O3/Al2O3 supports were calcined at 200 °C, 500 °C and 750 °C. The support 

calcined at 200 °C changed from a white powder to a very pale-yellow powder, while the supports 

calcined at 500 °C and 750 °C were white powders. The 200 °C calcined support may therefore 

contain impurities in the form of organics that were not entirely removed upon calcination. 

 The supports were viewed under TEM (Figure 5.27) with no clear indication of nanoparticle 

migration and agglomeration during calcination, as in the case of cobalt and ruthenium nanoparticles 

discussed earlier in this chapter. Even after TPR analysis, the supports did not appear to change 

(Figure 5.28) and the nanoparticles did not appear to form larger structures. 
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Figure 5.27 – La2O3 nanoparticles on Al2O3 support; (a) uncalcined sample, (b) sample calcined at 

200 °C, (c) sample calcined at 500 °C, and (d) sample calcined at 750 °C.. 

 

 

Figure 5.28 – La2O3 nanoparticles on Al2O3 support, calcined at 200 °C, after TPR experiment. 

 It was indeed challenging to visualise the nanoparticles on support by conventional TEM. 

STEM EDX elemental mapping was therefore used to determine the location of lanthanum within the 

support (Figure 5.29). Figure 5.29(b) shows lanthanum to be evenly distributed throughout the 

support sample; however, the EDX spectrum of the analysed area (Figure 5.29(f)) shows little signal 

for lanthanum species, when compared with aluminium or oxygen. The silicon signals in the EDX 

spectrum (Figure 5.29(f)) arise possibly due to a quartz contamination from the quartz wool plug used 

for TPR experiments. 
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Figure 5.29 – STEM EDX mapping of a support with 2.90 % La2O3 on Al2O3 after TPR analysis; (a) 

HAADF STEM image of the mapped area as reference image, (b) location of lanthanum within the 

sample, (c) location of aluminium within the sample, (d) location of oxygen within the sample, (e) 

overlay of the aforementioned images, showing them to occur within the same area, and (f) EDX 

spectrum of the mapped area confirming the presence of the elements. EDX quantification is available 

in Appendix D Table D25. 

 The TPR profiles (Figure 5.30) of the La2O3/Al2O3 supports did not show any characteristic 

reduction peaks and resembled that of neat calcined Al2O3. This is expected, as La2O3 is not easily 

reduced to elemental lanthanum.66 We conducted TPR experiments to establish a base-line for TPR 

experiments involving iron oxides on La2O3/Al2O3 supports. 
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Figure 5.30 – TPR profiles of the prepared supports (2.90 % La2O3 on Al2O3), calcined at different 

temperatures, compared to neat Al2O3 (calcined at 750 °C) support. No distinctive peaks were noted 

in the TPR profiles. 

 From all these data, it would appear lanthanum is highly distributed across Al2O3 support in 

low concentrations and does not contribute to observed reduction peaks. Low concentrations of La2O3 

on Al2O3 are required for La2O3 to have a promotion effect on a catalyst, such as iron or cobalt.67 

Given the La2O3 nanoparticles were 3 nm in diameter, it is highly likely the nanoparticles would fit 

inside the pores of the Al2O3 support (8.4 nm). We could not conduct BET measurements and could 

therefore not determine if this was the case. 

5.3.5. Iron oxide nanoparticles on support 

We investigated the effect La2O3 has on the dispersion of iron oxide nanoparticles on a support, as 

well as the reducibility of the iron oxides and stability of the nanoparticles. Iron oxide nanoparticles 

were assembled onto Al2O3 and La2O3/Al2O3 (1.94 %, 2.72 %, 2.90 % and 4.77 %) supports at 5 % 

loadings. The presence of La2O3 did not appear to improve the nanoparticle dispersion on Al2O3 

support, as can be seen in Figure 5.31. Localised areas of intense iron oxide nanoparticle aggregation 

were observed for each support system. 

  Large (56 nm) distorted cubic shaped nanoparticles were chosen for assembly onto the 

supports (Figure 5.31). Smaller (14 nm) spherical shaped nanoparticles were also assembled onto 

support (Figure 5.32); however, these spherical nanoparticles were extremely difficult to visualise on 

the support, even when using dark field STEM imaging (Figure 5.32(b–c). Visualisation of the 

spherical iron oxide nanoparticles on the support was achieved through STEM-EDX mapping (Figure 

5.33). The iron oxide nanoparticles appeared to be well dispersed on the support (Figure 5.33(b)). 
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Figure 5.31 – TEM images showing iron oxide (5 % loading) nanoparticles aggregating onto 

La2O3/Al2O3 support with La2O3 loadings of; (a) 0 %, (b) 1.94 %, (c) 2.72 %, (d) 2.90 %, and (e) 4.77 

%. No clear change in nanoparticle dispersion onto support was noted with changing La2O3. 

 

 

Figure 5.32 – STEM imaging of uncalcined sample of 5 % iron oxide nanoparticles on neat calcined 

Al2O3; (a) BF STEM image, (b) ADF STEM image, and (c) HAADF STEM image. 
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Figure 5.33 – STEM EDX analysis of uncalcined sample of 5 % iron oxide nanoparticles on neat 

calcined Al2O3; (a) HAADF STEM image as reference image of the area analysed, (b) location of 

iron within the sample, (c) location of aluminium within the sample, (d) location of oxygen within the 

sample, (e) overlay of the aforementioned elements, and (f) EDX spectrum of the analysed area, 

confirming the presence of the aforementioned elements. Carbon and copper signals arise due to the 

carbon coated TEM grid used to prepare the sample on. 

 Distorted cubic nanoparticles facilitated visualisation of the nanoparticles on support as well 

as facilitating ease of monitoring morphological changes to the nanoparticles, occurring during 

calcination as well as TPR experiments. The grey uncalcined catalysts were yellow after calcination 

at 200 °C, pink-red after calcination at 500 °C, and red-pink after calcination at 750 °C (Appendix D 

Figure D16). Figure 5.34 shows the uncalcined catalysts (Figures 5.34(a and d), the catalysts after 

calcination at 500 °C (Figure 5.34(b)) and consecutive TPR experiment (Figure 5.34(c)). The 

nanoparticles maintained their shape after calcination at 500 °C (Figure 5.34(b)) and did not appear 

to migrate but formed larger structures after TPR analysis (Figure 5.34(c)). Conversely, the catalysts 

calcined at 750 °C saw the iron oxide nanoparticles aggregate and lose their distorted cubic shapes 
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(Figure 5.34(e)). It was challenging to locate nanoparticles on support after the 750 °C calcined 

catalysts were analysed using TPR (Figure 5.34(f)). Catalysts calcined at 500 °C were therefore 

investigated further. 

 

Figure 5.34 – Comparison between two samples of 5 % iron oxide on 2.90 % La2O3/Al2O3 support; 

(a) uncalcined sample, showing some of the nanoparticles aggregate together on the support, (b) 

sample after calcination at 500 °C, (c) 500 °C calcined sample after TPR experiment, (d) sample 

before calcination, (e) sample after calcination at 750 °C, and (f) 750 °C calcined sample after TPR 

experiment. 

 After calcination at 500 °C, the distorted cubic nanoparticles also maintained their 

crystallinity and core-shell morphology (refer to Chapter 2 of this thesis). HRTEM analysis of a 

nanoparticle on support after calcination at 500 °C (Figure 5.35) showed the core of the nanoparticle 

to have a lattice spacing of 0.168 nm, consistent with that of magnetite (Fe3O4),
107 maghemite (γ-

Fe2O3)
108 and/or hematite (α-Fe2O3).

109 The wüstite (FeO) core of the nanoparticles, observed in 

Chapter 2, therefore fully oxidised upon calcination. The shell of the nanoparticle (Figure 5.35) was 

amorphous, making it difficult to determine the composition. 
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Figure 5.35 – A nanoparticle on support, after the sample was calcined at 500 °C. The nanoparticle 

maintained its core crystallinity, with fast Fourier transform of a selected area in the core (white box) 

suggesting the core of the nanoparticle had a lattice spacing of 0.168 nm, which is in agreement with 

that of magnetite (Fe3O4),
107 maghemite (γ-Fe2O3)

108 and/or hematite (α-Fe2O3).
109 No other lattice 

spacings were observed. 

 TPR profiles of the catalysts calcined at 500 °C are presented in Figure 5.36. No significant 

improvement in lowering the initial catalyst reduction temperature was observed with increasing 

La2O3 concentration on Al2O3; however, the iron oxide species do appear to fully reduce at slightly 

lower temperatures than iron oxide species on neat Al2O3 (Table 5.7). Particularly, iron oxide 

nanoparticles on 1.94 % and 2.72 % La2O3/Al2O3 appear to be fully reduced at a lower temperature 

(600 °C) than iron oxide nanoparticles on neat Al2O3 (700 °C). The peaks were broad for each TPR 

profile (Figure 5.36), indicating the nanoparticles on support may not be uniform in size or they were 

large and therefore reduced more slowly.110 The TPR profile for iron oxide (Fe2O3) typically have 

three peaks, relating to three reduction stages (Fe2O3 > Fe3O4, Fe3O4 > FeO and FeO > Fe).111 The 

lack of these three peaks in some of the profiles in Figure 5.36 may indicate the reduction 

temperatures are lowered and/or the peaks may be overlapping.110 TPR profiles for uncalcined 

catalysts, catalysts calcined at 200 °C and catalysts calcined at 750 °C are available in Appendix D 

Figure D17 and also do not show improvement in catalyst reducibility with increasing La2O3 loading. 

 The catalysts calcined at 500 °C were analysed by TEM after TPR analysis (Figure 5.37) and 

it was noted that increasing La2O3 concentration on Al2O3 support appears to increase nanoparticle 

migration and agglomeration into larger structures. The catalyst with no La2O3 promotion (Figure 

5.37(a)) appeared to show the least nanoparticle migration and agglomeration into larger structures. 
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Figure 5.36 – TPR profiles of catalysts prepared with 5 % iron oxide loadings on supports with 

different La2O3 loadings, compared to neat γ-Al2O3 (Puralox). All samples were calcined at 500 °C. 

The peaks are summarised in Table 5.7 below. 

 

Table 5.7 – TPR profile peak maxima summary, relating to Figure 5.36 above, for catalysts calcined 

at 500 °C, indicating a possible iron species transition for each peak. 

La2O3 concentration (%) Peak Maxima (°C) Possible transitions 

0.00 442 

616 

Fe3O4 → FeO 

FeO → Fe 

1.94 445 Fe3O4 → FeO 

2.72 440 Fe3O4 → FeO 

2.90 441 

594 

Fe3O4 → FeO 

FeO → Fe 

4.77 351 

471 

610 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

FeO → Fe 
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Figure 5.37 – TEM images of 5 % iron oxide nanoparticles on La2O3/Al2O3 supports, after TPR 

analysis; (a) 0 % La2O3, (b) 1.94 % La2O3, (c) 2.72 % La2O3. (d) 2.90 % La2O3, and (e) 4.77 % 

La2O3. It appeared the iron oxide nanoparticles aggregated more during TPR analysis with 

increasing La2O3 concentration on Al2O3. 

 The nanoparticle structures on support that formed after TPR analysis of calcined (500 °C) 5 

% iron oxide on 4.77 % La2O3/Al2O3 were of particular interest, due to their core-shell morphology 

(Figure 5.38). The nanoparticles appeared to have clear boundaries between their respective cores 

and shells of each nanoparticle. This boundary had the likeness of a void in some areas of the sample, 

suggesting the core shrunk at some stage, possibly during cooling of the sample after TPR analysis, 

leaving a small gap between it and the nanoparticle shell. This phenomenon has been previously 

observed in the literature for Fe/iron oxide core/shell nanoparticles, and is called the Kirkendall 

effect.112-114 

 In order to obtain a better visualization of the core-shell morphology of the nanoparticles on 

the support, STEM imaging was used with a comparison between BF, ADF and HAADF STEM 

images shown in Figure 5.39, with the BF STEM image (Figure 5.39(a)) acting as reference image. 

Little contrast between the cores and shells of the nanoparticles were observed in the ADF STEM 

image (Figure 5.39(b)), suggesting the core and the shell of the nanoparticles are of similar mass or 

crystallographic orientation. Considering the HAADF STEM image (Figure 5.39(c)), a clear contrast 

can be seen between the core and the shell of the nanoparticles, indicating the core and the shell of 
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the nanoparticles have different thicknesses or masses, with the core, being brighter, having the 

greater mass or thickness. The increased contrast within the HAADF STEM image would therefore 

suggest the lack of contrast in the ADF STEM image (Figure 5.39(b)) may be due to similar 

crystallographic orientations within the sample. 

 

Figure 5.38 – HRTEM image of a nanoparticle on 4.77 % La2O3/Al2O3 support, after TPR analysis. 

A clear boundary exist between the core and the shell. 

 

 

Figure 5.39 – STEM imaging of 5 % iron oxide nanoparticles on 4.77 % La2O3/Al2O3 support, 

calcined at 500 °C, after TPR analysis; (a) BF STEM image as reference image, (b) ADF STEM 

image, and (c) HAADF STEM image. 

 The area in Figure 5.39 was investigated further using STEM EDX mapping (Figure 5.40). It 

can be clearly seen from Figure 5.40(b) that the core-shell structures are rich in iron. The shell is rich 

in oxygen, as seen in Figure 5.40(d), and poorer in iron, as seen in Figure 5.40(b). The difference in 

oxygen and iron concentrations, observed by STEM EDX mapping may be due to the core 

predominantly consisting of elemental iron, while the shell is an iron oxide. Lanthanum appeared to 

be present throughout the sample, even in the same location as the iron-rich nanoparticles (Figure 



Chapter 5 

 

186 

 

5.40(c)), suggesting lanthanum migrated during TPR analysis as well. The presence of each element 

is confirmed by the EDX spectrum of the area (Figure 5.40(g)). 

 

Figure 5.40 – STEM EDX analysis of calcined (500 °C) sample of 5 % iron oxide nanoparticles on 

4.77 % La2O3/Al2O3 support, after TPR analysis; (a) HAADF STEM image as reference image, (b) 

iron location within the sample, (c) lanthanum location within the sample, (d) oxygen location within 

the sample, (e) aluminium location within the sample, (f) overlay of the aforementioned elements 

within the sample, and (g) corresponding EDX spectrum confirming the presence of the elements. 

The presence of carbon and copper are due to the carbon coated copper TEM grid used to prepare 

the sample on. EDX quantification of the EDX spectrum is available in Appendix D Table D27. 

 Electron energy-loss spectroscopy (EELS) analysis of a nanoparticle presented in Figure 5.40 

above, further suggests the core and the shell consist of iron species with different oxidation states 

(Figure 5.41). As the electron beam moved across the sample, transitioning between the core and the 

shell of the nanoparticle, no change in energy is observed for the Fe L2 edge (722.3 eV). Contrariwise, 

a change in energy was observed for the Fe L3 edge as the electron beam moved from the core (709.1 

eV) to the shell (708.7 eV) of the nanoparticle. As mentioned and discussed in Chapter 2 of this thesis, 

a small change in the Fe L2 and Fe L3 edge energies are indicative of an iron oxidation state change 

within a sample. The STEM EDX data (Figure 5.40) suggest the nanoparticle, analysed by EELS, has 

a core that may consist of elemental iron. Therefore the energy shift in the Fe L3 edge may be due to 
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an Fe(0) (709.1 eV) environment to an Fe(III) (708.7 eV) environment as the electron beam moved 

from the core to the shell of the nanoparticle. The shift in Fe L3 energy is also similar to that of a 

transition from an Fe(II) rich environment to an Fe(III) environment; however, such an oxidation 

change would also be observed in the Fe L2 edge, which was not seen.115, 116 

 

Figure 5.41 – EELS analysis of a core-shell nanoparticle (ADF STEM image insert) on 4.77 % 

La2O3/Al2O3 support, after TPR analysis. The Fe L2 edges for the core and the shell were 722.3 eV, 

and the Fe L3 core edge was 709.1 eV, and the Fe L3 edge of the shell 708.7 eV. The red line in the 

ADF STEM image insert shows the scanned section of the nanoparticle. 

 Powder XRD patterns for catalyst (5 % iron oxide nanoparticles on 4.77 % La2O3/Al2O3 

support) after 500 °C calcination and after TPR experiment are shown in Figure 5.42. The calcined 

catalyst had planar spacings corresponding with alumina (γ-Al2O3)
89 and the iron oxides of phases 

magnetite (Fe3O4),
107 maghemite (γ-Fe2O3),

108 and/or hematite (α-Fe2O3).
109 After TPR analysis, the 

catalyst XRD pattern showed planar spacings consistent with the aforementioned iron oxide phases 

and alumina (γ-Al2O3);
89 however, also present was elemental iron (α-Fe).117 The XRD data are 

summarised in Appendix D Tables D28–D29. The reflections in the post TPR XRD pattern for the 

iron oxides, may consist of magnetite107 and/or maghemite108, rather than hematite109 as well, as the 

reflections observed are the most intense for the aforementioned iron oxide phases. Distinguishing 

between magnetite and maghemite phases are difficult due to their similar lattice parameters, spinel 

structures and line broadening of the patterns.39, 118 The nanoparticles on support in Figure 5.39 are 

therefore iron nanoparticles that most likely oxidised upon exposure to air, forming iron-iron oxide 

core-shell nanoparticles. 
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Figure 5.42 – Powder XRD pattern of; (a) calcined γ-Al2O3,
89 (b) catalyst consisting of 5 % iron 

oxide nanoparticles on 4.77 % La2O3/Al2O3 support, calcined at 500 °C, and (c) calcined catalyst 

after TPR analysis. Additionally to the γ-Al2O3 reflections89 in each pattern, the calcined catalyst (b) 

and catalyst post TPR experiment (c) showed reflections consistent with that of magnetite (Fe3O4)
107 

and/or maghemite (γ-Fe2O3)
108(indicated with the pound symbol (#)), and hematite (α-Fe2O3)

109 

(indicated with an asterisk (*)). Also present was elemental iron (α-Fe)117 (c). XRD data are 

summarised in Appendix D Tables D28–D29. 

 The XRD patterns for 5 % iron oxide on neat Al2O3, (calcined at 500 °C and post TPR 

experiment) (Figure 5.43) were similar to the patterns observed in Figure 5.42. In the case of iron 

oxide on neat alumina support, iron oxides of phases magnetite (Fe3O4),
107 maghemite (γ-Fe2O3),

108 

and/or hematite (α-Fe2O3)
109 were observed for the calcined sample (Figure 5.43(b)). The iron oxides 

appear to be fully reduced, evident by elemental iron (α-Fe)117 along with alumina (γ-Al2O3)
89  in the 

XRD pattern for the post TPR experiment catalyst. No iron oxide phase reflections were observed 

(Figure 5.43(c)), indicating the nanoparticles on support did not readily oxidise. The XRD data are 

summarised in Appendix D Tables D30–D31. 

 Similar XRD patterns were analysed for 5 % iron oxide nanoparticles on Al2O3 support and 

2.90 % La2O3/Al2O3 support, calcined at 750 °C (Appendix D Figure D18(a) and (b) respectively). 

In both cases for the aforementioned catalysts, iron oxide species were present in the post TPR 

experiment XRD pattern, most likely in the form of magnetite (Fe3O4)
107 and/or maghemite (γ-
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Fe2O3).
108 None of the XRD patterns (Figures 5.42, 5.43 and Appendix D Figure D18) had reflections 

corresponding to La2O3. The absence of crystalline La2O3 may be due to the amorphous nature of the 

La2O3 nanoparticles. The reflections in the XRD patterns for iron and iron oxide species appeared as 

sharper peaks than that of the alumina support, indicating the iron species’ average crystallite size 

was larger than that of the support they were on. Indeed, the polycrystalline alumina support have 

crystallite sizes of 3.9–8.7 nm (determined by Scherrer equation method), significantly smaller than 

the assembled iron oxide nanoparticles (~ 56 nm). 

 

Figure 5.43 – Powder XRD patterns of; (a) calcined γ-Al2O3,
89 (b) 5 % iron oxide nanoparticles on 

γ-Al2O3 support, calcined at 500 °C, and (c) the calcined catalyst after TPR analysis. Additionally to 

the γ-Al2O3 reflections89 in the red pattern, reflections corresponding to that of magnetite (Fe3O4)
107 

and/or maghemite (γ-Fe2O3)
108(indicated with the pound symbol (#)), and hematite (α-Fe2O3)

109 

(indicated with an asterisk (*)) were present. Also present was elemental iron (α-Fe)117 (c). XRD data 

are summarised in Appendix D Tables D30–D31. 

 The colour changes observed during catalyst preparation (uncalcined to 750 °C) presented in 

Appendix D Figure D16, are probably due to the iron oxide phase changes. Magnetite, maghemite 

and wüstite are all black5 and would therefore cause uncalcined catalyst to appear grey. Hematite 

appears red when finely divided,5 and would therefore cause the catalyst (calcined at 500 °C and 750 

°C) to appear red-pink. 
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5.4. Summary and Conclusions 

This chapter focussed on investigating methods for improving dispersion of nanoparticles on a 

support as well as the changes to supported nanoparticles during different treatments, such as 

calcination and exposure to a reducing environment at elevated temperatures (TPR). We focussed on 

the dispersion of cobalt, cobalt-platinum, cobalt-ruthenium, and iron oxide nanoparticles on support 

and note that in all cases the nanoparticle-support systems had areas of good dispersion as well as 

some aggregation. We chose alumina (γ-Al2O3) as support as it is an industry standard support for FT 

catalysts and trialled methods for improving dispersion and nanoparticle stability through different 

methods, including: (a) changing the alumina surface chemistry through acid-treatment, base-

treatment or hydrophobic treatment, (b) altering the rate of nanoparticle assembly, by using polar and 

non-polar solvents, (c) using different nanoparticle systems with different sizes, morphologies, 

compositions and surfactants, and (d) introducing lanthanum onto the support as promotor. 

 We found little impact on nanoparticle dispersion across the support when employing the 

aforementioned parameters. Through the use of hexagonally ordered mesoporous silica support 

(MCM-41), improved nanoparticle dispersion was achieved. It may be that specific chemical 

interactions between the nanoparticles and support, determining dispersion on the support, depend on 

the exposed crystal facets of the support. Although MCM-41 appears to be the ideal support 

candidate, in terms of surface structure, it is not suited for FT synthesis due to its lack in thermal 

stability. Introducing lanthanum onto the surface of alumina support also did not alter the surface 

structure in a way to promote better nanoparticle dispersion. Assembling preformed La2O3 

nanoparticles onto alumina with consecutive calcination saw excellent dispersion of La2O3 across the 

support, but did not result in transition metal nanoparticle dispersion improvement. None of our 

nanoparticle-support systems appeared to improve nanoparticle-support interactions as the supported 

nanoparticles appeared to migrate and form larger structures of various sizes on the support, during 

catalyst calcination or exposure to a reducing environment at elevated temperatures. When compared 

with cobalt nanoparticles on unaltered alumina support, we were able to improve the reducibility of 

cobalt catalyst system by introducing promotors. 
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Appendix A: Appendix for Chapter 2 

Decompositions involving dibenzyl ether as solvent 

Figure A1 contains the characterisation data for the nanoparticles that formed during the 

decomposition of ferrocene in dibenzyl ether. The SAED data are summarised in Table A1. 

 

Figure A1 – TEM micrographs of nanoparticles produced by, a) Fe1, b) Fe2 and c) Fe3, with 

corresponding SAED patterns of d) Fe1, e) Fe2 and f) Fe3. The diffraction planes correspond to that 

of magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3) and are summarised in Table A1 below. The size 

distributions of the nanoparticles are g) 8.3 ± 1.9 nm for Fe1, h) 7.7 ± 2.1 nm for Fe2 and i) 4.5 ± 0.8 

nm for Fe3. 
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When looking at the data presented in Table A1, it can be seen that the SAED patterns match that of 

magnetite1 (Fe3O4) or maghemite2 (γ-Fe2O3). Wüstite3 (FeO) was also considered as a possible match; 

however, the nanoparticles in Figure A1 are not in agreement with this iron oxide phase. The literature 

d-spacings are presented in Table A2 for comparison. 

Table A1 – SAED summarised for the diffraction patterns presented in Figure A1. The d-spacings 

are in agreement with that of magnetite1 (Fe3O4) or maghemite2 (γ-Fe2O3). 

Figure A1 labels SAED Figure A1(d) 

d-spacings (nm) 

SAED Figure A1(e) 

d-spacings (nm) 

SAED Figure A1(f) 

d-spacings (nm) 

i 0.296 0.296 0.296 

ii 0.251 0.254 0.254 

iii 0.209 0.209 0.209 

iv 0.170 0.170 0.170 

v 0.161 0.161 0.161 

vi 0.148 0.148 0.148 

vii 0.128 0.128 0.128 

 

Table A2 – Literature d-spacings and corresponding Miller indices for three possible iron oxide 

phases observed in SAED diffraction patterns 

Magnetite1 (Fe3O4) 

JCPDS No. 

19-629 

Maghemite2 (γ-Fe2O3) 

JCPDS No. 

24-81 

Wüstite3 (FeO) 

JCPDS No. 

46-1412 

d-space 

(Å) 

Miller index 

(hkl) 

d-space 

(Å) 

Miller index 

(hkl) 

d-space 

(Å) 

Miller index 

(hkl) 

4.8473 (111) 4.8194 (111)   

2.9684 (220) 2.9513 (210)   

2.5314 (311) 2.5168 (311)   

    2.4976 (111) 

2.4237 (222) 2.4097 (222)   

    2.1630 (200) 

2.0989 (400) 2.0868 (400)   

1.7138 (422) 1.7039 (422)   

1.6158 (511) 1.6065 (511)   

    1.5295 (220) 

1.4842 (440) 1.4756 (440)   

1.3275 (620) 1.3198 (620)   

    1.3043 (311) 

1.2803 (533) 1.2730 (533)   

1.2657 (622) 1.2584 (622)   

    1.2488 (222) 
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Initial ferrocene decomposition reactions involving 1-octadecene as 

solvent 

It is worth noting that the appearance of an artefact in the form of a broad half ring in some of the 

SAED images are due to the microscope lenses and not due to the nanoparticles. This artefact does 

not affect the nanoparticle diffraction data and the data extracted from the SAED patterns are 

therefore real. 

 

Figure A2 – TEM micrographs of nanoparticles produced by altering the reactant concentrations in 

10 mL of ODE; a) Fe4 produced large structures, b) Fe5 produced triangular shaped nanoparticles, 

c) higher magnification of the triangular nanoparticles produced by Fe5, d) repeat of reaction 

conditions Fe5 yielded a mixture of large shapes, e) Fe6 resulted in large cubes as well as other 

misshapen smaller structures, f) Fe7 produced cubes as well as other larger structures with rough 

surfaces, g) magnification of the particles produced by Fe7, h) the “flowerbed” type of nanoparticle 

clusters produced by Fe8, g) other larger nanoparticle clusters without a defined shape, also produced 

by Fe8. 
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Figure A3 – SAED patterns of a) Fe5 depicted in Figure A2(b–c), b) Fe5 repeat experiment depicted 

in Figure A2(d), c) Fe6 depicted in Figure A2(e), d) Fe7 depicted in Figure A2(f), e) Fe8 “flower 

bed” clusters depicted in Figure A2(h) and i) Fe8 clusters depicted in Figure A2(i). The SAED pattern 

for Fe4 could not be interpreted due to the nanoparticles being too large and not diffracting 

sufficiently. SAED data are summarised in Table A3. 

The SAED diffraction plane data in Table A3 were compared to the planar spacings found in the 

literature for magnetite1 (Fe3O4), maghemite2 (γ-Fe2O3) and wüstite3 (FeO). All the samples had 

magnetite or maghemite present; however, SAED patterns of Figure A3(b), A3(d) and A3(f) could 

also be assigned to that of wüstite. 
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Table A3 – SAED pattern summary. The ring labels correspond to the diffraction planes observed 

in Figure A3. 

SAED Figure 

A3(a) 

SAED Figure 

A3(b) 

SAED Figure 

A3(c) 

SAED Figure 

A3(d) 

SAED Figure 

A3(e) 

SAED Figure 

A3(f) 

Ring d-

space 

(nm) 

Ring d-

space 

(nm) 

Ring d-

space 

(nm) 

Ring d-

space 

(nm) 

Ring d-

space 

(nm) 

Ring d-

space 

(nm) 

i 0.296 i 0.299 i 0.292 i 0.292 i 0.483 i 0.292 

ii 0.254 ii 0.254 ii 0.251 ii 0.246 ii 0.296 ii 0.249 

iii 0.209 iii 0.211 iii 0.209 iii 0.211 iii 0.251 iii 0.213 

iv 0.171 iv 0.162 iv 0.165 iv 0.151 iv 0.209 iv 0.162 

v 0.161 v 0.150 v 0.150 v 0.129 v 0.171 v 0.151 

vi 0.148 vi 0.128 vi 0.147 vi 0.123 vi 0.161 vi 0.130 

vii 0.128 vii 0.123 vii 0.128   vii 0.148 vii 0.123 

    viii 0.118   viii 0.128   

 

  



Appendix A 

 

200 

 

Improved solution-phase decomposition of ferrocene into wüstite-iron 

oxide core-shell nanoparticles 

Spherical Nanoparticles SAED 

Table A4 – Planar spacings measured from SAED patterns in Figures 2.4(b) and 2.4(d). 

SAED 

Figure 

2.4(b) 

label 

SAED 

planar 

spacings 

from  Figure 

2.4(b) 

(nm) 

SAED 

Figure 

2.4(d) 

label 

SAED 

planar 

spacings 

from 

Figure 

2.4(d) 

(nm) 

Planar 

spacings 

for 

Wüstite3 

(FeO) 

(Å) 

JCPDS 

No. 46-

1412 

Planar 

spacings for 

Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 

19-629 

 

Planar 

spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 

24-81 

 

 - i 0.295 - 2.9684 2.9513 

i 0.249 ii 0.248 2.4863 2.5314 2.5168 

ii 0.215 iii 0.214 2.1532 2.0989 2.0868 

 - iv 0.161 - 1.6158 1.6065 

iii 0.151 v 0.151 1.5225 1.4842 1.4756 

iv 0.130 vi 0.129 1.2984 1.2803 1.273 

v 0.124 vii 0.124 1.2432 1.2118 1.2048 
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XRD of spherical nanoparticles 

 

Table A5 – XRD data summarised for the spherical nanoparticles. Reflections correspond to wüstite3 

(FeO), magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3)), and iron4 (α-Fe). 

Position 

(°2θ) 

 Planar spacing 

(Å) 

Relative Intensity 

(%) 

Compound 

match 

Miller Indices 

(hkl) 

18.1723 4.87781 7.90 Fe3O4/γ-Fe2O3 111 

29.9892 2.97725 27.24 Fe3O4/γ-Fe2O3 220 

35.3472 2.53726 100.00 Fe3O4/γ-Fe2O3 311 

35.9997 2.49276 52.00 FeO 111 

36.9882 2.42838 5.18 Fe3O4/γ-Fe2O3 222 

41.8424 2.15719 82.82 FeO 200 

42.9578 2.10373 21.50 Fe3O4/γ-Fe2O3 400 

44.5785 2.03094 37.98 Fe 110 

53.3169 1.71685 9.19 Fe3O4/γ-Fe2O3 422 

56.8704 1.61772 32.52 Fe3O4/γ-Fe2O3 511 

60.6718 1.52514 35.62 FeO 220 

62.4692 1.48551 43.75 Fe3O4/γ-Fe2O3 440 

64.9896 1.43385 4.19 Fe 220 

70.8620 1.32874 4.32 Fe3O4/γ-Fe2O3 620 

72.5450 1.30200 12.19 FeO 311 

72.7854 1.29829 12.44 Fe3O4/γ-Fe2O3 533 

73.8974 1.28148 7.21 Fe3O4/γ-Fe2O3 622 

76.4219 1.24531 8.83 FeO 222 

82.2223 1.17152 6.61 Fe 211 

89.5555 1.09362 10.54 Fe3O4/γ-Fe2O3 731 

 

PDF card numbers for the phases presented in Table A5: 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

FeO:  JCPDS No. 46-1312 

α-Fe:  JCPDS No. 6-696 
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Effect of reaction time upon nanoparticles SAED 

Table A6 – Planar spacings measured from SAED pattern in Figures 2.6(b) and 2.6(d). 

SAED 

Figure 

2.6(b) 

label 

SAED 

planar 

spacings 

(Å) 

SAED 

Figure 

2.6(d) 

label 

SAED 

planar 

spacings 

(Å) 

Planar spacings 

for Wüstite3 

(FeO) 

JCPDS No. 46-

1412 

 

Planar spacings 

for Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-

629 

Planar 

spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 

24-81 

i 2.92 i 2.88 - 2.9684 2.9513 

ii 2.49 ii 2.51 2.4863 2.5314 2.5168 

iii 2.14 iii 2.14 2.1532 2.0989 2.0868 

iv 1.59 iv 1.59 - 1.6158 1.6065 

v 1.52 v 1.52 1.5225 1.4842 1.4756 

vi 1.30 vi 1.32 1.2984 1.2803 1.273 

vii 1.24 vii 1.27 1.2432 1.2118 1.2048 
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Figure A4 – TEM images of nanoparticles formed when oleylamine was excluded from the reaction 

mixture; (a) HRTEM image marked with a “selected area” with corresponding FFT inset 

corresponding to the (111) wüstite3 (FeO) plane, (b) SAED pattern similar to that obtained from 

spherical nanoparticless containing planar spacings consistent with  wüstite3 (FeO) and additional 

weak rings from magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3), (c) region with core-shell distorted 

cubic nanoparticles present in the sample and (d) region with core-shell spherical nanoparticles 

present. The two shapes could not be separated. 

Table A7 – Planar spacings measured from SAED pattern in Figure A4. 

SAED Figure 

A4 label 

SAED planar 

spacings (Å) 

Planar spacings for 

Wüstite3 (FeO) 

(Å) 

JCPDS No. 46-

1412 

 

Planar spacings for 

Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-629 

Planar spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-81 

 

i 2.92 - 2.9684 2.9513 

ii 2.49 2.4863 2.5314 2.5168 

iii 2.14 2.1532 2.0989 2.0868 

iv 1.59 - 1.6158 1.6065 

v 1.52 1.5225 1.4842 1.4756 

vi 1.30 1.2984 1.2803 1.273 

vii 1.24 1.2432 1.2118 1.2048 
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Exclusion of oleic acid from the reaction mixture 

Ferrocene (0.26 M) was thermally decomposed in the presence of oleylamine (46 mM) as surfactant 

and 1-octadecene (20 mL) as solvent. Oleic acid was absent from the reaction mixture. The mixture 

was allowed to reflux under argon for an hour before being cooled to room temperature. The 

separation of nanoparticles from solution was challenging, as few nanoparticles appeared to form 

during this reaction. The nanoparticles that did form (Figure A5) were smaller than the nanoparticles 

that formed when oleic acid was present in solution. These small nanoparticles also had some 

irregularity in regards to their shape. The average size of these nanoparticles was 5.00 ± 0.85 nm in 

diameter.  

 

Figure A5 – Nanoparticles that formed (a) during the decomposition of ferrocene in the absence of 

oleic acid, with (b) accompanied size distribution of 5.00 ± 0.85 nm. 
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Figure A6 – Bright field TEM image of nanoparticles that formed during reaction conditions Fe18, 

(a) the nanoparticles do not have a defined shape with (b) corresponding SAED, consistent with 

planar spacings for wüstite3 (FeO), magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3). The diffraction 

data are summarised below in Table A8. 

 

Table A8 – Planar spacings measured from SAED pattern in Figure A6. 

SAED Figure 

A6 label 

SAED planar 

spacings (Å) 

Planar spacings for 

Wüstite3 (FeO) 

(Å) 

JCPDS No. 46-

1412 

 

Planar spacings for 

Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-629 

Planar spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-81 

 

i 2.92 - 2.9684 2.9513 

ii 2.51 2.4863 2.5314 2.5168 

iii 2.15 2.1532 2.0989 2.0868 

iv 1.62 - 1.6158 1.6065 

v 1.52 1.5225 1.4842 1.4756 

vi 1.30 1.2984 1.2803 1.273 

vii 1.24 1.2432 1.2118 1.2048 

 

  



Appendix A 

 

206 

 

Detailed characterisation of distorted cubic nanoparticles 

 

 

Figure A7 – Size distribution of the distorted cubic nanoparticles (38.6 ± 6.9 nm). 

 

Figure A8 – Distorted cubic nanoparticles; (a) Nanoparticles with a selected area corresponding to 

(b) HRTEM lattice measurements are in agreement with the core consisting of wüstite (2.48 ± 0.03 

Å) and the shell consists of magnetite/maghemite (2.51 ± 0.03 Å). (c) Freshly synthesised distorted 

cubic core-shell nanoparticle with a measured shell thickness of 2.92 nm and (d) cubic core-shell 

nanoparticle that has been aged for three months, with a shell thickness of 3.76 nm.  
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Table A9 – Planar spacings measured from SAED pattern in Figure 2.8. 

SAED 

Figure 

2.8(b) label 

SAED planar 

spacings (Å) 

Planar spacings for 

Wüstite3 (FeO) 

(Å) 

JCPDS No. 46-

1412 

 

Planar spacings for 

Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-629 

Planar spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-81 

 

i 2.949 - 2.9684 2.9513 

ii 2.498 2.4863 2.5314 2.5168 

iii 2.143 2.1532 2.0989 2.0868 

iv 1.601 - 1.6158 1.6065 

v 1.520 1.5225 1.4842 1.4756 

vi 1.299 1.2984 1.2803 1.273 

vii 1.249 1.2432 1.2118 1.2048 
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XRD of distorted cubic nanoparticles 

 

Table A10 – XRD data summarised for the distorted cubic nanoparticles. Reflections correspond to 

magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3)), wüstite3 (FeO), and iron4 (α-Fe). 

Position 

(°2θ) 

Planar spacing 

(Å) 

Relative Intensity 

(%) 

Compound 

match 

Miller Indices 

(hkl) 

30.0448 2.97187 11.47 Fe3O4/γ-Fe2O3 220 

35.4189 2.53230 39.35 Fe3O4/γ-Fe2O3 311 

36.0675 2.48823 81.17 FeO 111 

41.8431 2.15716 100.00 FeO 200 

43.0167 2.10099 9.27 Fe3O4/γ-Fe2O3 400 

44.6228 2.02902 9.02 Fe 110 

53.4297 1.71349 3.86 Fe3O4/γ-Fe2O3 422 

56.9234 1.61634 10.07 Fe3O4/γ-Fe2O3 511 

60.7382 1.52363 47.59 FeO 220 

62.4847 1.48517 15.29 Fe3O4/γ-Fe2O3 440 

72.5881 1.30134 16.90 FeO 311 

76.5283 1.24385 14.27 FeO 222 

 

PDF card numbers for the phases presented in Table A10: 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

FeO:  JCPDS No. 46-1312 

α-Fe:  JCPDS No. 6-696 
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EDX Quantification 

 

 

Figure A9 – EDX spectrum from centre of the distorted cubic particle in Figure 2.10. 

Quantification of the EDX spectrum was carried out with Bruker’s Esprit software using the Cliff-

Lorimer model, confirming that the core of the particle has a Fe:O ratio close to 1:1, which further 

supports the conclusion that the nanoparticle core is wüstite, FeO (see Table A11, below). 

Table A11 – Table with EDX quantification results for Figure A9. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Iron 26 K-series 78.37 50.94 7.14 

Oxygen 8 K-series 21.63 49.06 2.03 

  Total: 100 100  
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Distorted cubic nanoparticles with concave faces 

 

 

Figure A10 – Size distribution of the cubic nanoparticles with concave faces (23.5 ± 2.6 nm). 

 

Table A12 – Planar spacings measured from SAED pattern in Figure 2.12(b). 

SAED 

Figure 

2.12(b) label 

SAED 

planar 

spacings 

(Å) 

Planar spacings for 

Wüstite3 (FeO) 

(Å) 

JCPDS No. 46-

1412 

 

Planar spacings for 

Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-629 

Planar spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-81 

 

i 2.98 - 2.9684 2.9513 

ii 2.49 2.4863 2.5314 2.5168 

iii 2.14 2.1532 2.0989 2.0868 

iv 1.63 - 1.6158 1.6065 

v 1.51 1.5225 1.4842 1.4756 

vi 1.30 1.2984 1.2803 1.273 

vii 1.24 1.2432 1.2118 1.2048 
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XRD of the distorted cubic nanoparticles with concave faces 

 

Figure A11 – Powder XRD pattern of the distorted cubic nanoparticles with concave faces (Fe19) 

showing the presence of wüstite3 (FeO). The reflections marked with an asterisk (*) denotes the 

magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3) phases. The labels correspond to the Miller indices 

for the set of lattice planes responsible for the diffraction planes. It is difficult to distinguish between 

some of the peaks due to the XRD instrument having the incorrect settings loaded before the data 

were acquired; however, it is clear the sample contained wüstite. The XRD data are summarised in 

Table A13 below. 
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Table A13 – XRD data summarised for the distorted cubic nanoparticles with concave faces. 

Reflections correspond to magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3)) and wüstite3 (FeO). 

Position 

(°2θ) 

Planar spacing 

(Å) 

Relative Intensity 

(%) 

Compound 

match 

Miller Indices 

(hkl) 

29.7777 2.99791 6.03 Fe3O4/γ-Fe2O3 220 

35.3601 2.53637 43.10 Fe3O4/γ-Fe2O3 311 

36.1263 2.48432 76.51 FeO 111 

42.1282 2.14322 100.00 FeO 200 

56.8137 1.61920 8.03 Fe3O4/γ-Fe2O3 511 

61.2566 1.51197 36.93 FeO 220 

72.8516 1.29728 9.20 FeO 311 

 

PDF card numbers for the phases presented in Table A13: 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

FeO:  JCPDS No. 46-1312 
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EDX data of distorted cubic nanoparticles with concave faces 

 

 

Figure A12 – STEM imaging of the cubic nanoparticles with concave faces. (a) BF STEM, (b) ADF 

STEM, and (c) HAADF STEM images suggest nanoparticles have a core-shell morphology. The 

EDX spectrum (d) showed the nanoparticles consist of Fe and O, with Cu and C signals also observed 

due to the TEM grid. Elemental mapping shows the nanoparticles consist entirely of (e) Fe and (f) O. 
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Extended reaction resulting in larger cubic nanoparticles with concave faces 

 

 

Figure A13 – Nanoparticle size distribution of the larger distorted cubic nanoparticles with concave 

faces (54 ± 13.5 nm). 

Table A14 – Planar spacings measured from SAED pattern in Figure 2.13(b). 

SAED Figure 

2.13(b) label 

SAED 

planar 

spacings (Å) 

Planar spacings for 

Wüstite3 (FeO) 

(Å) 

JCPDS No. 46-

1412 

 

Planar spacings for 

Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-629 

Planar spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-81 

 

i 2.943 - 2.9684 2.9513 

ii 2.489 2.4863 2.5314 2.5168 

iii 2.141 2.1532 2.0989 2.0868 

iv 1.611 - 1.6158 1.6065 

v 1.515 1.5225 1.4842 1.4756 

vi 1.303 1.2984 1.2803 1.273 

vii 1.244 1.2432 1.2118 1.2048 
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XRD of the larger distorted nanoparticles with concave faces 

 

Table A15 – XRD data summarised for the distorted cubic nanoparticles with concave faces. 

Reflections correspond to magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3)) and wüstite3 (FeO). 

Position 

(°2θ) 

Planar spacing 

(Å) 

Relative Intensity 

(%) 

Compound 

match 

Miller Indices 

(hkl) 

18.2788 4.84962 26.79 Fe3O4/γ-Fe2O3 111 

30.0603 2.97038 22.24 Fe3O4/γ-Fe2O3 220 

35.4327 2.53134 88.11 Fe3O4/γ-Fe2O3 311 

36.0320 2.49060 78.70 FeO 111 

41.9301 2.15288 100.00 FeO 200 

43.0564 2.09914 18.99 Fe3O4/γ-Fe2O3 400 

53.5120 1.71105 8.23 Fe3O4/γ-Fe2O3 422 

57.0040 1.61424 21.53 Fe3O4/γ-Fe2O3 511 

60.7780 1.52273 31.31 FeO 220 

62.5847 1.48304 29.05 Fe3O4/γ-Fe2O3 440 

72.8151 1.29784 17.01 FeO 311 

74.0500 1.27922 9.99 Fe3O4/γ-Fe2O3 533 

76.5980 1.24289 8.48 FeO 222 

 

PDF card numbers for the phases presented in Table A15: 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

FeO:  JCPDS No. 46-1312 
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Other distorted cubic nanoparticles with concave faces 

 

Table A16 – Planar spacings measured from SAED patterns in Figure 2.15. 

SAED 

Figure 

2.15 label 

SAED 

planar 

spacings  

Figure 

2.15(b) 

(Å) 

SAED 

planar 

spacings  

Figure 

2.15(d) 

(Å) 

Planar spacings 

for Wüstite3 

(FeO) 

(Å) 

JCPDS No. 46-

1412 

Planar spacings 

for Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-

629 

Planar spacings 

for Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-

81 

 

i 2.96 2.92 - 2.9684 2.9513 

ii 2.51 2.51 2.4863 2.5314 2.5168 

iii 2.13 2.13 2.1532 2.0989 2.0868 

iv 1.62 1.61 - 1.6158 1.6065 

v 1.50 1.50 1.5225 1.4842 1.4756 

vi 1.29 1.29 1.2984 1.2803 1.273 

vii 1.23 1.23 1.2432 1.2118 1.2048 
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Decomposition of DPPF 
 

Table A17 – Planar spacings measured from SAED patterns in Figure 2.18. 

SAED 

Figure 

2.18 label 

SAED 

planar 

spacings  

Figure 

2.18(b) 

(Å) 

SAED 

planar 

spacings  

Figure 

2.18(d) 

(Å) 

Planar spacings 

for Wüstite3 

(FeO) 

(Å) 

JCPDS No. 46-

1412 

Planar spacings 

for Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-

629 

Planar spacings 

for Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-

81 

 

i 0.249 0.251 2.4863 2.5314 2.5168 

ii 0.213 0.217 2.1532 2.0989 2.0868 

iii 0.152 0.152 1.5225 1.4842 1.4756 

iv 0.130 0.130 1.2984 1.2803 1.273 

v 0.124 0.124 1.2432 1.2118 1.2048 
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X-ray Diffraction data 

 

 

Figure A14 – Powder XRD pattern of nanoparticles produced by decomposition of dppf (FeP1) 

showing the presence of wüstite (FeO) and halite (NaCl). The reflections marked with an asterisk (*) 

denotes the magnetite (Fe3O4) and/or maghemite (γ-Fe2O3) phases which were also present. The 

labels correspond to the Miller indices for the set of lattice planes responsible for the diffraction 

planes. The XRD data are summarised in Table A18 below. 
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Table A18 – XRD data summarised (Figure A14) for the nanoparticles produced by decomposition 

of dppf (FeP1). Reflections correspond to wüstite3 (FeO), magnetite1 (Fe3O4) and/or maghemite2 (γ-

Fe2O3), and halite5 (NaCl). 

Position 

(°2θ) 

 Planar spacing 

(Å) 

Relative Intensity 

(%) 

Compound 

match 

Miller Indices 

(hkl) 

27.3943 3.25309 4.02 NaCl 111 

30.0501 2.97136 4.71 Fe3O4/γ-Fe2O3 220 

31.7325 2.81756 26.46 NaCl 200 

35.4129 2.53271 14.71 Fe3O4/γ-Fe2O3 311 

36.0281 2.49086 74.39 FeO 111 

41.8717 2.15575 100.00 FeO 200 

43.0251 2.10060 3.77 Fe3O4/γ-Fe2O3 400 

45.4855 1.99252 13.97 NaCl 220 

56.5052 1.62730 4.67 NaCl 222 

56.8868 1.61729 4.79 Fe3O4/γ-Fe2O3 511 

60.6516 1.52560 45.98 FeO 220 

62.5085 1.48467 5.17 Fe3O4/γ-Fe2O3 440 

66.2499 1.40960 2.41 NaCl 400 

72.5885 1.30133 15.51 FeO 311 

75.2853 1.26127 2.68 NaCl 420 

76.4148 1.24541 11.57 FeO 222 

83.9973 1.15122 2.32 NaCl 422 

 

PDF card numbers for the phases presented in Table A18: 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

FeO:  JCPDS No. 46-1312 

NaCl:  JCPDS No. 5-628 
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Figure A15 – XRD quantification representing the different phases present; 75 % wüstite3 (FeO), 11 

% magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3), and 14 % halite5 (NaCl). For clarity purposes 

only maghemite (Iron(III) Oxide – Gamma) is shown for the magnetite and/or maghemite iron oxide 

phases. 
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Table A19 – XRD data summarised for the nanoparticles produced by decomposition of dppf (FeP2). 

Reflections correspond to wüstite3 (FeO), magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3), and 

halite5 (NaCl). 

Position 

(°2θ) 

 Planar spacing 

(Å) 

Relative Intensity 

(%) 

Compound 

match 

Miller Indices 

(hkl) 

30.0871 2.96779 4.69 Fe3O4/γ-Fe2O3 220 

31.6875 2.82146 15.12 NaCl 200 

35.4303 2.53150 13.17 Fe3O4/γ-Fe2O3 311 

35.9784 2.49419 75.68 FeO 111 

41.7969 2.15944 100.00 FeO 200 

45.4670 1.99330 6.59 NaCl 220 

60.6082 1.52659 40.5 FeO 220 

62.5272 1.48427 4.7 Fe3O4/γ-Fe2O3 440 

72.4974 1.30274 12.79 FeO 311 

76.3302 1.24658 10.07 FeO 222 

 

PDF card numbers for the phases presented in Table A19: 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

FeO:  JCPDS No. 46-1312 

NaCl:  JCPDS No. 5-628 
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Figure A16 – XRD quantification representing the different phases present; 77 % wüstite3 (FeO), 11 

% magnetite1 (Fe3O4) and/or maghemite2 (γ-Fe2O3), and 12 % halite5 (NaCl). For clarity purposes 

only magnetite is shown for the magnetite and/or maghemite iron oxide phases. 
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Decomposition of the heteronuclear complexes 
 

Table A20 – Planar spacings measured from SAED pattern in Figure 2.23(b). 

SAED Figure 

2.23(b) label 

SAED planar 

spacings 

(Å) 

Planar spacings for 

Wüstite3 (FeO) 

(Å) 

JCPDS No. 46-

1412 

Planar spacings for 

Magnetite1  

(Fe3O4) 

(Å) 

JCPDS No. 19-

629 

Planar spacings for 

Maghemite2  

(γ-Fe2O3) 

(Å) 

JCPDS No. 24-81 

 

i 2.96 - 2.9684 2.9513 

ii 2.49 2.4863 2.5314 2.5168 

iii 2.13 2.1532 2.0989 2.0868 

iv 1.60 - 1.6158 1.6065 

v 1.50 1.5225 1.4842 1.4756 

vi 1.30 1.2984 1.2803 1.273 

vii 1.25 1.2432 1.2118 1.2048 

 

Table A21 – Table with EDX quantification results for Figure 2.24(g). 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Iron 26 K-series 68.0 38.7 6.31 

Oxygen 8 K-series 30.7 61.0 2.92 

Lanthanum 57 L-series 1.4 0.32 0.58 

  Total: 100 100  

 

  



Appendix A 

 

224 

 

Table A22 – Table with EDX quantification results for Figure 2.27(g) 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Iron 26 K-series 55.4 38.2 5.1 

Oxygen 8 K-series 23.2 55.9 2.2 

Lanthanum 57 L-series 21.4 5.9 6.5 

  Total: 100 100  

 

Table A23 – Table with EDX quantification results for Figure 2.27(h) 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Iron 26 K-series 22.1 18.9 2.1 

Oxygen 8 K-series 20.5 61.4 2.9 

Lanthanum 57 L-series 57.4 19.7 17.3 

  Total: 100 100  
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Appendix B: Appendix for Chapter 3 

Tables B1 and B2 contain the literature SAED and XRD patterns refered to in Chapter 3. 

Table B1 – Literature values used to characterise cobalt and its oxides: cobalt (Co),1 cobalt(II) 

oxide (CoO)2 and cobalt(II,III) oxide (Co3O4)
3 

Cobalt (Co)1 JCPDS No. 5-

727 

Cobalt oxide (CoO) JCPDS 

No. 48-1719 

Cobalt oxide (Co3O4) 

JCPDS No. 01-080-1541 

d-space 

(Å) 

Intensity 

(%) 

Miller 

index 

(hkl) 

d-space 

(Å) 

Intensity 

(%) 

Miller 

index 

(hkl) 

d-space 

(Å) 

Intensity 

(%) 

Miller 

index 

(hkl) 

      4.5571 13.42 (111) 

      2.8580 30.80 (220) 

   2.4605 73.41 (111)    

      2.4373 100.00 (311) 

      2.336 10.76 (222) 

2.1715 25.49 (100)       

   2.1313 100.00 (200)    

2.0350 27.37 (002)       

      2.0209 18.29 (400) 

1.9158 100.00 (101)       

      1.6501 9.04 (422) 

      1.5557 4.91 (333) 

      1.5557 28.57 (511) 

   1.5072 53.11 (220)    

1.4848 12.70 (102)       

      1.4290 37.53 (440) 

      1.3664 1.33 (531) 

   1.2852 24.21 (311)    

      1.2781 2.98 (620) 

1.2537 4.24 (110)       

      1.2328 8.40 (533) 

   1.2306 14.99 (222) 1.2187 5.03 (622) 

      1.1668 2.11 (444) 

1.1506 13.66 (103)       
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Table B2: Literature values used to characterise ruthenium and its oxide: Ru4 and RuO2
5 

Ruthenium (Ru) JCPDS No. 

6-663 

Ruthenium oxide (RuO2) 

JCPDS No. 01-088-0286 

d-space 

(Å) 

Intensity 

(%) 

Miller 

index 

(hkl) 

d-space 

(Å) 

Intensity 

(%) 

Miller 

index 

(hkl) 

   3.1797 100.00 (110) 

   2.550 79.50 (101) 

2.3821 25.61 (100)    

   2.2484 19.80 (200) 

   2.2215 4.88 (111) 

2.1408 25.52 (002)    

2.0819 100.00 (101)    

   2.0110 1.53 (210) 

   1.6879 60.58 (211) 

   1.5899 14.28 (220) 

1.5924 12.84 (102)    

   1.5524 7.81 (002) 

   1.4220 12.24 (310) 

   1.3951 14.09 (112) 

1.3754 13.93 (110) 1.3499 17.32 (301) 

   1.2775 6.54 (202) 

1.2243 14.00 (103)    

1.1911 2.02 (200)    

   1.1573 10.29 (321) 

1.1572 14.84 (112)    

1.1476 10.69 (201) 1.1242 3.52 (400) 

   1.1107 8.02 (222) 
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Table B3 – XRD summary of nanoparticles produced by RuCo2 (Figure 3.2). It is unclear 

why more reflections were not observed for the sample (RuCo2). 

Position 

(°2θ) 

 Planar 

spacing (Å) 

Relative 

Intensity (%) 

CoO2 planar 

spacings (Å) 

JCPDS No. 

48-1719 

CoO2 

intensity (%) 

JCPDS No. 

48-1719 

CoO2 Miller 

index (hkl) 

JCPDS No. 

48-1719 

18.80 4.717 100.00 - - - 

42.23 2.138 39.90 2.1313 100.00 200 

 

 

Figure B1 – XRD patterns of RuCo2 (black) and blank low-background sample holder (red) 

for comparison. The peaks observed for RuCo2 are clearly not due to the sample holder. 
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Figure B2 – XRD pattern of nanoparticles produced by RuCo3, with a single broad peak at 

41.78 °2θ (2.160 Å), which may be in agreement with the (200) lattice plane of CoO.2 The 

XRD data are summarised in Table B4 below. 

 

Table B4 – Summary of XRD data for nanoparticles produced by RuCo3 (Figure B2). The 

lattice spacing of 2.160 Å can be assigned to either CoO2 and/or Ru4 due to the breadth of the 

peak, with only CoO assigned below due to the (200) plane of CoO being the 100 % peak.2 

Position 

(°2θ) 

 Planar 

spacing (Å) 

Relative 

Intensity (%) 

CoO2 planar 

spacings (Å) 

JCPDS No. 

48-1719 

CoO2 

intensity (%) 

JCPDS No. 

48-1719 

CoO2 Miller 

index (hkl) 

JCPDS No. 

48-1719 

15.92 5.564 28.41 - - - 

18.42 4.813 20.20 - - - 

20.23 4.387 15.39 - - - 

41.78 2.160 100.00 2.1313 100.00 200 

 

Table B5 – EDX quantification of nanoparticles produced by RuCo4 (Figure 3.4). 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Ruthenium 44 L-series 50.20 22.68 15.15 

Cobalt 27 K-series 31.16 24.14 2.92 

Oxygen 8 K-series 18.63 53.18 1.78 

  Total: 100.00 100.00  
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Table B6 – SAED data summary for nanoparticles produced by RuCo5, with labels 

corresponding to the labelled SAED pattern in Figure 3.5(b). The lattice spacings are in 

agreement with that of Co,1 CoO,2 Ru4 and/or RuO2.
5 

SAED 

Figure 3.5(b) 

label 

SAED 

planar 

spacings 

from Figure 

3.5(b) 

(nm) 

Planar 

spacings for 

Co1 

(Å) 

JCPDS No. 

5-727 

Planar 

spacings for 

CoO2 

(Å) 

JCPDS No. 

48-1719 

Planar 

spacings for 

Ru4 

(Å) 

JCPDS No. 

6-663 

Planar 

spacings for 

RuO2
5 

(Å) 

JCPDS No. 

01-088-0286 

i 0.211 2.0350 2.1313 2.0819 2.0110 

ii 0.115 1.1506 - 1.1431 1.1573 

 

 

Figure B3 – XRD pattern for nanoparticles produced by RuCo6. The main broad peak at 2θ 

value 42.37° (2.132 Å) is in agreement with that of CoO (2.1313 Å).2 The XRD data are 

summarised in Table B7 below. 

 

 

 

 

 

 



Appendix B 

 

231 

 

Table B7 – XRD data summary for nanoparticles produced by RuCo6 with one assignable 

peak, possibly corresponding to CoO.2 The peaks marked with an asterisk (*) are shoulder 

peaks to the main broad diffraction peak at 2θ value 42.37° and may be attributed to noise as 

they could not be assigned to any ruthenium or cobalt species. The remainder of the peaks 

could not be assigned. 

Position 

(°2θ) 

Planar 

Spacing (Å) 

Relative 

Intensity (%) 

Compound 

match 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices (hkl) 

11.86 7.458 46.87 - - - 

16.00 5.54 32.05 - - - 

31.80 2.811 16.03 - - - 

39.11* 2.30 66.78 - - - 

40.90* 2.204 91.77 - - - 

42.37 2.132 100.00 CoO 100.00 (200) 

 

PDF card numbers for the phases presented in Table B7: 

CoO:  JCPDS No. 48-1719 
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Table B8 – SAED and XRD data summary for nanoparticles produced by RuCo7. The SAED 

pattern in Figure 3.7(c) have planar spacings corresponding to CoO,2 Co3O4
3 and/or RuO2.

5 

The XRD pattern in Figure 3.7(e) shows a broad diffraction plane corresponding to CoO2 

and/or RuO2.
5 

SAED XRD Compound 

match 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

SAED 

Figure 

3.7(c) 

label 

SAED 

planar 

spacings 

from 

Figure 

3.7(b) 

(nm) 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

i 0.280 - - - Co3O4 30.80 (220) 

ii 0.229 - - - RuO2 19.80 (200) 

iii 0.211 42.12 2.144 100.00 
RuO2 25.52 (002) 

CoO 100.00 (200) 

 

PDF card numbers for the phases presented in Table B8: 

CoO:  JCPDS No. 48-1719 

Co3O4:  JCPDS No. 01-080-1541 

RuO2:  JCPDS No. 01-088-0286 

 

Figure B4 – XRD pattern for nanoparticles produced by RuCo8. The pattern appears very 

similar to that of nanoparticles produced by RuCo3 and has a single broad peak at 2θ value 

42.65° (2.12 Å), possibly corresponding to CoO.2 The peaks at 2θ values 16.10–21.35° could 

not be assigned. The XRD data are summarised in Table B9 below. 
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Table B9 – XRD data summary for nanoparticles produced by RuCo8 (Figure B4). The peaks 

at the 2θ values 16.10°, 17.94°, 19.65° and 21.35° could not be assigned. The peak assignment 

marked with an asterisk (*) is the assignment of an apparent shoulder peak, possibly 

corresponding to RuO2,
5 with the main peak at 2θ value 42.65° corresponding to CoO.2 

Position 

(°2θ) 

Planar 

Spacing (Å) 

Relative 

Intensity (%) 

Compound 

match 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices (hkl) 

16.10 5.502 31.67 -   

17.94 4.940 20.69 -   

19.65 4.515 20.69 -   

21.35 4.158 16.02 -   

39.67 2.270 67.62 *RuO2 19.80 (200) 

42.65 2.118 100.00 CoO 100.00 (200) 

 

PDF card numbers for the phases presented in Table B9: 

CoO:  JCPDS No. 48-1719 

RuO2:  JCPDS No. 01-088-0286 

 

Table B10 – SAED and XRD data summary for nanoparticles produced by RuCo9 (Figure 

3.9) The peak at the 2θ value 16.38° could not be assigned. 

SAED XRD Compound 

match 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

SAED 

Figure 

3.9(c) 

label 

SAED 

planar 

spacings 

from 

Figure 

3.9(c) 

(nm) 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

- - 16.38 5.407 37.15 - - - 

i 0.213 42.37 2.132 100.00 CoO 100.00 (200) 

 

PDF card numbers for the phases presented in Table B10: 

CoO:  JCPDS No. 48-1719 
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Table B11 – EDX quantification data for nanoparticles produced by RuCo9 (Figure 3.10). 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Ruthenium 44 L-series 53.72 23.79 16.22 

Cobalt 27 K-series 26.14 19.85 2.48 

Oxygen 8 K-series 20.15 56.36 1.92 

  Total: 100.00 100.00  

 

 

Figure B5 – XRD pattern of nanoparticles produced by RuCo10. The lattice spacing of 2.110 

Å for 2θ value 42.62° is in agreement with the 100 % peak for CoO (2.1313 Å).2 The peak at 

2θ value 19.25° (4.606 Å) could not be assigned. The XRD data are summarised in Table B12 

below. 
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Table B12 – XRD data summary for nanoparticles produced by RuCo10 (Figure B5). The 

peak at the 2θ value 19.25° could not be assigned. 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.25 4.606 38.26 - - - 

42.62 2.120 100.00 CoO 100.00 (200) 

 

PDF card numbers for the phases presented in Table B12: 

CoO:  JCPDS No. 48-1719 

 

 

Figure B6 – STEM EDX mapping of nanoparticles produced by RuCo10. The red regions 

indicate the larger nanoparticles are cobalt rich, while the surrounding smaller nanoparticles 

were ruthenium rich. 

 

 

 

 



Appendix B 

 

236 

 

 

Table B13 – XRD data summary for nanoparticles produced by RuCo13 (Figure 3.13). The 

peak at 2θ value 19.67° could not be assigned. 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.67 4.509 100.00 - - - 

42.48 2.126 92.25 CoO 100.00 (200) 

 

PDF card numbers for the phases presented in Table B13: 

CoO:  JCPDS No. 48-1719 

 

Table B14 – SAED data summary for nanoparticles produced by RuCo17 (Figure 3.17). 

SAED 

Figure 

3.17(b) label 

SAED 

planar 

spacings 

from Figure 

3.17(b) 

(nm) 

Planar 

spacings for 

Co1 

(Å) 

JCPDS No. 

5-727 

Planar 

spacings for 

CoO2 

(Å) 

JCPDS No. 

48-1719 

Planar 

spacings for 

Ru4 

(Å) 

JCPDS No. 

6-663 

Planar 

spacings for 

RuO2 
5 

(Å) 

JCPDS No. 

01-088-0286 

i 0.209 2.0350 2.1313 2.0545 2.0110 

ii 0.166  - - 1.6879 

iii 0.148 1.4848 1.5085 - - 

iv 0.140 - - - 1.3951 

v 0.123 1.2537 1.2170 1.2187 - 

vi 0.116 1.1506 - 1.1431 1.1573 
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Figure B7 – XRD pattern of nanoparticles produced by RuCo17, with lattice spacings 

corresponding to Co,1 CoO,2 Ru4 and/or RuO2.
5 The corresponding peaks are labelled with 

their Miller indices. The diffraction data are summarised in Table B15 below. 
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Table B15 – XRD data summary for nanoparticles produced by RuCo17 (Figure B7). 

Reflections correspond to cobalt (Co),1 cobalt oxide (CoO)2 and ruthenium (Ru).4 The peaks 

corresponding to the 2θ values 16.48°, 18.69°, 21.72° and 26.66° could not be assigned to a 

compound. 

Position 

(°2θ) 

Planar 

Spacing (Å) 

Relative 

Intensity (%) 

Compound 

match 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices (hkl) 

16.48 5.374 37.90 -   

18.69 4.744 45.93 -   

21.72 4.088 42.76 -   

26.66 3.342 10.03 -   

41.75 2.162 86.05 Co 

Ru 

25.50 

25.52 

(100) 

(002) 

42.67 2.117 92.50 CoO 100.00 (200) 

44.30 2.043 100.00 Co 

Ru 

27.36 

100.00 

(002) 

(101) 

47.31 1.920 67.07 Co 100.00 (101) 

75.83 1.254 42.70 Co 

CoO 

4.24 

24.21 

(110) 

(311) 

 

PDF card numbers for the phases presented in Table B15: 

Co:  JCPDS No. 5-727 

CoO:  JCPDS No. 48-1719 

Ru:  JCPDS No. 6-663 

 

Table B16 – EDX quantification of nanoparticles produced by RuCo17 (Figure 3.18). 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Ruthenium 44 L-series 61.01 32.17 18.39 

Cobalt 27 K-series 25.57 23.13 2.40 

Oxygen 8 K-series 13.42 44.70 1.30 

  Total: 100.00 100.00  
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Figure B8 – STEM EDX mapping of cobalt and ruthenium within the nanoparticle sample 

produced by RuCo18; (a) ruthenium mapping of the sample, (b) ruthenium mapping overlayed 

with the HAADF STEM image of the nanoparticles, (c) cobalt mapping of the sample and (d) 

cobalt mapping overlayed with the HAADF STEM image of the nanoparticles. Cobalt and 

ruthenium appear to occur in two separate locations within the sample; the large nanoparticle 

is cobalt based and the smaller nanoparticles surrounding it are ruthenium based. These results 

are further supported in Figure B9 below. 
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Figure B9 – Further STEM EDX analysis; (a) a line scan across the nanoparticle, further 

confirming the large nanoparticle is cobalt rich while ruthenium occurs in the other samples, 

(b) EDX spectrum confirming the presence of ruthenium and cobalt within the sample. The 

silicon signal arises due to the silicon high vacuum grease used during the reaction, and the 

presence of carbon and copper signals are due to the carbon-coated TEM grid the sample was 

prepared on. 
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Table B17 – Region 1 in Figure 3.22(a), EDX quantification of nanoparticles produced by 

RuCo20. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Ruthenium 44 L-series 8.76 5.14 2.71 

Cobalt 27 K-series 90.12 90.71 8.19 

Oxygen 8 K-series 1.12 4.15 0.18 

  Total: 100.00 100.00  

 

Table B18 – Region 2 in Figure 3.22(a), EDX quantification of nanoparticles produced by 

RuCo20. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Ruthenium 44 L-series 79.41 52.45 23.97 

Cobalt 27 K-series 12.63 14.31 1.35 

Oxygen 8 K-series 7.97 33.24 0.88 

  Total: 100.00 100.00  

 

Table B19 – EDX quantification of nanoparticles produced by RuCo21 (Figure 3.24). 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Ruthenium 44 L-series 92.95 72.86 27.97 

Cobalt 27 K-series 2.15 2.88 0.28 

Oxygen 8 K-series 4.90 24.26 0.52 

  Total: 100.00 100.00  
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Figure B10 – STEM EDX mapping of nanoparticles produce by RuCo21, an area with larger 

nanoparticles (Figure 3.23(c)); (a) HAADF STEM image of the nanoparticles, (b) oxygen 

location within the sample, (c) ruthenium location within the sample, (d) cobalt location within 

the sample, and (e) corresponding EDX spectrum of the mapped area, showing a strong signal 

for ruthenium as well as cobalt. The silicon signal is due to the high vacuum grease used in 

nanoparticle synthesis. The copper and carbon signals also present are due to the carbon coated 

copper TEM grid used to prepare the TEM sample on. 

 

Table B20 – EDX quantification of nanoparticles produced by RuCo21 (Figure B10). 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Ruthenium 44 L-series 79.05 52.00 23.81 

Cobalt 27 K-series 12.90 14.55 1.28 

Oxygen 8 K-series 8.05 33.44 0.83 

  Total: 100.00 100.00  
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Appendix C: Appendix for Chapter 4 
 

Supercritical fluid flow reactors 

Two supercritical fluid (SCF) flow reactor setups were used during nanoparticle synthesis trials 

at Aarhus University, Denmark, as shown below in Figures C1 (Setup 1) and C2 (Setup 2). 

 

Figure C1 – Setup 1 for SCF flow reactors: A simplified representation of a flow reactor setup 

with no reaction solvent preheating step. The precursor solution is pumped into a reactor, 

consisting of coiled tubing within a heating block. After passing through the reactor, the 

solution is cooled by passing through coiled tubing in an ice bath. The reaction solution is then 

passed through a pressure regulating valve, controlling the reaction pressure, after which the 

reaction solution returns to ambient pressure. 
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Figure C2 – Setup 2 for SCF flow reactors: A simplified representation of a flow reactor setup 

with a solvent preheating step. Solvent is pumped (Pump 1) into Reactor 1, consisting of coiled 

tubing within a heating block. After passing through Reactor 1, the heated solvent meets the 

precursor solution, pumped into the system via Pump 2. The precursor solution is therefore 

diluted by the heated solvent, forming a preheated reaction mixture. The reaction mixture is 

then passed through Reactor 2, consisting of coiled tubing within a heating block, after which 

the reaction solution is cooled by passing through coiled tubing within an ice bath. The cooled 

reaction solution passes through a pressure regulating valve, before returning to ambient 

pressure. The reaction solution is then collected in a flask. 
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Equation C1 – Calculation of fluid residence time in a reactor passing through a tube 5.6 m in 

length and 1.6 mm inner diameter, at a flow rate of 6 mL min-1. 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
4 × 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒

𝜋 × 𝑇𝑢𝑏𝑒 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟
 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 =  
4 × (6 𝑐𝑚3/𝑚𝑖𝑛)

𝜋 × (0.16 𝑐𝑚)2
 

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 = 298.4 𝑐𝑚/𝑚𝑖𝑛  

𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒 =  
𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑇𝑢𝑏𝑒 𝐿𝑒𝑛𝑔𝑡ℎ

𝐹𝑙𝑢𝑖𝑑 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦
 

𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒 =  
5600 𝑐𝑚

298.4 𝑐𝑚/𝑚𝑖𝑛
 

𝑅𝑒𝑠𝑖𝑑𝑒𝑛𝑐𝑒 𝑇𝑖𝑚𝑒 = 1.876 𝑚𝑖𝑛  
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Ln(oleate)3 synthesis 

 

Oleic Acid NMR spectrum: 

1H NMR (CDCl3, 400 MHz): δ 0.88 (t, J = 6.8 Hz, 3 H, -CH3), 1.26–1.31 (multiplet, 18.83 H, 

-CH2-CH2-CH2-), 1.63 (multiplet, 2.16 H, -CH2-CH2-COO-), 2.00 ( multiplet, 3.74 H, -CH2-

CH=CH-CH2), 2.34 (t, J = 7.4 Hz, 2.17 H, -CH2-COO-), 5.34 (multiplet, 2.25 H, -CH2-

CH=CH-CH2). 

La(oleate)3 decomposition 

 

Figure C3 – TEM images of nanoparticles produced by reaction conditions SS1; (a) BF STEM 

image of the nanoparticles and (b) HAADF STEM image of the nanoparticles.  

 

 

Figure C4 – TEM sizing of nanoparticles produced by SS6, with an average nanoparticle size 

of 3.2 ± 1.0 nm (193 nanoparticles measured). 
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Figure C5 – TEM sizing of nanoparticles produced by (a) SS7 with an average nanoparticle 

size of 1.85 ± 0.42 nm (100 nanoparticles measured) and (b) SS8 with an average nanoparticle 

size of 1.75 ± 0.41 nm (100 nanoparticles measured). 

 

Table C1 – EDX quantification of the spectrum in Figure 4.6, indicating the nanoparticles 

possibly consist of La2O3. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 

sigma) 

[wt. %] 

Lanthanum 57 L-series 78.16 29.18 24.47 

Oxygen 8 K-series 21.84 70.82 2.89 

  Total: 100 100  
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Figure C6 – Nanoparticle size distribution of the square-shaped plates in Figure 4.7(b), 

produced during reaction conditions SS10, with an average size of 8.4 ± 1.3 nm (200 

nanoparticles measured). 
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Figure C7 – STEM EDX analysis of a section of platelets produced by reaction conditions 

SS10; (a) HAADF STEM image as reference image for elemental mapping, (b) lanthanum 

location within the sample, (c) oxygen location within the sample, (d) overlay of lanthanum, 

oxygen and the reference STEM image showing lanthanum and oxygen are part of the same 

nanoparticles, and (e) EDX spectrum of the mapped area, confirming the presence of 

lanthanum and oxygen. Also present are copper and carbon signals, arising from the carbon 

coated copper TEM grid used to prepare the sample on. Carbon may have a strong signal due 

to the presence of excess organics, such as surfactant, that has not been removed upon 

nanoparticle purification. Quantification of the EDX spectrum is found below in Table C2. 
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Table C2 – EDX quantification of the spectrum in Figure C7, indicating the nanoparticles 

possibly consist of La2O3. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 

sigma) 

[wt. %] 

Lanthanum 57 L-series 63.00 16.40 19.19 

Oxygen 8 K-series 37.00 83.60 3.63 

  Total: 100 100  

 

 

 

Figure C8 – (a) Higher magnification of the small nanoparticles produced by SS11 in Figure 

4.7(c), and (b) corresponding nanoparticle size distribution with average nanoparticle size of 

4.76 ± 0.87 nm (200 nanoparticles measured). 
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Figure C9 – Size distribution of nanoparticles produced by reaction conditions SS14 (Figure 

4.8(b)), with an average size of 2.90 ± 0.46 nm (200 nanoparticles measured). 
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Figure C10 – STEM EDX analysis of a section of sample produced by reaction conditions 

SS16; (a) HAADF STEM image as reference image for elemental mapping with bright regions 

coinciding with sample on the TEM grid, (b) lanthanum location within the sample, (c) oxygen 

location within the sample, (d) overlay of lanthanum, oxygen and the reference STEM image 

showing lanthanum and oxygen are part of the same regions, and (e) EDX spectrum of the 

mapped area, confirming the presence of lanthanum and oxygen. Also present are copper and 

carbon signals, arising from the carbon coated copper TEM grid used to prepare the sample on. 

Carbon may have a strong signal due to the presence of excess organics, such as surfactant or 

solvent, which was not removed upon sample purification. Quantification of the EDX spectrum 

is found below in Table C3. 
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Table C3 – EDX quantification of the spectrum in Figure C10, indicating the nanoparticles 

possibly consist of La2O3. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 

sigma) 

[wt. %] 

Lanthanum 57 L-series 75.30 25.98 23.41 

Oxygen 8 K-series 24.70 74.02 3.00 

  Total: 100 100  

 

Table C4 – EDX quantification of the spectrum in Figure 4.9(c), indicating the residue may 

possibly consist of La2O3. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 

sigma) 

[wt. %] 

Lanthanum 57 L-series 65.26 17.79 20.26 

Oxygen 8 K-series 34.74 82.21 3.79 

  Total: 100 100  
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Figure C11 – Size distributions of nanoparticles presented in Figure 4.10; (a) reaction 

conditions SS18 producing nanoparticles with an average size of 2.19 ± 0.46 nm (150 

nanoparticles measured), size distribution does not include a single nanoparticle of ~ 29 nm in 

diameter as seen in Figure 4.10(a). (b) Reaction conditions SS19 producing nanoparticles with 

an average size of 3.23 ± 0.70 nm (150 nanoparticles measured), not included in the size 

distribution are nanoparticle clusters ranging from 10–30 nm in diameter, as seen in Figure 

4.10(b). (c) Reaction conditions SS20 producing nanoparticles with an average size of 1.94 ± 

0.55 nm in diameter (100 nanoparticles measured), and (d) reaction conditions SS21 producing 

nanoparticles with an average size of 3.71 ± 0.66 nm (150 nanoparticles measured). 

 

Table C5 – Planar spacings measured from SAED patterns in Figure 4.11(b). 

SAED labels in 

Figure 4.10(b) 

SAED planar spacings  

Figure 4.10(b) 

(Å) 

Planar spacings for Halite1  

(NaCl) 

(Å) 

JCPDS No. 5-628 

i 0.278 2.8100 

ii 0.197 1.9870 

iii 0.122 1.2567 

 



Appendix C 

 

256 

 

 

Figure C12 – EDX spectrum of the mapped area in Figure 4.12(a) for SS21, confirming the 

presence of lanthanum, oxygen, sodium and chlorine. Copper and carbon arise from the carbon 

coated TEM grid used to prepare the sample on. EDX quantification of the spectrum is in Table 

C6 below. 

 

 

 

Table C6 – EDX quantification of the spectrum in Figure C11, indicating the cubic shaped 

nanoparticles (SS21) possibly consist of NaCl. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 

sigma) 

[wt. %] 

Lanthanum 57 L-series 36.63 8.35 14.71 

Oxygen 8 K-series 25.47 50.38 5.38 

Sodium 11 K-series 15.35 21.13 3.60 

Chlorine 17 K-series 22.56 20.14 4.57 

  Total: 100 100  
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Table C7 – EDX quantification of the spectrum in Figure 4.18, indicating the rod-shaped 

nanoparticles consist of a mixture of Eu2O3 and EuCl3. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 

sigma) 

[wt. %] 

Europium 63 L-series 76.68 30.02 23.11 

Oxygen 8 K-series 15.11 56.20 1.46 

Chlorine 17 K-series 8.21 13.78 0.84 

  Total: 100 100  

 

 

 

Figure C13 – (a) SAED pattern of the rod-shaped nanoparticles in Figure 4.15, and (b) 

corresponding intensity profile plot of the SAED pattern with peaks labelled with 

corresponding d-spacings, also summarised in Table C8 below. The d-spacings may be in 

agreement with that of Eu,2 Eu2O3
3 and/or EuCl3.

4 
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Table C8 – Planar spacings form Figure C13(b), possibly corresponding to Eu,2 Eu2O3
3 and/or 

EuCl3.
4 

Figure C13(b) SAED intensity 

profile plot planar spacings 

(nm) 

Planar spacings 

for Eu2 

(Å) 

JCPDS 01-089-

3832 

Planar spacings 

for Eu2O3
3 

(Å) 

JCPDS 01-074-

1983 

Planar spacings 

for EuCl3
4 

(Å) 

JCPDS 01-073-

0727 

0.34 3.2569  3.4694 

0.27 2.3030 2.7100 2.7512 

0.22   2.1289 

0.20   2.0843 

0.19 1.8804 1.9163 1.8925 

0.13 1.2310  1.3448 

0.11   1.0874 
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Appendix D: Appendix for Chapter 5 
 

Cobalt Nanoparticle Characterisation 
 

 

Figure D1 – Characterisation of cobalt nanoparticles; (a) bright field TEM image of the 

nanoparticles, (b) corresponding size distribution with an average nanoparticle size of 8.5 ± 1.4 

nm (175 nanoparticles measured), (c) SAED pattern of the nanoparticles with rings labelled, 

corresponding to ε-Co1 and CoO (JCPDS 09-0402). SAED data are summarised in Table D1 

below. 
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Table D1 – SAED data summary of 8.5 nm nanoparticles. 

Miller 

Indices 

(hkl) 

Figure 

D1(c) labels 

SAED 

Figure 

D1(c) d-

spacings 

(nm) 

d-spacing 

ε-Co 

Angew. 

Chem. Int. 

Ed. (1999) 38 

1788 

Relative 

Intensity 

(%) 

ε-Co 

d-spacing 

JCPDS 

09-0402 

CoO 

Relative 

Intensity 

(%) 

JCPDS 

09-0402 

CoO 

(111) i 0.247 - - 0.246 74.7 

(221) ii 0.205 0.203 100 - - 

(311) iii 0.187 0.184 25 - - 

(220) iv 0.150 - - 0.150 49.8 

(510) v 0.120 0.1195 21 - - 

 

Passive oxidation of the ε-Co nanoparticle surface possibly occurred on exposure of the 

nanoparticles to air during characterisation. It is likely for oxidation to only occur at the surface 

of the nanoparticles (< 2 nm).2, 3 

Cobalt nanoparticles on support 
 

 

Figure D2 – TPR profile of cobalt nanoparticles on alumina support, calcined at 200 °C. A 

single broad peak at 229 °C (155–290 °C) was observed. The negative peak, ranging from 400–

550 °C is likely due to trapped water coming off of the catalyst. 
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Figure D3 – EDX spectrum of the mapped area in Figure 5.3, confirming the presence of 

cobalt, aluminium and oxygen. The presence of carbon and copper are due to the carbon coated 

copper grid used to prepare the sample on. 

 

Table D3 – EDX quantification of the spectrum in Figure D3 of cobalt nanoparticles on 

untreated alumina support. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Cobalt 27 K-series 21.76 8.76 2.04 

Aluminium 13 K-series 41.08 36.13 3.78 

Oxygen 8 K-series 37.16 55.11 3.43 

  Total: 100.00 100.00  
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Figure D4 – TPR profile of cobalt nanoparticles on MCM-41 support, calcined at 200 °C. No 

distinct significant reduction peaks were observed, suggesting the catalyst did not contain 

reducible species. 

 

 

Figure D5 – TPR profiles of cobalt nanoparticles on acid-treated (black) and base-treated (red) 

supports, calcined at 200 °C. The acid-treated support catalyst showed two peaks at 167.6 °C 

and 283.6 °C, while the base-treated support catalyst showed a more complex profile with 

peaks at 152 °C, 246 °C and 286 °C. 
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ICP results 

 

Table D4 – ICP results for cobalt nanoparticles on untreated alumina support, at different 

calcination temperatures. 

 Uncalcined 

sample 

200 °C calcined 

sample 

500 °C calcined 

sample 

Predicted Co loading 

(%) 

5.96 5.96 5.96 

Predicted [Co] (ppm) 24.14 33.67 19.04 

[Co] from ICP (ppm) 14.65 21.77 12.59 

Co loading from ICP 

(%) 

3.62 3.85 3.93 

 

Table D5 – ICP results for cobalt nanoparticles on acid-treated alumina support, at different 

calcination temperatures. 

 Uncalcined 

sample 

200 °C calcined 

sample 

500 °C calcined 

sample 

Predicted Co loading 

(%) 

5.95 5.95 5.95 

Predicted [Co] (ppm) 22.31 27.97 34.21 

[Co] from ICP (ppm) 11.51 15.46 14.90 

Co loading from ICP 

(%) 

3.07 3.29 2.59 

 

Table D6 – ICP results for cobalt nanoparticles on base-treated alumina support, at different 

calcination temperatures. 

 Uncalcined 

sample 

200 °C calcined 

sample 

500 °C calcined 

sample 

Predicted Co loading 

(%) 

5.94 5.94 5.94 

Predicted [Co] (ppm) 27.03 36.83 27.62 

[Co] from ICP (ppm) 11.29 33.06 27.95 

Co loading from ICP 

(%) 

2.49 5.3 6.01 
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Other treatments of the support for cobalt nanoparticle assembly 

 

Further exploration into support treatment was conducted after we published in New Journal 

of Chemistry.4 We briefly explored treatment of alumina support with tetraethyl orthosilicate 

(TEOS) as well as lanthanum. 

 

Table D7 – XRD data summary for calcined Al2O3 support in Figure 5.7(a). The planar 

spacings are consistent with that of γ-Al2O3.
5 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.65 4.514 10.12 Al2O3 4.56742 9.60  (111) 

32.64 2.741 27.59 Al2O3 2.79696 48.80 (220) 

37.09 2.422 46.81 Al2O3 2.38526 57.40 (311) 

39.37 2.287 37.20 Al2O3 2.28371 6.50 (222) 

45.74 1.982 71.96 Al2O3 1.97775 88.0 (400) 

60.88 1.520 16.18 Al2O3 1.52247 17.80 (511) 

66.93 1.399 100.00 Al2O3 1.39848 100.00 (440) 

84.79 1.142 10.41 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D7: 

Al2O3:  JCPDS No. 01-079-1558 
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Table D8 – XRD data summary for TEOS-treated Al2O3 support in Figure 5.7(b). The planar 

spacings are consistent with that of γ-Al2O3.
5 A reflection at 2θ value 18.04° could not be 

assigned; however, it may be due to the presence of TEOS on the support surface. 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

18.04 4.913 44.16     

32.51 2.752 18.24 Al2O3 2.79696 48.80 (220) 

37.09 2.422 39.46 Al2O3 2.38526 57.40 (311) 

39.48 2.280 32.39 Al2O3 2.28371 6.50 (222) 

45.81 1.979 70.35 Al2O3 1.97775 88.0 (400) 

60.81 1.522 12.56 Al2O3 1.52247 17.80 (511) 

66.88 1.398 100.00 Al2O3 1.39848 100.00 (440) 

84.88 1.142 7.28 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D8: 

Al2O3:  JCPDS No. 01-079-1558 
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Table D9 – XRD data summary for uncalcined catalyst of cobalt nanoparticles on TEOS-

treated Al2O3 support in Figure 5.7(c). The planar spacings are consistent with that of γ-Al2O3.
5 

A reflection at 2θ value 18.04° could not be assigned; however, it may be due to the presence 

of TEOS on the support surface. 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

18.01 4.922 53.82     

32.57 2.747 18.81 Al2O3 2.79696 48.80 (220) 

37.07 2.423 42.35 Al2O3 2.38526 57.40 (311) 

39.38 2.286 34.87 Al2O3 2.28371 6.50 (222) 

45.77 1.981 72.26 Al2O3 1.97775 88.0 (400) 

60.89 1.520 12.82 Al2O3 1.52247 17.80 (511) 

66.89 1.398 100.00 Al2O3 1.39848 100.00 (440) 

84.84 1.142 8.78 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D9: 

Al2O3:  JCPDS No. 01-079-1558 
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Table D10 – XRD data summary for cobalt nanoparticle on TEOS-treated Al2O3 support, 

calcined at 500 °C in Figure 5.7(d). The planar spacings are consistent with that of γ-Al2O3
5 

and Co3O4.
6 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.04 4.658 13.82 
Co3O4 

Al2O3 

4.69155 

4.56742 

14.60 

9.60 

(111) 

(111) 

31.26 2.859 24.94 Co3O4 2.87298 31.20 (220) 

32.69 2.738 21.49 Al2O3 2.79696 48.80 (220) 

36.84 2.438 80.88 Co3O4 2.45008 100.00 (311) 

39.43 2.283 35.68 Al2O3 2.28371 6.50 (222) 

45.80 1.979 78.80 Al2O3 1.97775 88.0 (400) 

59.37 1.556 15.68 Co3O4 1.56385 29.70 (511) 

60.80 1.522 12.76 Al2O3 1.52247 17.80 (511) 

65.24 1.429 30.07 Co3O4 1.43649 41.00 (440) 

66.92 1.397 100.00 Al2O3 1.39848 100.00 (440) 

85.01 1.140 6.49 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D10: 

Co3O4:  JCPDS No. 98-017-3829 

Al2O3:  JCPDS No. 01-079-1558 
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Figure D6 – EDX spectrum of cobalt nanoparticles on TEOS-treated alumina support, after 

calcination at 500 °C (Figure 5.9). The presence of cobalt within the sample is confirmed. Also 

present is silicon, due to the TEOS treatment of the support, and carbon and copper, due to the 

carbon coated copper TEM grid used to prepare the sample on. EDX quantification of the 

spectrum is in Table D11 below. 

 

Table D11 – EDX quantification of the spectrum from Figure D6. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Cobalt 27 K-series 2.24 0.78 0.29 

Aluminium 13 K-series 47.80 61.26 4.38 

Oxygen 8 K-series 49.95 37.96 4.58 

  Total: 100.00 100.00  
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Figure D7 – TPR analysis of cobalt nanoparticles on TEOS-treated alumina; (a) single TPR 

analysis conducted on the sample showing only one reduction peak present at 313 °C, (b) two 

consecutive TPR analyses conducted on the sample, showing a single reduction peak (black) 

during the first run which is not present during the second run of the sample (red). 

 

Table D12 – XRD data summary for lanthanum doped alumina support in Figure 5.10. The 

planar spacings are consistent with that of γ-Al2O3.
5 No characteristic reflections were observed 

for any lanthanum species. 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.09 4.646 8.20 Al2O3 4.56742 9.60  (111) 

32.62 2.743 18.85 Al2O3 2.79696 48.80 (220) 

37.03 2.426 42.18 Al2O3 2.38526 57.40 (311) 

39.46 2.282 31.48 Al2O3 2.28371 6.50 (222) 

45.81 1.979 72.97 Al2O3 1.97775 88.0 (400) 

60.75 1.523 12.59 Al2O3 1.52247 17.80 (511) 

66.87 1.398 100.00 Al2O3 1.39848 100.00 (440) 

84.87 1.142 7.69 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D12: 

Al2O3:  JCPDS No. 01-079-1558 
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Figure D8 – TEM micrograph of lanthanum doped alumina support. 

 

 

Figure D9 – TEM micrographs of cobalt nanoparticles on La2O3-Al2O3 support, assembled 

using hexane as solvent; (a) uncalcined catalyst with the nanoparticles not clearly visible, (b) 

catalyst calcined at 500 °C, showing large structures are present on the surface of the support, 

suggesting the nanoparticles aggregated and formed large structures, and (c) high 

magnification of a nanoparticle on the 500 °C calcined catalyst support. 

 

Table D13 – EDX quantification of the spectrum from Figure 5.12(g). 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Cobalt 27 K-series 4.17 1.52 0.46 

Lanthanum 57 L-series 4.23 0.65 1.35 

Aluminium 13 K-series 45.97 36.58 4.22 

Oxygen 8 K-series 45.64 61.25 4.19 

  Total: 100.00 100.00  
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Table D14 – XRD data summary for uncalcined Co/La2O3-Al2O3 in Figure 5.13(a). The planar 

spacings are consistent with that of γ-Al2O3.
5 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.38 4.577 10.90 Al2O3 4.56742 9.60  (111) 

32.76 2.731 23.13 Al2O3 2.79696 48.80 (220) 

37.07 2.423 48.29 Al2O3 2.38526 57.40 (311) 

39.49 2.280 35.78 Al2O3 2.28371 6.50 (222) 

45.82 1.979 76.71 Al2O3 1.97775 88.0 (400) 

60.75 1.523 14.02 Al2O3 1.52247 17.80 (511) 

66.95 1.397 100.00 Al2O3 1.39848 100.00 (440) 

84.81 1.142 7.71 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D14: 

Al2O3:  JCPDS No. 01-079-1558 
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Table D15 – XRD data summary for Co/La2O3-Al2O3 catalyst calcined at 500 °C in Figure 

5.13(b). The planar spacings are consistent with spinel Co3O4
6 and γ-Al2O3.

5 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.01 4.666 21.45 Co3O4 

Al2O3 

4.69155 

4.56742 

14.60 

9.60 

(111) 

(111) 

31.28 2.857 31.63 Co3O4 2.87298 31.20 (220) 

32.61 2.744 14.65 Al2O3 2.79696 48.80 (220) 

36.83 2.438 100.00 Co3O4 2.45008 100.00 (311) 

37.01 2.427 37.44 Al2O3 2.38526 57.40 (311) 

38.51 2.336 23.26 Co3O4 2.34577 7.80 (222) 

39.40 2.285 22.56 Al2O3 2.28371 6.50 (222) 

44.90 2.017 38.75 Co3O4 2.03150 22.2 (400) 

45.77 1.981 50.89 Al2O3 1.97775 88.0 (400) 

55.70 1.649 6.56 Co3O4 1.65871 9.00 (422) 

59.34 1.556 23.15 Co3O4 1.56385 29.70 (511) 

61.02 1.517 7.54 Al2O3 1.52247 17.80 (511) 

65.24 1.429 32.64 Co3O4 1.43649 41.00 (440) 

66.92 1.397 63.07 Al2O3 1.39848 100.00 (440) 

77.39 1.232 5.14 Co3O4 1.23920 8.20 (533) 

84.95 1.141 5.04 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D15: 

CoO:  JCPDS No. 98-017-3829 

Al2O3:  JCPDS No. 01-079-1558 
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Figure D10 – TPR analysis of cobalt nanoparticles on La2O3-Al2O3 support, assembled using 

hexane as solvent and calcined at 500 °C; (a) single TPR analysis showing one reduction peak 

at 330 °C, (b) two consecutive TPR analyses of the sample show a single reduction peak (black) 

for the first analysis and the second analysis showed no reduction peaks (red) suggesting the 

nanoparticle surface to be fully reduced. 

 

 

  



Appendix D 

 

275 

 

Other Co/Al2O3 systems 

 

 

Figure D11 – STEM EDX analysis of the 10 % Co/Al2O3 catalyst after TPR; (a) BF STEM 

image of the nanoparticles on support with marked area (red) for elemental analysis, (b) 

HAADF STEM image of the catalyst, (c) cobalt location within the sample, (d) aluminium 

location within the sample, (e) oxygen location within the sample, and (f) EDX spectrum 

confirming the presence of cobalt, aluminium and oxygen. Copper and carbon signals are due 

to the carbon coated copper TEM grid used to prepare the sample on. 
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Figure D12 – TPR profile of 5 % Co/Al2O3 catalyst showing a broad reduction peak, ranging 

from 300° to 700 °C, with a peak at 398 °C and a shoulder peak at 589 °C. The broadness of 

the peak suggests the nanoparticles are not uniform in size causing reduction peak broadening. 

The Co3O4 > CoO and CoO > Co transition peaks overlap causing this broadness. 
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CoPt nanoparticles 
 

Table D16 – XRD data summary for CoPt/Al2O3 catalyst calcined at 500 °C in Figure 5.16. 

The planar spacings are consistent with that of γ-Al2O3.
5 No phases corresponding to cobalt, 

platinum and/or cobalt-platinum were observed. 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.44 4.562 6.14 Al2O3 4.56742 9.60  (111) 

32.64 2.741 18.53 Al2O3 2.79696 48.80 (220) 

37.12 2.420 47.00 Al2O3 2.38526 57.40 (311) 

39.59 2.275 52.47 Al2O3 2.28371 6.50 (222) 

45.96 1.973 81.51 Al2O3 1.97775 88.0 (400) 

60.95 1.519 12.27 Al2O3 1.52247 17.80 (511) 

66.90 1.397 100.00 Al2O3 1.39848 100.00 (440) 

84.97 1.141 6.26 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D16: 

Al2O3:  JCPDS No. 01-079-1558 
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RuCo nanoparticles on support 
 

 

Figure D13 – TEM micrographs of catalyst calcined at 500 °C; (a) large structures were 

apparent throughout the support with (b) showing a higher magnification of an area on the 

catalyst support with large structures visible. 

 

Table D17 – EDX quantification of the spectrum from Figure 5.23. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Cobalt 27 K-series 1.08 0.38 0.18 

Ruthenium 44 L-series 2.39 0.49 0.79 

Aluminium 13 K-series 50.31 38.88 4.61 

Oxygen 8 K-series 46.22 60.24 4.24 

  Total: 100.00 100.00  
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Table D18 – XRD data summary for calcined Al2O3 support in Figure 5.24(a). The planar 

spacings are consistent with that of γ-Al2O3.
5 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.65 4.514 10.12 Al2O3 4.56742 9.60  (111) 

32.64 2.741 27.59 Al2O3 2.79696 48.80 (220) 

37.09 2.422 46.81 Al2O3 2.38526 57.40 (311) 

39.37 2.287 37.20 Al2O3 2.28371 6.50 (222) 

45.74 1.982 71.96 Al2O3 1.97775 88.0 (400) 

60.88 1.520 16.18 Al2O3 1.52247 17.80 (511) 

66.93 1.399 100.00 Al2O3 1.39848 100.00 (440) 

84.79 1.142 10.41 Al2O3 1.14185 8.60 (444) 

 

PDF card numbers for the phases presented in Table D18: 

Al2O3:  JCPDS No. 01-079-1558 

 

Table D19 – XRD data summary for catalyst calcined at 200 °C, in Figure 5.24(b). The 

reflections are consistent with that of γ-Al2O3.
5 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

32.66 2.740 21.11 Al2O3 2.7970 48.80 (220) 

37.17 2.417 42.00 Al2O3 2.3853 57.40 (311) 

39.32 2.289 33.07 Al2O3 2.2837 6.50 (222) 

45.67 1.985 69.31 Al2O3 1.9778 88.0 (400) 

60.77 1.523 13.43 Al2O3 1.5225 17.80 (511) 

66.82 1.399 100.00 Al2O3 1.3985 100.00 (440) 

84.69 1.144 9.20 Al2O3 1.1419 8.60 (444) 

 

PDF card numbers for the phases presented in Table D19: 

Al2O3:  JCPDS No. 01-079-1558 
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Table D20 – XRD data summary for catalyst calcined at 500 °C, in Figure 5.24(c). The 

reflections are consistent with that of γ-Al2O3,
5 and RuO2.

7 No reflections corresponding to 

cobalt phases were observed. 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

19.56 4.534 4.32 Al2O3 4.5674 9.60 (111) 

27.99 3.185 42.78 RuO2 3.1797 100.00 (110) 

32.62 2.743 17.44 Al2O3 2.7970 48.80 (220) 

35.05 2.558 47.70 RuO2 2.5500 79.50 (101) 

36.84 2.438 42.03 Al2O3 2.3853 57.40 (311) 

39.40 2.285 31.31 Al2O3 2.2837 6.50 (222) 

45.71 1.983 66.56 Al2O3 1.9778 88.0 (400) 

54.31 1.688 20.84 RuO2 1.6879 60.58 (211) 

57.96 1.590 6.81 RuO2 1.5899 14.28 (220) 

60.59 1.527 10.53 Al2O3 1.5225 17.80 (511) 

66.88 1.398 100.00 
Al2O3 

RuO2 

1.3985 

1.3951 

100.00 

14.09 

(440) 

(112) 

69.45 1.352 7.85 RuO2 1.3499 17.32 (301) 

74.23 1.277 3.18 RuO2 1.2775 6.54 (202) 

84.80 1.142 7.71 Al2O3 1.1419 8.60 (444) 

 

PDF card numbers for the phases presented in Table D20: 

RuO2:  JCPDS No. 01-088-0286 

Al2O3:  JCPDS No. 01-079-1558 
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Figure D14 – XRD patterns of catalysts calcined at different temperatures; Catalyst 1 and 2 

were each calcined at 200 °C and 500 °C. XRD patterns for both catalysts 1 and 2, calcined at 

200 °C, corresponds to γ-Al2O3.
5 XRD patterns for catalysts 1 and 2, calcined at 500 °C, also 

had a pattern present consistent with γ-Al2O3,
5 as well as reflections corresponding to RuO2,

7 

marked with an asterisk (*). Catalyst 1 also had a shoulder peak at 2θ value 44.09°, marked 

with a hash (#), possibly corresponding to elemental ruthenium.8 The XRD data are 

summarised in Tables D21–D24 below. 
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Table D21 – XRD data summary for Catalyst 1, calcined at 200 °C, in Figure D14. The 

reflections are consistent with that of γ-Al2O3.
5 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

32.38 2.762 22.82 Al2O3 2.7970 48.80 (220) 

36.98 2.429 43.79 Al2O3 2.3853 57.40 (311) 

39.18 2.297 34.12 Al2O3 2.2837 6.50 (222) 

45.66 1.985 72.78 Al2O3 1.9778 88.0 (400) 

60.50 1.529 15.95 Al2O3 1.5225 17.80 (511) 

66.71 1.401 100.00 Al2O3 1.3985 100.00 (440) 

84.69 1.144 11.15 Al2O3 1.1419 8.60 (444) 

 

PDF card numbers for the phases presented in Table D21: 

Al2O3:  JCPDS No. 01-079-1558 
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Table D22 – XRD data summary for Catalyst 1, calcined at 500 °C, in Figure D14. The 

reflections are consistent with that of γ-Al2O3,
5 Ru8 and RuO2.

7 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

28.05 3.179 18.30 RuO2 3.1797 100.00 (110) 

32.69 2.738 17.09 Al2O3 2.7970 48.80 (220) 

35.13 2.553 28.03 RuO2 2.5500 79.50 (101) 

37.07 2.423 39.79 Al2O3 2.3853 57.40 (311) 

39.45 2.282 32.18 Al2O3 2.2837 6.50 (222) 

44.09 2.052 15.04 Ru 2.0819 100.00 (101) 

45.77 1.981 67.97 Al2O3 1.9778 88.0 (400) 

54.27 1.689 9.18 RuO2 1.6879 60.58 (211) 

60.82 1.522 12.05 Al2O3 1.5225 17.80 (511) 

66.85 1.398 100.00 
Al2O3 

RuO2 

1.3985 

1.3951 

100.00 

14.09 

(440) 

(112) 

84.85 1.142 8.30 Al2O3 1.1419 8.60 (444) 

 

PDF card numbers for the phases presented in Table D22: 

Ru:  JCPDS No. 6-663 

RuO2:   JCPDS No. 01-088-0286 

Al2O3:  JCPDS No. 01-079-1558 
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Table D23 – XRD data summary for Catalyst 2, calcined at 200 °C, in Figure D14. The 

reflections are consistent with that of γ-Al2O3.
5 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

32.68 2.738 20.26 Al2O3 2.7970 48.80 (220) 

37.04 2.425 43.40 Al2O3 2.3853 57.40 (311) 

39.34 2.289 34.24 Al2O3 2.2837 6.50 (222) 

45.59 1.988 70.51 Al2O3 1.9778 88.0 (400) 

60.72 1.524 13.45 Al2O3 1.5225 17.80 (511) 

66.74 1.400 100.00 Al2O3 1.3985 100.00 (440) 

84.79 1.142 8.64 Al2O3 1.1419 8.60 (444) 

 

PDF card numbers for the phases presented in Table D23: 

Al2O3:  JCPDS No. 01-079-1558 
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Table D24 – XRD data summary for Catalyst 2, calcined at 500 °C, in Figure D14. The 

reflections are consistent with that of γ-Al2O3,
5 and RuO2.

7 

Position 

(°2θ) 

Planar 

Spacing 

(Å) 

Relative 

Intensity 

(%) 

Compound 

match 

Planar 

Spacing 

(Å) 

Literature 

Relative 

Intensity 

(%) 

Miller 

Indices 

(hkl) 

28.05 3.178 20.52 RuO2 3.1797 100.00 (110) 

32.66 2.740 18.77 Al2O3 2.7970 48.80 (220) 

35.14 2.552 30.33 RuO2 2.5500 79.50 (101) 

37.13 2.419 40.15 Al2O3 2.3853 57.40 (311) 

39.45 2.282 31.94 Al2O3 2.2837 6.50 (222) 

45.75 1.982 68.86 Al2O3 1.9778 88.0 (400) 

54.38 1.686 9.06 RuO2 1.6879 60.58 (211) 

60.78 1.523 12.32 Al2O3 1.5225 17.80 (511) 

66.86 1.398 100.00 
Al2O3 

RuO2 

1.3985 

1.3951 

100.00 

14.09 

(440) 

(112) 

84.73 1.143 8.69 Al2O3 1.1419 8.60 (444) 

 

PDF card numbers for the phases presented in Table D24: 

RuO2:  JCPDS No. 01-088-0286 

Al2O3:  JCPDS No. 01-079-1558 

 

 

Figure D15 – TPR profile of 10 % RuCo/Al2O3 catalyst, calcined at 200 °C, showing no 

reduction peaks, suggesting no reducible species on the support. 
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La2O3 nanoparticles on support 
 

Table D25 – EDX quantification of the spectrum from Figure 5.29. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Aluminium 13 K-series 41.04 29.47 3.77 

Oxygen 8 K-series 58.15 70.42 5.31 

Lanthanum 57 L-series 0.80 0.11 0.32 

  Total: 100.00 100.00  
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Iron oxide nanoparticles on support 
 

 

Figure D16 – The catalysts prepared with 5 % iron oxide nanoparticles on La2O3/Al2O3 

supports after different calcination temperatures, in each case shown from left to right the 

concentration of La2O3 in increasing order; (a) Uncalcined supports as a grey powder, (b) 

supports after calcination at 200 °C, as a yellowish powder (c) supports after calcination at 500 

°C, as a pink-red powder, and (d) the supports after calcination at 750 °C, as a red-pink powder. 
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Figure D17 – TPR profiles of catalysts prepared with 5 % iron oxide loadings on supports with 

different La2O3 loadings, compared to neat γ-Al2O3 (Puralox); (a) samples uncalcined before 

TPR analysis, (b) catalysts calcined at 200 °C before TPR analysis, and (c) catalysts calcined 

at 750 °C before TPR analysis. TPR profile peak maxima are summarised in Table D26 below. 
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Table D26 – TPR profile peak maxima summary, relating to Figure D17 with potential iron 

oxidation state transitions indicated. 

Calcination 

Temperature (°C) 

La2O3 

concentration (%) 

Peak Maxima (°C) Possible 

Transitions 

Uncalcined 

0.00 426 

599 

722 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

FeO → Fe 

1.94 520 

608 

759 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

FeO → Fe 

2.72 449 

597 

712 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

FeO → Fe 

2.90 543 Fe3O4 → FeO 

4.77 425 

575 

791 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

FeO → Fe 

200 

0.00 400 

587 

767 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

FeO → Fe 

1.94 407 

559 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

2.72 416 

610 

762 

Fe2O3 → Fe3O4 

Fe3O4 → FeO 

FeO → Fe 

2.90 549 Fe3O4 → FeO 

4.77 446 Fe2O3 → Fe3O4 

750 

0.00 455 Fe3O4 → FeO 

1.94 449 Fe3O4 → FeO 

2.72 471 Fe3O4 → FeO 

2.90 454 Fe3O4 → FeO 

4.77 434 Fe3O4 → FeO 

 

 

Table D27 – EDX quantification of the spectrum from Figure 5.40. 

 Atomic 

Number 

Series Concentration 

[wt. %] 

Concentration 

[at. %] 

Error (3 sigma) 

[wt. %] 

Iron 26 K-series 12.63 4.88 1.22 

Lanthanum 57 L-series 2.19 0.34 0.74 

Aluminium 13 K-series 36.66 29.33 3.38 

Oxygen 8 K-series 48.52 65.45 4.45 

  Total: 100.00 100.00  
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Table D28 – XRD data summary for calcined (500 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on 4.77 % La2O3/Al2O3 support, as in Figure 5.42(b). Reflections consistent with 

that of γ-Al2O3,
5 magnetite (Fe3O4),

9 maghemite (γ-Fe2O3)
10 and hematite (α-Fe2O3)

11 were 

observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

19.7190 4.49856 16.74 γ-Al2O3 111 

24.1289 3.68543 27.20 α-Fe2O3 012 

30.4332 2.93482 18.69 Fe3O4/γ-Fe2O3 220 

33.1521 2.70008 98.03 α-Fe2O3 104 

35.6297 2.51779 100.00 Fe3O4/γ-Fe2O3 

α-Fe2O3 

311 

110 

37.2084 2.41451 56.25 γ-Al2O3 311 

39.3791 2.28627 42.74 γ-Al2O3 222 

40.8262 2.20851 27.26 α-Fe2O3 113 

43.4768 2.07981 10.88 Fe3O4/γ-Fe2O3 

α-Fe2O3 

400 

202 

45.8380 1.97802 79.76 γ-Al2O3 400 

49.4585 1.84136 27.42 α-Fe2O3 024 

54.0510 1.69525 33.76 Fe3O4/γ-Fe2O3 

α-Fe2O3 

422 

116 

57.5658 1.59982 15.90 Fe3O4/γ-Fe2O3 511 

60.7608 1.52312 19.21 γ-Al2O3 511 

62.4212 1.48653 31.72 Fe3O4/γ-Fe2O3 

α-Fe2O3 

440 

214 

64.0267 1.45307 31.41 α-Fe2O3 300 

66.8510 1.39838 98.92 γ-Al2O3 440 

71.9307 1.31160 9.71 Fe3O4/γ-Fe2O3 620 

75.4374 1.25910 10.20 Fe3O4/γ-Fe2O3 622 

84.8462 1.14186 16.92 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D28: 

γ-Al2O3: JCPDS No. 01-079-1558 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

α-Fe2O3: JCPDS No. 01-073-0603 
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Table D29 – XRD data summary for calcined (500 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on 4.77 % La2O3/Al2O3 support after TPR analysis, as in Figure 5.42(c). 

Reflections consistent with that of γ-Al2O3,
5 magnetite (Fe3O4),

9 maghemite (γ-Fe2O3)
10 and 

hematite (α-Fe2O3)
11 and elemental iron (α-Fe)12 were observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

19.5282 4.54206 7.10 γ-Al2O3 111 

30.3874 2.93914 10.80 Fe3O4/γ-Fe2O3 220 

32.6982 2.73652 16.79 γ-Al2O3 220 

35.6929 2.51348 28.86 Fe3O4/γ-Fe2O3 

α-Fe2O3 

311 

110 

37.1163 2.42029 31.73 γ-Al2O3 311 

39.4641 2.28155 22.73 γ-Al2O3 222 

44.7053 2.02547 100.00 α-Fe 110 

45.8885 1.97596 46.80 γ-Al2O3 400 

60.9021 1.51992 11.46 γ-Al2O3 511 

65.0325 1.43301 21.52 α-Fe 200 

66.8896 1.39766 62.04 γ-Al2O3 440 

82.3394 1.17015 19.31 α-Fe 211 

85.0042 1.14014 5.61 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D29: 

γ-Al2O3: JCPDS No. 01-079-1558 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

α-Fe2O3: JCPDS No. 01-073-0603 

α-Fe:  JCPDS No. 6-696 

 

 

 

XRD data for γ-Al2O3, for the pattern presented in Figure 5.42(a) are located in Table D18. 
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Table D30 – XRD data summary for calcined (500 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on Al2O3 support, as in Figure 5.43(b). Reflections consistent with that of γ-

Al2O3,
5 magnetite (Fe3O4),

9 maghemite (γ-Fe2O3)
10 and hematite (α-Fe2O3)

11 were observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

19.1170 4.63884 15.11 γ-Al2O3 111 

24.2013 3.67458 12.94 α-Fe2O3 012 

30.4203 2.93604 23.03 Fe3O4/γ-Fe2O3 220 

33.1581 2.6996 63.41 α-Fe2O3 104 

35.6632 2.51551 81.08 
Fe3O4/γ-Fe2O3 

α-Fe2O3 

311 

110 

37.1229 2.41988 56.57 γ-Al2O3 311 

39.3984 2.28519 40.52 α-Fe2O3 006 

40.8153 2.20908 16.25 α-Fe2O3 113 

43.5423 2.07683 8.37 
Fe3O4/γ-Fe2O3 

α-Fe2O3 

400 

202 

45.7933 1.97985 78.72 γ-Al2O3 400 

49.517 1.83932 12.41 α-Fe2O3 024 

54.0708 1.69467 16.48 
Fe3O4/γ-Fe2O3 

α-Fe2O3 

422 

116 

57.5857 1.59931 10.15 
Fe3O4/γ-Fe2O3 

α-Fe2O3 

511 

018 

60.9703 1.51838 18.76 γ-Al2O3 511 

62.4674 1.48554 21.79 
Fe3O4/γ-Fe2O3 

α-Fe2O3 

440 

214 

63.1833 1.47042 19.01 α-Fe2O3 300 

64.0295 1.45302 21.79 α-Fe2O3 300 

66.926 1.39699 100.00 γ-Al2O3 440 

84.9858 1.14034 10.27 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D30: 

γ-Al2O3: JCPDS No. 01-079-1558 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

α-Fe2O3: JCPDS No. 01-073-0603 
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Table D31 – XRD data summary for calcined (500 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on Al2O3 support after TPR analysis, as in Figure 5.43(c). Reflections consistent 

with that of γ-Al2O3
5 and elemental iron (α-Fe)12 were observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

19.4508 4.55996 7.08 γ-Al2O3 111 

32.5888 2.74545 17.06 γ-Al2O3 220 

37.1366 2.41901 30.24 γ-Al2O3 311 

39.4105 2.28452 22.20 γ-Al2O3 222 

44.6650 2.02720 100.00 α-Fe 110 

45.7848 1.98019 41.55 γ-Al2O3 400 

60.7575 1.52319 9.20 γ-Al2O3 511 

65.0159 1.43334 18.66 α-Fe 200 

66.8944 1.39758 52.05 γ-Al2O3 440 

82.3028 1.17058 16.98 α-Fe 211 

84.9250 1.14100 5.12 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D31: 

γ-Al2O3: JCPDS No. 01-079-1558 

α-Fe:  JCPDS No. 6-696 

 

 

 

 

 

 

 

XRD data for γ-Al2O3, for the pattern presented in Figure 5.42(a) are located in Table D18. 
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Figure D18 – Powder XRD patterns of: (a) calcined (750 °C) catalyst (5 % iron oxide on 

Al2O3) (black), and catalyst post TPR experiment (red), and (b) calcined (750 °C) catalyst (5 

% iron oxide on 2.90 % La2O3/Al2O3) (black), and catalyst post TPR experiment (red). The 

calcined samples (black) in both (a) and (b) had reflections consistent with γ-Al2O3
5 (not 

indicated), magnetite (Fe3O4) 
9 and/or maghemite (γ-Fe2O3) 

10 (indicated with a pound symbol 

(#)), and/or hematite (α-Fe)12 (indicated with an asterisk (*)). The post TPR experiment 

catalysts (red) in both (a) and (b) showed reflections consistent with that of γ-Al2O3
5 and 

elemental iron (α-Fe).12 The post TPR experiment (red) pattern in (a) also had an additional 

reflection that may be consistent with magnetite (Fe3O4) 
9 and/or maghemite (γ-Fe2O3) 

10 

(indicated with a pound symbol (#)), and/or hematite (α-Fe)12 (indicated with an asterisk (*)). 

The same reflection in (a)(red) corresponding to iron oxide phases, may be present in (b)(red) 

observed as a shoulder peak (indicated with an interrobang (‽)). The XRD data are summarised 

in Tables D32–D35 below. 
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Table D32 – XRD data summary for calcined (750 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on Al2O3 support, as in Figure D18(a)(black). Reflections consistent with that of 

γ-Al2O3,
5 magnetite (Fe3O4),

9 maghemite (γ-Fe2O3)
10 and hematite (α-Fe2O3)

11 were observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

19.4072 4.57010 12.81 γ-Al2O3 111 

24.1514 3.68205 27.62 α-Fe2O3 012 

33.1715 2.69854 100.00 α-Fe2O3 104 

35.6429 2.51689 84.18 Fe3O4/γ-Fe2O3 

α-Fe2O3 

311 

110 

37.0269 2.42593 47.05 γ-Al2O3 311 

39.3600 2.28734 38.31 γ-Al2O3 222 

40.8626 2.20663 27.39 α-Fe2O3 113 

45.8361 1.97810 69.10 γ-Al2O3 400 

49.4717 1.84090 27.98 α-Fe2O3 024 

54.1099 1.69354 33.25 Fe3O4/γ-Fe2O3 

α-Fe2O3 

422 

116 

57.6593 1.59744 13.59 Fe3O4/γ-Fe2O3 511 

60.7250 1.52393 17.66 γ-Al2O3 511 

62.4720 1.48544 31.15 Fe3O4/γ-Fe2O3 

α-Fe2O3 

440 

214 

64.0056 1.45350 29.60 α-Fe2O3 300 

66.9174 1.39715 86.67 γ-Al2O3 440 

72.0090 1.31037 10.25 Fe3O4/γ-Fe2O3 620 

75.4426 1.25903 8.68 Fe3O4/γ-Fe2O3 622 

84.9245 1.14101 14.08 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D32: 

γ-Al2O3: JCPDS No. 01-079-1558 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

α-Fe2O3: JCPDS No. 01-073-0603 
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Table D33 – XRD data summary for calcined (750 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on Al2O3 support after TPR analysis, as in Figure D18(a)(red). Reflections 

consistent with that of γ-Al2O3,
5 magnetite (Fe3O4),

9 maghemite (γ-Fe2O3)
10 and hematite (α-

Fe2O3)
11 and elemental iron (α-Fe)12 were observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

19.2269 4.61255 8.86 γ-Al2O3 111 

32.7358 2.73345 21.71 γ-Al2O3 220 

35.7164 2.51188 26.67 Fe3O4/γ-Fe2O3 

α-Fe2O3 

311 

110 

36.9991 2.42769 32.92 γ-Al2O3 311 

39.3949 2.28539 26.58 γ-Al2O3 222 

44.6615 2.02735 100.00 α-Fe 110 

45.7116 1.98320 46.23 γ-Al2O3 400 

60.8632 1.52080 10.97 γ-Al2O3 511 

65.0062 1.43353 20.46 α-Fe 200 

66.8766 1.39790 58.71 γ-Al2O3 440 

82.3007 1.17060 16.55 α-Fe 211 

84.9037 1.14123 5.45 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D33: 

γ-Al2O3: JCPDS No. 01-079-1558 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

α-Fe2O3: JCPDS No. 01-073-0603 

α-Fe:  JCPDS No. 6-696 
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Table D34 – XRD data summary for calcined (750 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on 2.90 % La2O3/Al2O3 support, as in Figure D18(b)(black). Reflections 

consistent with that of γ-Al2O3,
5 magnetite (Fe3O4),

9 maghemite (γ-Fe2O3)
10 and hematite (α-

Fe2O3)
11 were observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

19.4705 4.55541 12.59 γ-Al2O3 111 

24.1570 3.68121 14.58 α-Fe2O3 012 

32.7885 2.72918 32.57 γ-Al2O3 220 

33.1654 2.69903 68.54 α-Fe2O3 104 

35.6256 2.51807 60.93 Fe3O4/γ-Fe2O3 

α-Fe2O3 

311 

110 

37.1699 2.41692 53.39 γ-Al2O3 311 

39.3937 2.28546 38.42 γ-Al2O3 222 

40.8299 2.20832 15.23 α-Fe2O3 113 

45.6988 1.98372 75.79 γ-Al2O3 400 

49.4748 1.84080 14.06 α-Fe2O3 024 

54.0935 1.69402 17.09 Fe3O4/γ-Fe2O3 

α-Fe2O3 

422 

116 

57.7146 1.59605 8.35 Fe3O4/γ-Fe2O3 511 

61.1661 1.51399 17.83 γ-Al2O3 511 

62.4085 1.48681 22.23 Fe3O4/γ-Fe2O3 

α-Fe2O3 

440 

214 

65.1650 1.43042 22.97 α-Fe2O3 300 

66.8538 1.39832 100.00 γ-Al2O3 440 

72.1009 1.30893 3.91 Fe3O4/γ-Fe2O3 620 

75.5166 1.25798 5.34 Fe3O4/γ-Fe2O3 622 

85.0133 1.14004 10.21 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D34: 

γ-Al2O3: JCPDS No. 01-079-1558 

Fe3O4:  JCPDS No. 19-629 

γ-Fe2O3: JCPDS No. 24-81 

α-Fe2O3: JCPDS No. 01-073-0603 
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Table D35 – XRD data summary for calcined (750 °C) catalyst consisting of 5 % iron oxide 

nanoparticles on 2.90 % La2O3/Al2O3 support after TPR analysis, as in Figure D18(b)(red). 

Reflections consistent with that of γ-Al2O3
5 and elemental iron (α-Fe)12 were observed. 

Position (°2θ) Planar Spacing 

(Å) 

Relative 

Intensity (%) 

Compound 

match 

Miller Indices 

(hkl) 

18.8831 4.69577 12.79 γ-Al2O3 111 

32.6818 2.73785 30.59 γ-Al2O3 220 

37.1307 2.41939 54.90 γ-Al2O3 311 

39.3807 2.28618 37.62 γ-Al2O3 222 

44.6761 2.02673 75.19 α-Fe 110 

45.6939 1.98392 74.87 γ-Al2O3 400 

60.6773 1.52501 18.97 γ-Al2O3 511 

64.9894 1.43386 26.47 α-Fe 200 

66.8412 1.39856 100.00 γ-Al2O3 440 

82.3177 1.17040 13.83 α-Fe 211 

84.8604 1.14170 9.40 γ-Al2O3 444 

 

PDF card numbers for the phases presented in Table D35: 

γ-Al2O3: JCPDS No. 01-079-1558 

α-Fe:  JCPDS No. 6-696 
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