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Abstract            

Magnetic nanoparticles (MNP) have been recently gaining much attention thanks to 

their application as cancer-killing agents through heat delivery in magnetic 

hyperthermia treatment. Although MNP are considered very promising, there is still 

the need to investigate different magnetic materials and nanoparticles size to 

improve the performances of MNP in magnetic hyperthermia. Therefore, it is 

important to expand the knowledge on the chemistry of the formation of Fe-based 

MNP.  

In this work, different Fe-based, MNPs were synthesised and their efficiency in 

magnetic hyperthermia was also evaluated. The NPs were fully characterised to 

confirm the final phase and composition and the characterisation techniques used 

are described in Chapter 2. 

Chapter 3 describes the synthesis and characterisation of metallic Fe NPs. As this 

material is sensitive towards oxidation, to overcome this limitation, Fe NPs of 

different size were synthesised using a novel approach that allowed a greater size 

control, and the study of oxidative processes that depends on the size of the 

synthesised NPs. In this chapter an easy and optimal ligand transfer of the 

synthesised NPs in water was investigated and different strategies were employed, 

including polymer encapsulation, silica coating and ligand exchange with a dopamine-

functionalised polymer. The latter resulted in the best performances and it was used 

for the transfer in water of Fe NPs of different size. The ≈20 nm Fe NPs, can maintain 

a metallic core even after ligand exchange for 2 months, with high magnetic heating 

efficiency, whereas smaller Fe NPs (≈15 nm) oxidised completely. 

In Chapter 4, the synthesis of Fe2C NPs was investigated. This alloy possesses the 

magnetic and metallic feature of metallic Fe with an increased stability towards 

oxidation thanks to the C atoms in the crystal structure. After optimising the 
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synthesis, the material was fully characterised to ensure the uniformity of the final 

phase. The NPs were then transferred in water using the strategy optimised in 

Chapter 3 and the enhanced chemical stability of the Fe2C NPs towards oxidation was 

shown by the fact that the Fe2C phase was fully retained even in ≈ 14 nm NPs. The 

NPs are also tested as magnetic hyperthermia agents. 

In Chapter 5 Fe3O4 NPs are studied. In this case, novel plate-like Fe3O4 NPs were 

synthesised, as anisotropic shaped NPs are known to possess enhanced 

performances in magnetic hyperthermia. It was shown that the main agent affecting 

the final shape of NPs during the reaction was the chloride contained in the molecule 

hexadecyl ammonium chloride (HDA-Cl). The synthesis of plates-like NPs was 

optimised and different size of nanoplates were obtained by using different ligand 

with the best performing being sodium oleate. Plates NPs of different size were then 

tested for magnetic hyperthermia.  

In Chapter 6 the results from the previous chapters were summarised and the 

magnetic hyperthermia performances of different NPs were discussed and 

compared, including also commercially available magnetic NPs for biomedical 

applications. 
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Impact Statement 

The research carried out in this work, led to the synthesis and optimisation of 

magnetic nanoparticles for magnetic hyperthermia, which has had a tremendous 

growth as promising technique to treat patients with tumours in areas that are hard 

to reach by surgical means. Magnetic hyperthermia is a non-invasive therapy and can 

be delivered locally using magnetic nanoparticles as probes to deliver heat on specific 

tumour cells. This makes magnetic hyperthermia able to potentially replace or 

decrease the use of chemotherapy, which is a non-local and very invasive therapy. In 

the present work the focus is on the development of the nanoparticles to be used in 

magnetic hyperthermia and the insights found here can have a broad impact in the 

in terms of advancement for the use of nanomaterials in biomedical applications and, 

more generally, in the nanochemistry field.   

In the first experimental chapter the synthesis of metallic Fe NPs provided useful 

insights on the formation of metallic NPs using sequential addition of precursor in the 

reaction solution. Allowing a greater tunability of the final size of NPs, this approach 

could be translated into the synthetic approach of other NPs wherever a great degree 

of size control is required. Its simplicity, yet its effectiveness, makes it a versatile 

approach for the synthesis of NPs where the final properties are highly dependent on 

the size. Moreover, specifically for the case of Fe NPs, it has been proven their 

potential and employability in magnetic hyperthermia and this can further boost new 

research on the use of such material in those biomedical applications that requires 

highly magnetic NPs.  

Fe2C is among the newest materials being considered for biomedical applications 

thanks to its unique properties which combine high chemical stability and high 

magnetic moment. Being the research on iron carbides NPs for biomedical 

applications still on the early stages, the work done here sheds a light on the 
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formation and phase composition of such material at the nanoscale. Such 

information is vital to fully understand the system and to progress on the 

optimisation of iron carbide NPs, whose colloidal synthesis has proven challenging in 

the past. The progress made here can be used as a starting step to achieve efficient 

tools for magnetic hyperthermia, but also for modern technology where iron carbide 

plays an important role in many catalytic reactions like the formation of syngas. 

Furthermore, even though Fe3O4 NPs are among the most studied for biomedical 

applications, the work done here introduces new ways to produce anisotropic 

magnetic nanoparticles which possess superior heating capabilities in magnetic 

hyperthermia. The work adds on the recent efforts of synthesising shaped magnetic 

nanoparticles exploiting the interaction of chloride species with the forming NPs. This 

ability of synthesising plate-like nanoparticles has also the potential to be used for 

the anisotropic growth of nanoparticles made of different materials.  

Finally, special attention was paid on the development of a general procedure able 

to transfer any kind of iron-based nanoparticles from the reaction solvent to water 

using a dopamine modified polymer. The versatility of the transfer could be beneficial 

for many other nanoparticles-based applications where dispersibility in biological 

environment is required. 
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1.1 Nanoparticles for biomedical applications 

Recent advances in nanotechnology have allowed the production of new tools with 

great potentials in medical research and healthcare. Nanoparticles (NPs) possess at 

least one physical dimension under 100 nm and this makes their size comparable to 

the sub-cellular environment of living animals, allowing them to interact with cells 

parts and organelles which otherwise are difficult to reach.  Moreover, NPs could be 

easily tailored according to the needs they have to fulfil, and this has been driving the 

application of nanotechnology into biomedical fields. Among the most interesting 

inorganic nanoparticles for biomedicine we can easily underline the family made of 

magnetic material. Their intrinsic magnetic moment present in metals, alloys and 

oxides (Fe, Co, Ni, FeCo, FePt, CoFe2O4, Fe3O4, Fe2C, Fe2O3) can be exploited for 

magnetic delivery,1 where the magnetic moment of NPs is used to accumulate and 

concentrate the particles in a narrower area of the body; MNP can be used for 

sensing,2 like in MRI analysis where MNPs can act as contrasting agents, and heat 

generation in magnetic hyperthermia.3 The use of such materials have proved to hold 

great potentials in treatment of cancer, which remains one of the leading causes of 

death.4  

In this chapter, first, an overview on the strategies used for the synthesis of NPs will 

be discussed. Secondly, the magnetic properties of NPs and the recent advances in 

the development of MNPs for hyperthermia will be described, focusing also on the 

different parameters influencing the heating performances. Lastly, the chapter focus 

on different strategies used to functionalise magnetic nanocomposites and provide 

them with the colloidal stability needed for biomedical applications. 

1.2 Synthesis of NPs in solution 

In nanoparticle chemistry, small (1 – 20 nm) monodisperse NPs are sought5 due to 

their high surface area to volume ratio, and size dependent properties. Controlled 
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shape has also shown to further tailor the physical properties of NPs, allowing to tune 

them for different applications. In this thesis, one of the goals is to form iron-based 

NPs with monodisperse size and shape. Here are presented the factors to consider 

and strategies utilized in the literature for forming size and shape-controlled NPs. 

The synthesis of NPs in solution is generally described starting from the 

decomposition of a metal precursor leading to metal monomers dispersed in 

solution. Once the monomers’ concentration in solution reaches the critical 

solubility, the monomers nucleate and eventually grow into nanoparticles (Figure 

1.1a).6 The initial concentration of the monomers in solution will ultimately affect the 

critical size of the NPs and the size distribution of the NPs (Figure 1.1b).7 During the 

growth stage, NPs below the critical size keep growing while NPs above the critical 

size undergo dissolution.8 This process decreases the size distribution as smaller NPs 

grow and larger ones decrease in size.  

 

Figure 1-1 a) The graph shows three stages in NP synthesis, where (I) 
corresponds to the increase of monomer concentration due to precursor 
decomposition, (II) corresponds to the supersaturation and nucleation phase, 
and (III) the growth. b) The graph shows the effect of concentration of monomers 
on size and distribution. Figure 1.1a is reproduced from the work of Park et al.8 
and Figure 1.1b is reproduced from the work of Yin et al.7 

Ideally, during the synthesis of NPs, nucleation and growth would occur at a different 

time. However, nucleation and growth can also happen at the same stage, leading to 



28 

 

polydisperse NPs in size.9 One of the first solution to this problem came in 1993, when 

Murray et al. pioneered the hot-injection method where the NPs precursor was 

injected into a boiling solution set above the decomposition temperature of the 

precursor.10 This leads to a sudden nucleation and afterward just the growth is 

favoured by decreasing the reaction temperature and the concentration of monomer 

available in solution.  

In 2001 Heyon et al. reported the formation of uniform iron oxide nanocrystals via a 

heat-up approach.11 The accumulation of the monomer in solution takes place via the 

decomposition of the precursor while the temperature (T) is slowly raised, and the 

nucleation is suppressed by a high energy barrier. The nucleation is then promoted 

once a critical concentration of the monomer is reached. The methods showed also 

great potential to produce large-scale amount of NPs.12 The difference between the 

heat-up and hot injection processes is the way in which the critical concentration 

level is reached before the nanocrystal formation process. In the hot-injection 

approach, it is achieved by an external operation, being the quick injection of 

precursors. In the heat-up approach, the high energy barrier for the homogeneous 

nucleation suppresses the nanocrystal formation process during the formation of the 

monomers until the concentration is high enough for burst nucleation.13 

The NPs growth generally takes place via addition of monomer on the surface of the 

growing particles. This results in a faster growth of smaller NPs compared to bigger 

ones, as the addition of monomers to smaller NPs surface has a larger impact on the 

size.14 

1.2.1 Ostwald ripening  

Another process happening during the NPs growth is Ostwald ripening. As larger NPs 

grow, they consume smaller NPs which have the tendency to dissolve because they 

are below the critical solubility limit of the solution. The first part of Ostwald ripening 
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process leads to a broadening of the size distribution of the NPs in solution because 

the bigger NPs keep growing while the smaller NPs are reduced in size.8 As Ostwald 

ripening continues, NPs will eventually all tend towards the large particle size, thus 

leading to a narrow size distribution of the NPs and form larger nanoparticles.15 

Usually, in the synthetic methods, NPs growth is stopped before the Ostwald ripening 

process starts taking place, to avoid a polydisperse population. One strategy to avoid 

Ostwald ripening process is to use a second or more injections of precursor to shift 

the critical size and narrow the size distribution again.6,16,17 

1.2.2 Stabilising Agents 

Surfactants are often used in NPs growth to stabilise the NPs colloids by interacting 

with the surface of the NPs and preventing aggregation.18 At the same time, 

stabilising agents have been exploited to affect size19 of the NPs, this is due to their 

binding strength.20 When the surfactant has a weak interaction with the NPs surface 

it allows easy access for the monomer to attach onto the surface. Instead, if the 

interaction is strong the monomer addition will be hindered and, thus, the growth of 

NPs limited. This means that varying the concentration of surfactant used, especially 

in the case of strongly binding ligands, allows control of the size of the final NPs.21  It 

has also been reported that the size of the surfactant can affect the final dimension 

of NPs: stabilising agents with bigger tail groups form nanoparticles of smaller sizes 

because of the limited access of the monomer to the surface of the NPs.22  

Stabilising agents can also play a role in controlling the NPs shape23 thanks to the 

preferential binding of the surfactants on different crystal facets of the NPs. As 

nanocrystals grow, their crystal structure will affect the shape of the seed and 

particles, leading to the appearance of facets. Some ligand may show more affinity 

towards some facets rather than others, and this may be used to control the shape 

of the final NPs.24 Often a mixture of a strong and a weakly binding surfactant is used. 
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While the weakly binding surfactant is mainly used to prevent aggregation, the 

strong-binding one is used to bind specific facets and stabilise them.25 

1.2.3 Ions stabilizing crystal facets 

A common strategy used to improve the control of the synthesis of NPs involves also 

the utilisation of ions which get adsorbed to the growing nuclei, leading to the 

stabilization of a crystal facet. For example, bromide ions have been reported to 

stabilize the {100} facet of face centred cubic (fcc) metals forming cubic NPs of 

palladium,26,27 platinum28 and rhodium.26 Similarly, in the case of Fe NPs, bromide and 

chloride ions have been shown to drastically improve the crystallinity of Fe NPs by 

interacting with the forming nanocrystals when Fe(CO)5 was used as precursor.29–31  

Moreover, Ag+ ions have been reported to promote anisotropic growth in gold 

nanoparticles by preferentially inhibiting the {110} facets by underpotential 

deposition of silver on the gold’s surface, and favouring the growth from the 

uninhibited facets, either the {100} or {111} facet, thus forming gold nanorods.32,33 A 

mix of bromide and Hofmeister salts series can be used for fine-tuning gold nanorods 

aspect ratio.34 

1.3 Magnetic nanoparticles for hyperthermia therapy 

1.3.1 Introduction to hyperthermia 

The first reports of hyperthermia as treatment can be traced back to the Greeks, 

Egyptians and Romans.35,36 In 1970, after the observation that whole body 

hyperthermia caused by fever could induce tumour regression, the first clinical trials 

on hyperthermia started.35 It was observed that cancer cells are more sensitive to 

heat than healthy cells. When cancer cells are exposed to a temperature between 

42° and 45° C, they go through the process called apoptosis,37 which is a kind of cell 

death where cells trigger their self-destruction in response to a signal.38 On the other 

hand, healthy cells can withstand such temperatures with no effects. If the 
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temperature of the treatment goes above 46 °C, it is defined as thermal ablation.39  

This can affect also healthy cells, and it usually leads to death of the treated tissue 

for necrosis. The necrosis is able to start an inflammatory reaction in the surrounding 

environment, leading to potentially more side effects than the apoptosis process.40 

The higher sensitivity to heat of cancer cells compared to healthy ones is due to the 

nature of the disease. Cancer cells grow in a faster and more chaotic manner, leading 

to a more disorganised architecture of the vascular vessels.41 As a consequence, 

when hyperthermia is applied, the blood flow surrounding the tumour is less efficient 

to dissipate heat, causing the temperature in a tumour to rise faster and trigger 

apoptosis or necrosis earlier than in normal tissues.42 Hyperthermia has also shown 

promising results when combined with chemotherapy or radiotherapy, as cell 

becomes more sensitive towards drugs if heat is delivered first.3,43 

Hyperthermia treatment can be divided into three kinds: i) local, ii) regional and iii) 

whole-body. In the whole-body hyperthermia the temperature of the body is 

increased using heating chambers or warm blanket.44 In this case, the general and 

unspecific heat increase can stimulate the blood flow and the efficiency of drugs and 

radio therapy. The regional and local treatment, instead, is used for localised 

tumours. Local hyperthermia is the least invasive technique and allows to treat 

tumours located superficially or in accessible body cavities. Several techniques like 

radiofrequency,45 microwave radiation,46 laser ablation47 can be used to deliver heat. 

One of the most promising technique uses magnetic NPs as a vector to deliver heat 

and it is therefore called Magnetic Hyperthermia (MH).48  

1.3.2 Magnetic properties 

In any material, the magnetic properties originate from the electrons in the atoms. 

Two factors contribute to the magnetic behaviour: the movement of electrons that 

orbit around the nuclei, defined as the orbital magnetic moment, and the spin of 

electrons defined as spin magnetic moment. The interaction between the spin of the 
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electron and its motion produces the spin-orbit coupling. Just valence electrons 

contribute to the magnetic moment as core electrons from filled orbitals have a zero 

net magnetic moment as they are combined into pairs with opposite spin. The overall 

interaction of the electrons in a material leads to distinctive magnetic properties, 

depending on the electronic configuration of the material itself, and ultimately two 

scenarios are formed, one where the interaction couples the spins parallel 

(ferromagnetic interaction, ↑↑), and another where the spins are coupled 

antiparallel (antiferromagnetic interaction, ↑↓). The possible configurations 

originate different types of magnetic materials which can be classified as 

diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic and anti-ferromagnetic 

substances. 49 

Diamagnetic and paramagnetic materials do not show a net magnetisation moment 

(M) when no external magnetic field is applied. In the case of diamagnetic materials, 

all electrons are paired, and they respond to an external magnetic field generating an 

induced opposite magnetic moment (Figure 1.2). In the presence of unpaired 

electrons paramagnetism is observed and when an external magnetic field is applied, 

the moments of the atoms tend to align to it. Due to thermal motion, those moments 

are randomly oriented, and the net moment goes back to zero once the external field 

is removed. In the field of materials showing net magnetisation moment, we find 

ferromagnetic, ferrimagnetic and antiferromagnetic materials. The difference among 

them depends on the crystal lattice of the material which affects the final magnetic 

properties. In the case of ferromagnetic materials, all the magnetic domains present 

(regions in which the magnetisation is in a uniform direction) are parallel to each 

other. In some cases, magnetic domains can organise in two antiparallel magnetic 

domains, forming ferrimagnetic and antiferromagnetic materials. In the first case, the 

lattices are not equivalent, and a net moment is observed while in the latter the 

lattices are equivalent with no resulting magnetization. Ferro- and ferrimagnetic 

materials behave as paramagnet above a certain temperature (called Curie 
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temperature, TC) because the thermal motion randomly orientates the magnetic 

moment resulting in a zero-net moment.49 

 

Figure 1-2 Schematic response of magnetic materials to an applied magnetic 
field.50 

1.3.2.1 Superparamagnetism  

Bulk ferro- and ferrimagnetic materials are made of magnetic domains that lower the 

energy state of a crystal. At the border between different domains (domain walls) 

defects generally are present, causing a difference in the magnetic moment.51 When 

the material’s features are analysed through the measurement of their magnetic 

moment in response to an external magnetic field (M-H curve), the classical curve 

observed is a loop due to the flipping of the magnetic domains trying to align to the 

magnetic field applied (Figure 1.3).52 The saturation magnetization (Ms) is observed 

once every moment of all the domain in the material is aligned towards the applied 

magnetic field direction. Once the field is removed, the material retains some extent 

of the magnetic moment and an opposite field needs to be applied to obtain a 

moment equal to zero. This field is called coercive field or coercivity (Hc). When the 

size of the particles is reduced, small enough NPs becomes single-domain particles. 

There exists a critical size (Dc) for each material under which the transition from multi-
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domain to single-domain happens. The coercivity field reach a maximum at the 

critical size, and if the size is reduced further the coercivity decreases due to thermal 

effects.53 When the size goes below Dp the thermal effects are able to completely 

demagnetise the material after the removal of an external magnetic field (Figure 1.4). 

This state is called superparamagnetic state.  In such state, the material is magnetised 

in a similar manner to a paramagnet, with a much larger magnetic susceptibility. As 

this state is thermally activated, there is a temperature below which 

superparamagnetic particles have a ferromagnetic behaviour because they cannot be 

demagnetised by the thermal motion and particles result as “blocked”. The 

temperature is called blocking temperature (TB).  

 

Figure 1-3 M-H curve showing a typical hysteresis loop of a multi-domain 
magnetic material. The loop arises from the different fields intensity necessary to 
align different domains.3 
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Figure 1-4 Schematic representation of the relationship between coercivity and 
particles size in case of single-domain and multi-domain particles. 

 

1.3.3 Magnetic Hyperthermia 

MNPs have proved to be promising in converting magnetic energy into thermal 

energy when they are exposed to an external oscillating magnetic field. This process 

is called Magnetic Hyperthermia (MH). 

1.3.3.1 Heat generation mechanism 

To convert the magnetic energy to thermal energy, MNPs are exposed to an 

alternating current (AC) magnetic field. Different mechanisms of heating are in place 

depending on the magnetic properties of the NPs. 

In ferri- and ferromagnetic materials, in multi-domain configuration, the production 

of heat is proportional to the hysteresis behaviour observed in such material under 

AC magnetic field. The cycle of alignment of the domains to the varying uniaxial 

magnetic field generate hysteresis losses.54 For each cycle the heat produced, P, can 

be estimated from the area of the hysteresis loop according to the following 

equation:   
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𝑃 = 𝜇0𝑓 ∮ 𝐻𝑑𝑀     (Eq. 1-1) 

where μ0 is the magnetic permeability, f is the frequency of the applied field, H is the 

strength of the field and M the magnetisation.55   

In the case of superparamagnetic particles, when an AC magnetic field is applied, no 

hysteretic behaviour is observed, therefore no heat lost is generated via this process. 

Instead heat lost is generated via two relaxations modes called Neel and Brownian 

relaxation. Neel relaxation is produced by the alignment of the magnetic moment of 

the NPs towards the direction of the oscillating magnetic field. When the magnetic 

moment relaxes to its equilibrium orientation, energy is lost. The rotation time of the 

magnetic moment is described by the Neel relaxation time in the following equation: 

𝜏𝑁 = 𝜏0𝑒𝑥𝑝
𝐾𝑉

𝑘𝐵𝑇    (Eq. 1-2) 

Where τ0 ~ 10-9 s, K is the anisotropy constant of the material, V the volume of 

magnetic particle, kB the Boltzmann constant and T the temperature. 

Brownian relaxation arises from the physical rotation of the particles interacting with 

the applied AC magnetic field. The particles, rotating in the carrier liquid, attempt to 

re-orientate with the direction of the magnetic field, producing a friction. The 

rotation is defined by Brownian relaxation time, τB with the following equation: 

𝜏𝐵 =
3𝜂𝑉𝐵

𝑘𝑇
     (Eq. 1-3) 

where η represents the viscosity of the surrounding medium, VH the hydrodynamic 

volume of the particles, kB the Boltzmann constant and T the temperature. Neel and 

Brownian relaxation mechanism are represented in Figure 1.5. 
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Figure 1-5 Schematic representation of the Néel versus Brownian relaxation. Néel 
relaxation: the magnetic moment rotates within each particle. Brownian 
relaxation: the particle rotates as a whole. 

The two processes greatly depend on the size of the NPs and the nature of the 

magnetic material through its magnetic anisotropy constant.56,57 In general Neel 

relaxation is predominant in smaller NPs as less energy is required to reorient the 

magnetic moment. Conversely, Brownian relaxation will dominate in the case of 

bigger NPs (also present in the case of ferromagnetic NPs). However, in this case the 

surrounding environment can also affect the relaxation process, as highly viscous 

media can hinder the rotation of the particles. Indeed, NPs internalised in cells often 

show a reduction in heating performance compared to “free” NPs in solution due to 

the lack of Brownian relaxation contribute.58 

Both relaxations are not independent from one to another and the relaxation process 

in NPs is the result of the two relaxation phenomena combined as described: 

𝝉𝒆𝒇𝒇 =
𝝉𝑩𝝉𝑵

𝝉𝑩+𝝉𝑵
     (Eq. 1-4) 
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1.3.3.2 Quantification of heat loss 

To quantify the heating power of MNP in a varying magnetic field, the specific 

absorption rate (SAR) is usually used. It is defined as: 

𝑆𝐴𝑅 =
𝛥𝑇

𝛥𝑡

𝐶

𝑚𝐹𝑒
     (Eq. 1-5) 

where C is the heat capacity of the solvent where the measurement takes place, T is 

the temperature, and t is the time, and mFe is the iron concentration in solution. 

Importantly, SAR does not measure an intrinsic property of a system because it is 

strongly dependent on the strength and frequency of the magnetic field applied. 59 

To overcome this issue, it was proposed to use a different parameter to quantify the 

heating power of a given system, called intrinsic loss power (ILP)60. This is defined as: 

𝐼𝐿𝑃 =
𝑆𝐴𝑅

(𝑓∙𝐻2)
    (Eq. 1-6) 

This parameter helps to compare results coming from different laboratories as it 

normalises the SAR parameter by the field strength and frequency used during the 

measurement. 

1.3.4 Nanoparticles for magnetic hyperthermia 

Having NPs with a high heating output is fundamental for the clinical use of MH for 

two main reasons. Firstly, it would allow to introduce in the body just the minimum 

amount of foreign material, reducing any possible issues concerning the toxicity of 

the material. Secondly, it would allow to work within safe doses of delivered 

electromagnetic field. The SAR output of a system increases with the frequency and 

the strength of the applied field used, but it was estimated that the product of 

strength and frequency (Hxf) of the field used should not exceed the threshold of 5 x 

109 Am-1s-1 to be considered safe for the human body.61 Above this limit, the 

formation of Eddie currents could result in inductive heating of healthy tissues, and 

other harmful side effects like muscular stimulation or heart arhythmias.62  
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Several parameters can play a role in the optimisation of SAR values. Regarding the 

material’s properties, high SAR requires high Ms value and low magnetocrystalline 

anisotropy.63 Moreover, the NPs size (NPs diameter, dNP) also affects the final 

properties. Indeed, ferromagnetic (and ferri-magnetic) nanomaterials below a critical 

size (dcr) form particles with single magnetic domain, whereas above the critical size 

particles have multiple magnetic domains. As the size of a monodomain particle is 

reduced, the superparamgnetic limit (dSP) is achieved, and the particle is in a 

superparamagnetic state. Hergt et al. suggested that the optimal size for MNPs with 

high SAR value should be close to the size at the transition from superparamagnetic 

to ferromagnetic behaviour (dNP≈dSP).64 Medaloui et al. also highlighted that SAR 

abruptly drops, along with coercivity, after the transition toward multidomain MNPs, 

(dNP > dcr) suggesting that such MNPs are not the most efficient for MH, with the 

optimized particles being single-domain MNPs.65  As the specific transition diameters 

(dcr and dSP) depends on the material used, different optimal size also depends on the 

NPs’ composition; hence the size of the particles should be carefully controlled to 

meet the needs of a given application.  Figure 1.6 shows the estimated value of the 

threshold diameters for superparamagnetic (dSP) and monodomain (dcr) spherical 

nanoparticles of the most common magnetic materials.66 

Among several materials, Habib et al. calculated that NPs with the highest power loss 

output would be FeCo NPs of 35 nm and α-Fe NPs of 11 nm, with the field amplitude 

and frequency taken to be 50 mT and 300 kHz.67 However metallic NPs have been 

less studied due to their poor stability and toxicity concerns. 
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Figure 1-6 Threshold diameters for superparamagnetism (dSP) and maximum 
monodomain (dcr) size for spherical nanoparticles, based on bulk material 
parameters.66 

Conversely, metal-doped ferrites (Fe2Fe1-xMxO4 where M = Co2+, Zn2+ or Mn2+) have 

been widely investigated for their potential use in magnetic hyperthermia. The 

effects of Co2+, Zn2+ or Mn2+ doping have been tested in magnetic hyperthermia with 

mixed results.25,56,68 In particular, Zn2+ and Mn2+ were used to increase the Ms value 

in ferrite-doped NPs, but while the doping of magnetite NPs with Mn2+ ions led to an 

increase in heat loss in magnetic hyperthermia applications,69 Zn-doped NPs showed 

little to no SAR increase in the final performances.70 Conversely, doping magnetite 

NPs with Co2+ led to a reduction of Ms value but it was shown to improve the 

performance of NPs in magnetic hyperthermia compared to the non-doped NPs 

thanks to the optimisation of the magneto-crystalline anisotropy of  the material.25  

One of the most successful example in the use of doped ferrite NPs was provided by 

combining different magnetic ferrite core/shell particles with the core made of Co-

doped ferrite and the shell made of Mn-doped ferrite. Thanks to the interaction 

between the soft-magnetic shell and the hard-magnetic core, 15 nm 

CoFe2O@MnFe2O4 core@shell NPs showed an ILP of 5.8 nHm2Kg-1 (SAR = 2280 Wg-

1), among the highest ever reported.71,72 Changing the dopants concentration allowed 

to tune the anisotropy and the Ms of the NPs with effect on the final SAR.70,73 
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However, the insertion of dopants inside the crystal structure can be challenging to 

control and reproduce and the presence of Co2+ and Mn2+ raises toxicity concern for 

biomedical applications. In this work, only Fe-based materials have been investigated 

as potential heating tools because of their high Ms and lower toxicity. The magnetic 

moments of iron-based materials are summarised in Table 1.1. 

Table 1-1 Summary of iron-based material with the highest Ms value.71 

Material Ms (emu/g) 

Metallic iron (α-Fe phase)  210 

Iron carbide (Fe2C)74 140 

Iron oxide (Fe3O4) 98 

Iron oxide (Fe3O4) 70 

 

1.3.4.1 Iron nanoparticles 

Pure metals like Fe, Co or FeCo alloys have the highest saturation magnetisation 

among the naturally occurring materials.71 Among them, Fe is the most reactive and 

quickly oxidises in air, forming a protective iron oxide layer which makes the NPs 

more biocompatible.75 The synthesis of Fe NPs requires special handling compared 

to iron oxide, and Fe NPs are mainly prepared in organic solvents. Typically, Fe(CO)5 

is used as precursor and decomposed at high temperature in the presence of long-

chain amines.76–80 This procedure benefits from Fe atoms being already reduced 

(zero-valent iron), thus no reducing agents are required. In early studies, the use of 

Pt seeds proved to enhance crystallinity, and thus magnetic properties of the Fe NPs 

formed.76 In a recent work, monodisperse amorphous Fe NPs were made by thermal 

decomposition of Fe(CO)5 in 1-octadecene (ODE) and oleylamine (OAm).81 To 

stabilize the Fe NPs, a dense shell of crystalline Fe3O4 was formed around the Fe core 

via controlled oxidation with (CH3)3NO. The resultant Fe/Fe3O4 NPs show an 

enhanced stability after 24 h of exposure to air. Recently, Lacroix et al. showed that 
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a body centred cubic (bcc) Fe phase is obtained if Fe(CO)5 is decomposed in the 

presence of hexadecylammonium chloride (HDA).29,31 bcc-Fe NPs exhibit increased 

chemical stability and higher Ms value than amorphous Fe NPs and showed also 

increased SAR output.29 However, Chaudret et al. pointed out that the magnetic 

properties of the obtained NPs were generally lower than the bulk value because of 

the presence of the CO of the precursor which forms carbonaceous traces in the final 

product.82 To prevent such process, Fe(CO)5 has been replaced by iron salts or 

organometallic compounds, whose decomposition do not yield any interfering 

carbon species and are also less toxic. However, for the decomposition and reduction 

of iron salts, harsh conditions are required. FeCl2 could be reduced in water by 

sodium borohydride, but boron contamination has also been found in the final NPs, 

leading to a decrease of the magnetic moment.83 The decomposition of 

organometallic compounds such as Fe(C5H5)(C6H7)84–86 or [Fe[N(SiMe3)2]2]2 
79 under 

dihydrogen atmosphere has been proposed as alternative way to yield Fe NPs in mild 

conditions with final magnetic properties close to Fe bulk value. In particular, the use 

of [Fe[N(SiMe3)2]2]2 precursor, allowed for slow and controlled nucleation and growth 

steps leading to greater size and shape control of Fe NPs. Indeed, with such 

precursors cubic-shaped Fe NPs are obtained.87 These shaped NPs have great 

potential for magnetic hyperthermia since it has been shown that shape anisotropy 

can actually enhance the heat generation under an alternating an AC magnetic field.88 

However, Fe(C5H5)(C6H7) and [Fe[N(SiMe3)2]2]2 are not commercially available and a 

complex chemistry is involved in their preparation, thus limiting their use. Finally, Fe 

NPs can be prepared via the reduction of iron oxide NPs. If coated with SiO2 shell, 

iron oxide cores can be reduced to α-Fe using CaH2 as reducing agent forming 

Fe@SiO2 core@shell NPs. The presence of silica prevents the aggregation of the 

forming Fe phase during the reduction at high temperature.89,90As iron oxide (Fe3O4 

or Fe2O3) NPs have been widely studied in the literature, there are plenty of synthetic 

protocols available that would ease the formation of specific size and shape in 

comparison with the synthesis of Fe NPs. Moreover many cheap precursors are 

commercially available for the synthesis of iron oxide NPs.91 However, even though 
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the synthesis of iron oxide is relatively simple, coating each and every particles with 

a silica shell is challenging and so far has not been trivial. The thickness of a silica shell 

is hard to control,92 and non-uniform silica shells, along with the formation of 

clustered magnetic NPs within a silica matrix, can lead to a decrease of the final 

heating properties.93 

There is therefore the need to develop a novel and simple synthetic approach that 

can overcome the previously mentioned limitations such as precursor availability and 

size tuning capability, and that can form highly crystalline Fe NPs. Furthermore, it is 

important to also investigate the stability of Fe NPs in an aqueous media because 

metallic Fe NPs are more reactive towards air and moisture than Fe3O4 NPs and there 

has been little research on the chemical stability of Fe NPs once they are transferred 

from organic solvent into aqueous media. Such information is important to evaluate 

the potential of Fe NPs in clinical hyperthermia. 

1.3.4.2 Iron carbide nanoparticles 

Iron carbide (IC) nanomaterials have recently been considered as possible tools for 

biomedical applications. IC NPs consist of Fe and C alloy (FexCy), of different 

composition, where carbon occupies the interstitial sites within the iron cubic crystal 

structure. The compound shows interesting magnetic properties thanks to the Fe 

maintaining its metallic nature, while the presence of carbon in the crystal structure 

provides the material with enhanced chemical stability, desirable for biomedical 

applications. 

Synthetic protocol for the formation of uniform FexCy NPs are still limited in the 

literature, especially if compared with the syntheses of Fe or Fe3O4 NPs. Meffr et al. 

reported for the first time the synthesis of monodispersed Fe3C NPs by decomposing 

Fe(CO)5 in the presence of pre-existing Fe NPs and promoting the formation of 

carbide phase under 3 bar of H2 for 24 h of reaction .82 Ce Yang et al. instead, starting 
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from Fe NPs, produced Fe5C2 phase at 350 °C in a mixture of long-chain amines.30 

Yang et al. showed  that the presence of halides in solution could affect the final ratio 

of Fe and C in the alloy. They obtained at least 5 different IC samples with different 

composition and crystal structure, depending on the amount of halide used.74  

Other reactions have been reported, such as treatment of ferrocene with high 

pressure and high temperature in solid state synthesis,94 through laser ablation of 

bulk iron with 1064 nm nanosecond pulses in commonly used organic solvents (i.e. 

tetrahydrofuran, acetonitrile, dimethylformamide, dimethylsulfoxide, toluene, and 

ethanol) which were acting as carbon source,95 or via carbothermal reduction of 

magnetite NPs to Fe3C at 650 °C, using a biopolymeric matrix as carbon source.96 

However, the last synthetic protocols showed big limitations in the control of size, 

size distribution and final phase, making the NPs produced via these methods 

unsuitable for biomedical applications. 

Despite the recent interest on IC NPs, some studies showed the potential of IC NPs 

as “theranostic” tools where the NPs were able to deliver both therapy and diagnosis 

at the same time, hence theranostic NPs. Such a multimodality probe, which 

integrates imaging with therapeutic capabilities, can further achieve early diagnosis 

and therapy of cancer. Specifically, the presence of carbon in IC NPs made the 

particles able to absorb Near Infrared (NIR) radiation and release the energy into the 

surrounding area as heat (photothermal hyperthermia) while the magnetic moment 

made the NPs suitable to be used as contrast agents in MRI scans for diagnostic 

purposes.97–100 Indeed, their high magnetic moment interacts with the external 

magnetic field applied during MRI scans creating a local magnetic field which in turns 

modify the magnetic properties of the protons in the surrounding environment. The 

difference between the area with NPs and without NPs during MRi scans creates a 

contrast, enhancing the imaging of the area where the NPs are located. The same 

high magnetic moment of the material could be used for magnetic hyperthermia 

treatment. 
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In fact, just two reports on the use of IC NPs in magnetic hyperthermia can be found 

in the literature, both coming from Prof Chaudret’s group.82,101 Their Fe3C/Fe2C NPs, 

had a greater SAR value than the starting Fe NPs. Fe3C were used as a heating tool to 

locally promote a catalytic reaction inside an oxygen-free, sealed reaction vessel and 

at high field they reached a SAR value of ≈ 3200 W/g and an ILP of 14.101 Even though 

this study shows the potential of this material in magnetic hyperthermia, it does not 

evaluate the performances of NPs under biomedically compatible conditions, 

because in such studies the as-synthesised NPs were collected after the synthesis and 

tested for hyperthermia under inert atmosphere in a mesitylene dispersion.82 

Therefore, even though IC NPs possess high magnetic moment and high chemical 

stability, which are desirable for magnetic hyperthermia, there is the need to develop 

a robust and reproducible synthesis of IC NPs with defined size and composition. 

These last two parameters must be controlled in order to obtain homogeneous 

magnetic properties among the NPs. Also, the stability of such particles in aqueous 

media should be assessed as no information are available at the moment. Such 

information would help to further assess the potential of IC NPs in magnetic 

hyperthermia applications. 

1.3.4.3 Iron oxide nanoparticles 

Iron oxide NPs (Fe3O4 and Fe2O3) have been the most studied magnetic material for 

biomedical applications so far, with a special focus on Fe3O4. Indeed, magnetite has 

a moderate Ms value, it is easy to synthesise and functionalise and shows low toxicity. 

Products based on iron oxide NPs, e.g. Ferridex, have also received FDA approval as 

contrast agent for MRI, which has opened the way for such materials to be utilised in 

biomedical applications.69 However, there is still a lot of active research going on to 

improve the reproducibility, scale-up and performances of magnetite NPs in MH.  
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The most common chemical procedures to form iron oxide NPs are the co-

precipitation of Fe2+
 and Fe3+ aqueous salt in basic solution and the decomposition of 

organometallic iron precursor at high temperature. A vast range of reaction 

conditions have been explored for the synthesis of iron oxide NPs. Different 

precursors, solvents, temperature, reaction time, surfactants have produced almost 

countless iron oxide NPs with different magnetic properties shape and size 

distribution.102–104 In general, the co-precipitation is a fast process and can form NPs 

even at room temperature.105 It has few drawbacks though, as it is hard to obtain 

uniform products and there may be reproducibility issues because the process is hard 

to control.3 The decomposition of organometallic precursor, instead, is done in 

organic solvent and usually requires high temperature. It allows for a greater degree 

of control and tunability of shape, size and composition which cannot be achieved in 

the co-precipitation method.91  

In the decomposition method, the various synthetic procedure reported in the 

literature are based on the work of Hyeon et al.67 where it was highlighted the 

importance of the in situ formation of an iron-oleate complex for the formation of 

crystalline and monodisperse iron oxide NPs. The complex formed from the 

decomposition of Fe(CO)5 around 100 °C in the presence of oleic acid and ultimately 

was responsible for the controlled decomposition around 300 °C, feeding the 

formation of monodisperse NPs. This led to the introduction of iron-oleate as a 

starting precursor for FexO4 NPs, avoiding the use of harmful carbonyl-based 

precursors.12 However, the use of iron-oleate raised concerns on the reproducibility 

of the results as the iron-oleate complex were often prepared in loco before the 

synthesis of NPs, and different iron : oleate ratios were formed.16 The different 

stoichiometry in the complex causes variations of the decomposition temperature 

profiles, which, can lead to uneven results. Fe(acac)3 was then introduced as non-

toxic, cheap, commercially available and high-purity precursor able to produce 

uniform NPs in a similar manner in the presence of oleic acid and oleylamine.106,107  
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The optimal size of NPs for magnetic hyperthermia is still an open discussion. In early 

studies, iron oxide NPs close to 10 nm were targeted for biomedical applications 

because the size was within the superparamagnetic domain. Indeed, 

superparamagnetic NPs show no residual magnetic moment once the external 

magnetic field was removed, making the particles less prone to aggregation and more 

stable in a dispersion, but the heating efficiency was low.60,108,109 To improve the 

heating efficiency, recent studies focused on increasing the particles size. For 

example Huber et al. showed that among spherical iron oxide NPs ranging from 12 

nm to 25 nm, the peak in SAR output was found at 21 nm.110 The study showed that 

in Fe3O4 NPs bigger than 20 nm, the superparamagnetic behaviour was lost, with the 

particles being still within the single magnetic domain and showing soft-

ferromagnetic behaviour. The results suggested that viable NPs for magnetic 

hyperthermia do not need to be as small as previously thought as long as they form 

a stable dispersion.  

NPs’ shape can also affect the heating performances in MH. Shape is a more recent 

research topic compared to size, however, it has become more evident that shaped 

NPs can enhance SAR outputs in comparison to spherical NPs of similar volume.111 

One of the first studies was carried out by Guardia et al. and showed that 19 nm Fe3O4 

nanocubes possessed an outstanding ILP of 5.6 nHm2Kg-1 (SAR = 2453 Wg-1).25,112 

Since then, the gain in SAR output with cubic NPs has been explained with mainly two 

reasons. One of the reasons was associated to the spin-canting phenomenon 

occurring at the nanoscale. Spin-canting arises from the reduced number of magnetic 

neighbouring ions around atoms at the particle surface, or around crystal defects in 

the interior part. Such “defects” cause local magnetic frustration because the spin of 

the magnetic atoms deviates locally from ideal collinear spin structures. In general, 

such magnetic behaviour leads to a reduced magnetization and it is responsible for 

the difference in magnetic properties of nanoparticles respects those of the 

corresponding bulk materials.113,114 Compared to spherical NPs, faceted morphology 

leads to a decrease in spin canting effect on the nanocrystal surface, due to a higher 
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degree of order of the spin on the surface of shaped NPs, decreasing the magnetically 

“dead” layer usually found on the surface of spherical NPs.112 Secondly, some shapes 

can promote the occurrence of a collective behaviour that can enhance the 

performances in magnetic hyperthermia. In specific, it was observed that NPs with 

cubic shape under an external magnetic field can rearrange to form a chain-like 

arrangement, improving the heating efficiency.115 Such enhancement is due to the 

formation of uniaxial anisotropy along the chain promoting a collective behaviour 

under the external magnetic field. Similar findings were also reported in the case of 

octahedral iron oxide NPs, showing a SAR value of 2629 Wg-1.116 A huge increase in 

heating capabilities was also observed for multi-core flower-shaped maghemite NPs 

of 24 nm made of multiple 11 nm superparamagnetic cores, resulting in a SAR value 

of 1992 W/g, and it was hypothesised that, also in this case, a collective behaviour of 

particles within a defined aggregate resulted in enhanced SAR.117  

However, the synthesis of shaped NPs has been proven very challenging and with no 

straightforward parameter used to control and form shapes.112 Most of the 

parameters used to promote the growth were using a combination of heating rate, 

ligand to precursor ratio and solvent polarity fine tuning. Such parameters are 

challenging to reproduce among different laboratories and a more straightforward 

strategy to form shaped NPs would be highly advantageous. 

1.4 Methods for making water dispersible MNPs   

The synthetic methods based on organic solvents, allow for the formation of NPs in a 

water-free environment. This has some benefits like a broad choice of solvents and 

the possibilities to work within a broad range of temperatures. Indeed, both ‘hot-

injection’ and ‘heating-up’ methods require the thermal decomposition to take place 

in high-boiling point solvent to produce highly monodisperse NPs with superior 

control on size, shape and composition of the final particles. However, in terms of 

surface chemistry, these methods produce hydrophobic NPs which are unsuitable to be 
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used immediately for water-based biomedical applications. Therefore, it is necessary to 

add post-synthetic surface-modification procedures to prepare suitable NPs.  This 

surface modification step should not only make NPs hydrophilic, but it should also 

improve NPs’ colloidal stability, biocompatibility and, possibly, allow to easily 

functionalise the system for eventual applications. Among the most used strategies 

we can find ligand exchange, polymer encapsulation and silica coating approaches.  

1.4.1 Ligand Exchange  

The ligand exchange method generally involves the direct replacement of the native 

hydrophobic ligand present on the NPs’ surface with another ligand having 

hydrophilic functional groups; the process renders hydrophobic nanoparticles water 

soluble. For an effective process, the ligand should bear at least one functional group 

with high affinity towards the NP’s surface to be able to displace the existing ligand, 

and it should also have functional groups able to provide suitable colloidal stability. 

For iron-based NPs, cationic surfactants like tetramethylammonium hydroxide 

(TMAOH)118,119 have been used to displace the native ligand and makes NPs water-

soluble, however, they easily aggregate in ionic solution, e.g. Phosphate-Buffered 

Saline solution (PBS), due to the strong interaction with various ions present in 

solution, leading to aggregation.120 Catechol functional groups have proved to have 

a high affinity to iron ions present in the NP’s surface, forming a strong complex able 

to displace the previous ligand and maintain the new one well attached.121 For the 

transfer of iron-based NPs in water, many studies have used catechol-based 

molecules such as dopamine,121 3,4-dihydroxyhydrocinnamic acid,20 dopamine-

functionalised polymer,122 and dopamine-based molecular structure.123 Also 

hydrophilic ligands bearing carboxylic acid (–COOH) moieties have been widely 

utilised to render iron-based NPs water-dispersible thanks to its good affinity towards 

the surface of iron oxide. For example,  dimercapto succinic acid (DMSA),85 citric 
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acid,91 carboxylic acid- functionalised poly ethylene glycol (COOH-PEG)124  were also 

proved to successfully displace hydrophobic native ligands.  

In general, ligand exchange needs to consider the chemistry of NPs’ surface and the 

affinity of a ligand to it. If the ligand-NPs bonding is too weak, it decreases the success 

rate of exchange, and consequently it increases the risk of detachment of the new 

ligand, ultimately favouring aggregation. Finally, ligand exchange process can alter 

NPs’ physical properties of the surface.  

1.4.2 Polymeric encapsulation  

Polymeric ligands provide a broad range of platforms that can be used to transfer NPs 

in water via the inclusion of the hydrophobic nanoparticle in an amphiphilic 

polymeric shell. Amphiphilic polymers have both hydrophobic and hydrophilic parts 

present within the same structure. The NPs are simply wrapped in a polymeric shell 

due to hydrophobic interaction between the alkyl chains of the surfactant coating 

and the hydrophobic regions of the polymer, regardless of the type of surfactant and 

of the specific inorganic material that forms the nanocrystal core. Therefore, such 

procedure can be used for several type of hydrophobic NPs.  

One of the first study showing the suitability of polymer encapsulation to transfer 

hydrophobic NPs in water was carried out by Pellegrino et al.125 They successfully 

used Poly(maleic anhydride-alt-1-octadecene), a cheap and commercially available 

polymer, to transfer several colloidal nanocrystals with various compositions, 

morphologies, and sizes. The strategy involved the intercalation of hydrophobic 

octadecene tails from the polymer into the alkyl chains of the NPs ligands. Following 

the hydrolysis of the anhydride moieties, the NPs then became water-dispersible. 

In the literature, different engineered polymeric systems are reported for 

transferring hydrophobic nanoparticles in water. Indeed polyacrylic acid,126 poly 2-

hydroxyethyl aspartamide graft copolymers,127 poly acrylic acid and polystyrene 
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block copolymer,128 poly isobutylene-alt-maleic anhydride (PIMA) modified with 

alkylamine,129,130 poly maleic anhydride-alt-1-tetradecene,131 poly maleic anhydride-

alt-1-octadecene (PMAO),125,132 poly N-isopropylacrylamide modified PMAO,133 

polyethylene glycol modified PMAO, 134,135 and poly(styrene-co-maleic anhydride)136 

are just some of the polymer proved to efficiently encapsulate NPs and transfer them 

in water. In general, amphiphilic polymers that contain anhydride moieties (such 

PMAO or PIMA), have been preferred thanks to their ease of functionalization with 

very common reactive moieties like amines.137 

This method provides an enhanced steric hindrance to the system thanks to the 

polymeric backbone, and the presence of functional groups on the polymeric shell 

allows the resultant hydrophilic nanoparticles to be conveniently functionalised. The 

method is versatile and can be used for different hydrophobic NPs systems obtained 

from thermal decomposition in organic solvent. This technique can be also preferred 

as it will not impair the physical properties of the nanoparticles, as the core crystal 

does not take part during the encapsulation process. 

One of the drawbacks of this method is the control over the number of particles 

encapsulated within the polymeric structure. Indeed, for highly interacting NPs, the 

encapsulations of multiple NPs can occur, leading to aggregation.  

1.4.3 Silica Coating  

Silica coating has also been used as a approach to transfer hydrophobic NPs in water 

via sol-gel reaction (Stöber method)138 or reverse microemulsion.139 The process 

allows to encase the hydrophobic nanoparticles with an inert and amorphous silica 

shell using silica precursors such as tetramethoxysilane140 and 

tetraethylorthosilicate.141 The resulting core/shell particles comes with functional 

group on the silica surface (i.e. hydroxyls) which makes the particle hydrophilic 

providing also electrostatic repulsion. The surface moieties can also be used for 

further functionalisation in reaction with other silane-based molecules, allowing to 
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further improve the colloidal stability and tailor the final properties of the 

nanocomposite. For instance, reaction with PEG-modified silane adds enhanced 

colloidal stability to the system.142  

Usually, silica coating requires NPs to be surfactant-free for the layer of silane to react 

with the surface of the hydrophobic NPs. Therefore, hydrophobic nanoparticles need 

to firstly undergo additional phase transfer step prior to silanization. For example, in 

the case of iron oxide NPs ligand exchange (e.g. with TMAOH)143 and micelle 

formation (e.g. with Igepal-520) were commonly used in literatures.92 

Although late silica coating protocols were able to isolate and coat individual 

nanoparticles,92achieving a thin layer of silica coating has proved to be very 

challenging. Shell of 10–50 nm silica thickness is usually obtained which can be 

detrimental for biomedical applications, hindering the physical properties of the 

coated nanoparticles.93 

1.5 Conclusion  

In this chapter, the synthesis of different kind of magnetic NPs have been reviewed 

especially in relation to their magnetic hyperthermia application. 

Magnetic NPs have shown great potential for being used as heating probes and this 

has led to a great deal of research. However, MH is still far from achieving its full 

clinical potential and there is still the need for magnetic NPs with a high ILP value. 

Most of the research on NPs for magnetic hyperthermia has been directed towards 

spherical iron oxide-based NPs (magnetite and/or maghemite), with little 

investigation on different materials which hold great potential in MH but their use 

has been often limited by a more challenging synthetic procedure compared to 

spherical iron oxide NPs.  
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Moreover, it is important to have good colloidal stability for the NPs in order to use 

them in biomedical applications. Therefore, prior to testing the NPs for magnetic 

hyperthermia it is necessary to equip the surface of the NPs with suitable ligands. 

This chapter provides the basics and fundamentals on which the following work is 

based. 

1.6 Thesis Outline 

The thesis focuses on the development of different magnetic Fe-based NPs for 

application in magnetic hyperthermia. Focusing on highly magnetic materials, NPs 

made of metallic Fe, Fe-C alloy and anisotropic FexOy were selected as potential 

heating probes and different strategies were followed to optimise their 

performances. 

In general, prior to testing them for magnetic hyperthermia, the final NPs need to be: 

i) high quality NPs with excellent physical properties (high crystallinity and single 

domain with high MS value); ii) controllable in size and morphology with 

monodisperse size distribution; iii) hydrophilic with good colloidal stability (pH, ionic 

solution).  

Chapter 2 provides an overview of the techniques and methods used in this work for 

the characterisation of the synthesised NPs up to the characterisation of the final 

nanocomposites once the NPs are transferred in water, including the equipment used 

for the evaluation of MNP performances in magnetic hyperthermia.  

In Chapter 3 the study focused on the development of a new synthetic protocol for 

Fe NPs. Fe NPs are sensitive to oxidation and the final size of NPs was considered as 

an important parameter used to increase the hyperthermia output. Therefore, the 

drive of this chapter was to examine whether a synthetic protocol with size-tuning 

capabilities of Fe NPs could be achieved. This would allow the synthesis and 
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characterisation of metallic Fe NPs of different sizes and an investigation on the size-

related oxidation process, and size-related magnetic hyperthermia output. In this 

chapter the quest for an easy and optimal process to transfer the synthesised NPs in 

water was also undertaken. 

In Chapter 4, Fe-C alloy NPs were studied as potential tool for magnetic 

hyperthermia. The focus was to obtain uniform FexCy NPs so then their potential in 

magnetic hyperthermia could be examined, after being transferred in water.  

In Chapter 5, the pursuit for easily obtaining shaped iron oxide NPs was examined 

focusing on the use of Hexadecylammonium Chloride to develop a facile synthetic 

protocol to control size and shape of NPs. The effect on magnetic hyperthermia were 

also studied. 

In Chapter 6 the results from the previous chapters are summarised and the magnetic 

hyperthermia performances of different NPs are reported along with future 

perspective and research direction. 
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Chapter 2  Characterisation 

Techniques 
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Nanoparticles used in biomedical applications require a broad range of techniques to 

fully assess their properties and structure. In this chapter the basics and principles of 

the main techniques used is described. 

2.1  X-Ray Diffraction (XRD) 

XRD is a technique used to determine the crystal structure of materials. Crystals are 

made of ordered arrays of atoms presenting a periodic three-dimensional repetition 

of an atomic pattern with interatomic distances in the order of Angstrom. X-Rays are 

electromagnetic radiations in the wavelength range of 0.1 to 100 Å. X-Rays with 

wavelength smaller than 10 Å are used to interact with the atoms in the crystal 

structures.  

For XRD purposes it is essential to use a monochromatic source therefore filters and 

monochromators are usually used to filter out unwanted X-rays and make a single 

wavelength hit the sample.  The reason lies on the Braggs’ law which constitutes the 

base of this technique: 

𝑛𝜆 = 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃    (2.1) 
 

Where n is a positive integer number, λ is the X-rays wavelength, dhkl is the distance 

between diffracting planes and θ is the incident angle. According to the equation 2.1 

the incident X-rays, hitting parallel lattice planes of a crystal, produce constructive 

interference when under a glancing angle θ the path difference is a positive integer 

number of wavelengths, as can be seen from Figure 2.1.  
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Figure 2-1 Bragg diffraction from a cubic crystal lattice 

The diffracted X-ray photons are translated into voltage pulses inside the detector. 

When the conditions described by the Bragg law are satisfied, the constructive 

interferences observed at different angles will feature the peaks of the XRD pattern 

of the material under analysis. These peaks are related to the distance between 

specific type of crystal planes present within the crystal, dhkl, therefore the pattern 

can be related ultimately to the atomic arrangement of the crystal. For instance, 

crystal systems with hcp crystal structure (hexagonally closed pack) will show 

different series of peak compared to fcc (face centred cubic) crystals. The 

identification of the crystal structure of the material is done by matching the obtained 

XRD pattern with the library of XRD patterns present in the literature.  

2.1.1 Sample preparation and analysis 

For the work carried out in UCL, XRD diffraction patterns were obtained using an X-

ray diffractometer PanAlytical with a cobalt metallic anode as source (λ = 1.79 Å). For 

the sample preparation the dry powder of the sample was flattened on a zero-

background silicon holder. The analysis and matching of the obtained pattern were 

carried out with a software provided by PANalytical: X’Pert HighScore Plus. 

For the work carried out in JAIST, XRD diffraction patterns were obtained using a 

Rigaku Miniflex 600, where the source was a Cu metallic anode (λ = 1.54 Å). 
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The analysis and interpretation of a diffraction pattern mainly focused on the 

position, the relative intensity and the full width at half maximum of the peaks 

(FWHM). The positions and relative intensities of a diffraction pattern is characteristic 

of a specific crystal structure and the relative powder data files (PDF) for the 

identification can be retrieved from the International Centre for Diffraction Data 

(ICDD). The FWHM value of the peaks was used to calculate the mean diameter of 

the crystalline domains via the Scherrer formula. In order to calculate the FWHM 

value the peaks areas in the XRD patterns were first integrated. The Scherrer formula 

relates the broadening of the peak, measured with the FWHM value, to the size of 

the crystal domains. Although a certain degree of caution must be used, Scherrer’s 

equation can be useful to estimate the size of the crystal domain: 

𝜏 =
𝐾𝜆

𝛽 𝑐𝑜𝑠 𝜃
     (2.2) 

 

Where τ is the mean diameter of the ordered (crystalline) domains, K is a 

dimensionless shape factor (i.e. equal to 1 for spherical), λ is the X-ray wavelength, β 

is the difference in radians between the FWHM intensity and the instrumental line 

broadening which depends on the single instrument, θ is the Bragg angle. It should 

be noted that the crystalline domain size can differ from the nanoparticle size 

because a particle can be made of multiple crystalline domains and therefore the 

particles can be much larger than the crystal grains they are made of, whereas if the 

diameter of particles matches the crystalline domain size, the particles are defined as 

single-crystal particles. 
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2.2 Superconducting quantum interference device – vibrating sample 

magnetometer (SQUID-VSM)  

A SQUID-VSM was used for the measurement of magnetic properties of the 

synthesised NPs.  The equipment used the combination of two different ways of 

measuring magnetic properties.  

To measure subtle magnetic fields in a SQUID, two semi-rings made of 

superconducting material are put together in a superconducting solenoid. The link 

between the two is made of an insulating material and it is called Josephson junction 

(Figure 2.2). The formation of a superconducting current between the two 

superconducting materials is called Josephson’s effect. The current is carried by pairs 

of electrons bound together, known as Cooper pairs, which travel through the 

junction by tunnelling effect. The current produced at the junction when an external 

magnetic field is applied is used to measure the magnetic properties of the sample. 

In this case, the solenoid is made of niobium-titanium superconductor and given the 

need to maintain superconductivity in the magnetometer, the device needs to be 

cooled with liquid helium to operate few degrees above the absolute zero. 
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Figure 2-2 Josephson union in a SQUID flux sensor 

A vibrating sample magnetometer (VSM) allows quicker measurement of magnetic 

behaviour of samples without the sensitivity of a SQUID. In general, the sample is 

located next to a pickup coil and a magnetic field is applied through an external 

electromagnet. The instrument, then, starts moving quickly the sample up and down 

within the pick-up coil and the induced voltage in the pickup coil is measured. The 

signal intensity of the measured voltage is related to the magnetic properties of the 

sample (magnetic moment) using a palladium calibration standard material with a 

known magnetic moment. 

Therefore, a SQUID-VSM put together the high sensitivity of a SQUID and the 

measurement speed of a VSM, allowing for rapid measurement of even weak 

magnetic fields. The instrument can give information on the magnetic saturation, 

hysteresis and blocking temperature of the nanoparticles. 

The main measurements obtained from SQUID-VSM instrument were the M(H) 

hysteresis curves. Figure 2.3 shows an example of a hysteretic loop for a ferro(ferri-

)magnetic material. Briefly, at the beginning of the measurement the external applied 

magnetic field, H, is set to zero and the net magnetic moment of the particles, B, is 

measured. When the external magnetic field is increased, the magnetic domains of 
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the material will gradually align towards the direction of the external magnetic field 

leading to an increase of the magnetic moment starting from the origin of the axis, 

as shown in Figure 2.3. Eventually all the magnetic domains will reach a complete 

alignment to the external field, H, and the magnetic moment value, B, reaches a 

plateau, also called Magnetisation Saturation Ms, where no change of value of B is 

observed with further increment of H. This first curve from the origin of the axis to 

the Ms value is called “virgin curve”. After, the value of H is first decreased, and an 

opposite magnetic field (-H), increasing in strength, is applied to the sample. As the 

magnetic domains tend to re-align to the modified magnetic field, the sample’s 

magnetisation, B, starts decreasing without following the previous path rather 

following the curve at higher B values. This lagging of B behind H is called hysteresis. 

The point Remanence in the graph indicates the conditions at H = 0 with a finite value 

of B. The remanence shows that after removing the magnetizing force (H), a magnetic 

moment with little value remains in the material and it is known as residual 

magnetism (Mr) and it is due to the retentivity of materials. Incrementing -H in 

reverse direction decreases the value of the residual magnetism that eventually gets 

to zero (B = 0) with a certain negative value of H. This negative value of H is called 

coercivity or coercive field (Hc). When H is further increased in negative direction (-

H), B gets reversed, eventually reaching again the magnetic saturation (-Ms) but in 

opposite direction with respect to the previous case.  

If the direction of the external field is changed again in the positive direction, the 

value of -H decreases and B decreases following a new path, always due to the 

retentivity of materials. At H = 0 zero, B is with finite value, reaching again the 

Remanence value (-Mr) but in the opposite direction compared to the previous case.  

If the H is increased, the residual magnetism (-Mr) again decreases and gets zero at a 

point reaching again the coercivity value, Hc but in the opposite direction. Again, with 

further increment of H, the value of B increases from zero to its maximum value or 

saturation level (Ms). The whole path forms the hysteresis loop.  
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Figure 2-3 Schematic representation of a magnetic Hysteresis loop. 

In this work, the hysteresis loops of the magnetic nanoparticles were measured at 

300 K and 5 K using external magnetic fields ranging from -5 T to 5 T. The samples 

were demagnetised prior to each measurement in order to suppress any memory 

effect in terms of magnetic properties.  

Zero-field cooled – field cooled (ZFC-FC) measurements were taken to investigate the 

blocking temperature (TB) of the nanoparticles, which is the temperature below 

which superparamagnetic NPs are “blocked” and show ferromagnetic behaviour. The 

ZFC-FC measurements were done by cooling the sample with no external magnetic 

field applied (zero-field) down to 5 K and then data were recorded while heating it 

up to 300 K in a 100 Oe field (ZFC curve). Subsequently the sample was cooled down 

again to 5 K with 100 Oe applied field while data were being recorded. This 
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constituted the FC curve. The temperature at which two curves converged gives the 

blocking temperature (TB) of the sample. 

2.3 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is an imaging technique exploiting electrons 

shined onto a sample. Compared to light-based microscopy, TEMs can reach 

significantly higher resolutions. The main reason lies on the theoretical maximum 

resolution, d that can be achieved in microscopy. This has generally had its main 

limitation in the wavelength of the photons, λ, used to image the sample, according 

to the equation: 

𝑑 =
𝜆

2𝑁𝐴
     ( 2.3 ) 

where NA is the numerical aperture related to the system and lens used. At the 

beginning of the 1900, it was proposed to get around the limitations of using visible 

light (≥ 400 nm) by using electrons. Electrons can follow both particle and wave 

behaviour, so a beam of electrons can have the same properties of a beam of 

electromagnetic waves. In this case the maximum resolution is dependent on the 

kinetic energy of electrons which determines their wavelength. 

The imaging process of a specimen in the electron microscope occurs due to the 

electron being deflected by passing in proximity of the electrons or the positive 

nucleus of an atom. Due to spatial variation in the Z-number (related to atomic number) 

within a sample, a contrast is created in the final image. Areas with a higher Z-number 

will scatter electrons more strongly and appear darker in the bright-field images. The 

effect is also proportional to the thickness of the specimen, therefore thicker samples 

will usually appear darker than thin samples. 

The beam of electrons can be generated usually from a tungsten (W) filament or a 

lanthanum hexaboride (LaB6) source by either applying high difference of potential 
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or by heating the material and promoting a thermionic emission process. The whole 

system operates under low pressure values to increase the mean free path of the 

electrons. The electrons then are focused and guided towards the sample through 

electromagnets present in the column of the TEM. The first magnetic lenses, 

condenser, control the region of the sample being illuminated, and allows for the 

manipulation and focusing of the beam on the sample. After that, the objective lenses 

enable the magnification of the image and the final image is then projected on a 

phosphorescent screen or a CDD camera. A schematic representation of TEM 

components is depicted in Figure 2.4 

 

Figure 2-4 Schematic representation of TEM and its main components. Image 
provided by Dr Graham Beards-Wikipedia, Public domain. 
https://commons.wikimedia.org/w/index.php?curid=8106664. 

By exploiting different setups in an electron microscope, and different phenomena 

involved in the interaction between electrons and matter, several chemical and 

https://commons.wikimedia.org/w/index.php?curid=8106664
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structural information can be obtained. In the following paragraphs a brief explanation 

of other techniques associated with TEM will be provided.  

2.3.1 Electron diffraction 

In the Electron Diffraction (ED) mode the electron beam can be focussed on a single 

area and gain a diffraction pattern of a single particle. ED comes from the scattered 

electrons interacting in a similar manner to what is seen in X-ray diffraction. As the 

electrons scatter off planes of atoms, their wave functions can interact constructively 

or destructively displaying the crystals structural of the sample. This would produce 

a set of spots coming from the single crystal, while with small and densely NPs rings 

arise due to the randomly oriented crystals as it is shown in Figure 2.5. Each ring 

relates to a specific atomic spacing that can be indexed to the nanoparticles d-

spacings, similarly to XRD.  
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Figure 2-5 Electron diffraction pattern coming from the interaction of electrons 
with Fe2C nanocrystals. 

The electron diffraction patterns can be used and plotted with the intensity plotted 

against the d-spacing in a similar way to how X-ray diffraction patterns are usually 

displayed. At UCL the electron diffraction patterns were taken after a previous 

calibration done with a sample with known elemental structure and d-spacing (e.g. 

gold). The plug-in PASAD in Gatan Micrograph 2.0 software was used to radially 

integrate the rings. This would output the data as two columns, one is the intensity 

and the other is the spacing between diffracting planes within the crystal (d).  

2.3.2 Scanning transmission electron microscopy 

Scanning transmission electron microscopy (STEM) differs from conventional TEM as 

the beam can be focussed into a spot that can be scanned across the sample as a 

raster. This method can be coupled with other techniques to provide additional 

information on single particles and specific areas of the particle itself. 
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Energy Dispersive X-ray Spectroscopy (EDS) can be use along with STEM (STEM-EDS) 

to detect the elemental composition of a sample. When high energy electrons hit the 

sample, X-rays are emitted. This process is due to the incoming beam of electrons 

passing the valence electrons of an element and reaching the core electrons and 

giving these electrons enough energy to escape the nuclei. The lost electron is then 

replaced by an electron from the outer shell dropping down to a lower energy 

position and this transition is accompanied by the emission of an X-ray (Figure 2.6). 

 

Figure 2-6 Schematic representation of X-ray emission and energy loss electron 
formation after electron bombardment of the sample. As a vacancy in the core is 
formed, an X-ray is emitted while a higher energy electron drops down to fill the 
position. The energy loss electron is formed after the inelastic interaction of a 
coming electron with a core electron. 

The energy of the transition process is characteristic for each element and this allows 

the elemental identification of the sample. One of the limits of this techniques is that 

light elements (Z < 11) are hard to detect because in this case the production of X-ray  

involves valence electrons, therefore the chemical state and surrounding of the 

material can alter the final energy of the characteristic X-ray. This makes the 

characterisation more ambiguous for light elements whereas in heavy elements the 

X-ray are originated from electrons not involved in chemical bonds. The second 
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limitation is that if the nanoparticles are above 30 nm in size the X-ray emitted can 

be re-adsorbed by the rest of the crystal, altering the results. 

STEM can also be used along with high-angle annular dark-field imaging (STEM-

HADDF). An annular dark field detector collects electrons from an annulus around the 

main transmitted beam. This technique uses the Z value of the atoms to give the 

contrast. The dark field image is formed only by very high angle, scattered electrons 

which are scattered from the nuclei of the atoms in the sample. Therefore, the 

technique is highly sensitive to variations in the atomic number of atoms resulting in 

brighter contrast when Z is larger.  

A STEM coupled with electron energy loss spectroscopy (STEM-EELS) was also used 

in this work to investigate the chemical composition of the NPs. The beam of 

electrons generated in the TEM is with a known, narrow range of kinetic energies. 

When the beam pass through the sample, some of the electrons undergo inelastic 

scattering and therefore lose energy. The energy lost can be quantified via 

an electron spectrometer by measuring the zero-loss energy beam (unscattered 

electrons) with loss energy electrons. Although different phenomena can contribute 

to this energy loss, the ionizations of inner or core electrons are particularly useful. A 

specific minimum energy transfer Ec from the beam electron is required to promote 

an inner shell electron to an unoccupied higher state therefore each element show 

characteristic edges at specific energy loss values. EELS can also provide information 

on the bonding state of the electrons and can be used to determine the oxidation 

state of an element. 

2.3.3 Sample preparation and analysis 

At UCL, the TEM images and ED patterns of the NPs were acquired with a JEOL JEM-

1200EX, with a thermionic electron gun (W filament) working at a voltage of 120 kV. 

At JAIST the TEM used was a Hitachi H-7650 operating at an acceleration voltage of 

100 kV (W filament). 
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At JAIST, a STEM equipped with HAADF detector, EDS and EELS was also used to 

further analyse the nanoscale structure of the NPs. HAADF-STEM imaging, EELS and 

EDS elemental mapping were performed on a JEOL JEM-ARM200F microscope 

operated at 200 kV with a spherical aberration corrector and a nominal resolution of 

0.8 Å.  

The TEM was used to investigate the morphology, composition, size and size 

distribution of the inorganic nanoparticles. Samples were prepared by dropping the 

nanoparticles dispersion onto a carbon-coated copper grid and allowed to dry in air. 

Gatan Micrograph software was used to process the images obtained from the 

measurements and ImageJ software was used to measure the size of the NPs. A 

minimum of 100 particles were measured in each TEM size determination (excluding 

STEM and EELS analyses).144 The size measurement with ImageJ was carried out 

manually rather than automatically as the intrinsic characteristic of the particles does 

not allow for an accurate automatic counting. An automated NPs analysis would be 

less time-consuming and less dependent on the operator, however, contrary to 

denser materials which possess a high contrast in TEM imaging, FexOy has a low 

contrast in TEM micrograph (due to the low Z value of oxygen), also compared with 

metallic Fe and Fe2C phase. Therefore, iron oxide phase can be easily overlooked with 

a software determination because it gets mixed up with the background of the 

sample holder. Moreover, if the sample does not disperse well onto the TEM grid, 

agglomerates counted as unique object lead to measurement errors.145 Indeed, 

recent works on Fe-based NPs with similar features to the one studied in this thesis, 

reported manual size estimation.17,93 

2.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a technique able to provide information on 

the elemental composition of a material, and the binding energies of the elements. 

It exploits the photo-electric effect occurring when a specimen is bombarded by an 
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X-ray beam. The incoming X-rays pass the valence electrons of an element to reach 

the core electron and gives this electron enough energy to escape the nuclei. The lost 

electron is then replaced by an electron from the outer shell dropping down to a 

lower energy position and this transition is accompanied by the emission of an Auger 

electron (Figure 2.7). The energy of the escaped electrons is then measured to give 

information on the chemical state of the element. 

 

Figure 2-7 Schematic representation of photoelectron and Auger electron 
emission after X-ray bombardment of the sample. 

XPS use a beam of monochromatic X-rays to hit the sample, coupled with an electron 

energy analyser to measure the kinetic energy of the expelled electrons. To maximise 

the number of electrons detected during the acquisition process, XPS measurement 

are operated under ultra-high vacuum conditions (P < 10−9 millibar). This setup allows 

for a longer mean free path of the electrons and avoids any risk of contaminations. 

Both photoelectrons and Auger electrons can be detected. The emitted 

photoelectrons have a kinetic energy which is proportional to its binding energy in 

the atom, as shown in eq. 2.4:  
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𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜙)    (2.4) 

where Ebinding is the binding energy, Ekinetic is the kinetic energy measured by the 

detector, Ephoton is the energy of the incident photon, and the ɸ is the work function 

of the spectrometer. The Auger electron possesses kinetic energy equal to the 

difference between the energy of the initial ion and the doubly charged final ion. The 

kinetic energy of the Auger electron is independent of the photon energy.  

The binding energy of the emitted photoelectrons gives information on the electron 

shell from which the electron was ejected, as well as the chemical environment of 

the atom. In this way XPS can give information on the elements present and the 

binding environment of those atoms.  

In theory, XPS can detect all the elements but in practice light elements are harder to 

observe, and just elements with Z > 3 (Lithium) can be detected. The detection limits 

for most samples are in the parts per thousand range, and thus the technique is highly 

sensitive to impurities present in the sample.  

In order to be detected, photoelectrons need to travel through the material and 

escape into the vacuum. The mean-free path of the photoelectron is generally around 

5 nm in length, and thus the signals coming from the surface of the sample is more 

intense than the signals coming from the material deeper below the surface. This 

makes XPS spectrum highly surface-specific and the reachable depth of analysis is less 

than 10 nm. 

2.4.1 Sample preparation and analysis 

The XPS experiments were carried out in Japan at JAIST on a high-performance XPS 

system (Shimadzu Kratos, Axis-Ultra DLD) using Al Kα radiation. Generally, the sample 

was positioned on a stainless-steel support and it was fixed on a carbon-based double 

tape. A carbon spectrum is recorded prior to each measurement to calibrate the final 
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data. The value used for the calibration was 284.8 eV corresponding to the C-C bond 

from the tape. 

2.5 Dynamic light scattering 

Dynamic Light Scattering (DLS) is a spectroscopic analysis technique which is used to 

determine the hydrodynamic size of particles in a liquid dispersion. The technique 

exploits the Brownian motion of the dispersed particles to extract information over 

their hydrodynamic size distribution. Bigger particles have slower Brownian motion 

while smaller particles are moving faster in the liquid. When a laser source is directed 

towards the sample, the light gets scattered by the moving particles. The rate at 

which the intensity of the scattered light fluctuates at a given angle is measured, and 

this provides information on the velocity of the particles. In the case of small particles, 

the intensity fluctuates more rapidly than for large ones. The analysis is then related 

to their diffusion coefficient D and the particles size is calculated using the Stokes-

Einstein’s equation: 

𝐷𝐻 =
𝑘𝑇

3𝜋𝜂𝐷
      (2.5) 

where DH is the hydrodynamic diameter of the particles, k is the Boltzmann’s 

constant, T is the temperature, η is the liquid carrier viscosity, and D is the diffusion 

coefficient. 

DLS is used to evaluate the hydrodynamic diameter of the particles in a dispersion 

and providing information on the colloidal stability and homogeneity of the 

dispersion itself. It should be noted that DH values come from the sum of NPs 

diameter plus the surrounding organic ligands on the surface of NPs in a dispersion. 

The value can significantly differ from TEM measurements as the organic matter is 

not detected in TEM measurements. The DLS measurements in this work were 

performed onto aqueous dispersion of NPs after the ligand exchange process, which 
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allows for the transfer of NPs from organic solvents into aqueous media. Therefore, 

for a given sample, a close value of hydrodynamic diameter to the TEM diameter 

meant that the ligand exchange occurred onto a single NP rather than a cluster of 

NPs. 

2.5.1 Z-potential 

With the same instrument it is possible to measure the zeta potential of particles in 

a specific solvent. Particles develop a net charge at surface due to the presence of 

functional groups. This leads to an increasing concentration of counter ions (ions of 

opposite charge to that of the particle) close to the surface. The liquid layer 

surrounding the particle can be then divided into two parts. An inner region, closer 

to the surface of the particles, called the Stern layer where the ions are strongly 

bound to the particles through electrostatic attraction. Then there is an outer region, 

diffuse layer, where ions are less firmly attached. This forms an electrical double layer 

around each particle. Within the diffuse layer there is a notional boundary inside 

which the ions and particles form a stable entity. This is called slipping plane. When 

a particle moves, ions within the slipping plane move with it, but any ions beyond it 

do not follow the particle. The potential that exists at the slipping plane corresponds 

to the zeta potential (ζ). To quantify the zeta potential value, the velocity of the 

particles is measured when an electric field is applied to the dispersion. This allows 

to determine the zeta potential using the Henri equation: 

𝑈𝐸 = 2𝜀𝑧𝑓(𝐾𝑎)3𝜂    (2.6) 

Where z is zeta potential, UE is the electrophoretic mobility, ε is the dielectric 

constant, η the viscosity and f(Ka) is the Henry’s function. Zeta potential 

measurement can be used to evaluate the stability of colloidal systems since a high 

positive or negative value on the NPs surface leads to a repulsion between the 

particles, thus avoiding the flocculation process. As the charge of the functional 

groups on the surface of the NPs can change with the pH of the dispersion, Z-potential 
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measurements are also affected by the pH of the dispersion and they should be 

tested in a range of known pH values. 

2.6 Magnetic Hyperthermia 

The heating potential of the synthesised NPs was evaluated using a commercial 

device G2 driver D5 series calorimetric analyser (nBnanoScale Biomagnetics, Spain). 

The heating characteristics were measured during exposure to AC magnetic fields of 

various frequency and field strengths. This analyser used an optical fibre temperature 

probe immersed inside the magnetic NPs solution, monitoring temperature 

variations during field exposure. One of the most used parameters to measure the 

heating capabilities of nanoparticles is the specific absorption rate [SAR (W∙g-1)]. The 

value is defined as 

𝑆𝐴𝑅 =
𝐶

𝑚

𝑑𝑇

𝑑𝑡
     (2.7) 

where C is the specific heat capacity of water (4,185 J∙L-1∙K-1) and m is the 

concentration (g∙L-1) expressed in magnetic material present in the dispersion. In this 

work the concentration is expressed in amount of Fe present in the dispersion. For 

the measurement a volume of 0.5 ml NPs dispersion in a 1 ml glass vial was used. The 

vial is then inserted inside the sample holder featuring a sealed glass Dewar flask that 

provides thermal insulation. Within the sample holder box is also located the metallic 

coil that generates magnetic fields. From the top of the holder the optic fibre is 

inserted inside the solution to measure variations in temperature (Figure 2.8). 
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Figure 2-8 Representation of the sample holder for magnetic hyperthermia 
measurement. Picture from the producer.146 

The data obtained from the measurement represent the temperature profile against 

the time during which the alternating field is applied. Figure 2.9 provides an example 

of a typical heating curve obtained during the analysis of NPs performance in 

Magnetic Hyperthermia. For the quantification of SAR, it is preferred to consider just 

the initial part of the curve where the heat loss of the sample to the surrounding 

environment is at minimum. In this case the heating curve follows a linear profile and 

can be fitted to obtain the ΔT/Δt value. The value is then used to obtain the maximum 

heating power of the NPs.  The fitting of the data is obtained through a Python script 

that takes into account the first 10, 20, 30, 40 seconds of measurement and the best 

fit is then used to extrapolate the SAR value. 
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Figure 2-9 Example of a typical heating curve obtained during the analysis of NPs 
performance in Magnetic Hyperthermia.  

Since size and composition of NPs affect the magnetic properties of NPs, SAR values 

highly depend on the value of frequency and field used during the measurement. This 

makes the comparison of different NPs not trivial. To better compare the results, it 

was also used the intrinsic loss parameter [ILP (nHm2∙kg-1)]60  to characterise the NPs. 

This parameter is more independent from the conditions used and it is obtained by 

normalising the SAR values with the fields and frequency amplitudes used in each 

measurement as follows 

𝐼𝐿𝑃 =
𝑆𝐴𝑅

(𝑓∙𝐻2)
      (2.8) 

Where f is the frequency of the field and H is the field strength. 
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2.7 Nuclear magnetic resonance spectroscopy 

Nuclear magnetic resonance (NMR) is a spectroscopic technique that gives 

information on the magnetic fields around the atomic nuclei which can be used to 

determine the chemical structure of certain materials.  

Subatomic particles can be considered as spinning on their axes and in the case of 

some atoms like 1H or 13C, the nuclei possess a nuclear spin. According to quantum 

mechanics, a spin I will allow 2I+1 possible orientations for the nuclear spin. Whit no 

external magnetic field applied, the energy of these possible orientation is equal, 

whereas when a static magnetic field is applied, the energy is split. In this case, for 1H 

nuclei with a I = ½, we have two levels, one at lower and one at higher energy. The 

level at lower energy will be slightly more populated than the other as described by 

the Boltzmann distribution. The ΔE between the two energies can be given as 

∆𝐸 =
𝛾ℎ𝐵

2𝜋
     (2.9) 

where γ is a fundamental constant which depends on the kind of nucleus considered 

and is defined as magnetogyric ratio; h is the Plank constant and B is the external 

magnetic field. Higher values of B result in higher ΔE. The energy is in the order of 

radio waves (MHz) and the excitation of the population from the lower energy state 

to the higher one with an electromagnetic pulse, provides the principles of 1H-NMR 

spectroscopy. The frequency at which this transition occurs is called resonance 

transition. 

The power of this techniques relies on the fact that the magnetic field at the proximity 

of the nucleus differs from the applied magnetic field. Electrons, circulating in the 

applied field, produce an opposite magnetic field, contributing to a shielding effect. 

Briefly, if an electron donating group is bounded to the proton, a higher electron 
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density is present around the nucleus and thus a weaker B is “felt” by the nucleus. 

This translates into a decrease of transition energy. 

The final NMR spectrum is given in terms of chemical shift (δH) vs the intensity of the 

transition. The chemical shift is determined by the environment of the nucleus. It is 

usually measured in relationship with a reference compound that in the case of 1H 

NMR, is usually tetramethyl silane, Si(CH3)4 (δH=0). At lower chemical shift values, the 

nucleus is more shielded from the external magnetic field, whereas at higher 

chemical shift values the nuclei are the least shielded. This can be associated to the 

presence of electro-donating and electro-withdrawing groups bounded to the 

protons in the molecular structure. Moreover, the intensity for each peak can give 

quantitative information on the groups present as the area of the peak is proportional 

to the number of protons involved. 

1H-NMR was used to provide information on the polymeric ligands synthesised in this 

study. It was used to establish the successful addition of functional groups on the 

polymer and estimate the number of groups added. 1H-NMR spectra were recorded 

on a Bruker Advance III 400 MHz spectrometer using deuterated dimethyl sulphoxide 

as solvent. The TopSpin processing software was used to plot and analyse the 1H-

NMR spectra. 

2.8 Fourier Transformed Infrared Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is a technique using infra-red light to 

analyse the sample. The absorption of the sample in this range of electromagnetic 

waves provides information on the molecular composition of the studied material 

and this can be solid, liquid or gaseous. 

 The technique uses a polychromatic source that usually covers the wavelength range 

from 2.5 μm to 25 μm (4000 cm-1 to 400 cm-1 in wavenumber). To break down the 
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beam into specific wavelengths a Michelson interferometer is used.147 This is made 

of a specific configuration of lenses and mirrors, and one of the mirrors is moving. 

Briefly, the source of light pass through a beam splitter, and half of the light goes to 

a fixed mirror and the other half goes towards a moving mirror. Both mirrors then 

reflect the light, which goes back towards the splitter where it recombines, and it is 

then directed towards the sample.  By changing the position of the moving mirror, 

the two beams created after the split have to travel different path lengths and this 

generates wave interference once the two beams recombine, allowing to modulate 

the final wavelength of light directed to sample. After, a detector measures the 

amount of light being absorbed by the sample. The absorption of light at each 

position of the moving mirror is correlated to the absorption at specific wavelength 

though a mathematical function called Fourier Transform, thus the name FTIR. 

Infrared wavelengths are able to excite the vibrational states of molecules. When the 

energy of the incoming radiation matches the energy level of a vibrational mode, this 

molecule absorbs the radiation at that specific energy and a reduction in the intensity 

of the transmitted light is recorded. This absorption is correlated to the molecular 

structure of the sample. However molecular structures are “active” in the FT-IR 

spectroscopy only if the absorption of light is accompanied with a change of electric 

dipole in the molecule; if this does not happen, no absorption is observed in the final 

spectrum. The presence of electric dipole does not need to be permanent; when 

infra-red light is absorbed, atoms in the molecules can vibrate in many ways by 

stretching, scissoring, rocking, wagging and twisting. If during this process a 

temporary electric dipole is formed, then the absorption is observed. In the case of 

homonuclear diatomic molecules (e.g. N2) the electric dipole moment is always zero 

even when the molecule vibrates, so no absorption is detected.  

The final spectrum is given in energy of the vibration (in cm-1) against the intensity of 

the absorption (in transmittance mode). Usually vibrations tend to be more intense 

for specific functional groups in the molecular structure and the position of the 
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absorption band is related to the strength of the bond and the mass of the atoms.  

FTIR is often used to quickly detect the presence of specific chemical groups. 

Attenuated total reflectance (ATR) sampling can be used along with IR spectroscopy. 

This allows for the analysis of liquid or solid samples without any special preparation. 

ATR uses a sample holder made of a crystalline material with a high refractive index. 

An infra-red beam directed onto one side of the crystal gets totally reflected, forming 

an evanescent IR wave traveling within the crystal and able to reach the sample on 

the other side of the crystal. The evanescent infra-red waves are then absorbed and 

attenuated by the sample, leading to the final FTIR spectrum. 

In this studies, ATR-FTIR spectroscopy was conducted with a Perkin Elmer Spectrum 

100 spectrometer. ATR-FTIR was used to confirm the occurrence of the ligand 

exchange process. The replacement or modification of the organic ligands on the 

surface of NPs can be confirmed by comparing the NPs before and after the ligand 

exchange process. Indeed, the inorganic NPs are not active in FT-IR, whereas the 

change in the chemical structure of the ligands can be observed via FT-IR. 

2.9 Iron quantification technique 

The magnetic characterisation of a sample and the quantification of phenomena 

deriving from their magnetic properties depends on the determination of the 

magnetic mass present in a sample. In this study the nanomaterials used are iron 

based and different techniques were used for the quantification of this element. 

2.9.1 Inductively coupled plasma atomic emission spectroscopy 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is a technique 

used to analyse the presence and quantity of material in the sample and the 

concentration detected is part per millions. The basic principles rely on the fact that 

when ionised atoms and electrons produced at high temperature recombine, a 
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photon is emitted, and the wavelength of the photon is specific of the element 

involved in the process.   

Either liquids or solid samples can be analysed and in the case of solid samples they 

are dissolved in solution though acid digestion using strong acids. The solution is then 

directed into a helium or argon plasma at very high temperature (6000-8000 K) where 

the sample gets broken down in ions by the collision with the charged ions and 

electrons composing the plasma. During this process, atoms continuously lose 

electrons and recombine in the plasma and the photon emitted by the recombination 

of ions and electrons is collected and separated through monochromators and 

measured via photomultiplier tubes or charge coupled devices. The wavelength 

detected is specific for each element and the intensity is proportional to the amount 

of that element present in the sample. Finally, to obtain the concentration of a given 

element in the sample, the intensity is compared with a calibration curve previously 

obtained by measuring the intensity of the same element at different known 

concentrations. 

For the measurements, a Varian 720 axial ICP-AES was used to determine the 

concentration of iron in the synthesised nanoparticles. Usually sample were prepared 

by digesting a known amount of nanoparticles powder (ca. 1 mg) in 0.5 ml of aqua 

regia, which was then diluted with 49 ml of milli-Q water. The upper limit range of 

the machine was 10 ppm because after this the detector could get saturated and thus 

limit the accuracy of the measurement. A series of 5 different concentrations were 

used to estimate a calibration curve covering the range between 0 to 10 ppm. ICP 

iron standard solution of 1000 ppm, HCl for atomic mass spectroscopy and HNO3 for 

atomic mass spectroscopy were used for this kind of analysis. 

2.9.2 Colorimetric assay 

Colorimetric assay is an analytic technique using reagents which undergo a change of 

colour in the presence of analytes and the appearance of this new colour is 
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proportional to the concentration of analytes in solution. This variation can be 

measured via UV-Vis spectroscopy.  

Briefly, for iron quantification, a common method involves the use of 1,10 o-

phenanthroline as complexing agent for Fe2+. Phenanthroline is a colourless molecule 

in solution and does not absorb in the visible range of the electromagnetic spectrum. 

However, in the presence of iron, three molecules of phenanthroline react with one 

iron ion forming a complex with the maximum of absorption situated at wavelength 

max = 520 nm. To create the optimal conditions for the reaction to happen, the 

complexation is carried out in mildly acidic environment using sodium acetate to 

create a buffer solution. Fe3+ ions form green-blue complex; thus hydroxylamine 

hydroxide is used as mild reducing agent to reduce any eventual Fe3+ present in the 

sample into Fe2+.  

For the measurements, a protocol optimised for the study of nanomaterials was used 

to determine the concentration of iron in the synthesised nanoparticles. Usually 

sample were prepared by digesting nanoparticles in 0.5 ml of HCl 4 M. Appropriate 

dilutions were made to obtain a final concentration that would lie within the 

detection limit of the method. After, sodium acetate, hydroxylamine hydroxide and 

finally phenanthroline were added to the solution and the reaction was let to 

complete for a couple of hours. A series of 5 different concentrations were used to 

obtain a calibration curve covering the range between 0.01 mg/ml to 0.2 mg/ml, by 

applying a similar procedure to the one used for the sample solution. Finally, the 

absorption values for the standard solutions and the sample were measured at 520 

nm with a SpectraMax M2e multi-mode microplate reader.  



83 

 

2.10 Raman Spectroscopy 

 Raman Spectroscopy was used for the characterisation of carbonaceous phase of 

Fe2C NPs. This technique is used to detect vibrational modes similarly to infrared 

spectroscopy.  

A laser beam is shone on a solid sample interacting with molecular vibrations or 

phonons present in the sample structure. The beam is then scattered both elastically 

and inelastically. While the elastically scattered photons are filtered out before 

reaching the detector, the inelastically scattered photons are collected and are used 

for the analysis of the sample. The inelastic scatter comes from the interaction of the 

electromagnetic wave from the laser source with the electronic cloud of the sample. 

This causes an excitation of the vibrational states of the sample to a virtual energy 

state; the sample then relaxes to a vibrational state which is different than the initial 

one emitting a photon with either higher or lower energy compared to the incident 

one. This phenomenon is called Stokes shift or anti-Stokes shift, respectively. The 

shift in energy provides information on the vibrational modes in the sample and it 

can be associated to the chemistry of sample.  

Raman spectroscopy provides complementary information compared to FTIR. In the 

latter, a change in the dipole moment must happen for the vibrational mode to be 

observed, while in Raman is a change in polarizability of a molecule that leads to the 

final signal. This means that in FTIR just heteronuclear functional group with polar 

bonds are observed, which is not the case in Raman. This makes Raman a widely used 

technique for nanosized carbon-based materials like nanotube and graphene.  

2.11 57Fe Mӧssbauer Spectroscopy 

The characterisation of Fe2C NPs with Mӧssbauer was done in collaboration with Dr 

Lara Bogart at UCL Healthcare Biomagnetics Laboratory. In this technique, γ-rays are 
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shined onto a solid sample and a detector is used to quantify the intensity of the 

beam transmitted through the sample. The emitting source and the absorbing atoms 

in the sample must be of the same isotope, therefore in this case a 57Fe source was 

used. The source and the sample have different chemical environment, causing the 

respective nuclear energy levels to differ slightly (in the order of neV). The γ-ray 

spectral linewidth emitted by the radioactive 57Fe isotope is so narrow that the 

change in the absorbance of the Fe atoms in the sample becomes large and the 

resonance between source and sample is lost. To find again the energy at which the 

source and the sample are back into resonance, the source is placed in a linear motor 

that allows for the change in energy of γ-ray via Doppler effect, providing a range of 

energies used to scan the sample. The resulting output is a plot of the intensity of γ-

rays vs the velocity of the source. When the energy is absorbed by resonant nuclear 

energy levels, the intensity of the γ-rays has a drop and the dip’s features (number, 

position and intensity) give information on the chemical environment of the 

absorbing nuclei. 
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Chapter 3  Synthesis of 

Fe@FexOy Nanoparticles 
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3.1  Introduction 

Iron (Fe) nanoparticles (NPs) have been gathering much attention in the last few 

decades due to their intrinsically high magnetic moment.71 This is known to be 

beneficial in many biomedical applications such as magnetic hyperthermia, magnetic 

resonance imaging (MRI), magnetic cell separation and targeted drug 

delivery.2,29,63,84,148–151 In the case of magnetic hyperthermia, the higher magnetic 

moment resulted in better performances compared to relative oxides (magnetite or 

maghemite) and proof-of-concept demonstrations with Fe NPs showed promising 

results.65 

High-quality Fe NPs were typically synthesized in organic solvents where it was easier 

to control the crystal phase and size.75 Once formed in solution, the metallic Fe NPs 

were partially oxidised to form an oxide layer on the surface, by adding oxidising 

agent81 or simply exposing the solution to air.152 This can act as a protective shell for 

the Fe core to suppress further oxidation. Therefore, the term Fe NPs usually refers 

to a core@shell structure made of a α-Fe and an FexOy shell (magnetite, Fe3O4 or 

maghemite, Fe2O3). Before being used in biological conditions, Fe NPs need to be 

transferred into water, usually via ligand exchange of the surfactants bound to the 

iron oxide shell surface.152 However, while there are studies on the chemical stability 

of Fe@FexOy structure in air there is little information on the effects that aqueous 

media can have on Fe@FexOy NPs. Such missing information could potentially explain 

the divergence between hyperthermia outputs of Fe@FexOy reported prior to water-

transfer63 vs the hyperthermia outputs of Fe@FexOy reported after Fe NPs were 

transferred in water.29  

Nemati et al. analysed a series of different sizes of Fe@Fe3O4 NPs between 8 and 14 

nm for magnetic hyperthermia after being ligand-exchanged.153 They showed that for 

the bigger core@shell NPs a better magnetic response and heating rate was achieved 

after the transfer in water. This was due to a hollowing process known as the 
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Kirkendall effect which they observed was size dependent, and for smaller NPs (8 nm) 

resulted in completely hollow NPs in a few weeks, while for the larger NPs (14 nm) 

the process left parts of the core intact. However, in this case, the residual Fe core 

resulted in poor magnetic hyperthermia outcomes. Therefore, for biomedical 

applications larger Fe@Fe3O4 NPs are desirable to allow the oxidation to occur 

without destroying the core@shell structure and retain a Fe core able to induce 

enhanced heating effects. In addition, theoretical studies found that the optimal size 

of Fe NPs should be greater than 10 nm to achieve the highest heating efficiency, 

with a sharp rise in performance at ca. 11-12 nm in size (Figure 3.1).67 

 

Figure 3-1 Specific loss power (or specific absorption rate) evolution as a 
function of size for various nanoparticle systems at 300 kHz and 39.8 kA m-1. 67 

In Nemati’s work, the 14 nm Fe@Fe3O4 NPs were, in fact, made of a 7.2 nm Fe core 

and 3.2 nm iron oxide shell prior to the ligand exchange. Since the authors attributed 

the reduction of heating performance to the further reduction of Fe core after the 

water-transfer, 14 nm Fe@Fe3O4 NPs were still far from the optimal size for 
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Fe@Fe3O4 NPs for magnetic hyperthermia. A new synthetic protocol allowing for the 

synthesis of larger Fe@Fe3O4 NPs with a Fe core larger than 10 nm would be highly 

beneficial. 

In this chapter, new methods to produce NPs with different sizes were investigated 

and the final NPs were then characterised. Moreover, different ways to transfer the 

Fe NPs in water were studied, covering the most common strategies used in the 

recent literature. The results from each method are discussed. The best result was 

then used to evaluate the magnetic hyperthermia efficiency of Fe NPs. 

3.2 Materials and Methods 

3.2.1 Reagents 

1-Octadecene (ODE, purity 90%), hexadecylamine (HDA, purity 90%), diethyl 

ether (anhydrous, purity ≥99.7%), hydrochloric acid (HCl, assay 37%), oleylamine 

(OAm, purity 70%), poly(isobutylene-alt-maleic anhydride) (PIMA, Mw≈6,000), 

dopamine hydrochloride (DOPA), dimethylformamide (DMF, anhydrous), 

triethylamine, tetrahydrofuran (THF) and di-sodium tetraborate buffer solution were 

purchased from Sigma-Aldrich, Japan. Polyoxyethylene (5) nonylphenylether (IGEPAL 

CO-520), cyclohexane, Tetraethyl orthosilicate (TEOS), ammonium hydroxide 

(25%−28%), poly (maleic anhydride-alt-octadecene) (PMAO) were purchased from 

Sigma-Aldrich, UK. Ethanol (EtOH, purity 99.5%) was obtained from Nacalai Tesque, 

Japan. Iron pentacarbonyl [Fe(CO)5, purity >95%], hexane and chloroform were 

obtained from Kanto Chemicals, Japan. All the reagents were used as purchased 

without any further purification. 

3.2.2 Synthesis of Hexadecylamonium Chloride 

The hexadecylammonium chloride salt (HDA-Cl) was synthesised according to the 

reported literature29. Briefly, 2.44 g of HDA (10 mmol) was dissolved in 100 ml of 
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hexane and left under vigorous stirring for 10 min to promote the solubilisation of 

the solid. In the meantime, an ice bath was put below the reaction flask. After, 12 ml 

of HCl 1 M in diethyl ether freshly prepared was injected in the reaction leading to 

the immediate formation of a white precipitate (ammonium salt). Then the ice bath 

was removed, and the reaction was let to complete for 2 h. After that, the precipitate 

was filtered and washed with hexane. Finally, the product was dried under vacuum 

to remove any residual hexane and stored in the fridge for further use. 

3.2.3 Synthesis of Iron NPs through single-shot hot-injection 

The iron NPs were prepared by following a slightly modified procedure previously 

reported in the literature29. Typically, OAm (0.160 mL, 0.5 mmol), HDA-HCl (0.138 g, 

0.5 mmol) were added to 10 ml of 1-octadecene inside a 50 mL three-neck flask 

connected to a Schlenk line in one the neck so that the reaction is carried out in inert 

atmosphere. The solution was heated up at 120°C and degassed for 60 min under an 

Ar flux bubbled inside the solution through a syringe needle. After, the solution 

temperature was set at 180 °C and once stable, neat Fe(CO)5 was loaded into a 1 ml 

syringe and was injected in a single and quick shot with a syringe. After the addition 

of iron precursor, Fe(CO)5, the solution became orange and turned black within a few 

minutes, indicating the formation of the NPs. The solution was kept at 180°C 

temperature for 30 min in total and after that the heating was stopped. Once the 

reaction reached room temperature, the solution was collected and transferred into 

two 50 ml centrifuge tubes and 5 ml of chloroform followed by 15 ml of ethanol were 

added. The solutions were centrifuged at 5000 rpm for 3 min. The supernatant was 

then discarded, and the precipitated nanoparticles were washed again adding 5 ml 

of chloroform first to redisperse the NP and 15 ml of ethanol after to promote the 

precipitation of NPs during the following centrifugation. The process was repeated 

twice in total and finally the NPs were redispersed in chloroform and stored for 

further use. The quantity of Fe(CO)5  used in each reaction is listed in Table 3-1. Figure 

3.2 shows a schematic representation of the setup used with a single shot injection. 
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3.2.4 Synthesis of Iron NPs through continuous addition of precursor   

The Fe NPs were prepared by using OAm as a ligand and hexadecylamonium chloride 

(HDA-Cl), as an essential additive, to control the decomposition rate of Fe(CO)5 to 

obtain highly crystalline Fe NPs.29 HDA-Cl was synthesised following a previously 

published procedure.31 Typically, OAm (0.160 mL, 0.5 mmol), HDA-Cl (0.138 g, 0.5 

mmol)  were added to 10 ml of 1-octadecene inside a 50 mL three-neck flask attached 

to a Schlenk line in one the neck so that the reaction is carried out in inert 

atmosphere. The solution was heated up at 120°C and degassed for 60 min under an 

Ar flux bubbled inside the solution through a needle. After increasing the solution 

temperature up to 180 °C, Fe(CO)5 was added to the flask using a syringe pump (KD 

Scientific Inc., KDS100) at a rate of addition of 0.4 mL/h. By setting the rate of addition 

and the specifics of the syringe size (i.e. diameter and total volume) in which Fe(CO)5 

was charged, the volume of Fe(CO)5 injected in the solution was calculated as a 

function of the injection time. The quantity of Fe(CO)5  used in each reaction is listed 

in Table 3-4 

 
Figure 3-2 Schematic representation of overall synthetic setup and procedures. 

The start of the reaction, t0, was considered when the first drop of precursor was 

introduced into the reaction solution. The rate of addition of Fe(CO)5 and the 

concentration of both OAm and HDA-Cl were kept constant in all the reactions and 

different amounts of the iron precursor were added by extending the injection time. 
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After the addition of Fe(CO)5, the solution typically turned black after about 15 min 

of injection, indicating the formation of Fe NPs. The longest reaction was run for 45 

min, after which the injection and the heating were stopped, and the solution was 

left to cool down at room temperature. Three other injections times were selected 

to obtain different sizes of NPs. At the end of each reaction, the solution was 

collected and transferred into two 50 ml centrifuge tubes and 5 ml of chloroform and 

15 ml of ethanol were added. The solutions were centrifuged at 5000 rpm for 3 min. 

The supernatant was then discarded, and the precipitated nanoparticles were 

washed again adding 5 ml of chloroform to redisperse the NP and 15 ml of ethanol 

to promote the precipitation of NPs during the following centrifugation. The process 

was repeated twice in total and finally the NPs were dispersed in chloroform and 

stored for further use. Figure 3.2 shows a schematic representation of the setup used 

with a continuous injection of Fe(CO)5 using a syringe pump. 

3.2.5 Silica coating 

The synthesis followed a previously reported protocol used for the coating of iron 

oxide NPs.92 Briefly, 0.5 g of Igepal CO-520 was dissolved in 11 mL of cyclohexane and 

sonicated for 10 min. Then, a known amount of solid Fe NPs was dispersed in 1 ml of 

cyclohexane and added to the reaction solution with continuous stirring; 

subsequently, 0.2 mL of ammonium hydroxide (25%−28%) was added to the above 

mixture solution. Finally, different volumes of TEOS were added and the reaction was 

left to react for 3 h. The reaction solution was collected and transferred in a 

centrifuge tube. 5 ml of ethanol was added, and the NPs were centrifuged for 10 min 

at 8400 rpm and then magnetically separated. The amount of Fe NPs and of TEOS 

used in each reaction was varied to achieve core@shell@shell Fe@FexOy@SiO2 NPs 

as described in Table 3.7. 
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3.2.6 Poly (maleic anhydride-alt-1-octadecene) coating 

For the coating of Fe NPs with poly (maleic anhydride-alt-octadecene) (PMAO), it was 

followed the procedure reported by Moros et al. with some modifications.132 First, 

250 mg of PMAO was dissolved in 200 mL of chloroform under magnetic stirring. 

Secondly, 20 mg of Fe NPs dispersed in few ml of chloroform were added dropwise 

to the solution and the mixture was let stir for 1 h. To promote the encapsulation of 

the NPs with PMAO, the flask was placed in a rotary evaporator and a mild vacuum 

was applied to slowly remove the solvent. This process forms a black film at the 

bottom of the flask. 20 mL of NaOH 0.05 M solution was added into the flask to react 

with the maleic anhydride groups and make the nanocomposite water-soluble. The 

turbid solution was left to shake for at least 24 h adjusting the pH from time to time 

by adding more NaOH. Once the NPs are fully transferred in water the solution 

becomes clear, and it was then filtered using syringe filters of 0.45 μm. To remove 

the excess of the unbound polymer the NPs solution was centrifuged at 40000 rpm 

for 3 min using an ultracentrifuge. The supernatant, where the excess of polymer 

remains, was discarded and the precipitate was redispersed in distilled water with 

the aid of a sonicator. The process was repeated three times. The NPs were finally 

dispersed in distilled water and stored for further use. 

3.2.7 Poly (isobutylene-alt-maleic anhydride)-dopamine coating 

The synthesis of dopamine-functionalised poly (isobutylene-alt-maleic anhydride) 

(PIMA-Dopa) followed a previous procedure with some modifications.154 The 

synthesis of the polymer was carried out as follows: 0.385 g of PIMA (2.5 mmol 

monomer units) was dissolved in 10 mL of DMF in a 50 mL three-necked round-

bottomed flask. After purging the solution with nitrogen, the temperature was raised 

to 70 °C. Separately, in 0.5 mL of DMF, 1.25 mmol of dopamine hydrochloride salt, 

was activated with 1.25 mmol of triethylamine. The process promoted the formation 

of triethylammonium chloride which was precipitated by centrifugation of the 

dispersion for 3 minutes at 5000 rpm. The supernatant (dopamine in DMF) was 
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sucked with a 1 ml syringe which was placed in a syringe pump (KD Scientific Inc., 

KDS100) to slowly inject the dopamine solution into the PIMA solution at 70°C. The 

addition of the dopamine solution was complete within an hour and the reaction was 

left to react overnight. To collect the polymer, the DMF was removed under vacuum 

using a rotatory evaporator, leaving a waxy liquid on the walls of the round bottom 

flask. After, 2 ml of deionized water was added, and a white solid started to 

precipitate from the waxy liquid. The dispersion was centrifuged for 5 min at 8400 

rpm, the supernatant was discarded, and the precipitated polymer was further 

washed adding 5 ml of 1 M HCl solution following another round of centrifugation. 

The washing with HCl 1 M and subsequent centrifugation was repeated three times 

in total to remove any traces of DMF and unreacted dopamine from the sample. 

Finally, 5 ml of deionized water was used for the last round of centrifugation. Once 

the water was discarded, the polymer was left to dry under vacuum overnight. 

The ligand exchange was carried out as follows: firstly, 25 mg of polymer was added 

to 1 mL of THF containing few drops of EtOH to improve the solubility of the polymer. 

The suspension was sonicated for 5 min until a clear solution was obtained. Secondly, 

about 5 mg of NPs dispersed in 1 mL of THF was added to the polymer solution and 

left in a rotating shaker for 24 h. Mechanical shaking of the reaction solution was 

preferred over magnetic stirring as the magnetic NPs tended to stick to the magnetic 

bar during the ligand exchange process leading to a low efficiency of the process due 

to the precipitation of particles. The sample was then precipitated adding 3 ml of 

hexane and the dispersion was transferred in a centrifuge tube and centrifuged for 2 

min at 4,000 rpm. After discarding the supernatant 0.5 mL of THF and 0.3 mL of EtOH 

were added to disperse the precipitate; 2 ml of hexane was further added, and the 

turbid dispersion was centrifuged again. The supernatant was then discarded, and 

the precipitate was dried under vacuum leaving a black pellet. This was finally 

transferred in 5 mL of di-sodium tetraborate buffer solution at pH = 9.2 and allowed 

to stir for 24 to 48 h in a rotating shaker after few minutes of sonication to help to 

break down the pellet in smaller pieces. Once the dispersion gets clear, indicating 
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that water transfer was complete, a 0.45 μm disposable syringe filter with VWR 

polyethersulfone membrane was used to remove any big aggregates and the excess 

of ligands was removed through a centrifugal filter (Sartorius, Mw cut-off 50 kDa) by 

applying three to four rounds of concentration/dilution with Milli-Q water (> 18.0 

MΩ∙cm−1). 

3.2.8 Modified poly (isobutylene-alt-maleic anhydride)-dopamine coating 

To obtain a dopamine-functionalised polymer with a limited number of anchor points 

(Mod-PIMA-Dopa), the synthesis followed the same procedure of PIMA-Dopa with 

some modifications: 0.770 g of PIMA (5 mmol monomer units) was dissolved in 10 

mL of DMF in a 50 mL three-necked round-bottomed flask. After purging the solution 

with nitrogen, the temperature was raised to 70 °C. Then, 0.5 mL of DMF containing 

0.25 mmol of dopamine, previously activated with triethylamine hydrochloride was 

slowly injected into the solution using a syringe pump and left to react overnight. The 

washing procedure followed the same steps as PIMA-Dopa in the previous section.  

The ligand exchange was carried out as follows: firstly, 50 mg of polymer was added 

to 10 mL of THF containing few drops of EtOH. The suspension was sonicated for 5 

min until a clear solution was obtained. Secondly, about 10 mg of NPs was 

precipitated from the original dispersion in chloroform using EtOH and then 

dispersed in few mL of THF. Subsequently, this nanoparticle dispersion was added to 

the polymer solution and let in a rotating shaker for 48 h. The sample was then 

precipitated using 5 ml of hexane and centrifuged for 2 min at 4,000 rpm. After 

discarding the supernatant 6 mL of THF and 1 mL of EtOH were added to disperse the 

precipitate; 5 ml of hexane was added, and the turbid dispersion was centrifuged 

again. The supernatant was then discarded, and the precipitate was dried under 

vacuum leaving a black pellet. This was finally transferred in 10 mL of di-sodium 

tetraborate buffer solution at pH = 9.2 and sonicated for few minutes to help to break 

down the pellet in smaller pieces. The dispersion was then allowed to stir in a rotating 
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shaker for 48 h. Once the dispersion gets clear, indicating that water transfer was 

complete, a 0.45 μm disposable syringe filter with VWR polyethersulfone membrane 

was used to remove any big aggregates and the excess of ligands was removed 

through a centrifugal filter (Sartorius, Mw cut-off 50 kDa) by applying three to four 

rounds of concentration/dilution with Milli-Q water (> 18.0 MΩ∙cm−1). 

3.3 Results and discussion 

3.3.1 Synthesis of iron NPs through single-shot hot-injection: a study of 

precursor concentration effect 

Usually, in the hot-injection method, the precursor is injected into the reaction 

solution with a temperature above the decomposition temperature of the precursor. 

This promotes rapid nucleation consuming most of the monomer in solution. The 

remnant monomer is then consumed by the growth of the nuclei into nanoparticles. 

Therefore, the initial amount of precursor used can modify the final size of the NPs.7 

For the synthesis of Fe NPs, four different amounts of precursor were investigated 

using 0.20, 0.25, 0.30 and 0.35 ml of Fe(CO)5 (Table 3.1). The amount of Fe(CO)5 used 

in each reaction was measured by using a 1 ml graduated syringe. 

Table 3-1 Amount of Fe precursor used for single hot-injection 

Name Fe(CO)5 ml Fe(CO)5 (mmol) 

Fe_1 0.20 1.4 

Fe_2 0.25 1.7 

Fe_3 0.30 2.1 

Fe_4 0.35 2.5 

The TEM images (Figure 3.3) showed that in all four samples, NPs have a spherical 

shape with a darker core, likely made of iron and a brighter shell, possibly iron oxide. 

At 0.20 ml (Fe_1) of Fe precursor injected the reaction leads to monodisperse NPs in 

size with an average size of 13.5 ± 1.2 nm (Figure 3.3 a). Increasing the amount of Fe 
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precursor to 0.25 ml (Fe_2), the average size increased as well with NPs of 16.3 ± 2.8 

nm (Figure 3.3 b). When 0.30 mL of Fe precursor was used (Fe_3), the obtained 

average size was 14.4 ± 1.0 nm (Figure 3.3 c) and finally, when 0.35 ml of Fe(CO)5 was 

used (Fe_4), the final size was 16.3 ± 3.3 nm (Figure 3.3 d).  

 

Figure 3-3 TEM pictures for reactions a) Fe_1 using 0.20 ml of Fe(CO)5, b) Fe_2 
using 0.25 ml of Fe(CO)5, c) Fe_3 using 0.30 ml of Fe(CO)5, d) Fe_4 using 0.35 ml 
of Fe(CO)5. 

From the XRD patterns, (Figure 3.4) the main phase detected in all four samples 

matched the pattern of cubic α-Fe. No evidence of oxide layer was found in the 

pattern, meaning that the oxide shell was either amorphous or was made of very 

small crystalline domains which could lead to a weak signal that it was hard to detect 

in the final pattern. By using the Scherrer equation it was possible to estimate the 
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crystal size of the α-Fe phase. The calculation was performed after the integration of 

the XRD pattern and calculated on the first peak at 44° (2θ) which is the most intense 

in the pattern. In the case of reaction Fe_1, the crystal domain size was 8.5 nm. After 

increasing the amount of precursor, Fe_2, the size increased to 11.2 nm. In the case 

of Fe_3, the obtained value was 10.5 nm and finally, for Fe_4 the estimated size was 

13.1 nm. 

 

Figure 3-4 XRD patterns for different amount of iron precursor Fe(CO)5 used: 
0.20 ml for Fe_1, 0.25 ml for Fe_2, 0.30 ml for Fe_3 and 0.35 ml for Fe_4. 

Table 3-2 Summary of NPs size and Fe size obtained through TEM and XRD 
analysis. 

Name  NPs Size nm (TEM)  Fe Size nm (XRD)  

Fe_1  13.5 ± 1.2 8.5 

Fe_2  16.3 ± 2.8 11.1 

Fe_3  14.4 ± 1.0 10.5 

Fe_4  16.3 ± 3.3 13.1 

The TEM values and the estimated crystal size of the Fe phase are summarised in 

Table 3.2. By increasing the amount of precursor used, the size of NPs (and the size 

of Fe crystallite) initially increased from 13.5 nm to 16.3 nm. However, after further 
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increasing the amount of precursor, the size of NPs decreased to 14.4 nm and 

eventually increased again when more precursor was used. The XRD values followed 

a similar trend. 

It was also observed that the polydispersity values for the size of the NPs (defined as 

the standard deviation divided by the average diameter times 100) for the four 

reactions changed considerably from a value around 10 %, in the case of Fe_1 and 

Fe_3, to a value almost double (≈20 %) for Fe_2 and Fe_4. Higher values in 

polydispersity corresponded to a broader size distribution of the size of NPs. The 

polydispersity can be used as a mean to roughly determine how controlled the 

reaction conditions are. For example, if during the synthesis a single nucleation step 

takes place, the following growth of nanoparticles usually leads to monodispersed 

NPs (polydispersity value ≤ 10 %).16 On the other hands if multiple nucleation steps 

take place at different times, the following growth is not homogeneous within the 

whole sample and usually NPs with higher size polydispersity are obtained.75  

However, in this case, the polydispersity values did not follow a strightforward trend 

and few considerations were done. The size-tuning capability of the reaction protocol 

was very limited. Changing the amount of precursor led to particles with bigger size 

but also with larger size distribution. It was hypothesised that when a larger volume 

of the precursor was used, this did not decompose homogeneously once injected, 

causing multiple nucleation steps during the reaction which eventually led to a broad 

size distribution. Possibly, the irregularity of the results was associated with the hot-

injection procedure itself, because the injection was performed manually and thus 

an identical injection time was hard to replicate from batch to batch. 

3.3.2 Synthesis of Iron NPs through continuous addition of precursor 

Good size tunability with a narrow size distribution can be obtained through a 

sequential injection of precursor.16 This can prevent the process of Ostwald ripening 
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(or size defocusing) from taking place when the monomer is depleting. As more 

monomer is added in a later stage of the reaction, a process of refocusing of the NP 

size can be promoted.6,155 In addition, one of the most recognised theories to 

describe the growth evolution of a colloidal system was proposed by LaMer.156 Using 

this model, it is possible to predict that the excessive addition of monomer in a later 

stage can lead to a second nucleation process if the concentration raises above the 

nucleation threshold (Cmin). This is undesirable as the growth of two populations 

would lead to a broadening of the size distribution. By controlling the rate of addition, 

it is possible to prevent a second nucleation stage and promote just the growth of 

the crystals (Figure 3.5).  

 

Figure 3-5 Extended La-Mer plot configuration.  

To tune the final size and polydispersity of Fe NPs, a novel approach was investigated 

using a continuous injection of precursor instead of a single injection. Moreover, in 

this case, a syringe pump was used to have a reproducible injection of precursor and 

to control the rate of addition. 
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3.3.2.1 Control over the injection rate 

As a first step, it was evaluated whether a syringe pump could be used to 

continuously inject the precursor in the reaction solution. Tests were carried out 

using different rates of addition of the precursor to evaluate which rate of injection 

would not promote any secondary nucleation step but just growth of the pre-formed 

particles. (Table 3.4) No changes in the other parameters were made and the 

concentration of chemicals was left unchanged: 10 ml ODE was used as a solvent, 0.5 

mmol of OY was used as a ligand, 0.5 mmol of HDA-Cl and 2.0 mmol of Fe(CO)5 (0.27 

ml) were used as a necessary chemical for the formation of crystalline Fe NPs. 

Table 3-3 Conditions used for continuous hot-injections. 

Sample Rate of injection 

Fe(CO)5 (ml/h) 

Fe(CO)5 

(mmol) 

HDA-Cl 

(mmol) 

OAm 

(mmol) 

Fe_5 1.3 2.0  0.5 0.5 

Fe_6 0.4 2.0 0.5 0.5 

Fe_7 0.2 2.0 0.5 0.5 

In general, as the precursor was injected into the reaction solution, the colour of the 

reaction became bright yellow. After some minutes the solution turned brown and 

then quickly black. This indicated the formation of NPs, which became big enough to 

scatter light. This step can be related to the nucleation event.110 A faster colour 

change was observed with increasing the rate of injection. 

When using 1.3 ml/h rate of injection, (Fe_5 sample) Fe NPs appeared to be highly 

polydisperse in size with particles over 50 nm with cubic structures also appearing 

(Figure 3.6 a). This indicates that multiple nucleation events occurred, and the growth 

was not controlled due to the fast rate of injection of the precursor. The XRD pattern 

for the same sample showed that the main phase was α-Fe with a crystallite size of 

16.7 nm. 
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Figure 3-6 a) TEM micrographs of Fe NPs synthesised with 1.3 ml/h injection rate 
and XRD pattern of the same sample. b) TEM micrographs of Fe NPs synthesised 
with 0.4 ml/h injection rate and XRD pattern of the same sample. c) b) TEM 
micrographs of Fe NPs synthesised with 0.2 ml/h injection rate and XRD pattern 
of the same sample. Reference pattern in the XRD corresponds to α-Fe (pdf ref. 
00-006-0696). 
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The rate of injection was then reduced to 0.4 ml/h to avoid multiple nucleation steps. 

In this case, the particle size appeared to be homogeneous with an average value of 

17.7 ± 1.9 nm (Figure 3.6 b). The XRD pattern showed that the phase corresponded 

to α-Fe with a mean crystallite size of 10.3 nm. This showed that by decreasing the 

rate of addition, the formation of NPs resulted in a more controlled fashion, 

indicating that multiple nucleation steps were avoided. Also, some shaped NPs were 

present in the sample and this may come from slower growth of the NPs compared 

to the single hot-injection. This could favour an anisotropic growth guided by the 

cubic crystal structure of α-Fe instead of an isotropic growth. 

The rate of injection was then further slowed down to 0.2 ml/h to confirm the 

hypothesis that controlled growth is achieved with a slow injection of the precursor. 

Moreover, it would help to investigate whether the rate of addition of precursor can 

also affect the final cubic morphology of the NPs. 

From Figure 3.6 c, the TEM micrograph shows core@shell nanoparticles with an 

average size of 14.4 ± 0.8 nm. The sample also showed some shaped and cubic-like 

NPs along with spherical NPs. However, no clear difference was detected in the 

overall shape of the NPs compared to the sample obtained with 0.4 ml/h injection 

rate. The XRD pattern showed that the phase corresponds to α-Fe with a mean 

crystallite size of 9.4 nm. 

We concluded that the 0.4 mL/h rate is slow enough to obtain a controlled synthesis 

without multiple nucleation events. With a faster rate of injection, the obtained NPs 

were polydisperse and multiple nucleation events occurred. Slowing down the rate 

to 0.2 mL/h still produced highly monodispersed NPs but required longer reaction 

times and did not significantly affect the final shape of the NPs. Therefore 0.4 ml/h 

was selected as the optimal injection rate for further experiments.  
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3.3.2.2 Control over amount of precursor injected. 

After investigating the optimal conditions required for the formation of Fe NPs with 

the continuous injection of the precursor, it was important to evaluate the tuning 

capabilities of this method. The conditions used were 10 ml of octadecene, 0.5 mmol 

of OAm and 0.5 mmol of HDA-Cl. The injection rate for the addition of Fe(CO)5 was 

set at 0.4 ml/h. Fe NPs of different size were produced by adding a different amount 

of precursor (see Table 3.5), after which the reaction was stopped, and the product 

was fully characterised. 

Table 3-4 Reaction condition used to obtain different sizes of Fe NPs 

Sample Rate of 

injection 

(ml/h) 

Fe(CO)5 

injected 

(mmol) 

Injection 

time (min) 

HDA-Cl 

(mmol) 

OAm 

(mmol) 

Fe_8  0.4 1.0 20 0.5 0.5 

Fe_9 0.4 1.3 25 0.5 0.5 

Fe_10 0.4 2.0 38 0.5 0.5 

Fe_11 0.4 2.4 45 0.5 0.5 

The TEM images of the four samples show how the size of NPs increased with 

increasing the amount of Fe precursor added in the reaction solution (Figure 3.7 a-

d). The NPs synthesised using 1.0 mmol of Fe(CO)5, which corresponded to 20 min 

injection time, had a mean diameter of 12.6 ± 0.6 nm as shown in Figure 3.7 a. No 

core was observed, and the NPs appeared to be fully oxidised after being exposed to 

air. When 1.3 mmol of Fe(CO)5 was used (25 min of injection time), the NPs size 

increased to 15.9 ± 0.9 nm and the NPs deposited onto the grid forming a superlattice 

(Figures 3.7 b and 3.7 c), indicating a high uniformity in size. In this case, a distinct 

core@shell structure is observed. With a higher amount of precursor, i.e. 2.0 mmol 

of Fe(CO)5, corresponding to 38 min of injection time, the NP size increased up to 

18.3 ± 1.1 nm. When the amount of Fe precursor was further increased to 2.4 mmol, 

corresponding to 45 min of injection time, bigger NPs with a diameter of 20.7 ± 3.9 
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nm were obtained (Figures 3.7 d). The polydispersity values remained almost 

constant for the first three samples (standard deviation below 10%), while the 

standard deviation of the 20.7 nm NP size reached a value close to 20% (Figure 3.8 

e). The volume of the NPs was calculated from the diameter of the NPs obtained in 

the TEM analysis and the value was plotted against the amount of Fe(CO)5 injected in 

the reaction, as shown in Figure 3.7 f. The graph shows a linear trend with the size 

increasing with the amount of Fe(CO)5 injected, showing that the size of α-Fe@FexOy 

NPs can be systematically tuned by controlling the amount of precursor used. 

However, the NP growth tended to lose control due to a stronger inter-particle 

magnetic dipole interaction when the NP size approaches 20 nm, causing them to 

aggregate and precipitate. This ultimately led to a broader size distribution, similarly 

to previous reports with ferromagnetic metals.17,157 
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Figure 3-7 TEM images of Fe NPs and relative zoom-in inset of the yellow square, 
for 1.0 mmol a), 1.3 mmol b), 2.0 mmol c) and 2.4 mmol d) of Fe(CO)5 used. The 
scale bars in all four pictures correspond to 50 nm. e) Size distribution for the 
four reactions with different amount of precursor used. f) The relationship 
between NP volume and the amount of Fe(CO)5 injected into the system. 
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Figure 3-8 a) HAADF-STEM images of one Fe NP synthesized using 1.3 mmol of 
Fe(CO)5. EDS elemental mapping is also shown where signal intensities coming 
from b) oxygen and c) iron. d) It shows an overlapping of the signals coming from 
the two elements. 

Figure 3.8 shows the HAADF-STEM and EDS elemental mapping images of the NPs 

synthesized using 1.3 mmol of Fe(CO)5 (25 min of injection time). The HAADF-STEM 

image confirmed the NPs had a distinct core@shell structure with a darker shell 

surrounding a brighter core as shown in Figure 3.8 a. Oxygen seemed to be localized 

at the shell region, while Fe was rich in the core region (Figure 3.8 b-d). The same 

structural feature can be observed in the NPs synthesized using 2.0 mmol of Fe 

precursor as shown in Figure 3.9.  



107 

 

 

Figure 3-9  HAADF-STEM images of one Fe NP synthesized using 2.0 mmol of 
Fe(CO)5. EDS elemental mapping is also shown where signal intensities coming 
from b) oxygen and c) iron. d) It shows an overlapping of the signals coming from 
the two elements. 

Figure 3.10 (a) showed the high-resolution HAADF-STEM image of a single NP.  The 

lattice spacing of 2.0 Å was clearly observed in the core region, which corresponded 

to the (110) spacing of bcc Fe (α-Fe) phase. On the other hand, a lattice spacing of 2.5 

Å was observed in the shell region corresponding to the (311) spacing of iron oxides  
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Figure 3-10 a) High-resolution HAADF-STEM image of a core@shell NP, with the 
lattice spacing of Fe3O4/γ-Fe2O3 in red, and α-Fe in blue. b) An area of the oxide 
shell, with c) the corresponding indexed FFT from the dashed white box. 

such as Fe3O4 or γ-Fe2O3. In addition, the shell was found to be polycrystalline in 

nature. Full analysis of the HAADF-STEM image at the shell region revealed the 

existence of an ~ 4 nm crystalline domain viewed down the [100] zone axis of the 

inverse spinel crystal structure (Figure 3.10 b and 3.10 c). Analysis of the crystallite 

sizes in the oxide shell showed that the crystallite size was approximately of the same 

size as the shell thickness. The shell was made of small polycrystalline oxidised 

domains formed via the lattice expansion that occurred upon oxidation from α-Fe to 
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the inverse spinel structure of Fe3O4/γ-Fe2O3. Figure 3.11 shows the XRD patterns of 

the four samples. The sample synthesized with the lowest amount of Fe precursor 

(shortest injection time) had no peak corresponding to α-Fe, while one the peaks 

originating from iron oxides was observed.  

The primary peak at 35° was attributed to the (311) plane of Fe3O4/γ-Fe2O3. Although 

it is difficult to assign the rest of the peaks present in the XRD pattern because the 

pattern is quite noisy, the absence of any peak corresponding to metallic Fe phases 

including α-Fe, γ-Fe and δ-Fe confirms the complete oxidation of the NPs. In the cases 

of other samples, the peaks of the α-Fe phase became dominant and peaks related 

to oxides became negligibly weak. This was due to the small size of the FexOy grains, 

which translated into broader and less intense peaks in the XRD pattern compared to 

the peaks coming from α-Fe.  

The mean crystallite sizes of α-Fe phase for NPs synthesized using 1.3, 2.0 and 2.4 

mmol of Fe(CO)5 (corresponding to 25, 38 and 45 min of injection time) were 

estimated using the (110) peak as shown in Figure 3.11 (bottom). The values for each 

sample were calculated to be 11.0, 11.4 and 13.2 nm, respectively. Those values were 

in good agreement with the average core sizes determined from the TEM analysis 

(see Table 3.7) suggesting that the Fe core was monocrystalline. From both XRD and 

TEM analysis, the mean size values of the Fe core followed an increasing trend along 

the four reactions, indicating that after the nucleation event the formed seeds acted 

as primary sites for the growth of Fe NPs as single crystal while more Fe precursor 

was added.  



110 

 

 

 

Figure 3-11 (top) XRD patterns of the Fe NPs synthesised using different amounts 
of Fe(CO)5. The dark grey reference pattern corresponds to Fe3O4 phase and the 
green one to bcc-Fe phase (JSPC PDF no. 01-079-0418 and 00-006-06969 
respectively). (bottom) Fitting of XRD pattern data of Fe NPs synthesised with 
1.3 mmol of Fe(CO)5.  
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XPS analyses were also performed to confirm the chemical structure of the sample. 

Figure 3.12 shows the Fe 2 p XPS spectra of the four samples obtained varying the 

amount of Fe precursor.  XPS is very sensitive to the chemical state and environment 

in which Fe atoms are. Fe0 has a sharp peak at around 707 eV, while Fe2+ and Fe3+ lies 

at higher energy of the spectrum, around 711 eV. The two oxidised species usually 

overlap as the difference in energy between the two species is very narrow (< 1 eV).2  

The NPs synthesized with the lowest amount of Fe precursor (1.0 mmol) exhibited no 

peak corresponding to Fe0 but just the peak at 711 eV coming from Fe2+ and Fe3+, 

while all the other samples clearly showed the presence of Fe0 supporting the fact 

that the NPs obtained with 1.0 mmol of Fe(CO)5 were completely oxidised. 

 

Figure 3-12 Fe2p XPS spectrum of Fe NPs synthesised at different injection time. 

The magnetic properties of the four samples were analysed via SQUID-VSM. Figure 

3.13 shows the hysteresis loops at 300 K and the main magnetic parameter are 

summarised in Table 3.6.  



112 

 

 

Figure 3-13 Magnetic hysteresis loop taken at 300 K (blue line) and 5 K (red line) 
with relative zoom in at low fields for the four samples: a) 1.0 mmol b) 1.3 mmol 
c) 2.0 mmol and d) 2.4 mmol of Fe(CO)5 used. 

An increasing trend for the value of Ms was related to the increase in the size of the 

NPs. The smallest NPs (12.6 nm) showed a value of 35 emu/g, which was the lowest 

of the series (Figure 3.13 a). When the size of NPs increased from 12.6 to 15.9 nm, 

the Ms value jumped from 35 to 109 emu/g (Figure 3.13 b), while for magnetite NPs 

one of the highest saturation magnetisation was 88 emu/g.20 For the NPs of mean 

size of 18.3 nm, the NPs gave a similar Ms value of 112 emu/g (Figure 3.13 c). In the 

case of the largest NPs (20.7 nm), the Ms value reached 127 emu/g (Figure 3.13 d). 

The behaviour can be explained by considering that in the first case, the NPs were 

completely oxidised, hence the lower Ms value. However, this value was much 
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smaller than the value reported for NPs of similar size composed of monocrystalline 

magnetite phase.158 This was probably due to the rapid oxidation process and the 

subsequent formation of multi-grains of small iron oxide nanocrystals leading to the 

low Ms value. When the size increased, Ms value went up due to the presence of 

highly crystalline α-Fe core. While the 15.9 and 18.3 nm NPs showed similar Ms 

values, the largest NPs (20.7 nm) showed the highest Ms value due to the presence 

of larger ferromagnetic cores.159  

The measured Ms values were used to estimate the volumes of α-Fe phase and oxide 

phases as reported from Sun et al. 29: 

𝑀𝑠𝑇𝑜𝑡 = 𝑀𝑠𝐹𝑒𝑤𝐹𝑒 + 𝑀𝑠𝐹𝑒3𝑂4𝑤𝐹𝑒3𝑂4  (Eq 3.1) 

              (Eq 3.2) 

     (Eq 3.3) 

     (Eq 3.4) 

     (Eq 3.5) 

 

where MsTot is the experimental magnetization saturation, MsFe and MsFe3O4 

correspond to the bulk magnetization values, w is the weight fraction, v is the volume 

fraction and V indicates the volume. 

The iron oxide shell thickness remained almost constant along the whole series, being 

around 4-5 nm, while the Fe core diameter gradually increased, similarly to the values 

reported in the TEM analysis (Table 3.6). The slight difference in obtained values 

 

𝑤𝐹𝑒 + 𝑤𝐹𝑒3𝑂4 = 1; 

𝑣𝐹𝑒 =
𝑤𝐹𝑒

𝜌𝐹𝑒
 𝑣𝐹𝑒3𝑂4 =

𝑤𝐹𝑒3𝑂4

𝜌𝐹𝑒3𝑂4
; 

𝑉𝐹𝑒 =
𝑣𝐹𝑒

(𝑣𝐹𝑒+ 𝑣𝐹𝑒3𝑂4)
∗ 𝑉𝑇𝑜𝑡; 

𝑑𝐹𝑒 = √
𝑉𝐹𝑒 ∗ 6

𝜋

3
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between two different techniques can be explained by the spin canting effects 

present on the surface of the NPs which impairs the Ms in nanosized materials 

compared to the bulk counterparts,160 leading to smaller estimated size. The 

coercivity of 12.6 nm NPs of 30 Oe indicated extensive oxidation, while in the case of 

bigger particles where the core@shell structure was maintained, the coercivity 

increased to around 150 Oe, in agreement with values reported in previous 

work.29,161  

3.3.2.3 Summary 

The synthesis of Fe@Fe3O4 NPs via continuous injection of precursor was optimised 

studying the optimal injection rate necessary to deliver controlled and tunable Fe 

NPs. Setting the injection rate at 0.4 ml/h, the synthetic procedure allowed to achieve 

four different size of Fe NPs varying the amount of Fe(CO)5 injected into the reaction 

solution via a syringe pump. The size of the four Fe NPs samples follows a linear 

increasing trend with the increase of Fe precursor. The characterisation results are 

summarised in Table 3.6 

Table 3-5 Summary of size for the four samples obtained through TEM and XRD, 
magnetic properties and estimated size using magnetic properties. The XRD size 
values of Fe core were obtained applying the Scherrer formula on the main peak 
(110) of α-Fe pattern. The diameter, d, of Fe TEM was estimated by measuring 
the size of the core of the NPs in the TEM micrographs. The thickness of FexOy 
phase was estimated by subtracting the average diameter of the core@shell NPs 
with the average diameter of Fe core, dividing the total by 2. 

Fe inj. 

(mmol) 

Ms 

300K 

(emu/

g) 

Ms 

5K 

(emu/

g) 

Hc 

300

K 

(Oe) 

Hc 

5K 

(Oe) 

dFe 

XRD 

(nm) 

dFe 

TEM 

(nm) 

tFe3O4 

TEM 

(nm) 

dFe 

SQUID 

(nm) 

tFe3O4 

SQUID 

(nm) 

1.0 35 71 30 195 - - - - - 

1.3 109 121 150 760 11.0 10.3 2.8 7.1 4.3 

2.0 112 117 180 580 11.4 11.5 3.4 8.7 4.7 

2.4 127 133 120 480 13.2 15.6 2.5 12.1 4.3 
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3.4 Ligand modification for water-soluble Fe NPs 

While the Fe NPs synthesised in this work have hydrophobic ligands on the surface, 

Fe NPs need to be dispersible in water to be used for magnetic hyperthermia. In the 

following section, several strategies used to make Fe NPs water-dispersible are 

reported. The strategies were based on previously published protocols used for iron 

oxide NPs because the as-synthesised Fe NPs have an iron oxide shell. However, 

adapting the protocols for the water transfer of FexOy NPs into Fe NPs is not trivial 

because Fe NPs are more magnetic, hence more prone to aggregation, and the 

chemical stability of the Fe core must be considered as it is more prone to oxidation.  

3.4.1 Silica coating  

To make Fe NPs soluble in water and protect the Fe core from further oxidation, silica 

coating was attempted. Silica comes as a negatively charged material on the outer 

surface due to the presence of free silanol (Si-O-H) moieties, making the material 

hydrophilic. Moreover, silica is biocompatible162 and numerous silane-functionalised 

reagents are commercially available and can be easily added to the silica substrate, 

making silica an attractive and versatile coating material.  

The synthesis chosen was reported in the literature for the coating of iron oxide 

NPs.92 In our experiment, we used the iron oxide phase of the shell of the NPs to grow 

a silica layer through the formation of Si-O-Fe bonds.  

Figure 3-14 Igepal-CO-520 molecular structure 
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For the formation of the silica layer, first, NPs were dispersed in cyclohexane with 

Igepal CO-520 and the first step of ligand exchange occurred. The alcohol group at 

one end of the molecule (Figure 3.14) interacted with the iron oxide phase displacing 

the native ligand (Oleylamine). After the ammonia was added, the amphiphilic nature 

of Igepal CO-520 led to the formation of a microemulsion, because of the hydrophilic 

head and hydrophobic tail of the molecule, thus Igepal CO-520 was used both as 

ligand exchanger and surfactant to form aqueous micelles in cyclohexane. According 

to Ding et al. the exchanged NPs were subsequently transferred into the aqueous 

micelles, which acted as a reactor where the silica coating occurs once the TEOS was 

added.92 

Table 3-6 Conditions used for the coating of Fe NPs with Silica 

Sample Fe NPs Ammonia Igepal-CO-520 TEOS 

FeSi_1 1.3 mg 0.1 mL 0.5 g 75 μL 

FeSi_2 3 mg 0.1 mL 0.5 g 75 μL 

FeSi_3 5 mg 0.1 ml 0.5 g 75 μL 

FeSi_4 2.1 mg 0.1 ml 0.5 g 2 x 37 μL 

The authors reported that one of the challenges of this protocol was to promote the 

growth of a silica coating on the surface of Fe NPs rather than the formation of free 

silica NPs. A key parameter to avoid free silica NPs was to adjust the amount of Fe 

NPs with the number of aqueous micelles formed in solution, so that all the Fe NPs 

can be transferred from the organic phase to the aqueous micelles where the silica 

coating happens.92 Indeed, if not enough Fe NPs are transferred inside the micelles 

just silica NPs are formed.  The ratio of ammonia to Igepal CO-520 affects the size and 
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number of aqueous micelles, and while keeping the ratio constant, the amount of 

NPs should be adjusted according to the NPs size. If all the aqueous domains are filled 

with Fe NPs, this would reduce the chance to form free silica NPs. Therefore, the first 

reactions were carried out varying the amount of Fe NPs used in the coating reaction, 

keeping the ammonia to Igepal-52 ratio constant. During the reaction, different 

aliquots were taken and analysed with TEM to monitor the evolution of the reaction. 

In Figure 3.15 TEM images for FeSi_1 are shown. An aliquot of the reaction solution 

was taken to monitor the evolution of the reaction at 1.5 h. In the sample, free silica 

NPs were the predominant species. Si NPs appeared brighter in the TEM because of 

the lower atomic number of Si compared to Fe atoms. Some Fe NPs were also 

observed, having a thin brighter shell which may suggest that the particles were 

coated with silica. In the TEM image of the final sample (Figure 3.15 right), after 3 h 

of reaction, no free silica NPs were observed. Indeed, during the washing of the final 

sample, Si NPs were removed via magnetic separation step. Fe NPs appeared 

aggregated, and a clear analysis of the final structure was not easy. However, a 

brighter shell can be observed on the particles at the edges of the agglomerate, which 

could be associated with the successful formation of Si coating on top of Fe NPs.  
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Figure 3-15 TEM pictures of FeSi_1 reaction aliquot at 1.5 h (left) and at the end 
of the reaction (left). 

FTIR spectra of as synthesised NPs and FeSi_1 NPs are shown in Figure 3.16. The as 

synthesised Fe NPs have a characteristic peak at 2924 cm-1 (green arrow) coming 

from the -CH2- group of the oleylamine present on the surface of the NPs. This peak 

decreased drastically in the case of silica coated Fe NPs and a more intense peak 

appeared at 1098 cm-1 (blue arrow), which was associated to Si-O-Si vibration. This 

vibration mode confirmed the coating of Fe NPs with silica because no free silica NPs 

were detected in the sample after magnetic separation in the TEM analysis. However, 

a weak signal coming from the -CH2- vibration mode can still be observed, suggesting 

that a complete coating with silica was not achieved.  
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Figure 3-16 FTIR measurement of FeSi_1 NP before and after Silica coating (3 h) 
reaction. 

The XRD pattern of FeSi_1 in Figure 3.17 showed that the α-Fe was the main phase in 

the sample, indicating that the coating procedure did not affect the structure of the 

Fe NPs. A broad peak appeared around 20° and this was attributed to amorphous 

silica coming from the silica shell on the Fe NPs or from pure Si NPs. 
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Figure 3-17 XRD pattern of FeSi_1 NPs with α-Fe (grey) and Fe3O4 (blue) 
reference patterns. 

In FeSi_2 and FeSi_3, the amount of NPs was increased to 3 mg and 5 mg respectively, 

to attempt to reduce the formation of free silica NPs. In the case of FeSi_2, the 

reaction was also let to react for 24 h to evaluate the effect of time on the overall 

reaction. However, to compare the results with the previous reactions, an aliquot was 

taken after 3 h of reaction, which was the time used in all the other silica coating 

experiments. Figure 3.18 shows TEM images of the aliquot taken at 3 h and at the 

end of the reaction (after 24 h). In the aliquot micrograph, the formation of Si-coated 

Fe nanoparticles was observed, however, most of the sample was made of Si NPs, 

indicating that the increase in the amount of Fe NPs did not stop the formation of Si 

NPs. When the reaction was left to react for a longer time (24 h), the coating thickness 

increased as shown in Figure 3.20 (right), showing that the reaction proceeded after 

3 h. Along with silica-coated Fe NPs, the sample showed also aggregated Si NPs. A 

possible explanation for this phenomenon was that both Si NPs and Si-coated Fe NPs 

have a reactive surface due to the presence of unreacted Si-O- bonds which caused 

inter-particles cross-linking. This phenomenon was favoured by the longer reaction 

time.  
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Figure 3-18 TEM images of FeSi_2 reaction aliquot at 3 h of reaction (left) and 
sample at the end of the reaction after 24 h (right). 

 

Figure 3-19 TEM images of the FeSi_3 sample at the end of the reaction after 3 h. 

Figure 3.19 shows TEM images of the sample FeSi_3 obtained with 5 mg of initial Fe 

NPs. The sample appeared very similar to FeSi_1 with NPs being aggregated; this 

limits the chance to clearly observe the final structure and determine whether the 

coating was successful or not. Free Si NPs were also observed and increasing the 

amount of Fe NPs used did not improve the reaction’ results. 
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After the analysis of these results, it was concluded that Si-coated Fe NPs could be 

formed but the process was hard to control. Trying to match the number of Fe NPs 

with the aqueous domains by increasing the amount of initial iron NP, still produces 

core-free Si NPs. Furthermore, when diluted aliquots were taken from the reaction 

solution, Si-coated Fe NP can be clearly detected via TEM, but when the final product 

was analysed, the silica coating was hard to distinguish due to the aggregation of NPs. 

Instead when the reaction was let for long hours (24 h) the thickness of the silica 

coating increased, showing more clearly a core@shell structure.  

In order to gain more control over the silica layer growth and to decrease the 

presence of free-silica NPs, the same amount of TEOS used for the reaction was split 

into two aliquots added separately. After the first 37 μL of TEOS were added, the 

solution was let react for 30 min before adding other 37 μL of silica precursor. Figure 

3.20 shows the TEM images of the final sample obtained with sequential addition of 

the silica precursor. TEM images suggested that Fe NPs were coated with a silica shell. 

This was also confirmed by the diameter being 25 nm for the found core@shell NPs, 

which was larger than the starting Fe NPs (18.9 nm). However, the formation of Si 

NPs was not stopped, and the sample looked highly aggregated.  
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Figure 3-20 TEM images of the FeSi_4 sample. In this case, the amount of TEOS 
added was split into two different aliquots. 

Table 3-7 Hydrodinamic size and Z-potential values for Silica-coated NPs. 

 FeSi_1 FeSi_2 FeSi_3 FeSi_4 

DH (nm) 191  337  280 290  

Z (mV) -20.3 -42.4 -20.5 -22.3 

The colloidal stability of the samples was analysed via DLS. In Table 3-8 the 

hydrodynamic diameter (DH) and the z-potential of the four different reactions are 

reported. The samples showed a DH value of 191 nm for FeSi_1, around 300 nm for 

the FeSi_3 and FeSi_4, and up to 337 nm for the FeSi_2 sample, where the reaction 

was left to react for 24 h instead of 3 h. The trend seems to agree with the TEM 

analysis where the bigger DH is associated with FeSi_2, where Fe NPs were coated 

with a thicker silica layer compared to other samples. Also, the formation of 

aggregates in solution plays a role in the DH value, and in the TEM images, all the 

sample showed a high extent of aggregation. The Z-potential values for all the four 

sample were negative and this was due to the presence of Si-O- groups on the surface 

of silica. Interestingly, the Z-potential values were around -20 mV for all the sample 

except for FeSi_2, suggesting that with longer reaction time, a better coating was 
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achieved, leading to more negative Z-potential value. Furthermore, for all the 

samples, the dispersion was not stable in water and particles precipitated within one 

day. 

3.4.1.1 Summary on silica coating 

The results showed that the protocol of coating Fe NPs with silica was partially 

achieved. TEM, FTIR and XRD analysis showed that Fe NPs could be coated without 

modifying the initial structure of Fe NPs. However, the coating was not uniform, and 

many SiO2 NPs were also formed during the syntheses. It also appeared that the final 

NPs easily aggregated, and silica did not provide sufficient colloidal stability to the 

NPs in solution. One possible reason was that ferromagnetic Fe NPs were more prone 

to inter-particle interactions and this impaired the whole coating process, from the 

initial transfer in water to the final silica coating, leading to the formation of clusters 

of NPs with poor colloidal stability.  For these reasons, the silica coating was not 

suitable to transfer Fe NPs in water and protect them from further oxidation. 

3.4.2 Encapsulation with poly maleic anhydride alt octadecene  

In order to transfer iron NPs in water, a second strategy was investigated using the 

polymeric encapsulation protocol with PMAO. Each monomer in the polymer has a 

hydrophobic part having an 18-carbon chain, and a maleic anhydride group which 

becomes hydrophilic once hydrolysed (Figure 3.21). The hydrophobic part can 

intercalate and interact hydrophobically with the oleylamine tails that covered the 

Figure 3-21 Molecular structure of PMAO polymer. 
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as-synthesised nanoparticles’ surface. This would allow the maleic anhydride 

moieties to be exposed to the NPs outermost part. When hydrolysed, the maleic 

anhydride renders two carboxylic groups which make the nanocomposite water-

soluble. At the same time, the maleic moieties can be easily functionalised via 

nucleophilic substitution with molecules containing nucleophiles (amines, alcohols, 

thiols etc.) allowing for the tailoring of the system according to the desired 

application. Finally, the polymer has also been proved to be biocompatible.132  

The transfer of Fe NPs was first analysed via TEM. The TEM images (Figure 4.22) show 

some dispersed single particles along with some aggregated areas. These areas can 

be formed during the evaporation of the solvent from the grid used to deposit the 

sample, which drives the particles to cluster together. However, also the 

encapsulation process can be responsible for that if one polymer chain interacts with 

more than on NP, forming a cluster of NPs. The latter could be favoured by the large 

size of the polymer itself which has a number average molecular weight, Mn, of 

30.000 - 50.000 g/mol according to the manufacturer. Interestingly, the transfer in 

water does not seem to compromise the core@shell structure of the NPs with an iron 

core still clearly visible and no sign of oxidation. To confirm this observation, the 

sample was analysed using XRD and the resulting pattern clearly showed that the 

main phase was α-Fe. Other small peaks can be detected, and they can be attributed 

to the magnetite/maghemite phase, possibly coming from the iron oxide shell or 

from some oxidised particles. However, this phase can be considered negligent 

compared to the α-Fe. This is important because it shows that no “hard” coating (e.g. 

silica, gold, etc.) is necessary to stop the oxidation of Fe NPs once when they are 

transferred in water. 
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Figure 3-22 a) High magnification and b)low magnification TEM images for the 
PMAO encapsulated Fe NPs (2.0 mmol) using a NPs:polymer mass ratio of 12. c) 
XRD spectrum of the Fe@PMAO nanoparticles where the green reference pattern 
refer to α-Fe phase and the grey one refer to magnetite. 

The TEM and XRD measurements proved that Fe NPs were transferred in water 

without a change in structural properties and this was highly desirable for their 

application in magnetic hyperthermia. Another important parameter to assess was 

their colloidal stability in solution. Analyses with DLS showed an average 

hydrodynamic diameter (DH) of 370 nm, which was higher than the desirable 

hydrodynamic diameter (< 100 nm) suitable for biomedical applications.163 Within a 

few days, the solution starts to flocculate and NPs sediment at the bottom of the vial. 

a) b) 

c) 
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To improve the encapsulation process, it was attempted to increase the amount of 

polymer using a ratio of NP : polymer equal to 1 : 40 in mass. Using a higher 

concentration of polymer would decrease the probability of encapsulating more NPs 

together. TEM images (Figure 3.23) show NPs transferred in water. The core@shell 

structure was retained and increasing the concentration of polymer did not affect the 

final structural properties of NPs. The colloidal properties were investigated using 

DLS and in this case, the DH was 230 nm, which was smaller than the NPs previously 

encapsulated with less polymer but still far from the optimal hydrodynamic diameter 

(≤ 100 nm). Furthermore, within a few days, the NPs still crashed out of solution. 

 

Figure 3-23 TEM images of Fe NPs after encapsulation with PMAO using a ratio 
of NPs : polymer equal to 1:40. High magnification image on the left and low 
magnification on the right. 

3.4.2.1 Summary on PMAO coating 

Fe@FexOy were successfully transferred in water using an encapsulation strategy 

with PMAO polymer. The hydrophobic chain of PMAO intercalates between the 

carbon tails of the native ligand on the surface of Fe NPs, allowing for the transfer of 

NPs in water. Fe NPs retain the same structural properties once transferred in water 

with the α-Fe of the core being still the main phase detected. Although promising, 

this method showed several drawbacks. Firstly, this method gives the best results 
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with small non-interacting NPs while in this case, Fe NPs are highly magnetic and 

ferromagnetic, which promote inter-particle interactions. When the solvent is slowly 

evaporated during the encapsulation process, the aggregation of NPs is promoted as 

well, and ultimately the final colloidal stability is impaired. Secondly, the protocol 

requires to work with very diluted concentrations, hence big volumes, and it is hard 

to scale up the process to obtain enough NPs for further studies.  

3.4.3 Ligand exchange with PIMA-Dopa 

A different approach was tested relying on the exchange of the native ligand with a 

new one that would allow for the transfer of NPs in water while also conferring 

biocompatibility and colloidal stability. This approach would solve the issues faced in 

the previous section: i) it would displace the native ligand, ii) it would not require the 

evaporation of solvent as a mean to encapsulate the NPs and thus it would limit 

aggregation and iii) it would be easier to scale up for larger amounts of NPs. 

Poly(isobutylene-alt-maleic anhydride) (PIMA) is a linear polymer with maleic 

anhydrides in each monomer and two methyl groups, (Figure 3.24) instead of the 16-

carbon chain present in PMAO. Dopamine has been broadly investigated for the 

transfer of NPs in water via replacement of the native ligand. Indeed, the catechol 

group present in the molecular structure can strongly bind on the surface of Fe NPs 

through coordination bonds.121 However, dopamine is a small molecule and may not 

be enough to provide colloidal stability in the case of Fe NPs.  The functionalisation 

of PIMA with dopamine could provide a strong binding polymer, biocompatible and 

with good colloidal stability.  
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Figure 3-24 Molecular structure of PIMA (left) and dopamine (right). 

The method takes advantage of some features of PIMA. The polymer is easy to 

functionalise through the nucleophilic substitution of its anhydride moieties with 

amines or other nucleophiles. This addition can be achieved in organic media with no 

need for further chemicals in solution, facilitating the purification step and reducing 

the presence of undesirable impurities. Furthermore, the polymer can be potentially 

functionalised with different chemicals thanks to the presence of many maleic 

anhydride rings. Importantly, PIMA is a copolymer made of alternate anhydride rings 

next to dimethylpropane groups and this decrease the steric constraints during the 

addition reaction leading to a higher reaction yield. The addition of dopamine in the 

PIMA structure forms an amidic bond which is stable in biological conditions over a 

broad range of pH.164 Other methods for the formation of the same bond in mild 

conditions involves the use of N,N'-dicyclohexylcarbodiimide and 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (DCC and EDC respectively) condensation 

between a carboxylic group and an amine group which generates side products like 

urea, requiring more purification step, along with low efficiency.165 The use of PIMA 

as a precursor can overcome many issues related to the other methods. 

3.4.3.1 Synthesis of PIMA-Dopa and ligand exchange 

PIMA is commercially available with Mw≈6000 g/mol, according to the manufacturer. 

Considering a mass of 154 g/mol for each monomer, it was considered that each 

polymer has an average number of 39 monomers. For the synthesis of PIMA-Dopa, 
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50% of the monomers were reacted with dopamine, leaving half of the number of 

anhydride rings intact. When the maleic anhydride rings react with dopamine, a 

carboxylic group is also freed for each anhydride ring reacted. 
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Figure 3-25 1H-NMR of dopamine hydrochloride. 

  

Figure 3-26 1H-NMR of PIMA-Dopa polymer. 
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The yield of the reaction was 91% and 1H-NMR was used to control the 

functionalisation of PIMA with dopamine. The solvent used was deuterated DMSO. 

Figure 3.25 shows the 1H-NMR spectrum for only dopamine hydrochloride with the 

peaks assigned to the relative protons. The peaks at δ ~ 6.4-6.7 ppm were assigned 

to the 3 aromatic protons in the dopamine molecule, the peaks at δ ~ 2.7 - 2.9 ppm 

were assigned to the 4 protons of the methylene groups. The peaks at δ ~ 8.9 ppm 

were assigned to the 2 protons in the cathechol moiety and finally the peak at δ ~ 7.9 

ppm was assigned to the protons of the amine group where the value of protons 

resulted close to 3, meaning that the dopamine is still in the form of hydrochloride 

salt. Figure 3.26 shows the 1H-NMR spectrum for PIMA-Dopa with the molecular 

structure of the final polymer. The multiplet peak at 6.4−6.7 ppm was attributed to 

the aromatic protons from the catechol functionalities (green stars in the Figure). The 

broad peak at 8.7 ppm was attributed to the protons on the two alcohols composing 

the catechol (red stars in the figure). There was also a broad peak around 0.9 ppm 

coming from the protons of the methyl groups in the polymer which was absent in 

the case of only dopamine. The stoichiometry of the final product was estimated from 

the 1H-NMR spectrum by integrating the hydrogen peaks from the methyl groups in 

the polymer (δ ≈ 0.9 ppm, 6 in each monomer with 39 monomers in total) 

corresponding to 234 H, the three aromatic protons per catechol (δ = 6.4−6.7 ppm) 

and the 2 protons from the alcohol groups. With this procedure, we quantified ∼18 

dopamine moieties (54.72/3 = 18.2 and 36.4/2 = 18.2; m = 18 and n = 21 in Figure 

3.27) per unit of the polymer, which was consistent with the 50% mole fraction of 

dopamine used to functionalise the polymer.  

3.4.3.2 Ligand exchange 

After the synthesis of PIMA-Dopa, the polymer was used for the ligand exchange of 

Fe NPs. The particles used for this experiment were the particles synthesised with 1.3 

mmol of precursor (15.9 nm in diameter).  
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Figure 3-27 TEM images at low (left) and high (right) magnification of Fe NPs 
after ligand exchange process with PIMA-Dopa polymer. 

Figure 3.27 shows the TEM images at a high and low magnification of the NPs after 

ligand exchange. The NPs looked partially oxidised, featuring the formation of voids 

between the core and the shell, which can be seen in the zoom-in inset in the TEM 

images. The oxidation appears to be size dependent with smaller particles more 

affected than bigger ones. Moreover, the NPs are well separated from each other 

throughout the TEM grid, suggesting that the polymer grafting acted on a single 

particle rather than forming clusters of NPs. This was also confirmed by DLS analysis 

where the DH value observed was lower than 100 nm (DH = 95 nm). However, the 

purification of the NPs was challenging because most of the particles were 

precipitated out leading to only a small proportion of the iron nanoparticles being 

dispersible in water. 

The NPs in water (Figure 3.28) did not aggregate over time, and it suggested that this 

strategy allowed for a better transfer of NPs in water, providing also a better final 

colloidal stability compared to the encapsulation method using PMAO.  
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Figure 3-28 Picture of Fe NPs transferred in water using PIMA-Dopa polymer. 

However, the number of NPs successfully transferred in water was very low because 

most of the particles remained trapped in the syringe filter used during the washing 

step (0.45 μm cut-off size). This suggests that most of the NPs aggregated during the 

ligand exchange process, forming structure bigger than 450 nm.  Avoiding the use of 

syringe filters would just translate into the precipitation of NPs within few days. 

3.4.3.3 Summary on ligand exchange with PIMA-Dopa 

Fe NPs were successfully transferred in water using PIMA-Dopa polymer. The final 

NPs were highly monodispersed, and the sample showed a DH value lower than 100 

nm. Although promising, the protocol did not fully address the tendency for Fe NPs 

to aggregate during the ligand exchange, impairing the transfer of NPs in water. The 

method here attempted was first reported for the ligand exchange of 

superparamagnetic iron oxide NPs with a diameter ≤ 10 nm. In our case, Fe NPs are 

larger than 15 nm and their Ms value was higher than in the case of iron oxide NPs. 

Being Fe NPs soft ferromagnetic, they are more prone to inter-particles magnetic 

interactions. Moreover, the presence of many dopamine moieties in the polymer, 

acting as anchoring for the polymer to the NPs, could increase the probability of 

interlinking between NPs leading to aggregation.  
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3.4.4 Ligand exchange with modified PIMA-Dopa 

In order to increase the ligand exchange efficiency, using dopamine-functionalised 

polymer to transfer NPs in water, the protocol was modified to overcome some of 

the issues faced using Fe NPs. The polymer synthesis was designed to have just one 

or two anchoring points in each polymer chain to avoid any interlinking among NPs 

during the ligand exchange. For the synthesis of modified PIMA-DOPA (Mod-PIMA-

Dopa), 5% of the monomers were reacted with dopamine, leaving the rest of 

anhydride rings intact. 

Figure 3.29 shows the 1H NMR spectra for Mod-PIMA-Dopa with the molecular 

structure of the compound. The weak multiplet peaks at 6.4−6.7 ppm were attributed 

to the aromatic protons from the catechol functionalities (green stars in the figure). 

Also, a broad peak around 0.9 ppm was observed, coming from the protons of the 

methyl groups in the polymer. The peak at around 1.2 ppm was attributed to some 

residual triethylamine which was used for the activation of dopamine during the 

synthesis. To estimate the stoichiometry of the final product the 1H NMR peaks from 

the methyl groups in the polymer and the aromatic protons from the catechol were 

integrated. The value of 234 1H coming from the methyl groups in the polymer (δ ≈ 

0.9 ppm, 6 in each monomer with 39 monomers in total) corresponded to 9.8 H, (δ = 

6.4−6.7 ppm) for catechol groups. We quantified ∼3 dopamines (9.8/3 = 3.2 thus m 

= 3 and n = 36 in molecular structure of Fig 3.29) per ligand, which is consistent with 

the 5% mole fraction of dopamine used to functionalise the polymer.  
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Figure 3-29  1H-NMR of Mod-PIMA-Dopa polymer 

The ligand exchange reaction was carried out under low concentration conditions. 

Once the ligand exchange takes place, the remaining anhydride moieties were 

hydrolysed with OH- in borate buffer solution. This process makes the system water-

dispersible and converts each maleic anhydride unit in two carboxylic acid groups, 

allowing the stabilization of the NPs in water by steric and electrostatic repulsion. 

Two kinds of NPs (15.9 nm and 18.3 nm NPs) were chosen, which were respectively 

synthesized using 1.3 and 2.0 mmol of Fe(CO)5. Those NPs have similar magnetic 

properties (Ms and coercivity), structural properties, oxide shell thickness and similar 

polydispersity, except for the Fe core size. Other NPs (12.6 and 20.7 nm NPs, obtained 

using respectively 1.0 mmol and 2.4 mmol of the precursor) were not studied because 

the former was heavily oxidized (no Fe core), and the latter was polydisperse in size 

and colloidally unstable. 

Figure 3.30 a and 3.30 b show TEM images of 15.9 nm and 18.3 nm NPs after the 

ligand exchange, respectively. In the case of the 15.9 nm NPs (1.3 mmol of the 

precursor), significantly shrunk cores and some hollow NPs were observed, in 

contrast to the core@shell structure shown in Figure 3.7. For the 18.3 nm NPs, a 

distinct core@shell structure was retained, and the formation of voids was observed.  
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Figure 3-30 Characterization of the samples after ligand exchange: TEM picture 
of Fe NPs synthesised with a) 1.3 mmol and b) 2.0 mmol of Fe(CO)5, the scale bar 
corresponds to 20 nm. c) The XRD patterns are shown with the grey reference 
pattern corresponding to the Fe3O4 phase and the green one to the Fe phase. 

To confirm this observation, the XRD patterns of 15.9 nm and 18.3 nm NPs after the 

ligand exchange were recorded. As shown in Figure 3.31c, the XRD pattern of 15.9 

nm NPs showed two different phases present being metal (α-Fe) and oxide (Fe3O4/γ-

Fe2O3) indicating that the NPs further oxidised during the ligand exchange reaction, 

while no iron oxide peak was detected on the XRD pattern before ligand exchange. 

The 18.3 nm NPs showed no sign of significant oxidation with α-Fe still being the main 

phase present. However, the (110) peak of α-Fe becomes broader after the ligand 

exchange. The Fe core sizes estimated from TEM images and the XRD peak are both 

around 10 nm which is smaller than the core size before ligand exchange, indicating 

that a certain extent of oxidation occurred. 
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The resulting aqueous dispersion of 18.3 nm Fe NPs was analysed by DLS and the DH 

value observed in Milli-Q water was 80 ± 52 nm as shown in the Figure 3.31.  The data 

showed a unimodal distribution, confirming the homogeneity of the sample. 
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Figure 3-31 DLS measurement of 18.3 nm Fe NPs in Milli-Q water with relative fit 
of the data using LogNormal function. 

The colloidal stability of the system at different pH values was investigated as shown 

in Figure 3.32. At pH = 3.2 the DH was over 1000 nm, indicating aggregation of NPs. 

At pH = 4.5 the DH decreased to 155 ± 90 nm while at higher pH value the DH reached 

a constant value of 64 ± 43 nm (at pH 6.2) and remained constant at higher pH. For 

the Z-potential values, at low pH (3.2) the value was -17 mV and progressively 

becomes more negative when the pH is increased, reaching a maximum of -59 mV at 

pH 8.5.  This agrees with the fact that the surface of the nanocomposites is 

surrounded by carboxylic acid moieties. At low pH (< 4.5), they are mostly 

protonated, thus the electrostatic stabilisation due to carboxylate anions disappear, 

and the particles start to aggregate. At pH ≥ 4.5 enough moieties are deprotonated 

to guarantee electrostatic stabilisation, hence better colloidal stability, with a DH 

value lower than the one in deionised water. This suggests that electrostatic 

repulsion is the main factor contributing to the NPs colloidal stability. Furthermore, 
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stability tests were carried out at different NaCl concentrations (Figure 3.33).  Initially, 

the DH increases slightly when the concentration of NaCl is increased, reaching the 

value of 168 nm in 150 mM NaCl solution. When the NaCl concentration was 

increased to 300 mM, the DH measured was 1093 nm, and the sample aggregated 

within minutes. The Z-potential passed from -46 mV in ddH2O to -26 mV in NaCl 

solution 75 mM. The Z-potential value remained similar when NaCl concentration 

was increased. The less negative value observed in NaCl solution can be explained by 

the Na+ ions interacting with the negative carboxylate moieties present on the 

surface of the NPs. The system was found to be stable over a broad range of pH (pH 

4 to pH 10) and up to 150 mM of NaCl solution which makes the system suitable for 

use in biomedical applications.  
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Figure 3-32 Colloidal stability study of the 18.3 nm NPs in different pH solutions. 
a) Hydrodynamic size in different pH, b) Zeta-potential value in different pH. c) 
Picture of the dispersion after 24 h. 
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Figure 3-33 Colloidal stability study of the 18.3 nm NPs in NaCl solutions at 
various concentrations. a) Hydrodynamic size in different NaCl concentrations, 
b) Zeta-potential value in different NaCl concentrations. c) Picture of the 
dispersion after 24 h. 

3.5 Magnetic Hyperthermia 

Finally, the heating efficiency of the particles was evaluated by magnetic 

hyperthermia measurement. For the quantification of SAR, the temperature of the 
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sample was recorded during the application of an alternating magnetic field. Figure 

3.34 represents a typical data profile for the magnetic hyperthermia measurement. 

The temperature showed a dramatic increase when an external alternating magnetic 

field (303 KHz and 308 Gauss) was applied. As soon as the field was removed, the 

heating stopped, and the sample started to cool down. The measurement was 

repeated another time and the same heating curve was obtained, confirming that no 

changes occurred in the sample like aggregation and/or precipitation, after being 

exposed to an external magnetic field (Figure 3.34 top). In a perfectly adiabatic set-

up, the heating curve would show a linear increase of the temperature. However, in 

a non-ideal adiabatic system the curve just initially follows a linear trend and it 

eventually deviate from a linear temperature increase because the solution starts to 

exchange heat with the environment. Therefore, the fitting of the curve was carried 

considering just the first seconds of the measurement (e.g. 10, 20, 30 and 40 seconds) 

to estimate the dT/dt value, needed for SAR quantification. Figure 3.33 (bottom) 

shows the fitting of the first part of the heating curve with the relative R2 parameter. 

The result showed that at 40 and 30 seconds the heating profile started to deviate 

from a linear trend while the 20 seconds fit was the longest range which showed also 

the best R2 value for a linear fitting. Similar analyses were carried out prior to every 

SAR value estimation.  
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Figure 3-34 Heating profile of 18.3 nm NPs at 303 KHz and 308 Gauss (top). 
Fitting of the first heating curve for the calculation of dT/dt (bottom). 

For the 15.9 nm NPs it was observed a SAR value of 135 W/gFe, while the 18.3 nm NPs 

showed a significant increase of SAR value at 660 W/gFe, ILP = 3.6, Table 3.9). The SAR 
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value for the 15.9 nm NPs is similar to reported values for Fe NPs dispersed in 

water.3,14 For the 18.3 nm NPs in water, on the other hand, the SAR output value was 

found to be 4 times higher than that of 15.9 nm NPs.  

 

Figure 3-35 TEM picture of Fe NPs (2.0 mmol) dispersed in water, 2 months after 
ligand exchange with Mod-PIMA-Dopa. 

This behaviour can be explained by the different composition of the NPs. Indeed the 

18.3 nm NPs are big enough to retain α-Fe core even after ligand exchange. From 

theoretical studies done by Habib et al. it was found that a diameter around 10 nm 

would maximise the hyperthermic effect of Fe NPs.30 This size is very close to the size 

of Fe cores (10 nm) in our 18.3 nm NPs. Further to investigate the stability of the 

system, we repeated the experiment after 2 months, and no clear difference was 

detected in the ILP value (3.8). Indeed, TEM images confirmed the presence of 

core@shell structure (Figure 3.35)  

It is important for clinical applications that the field and frequency used is within the 

safe limit. 31 Various fields and frequencies were chosen so that the product (Hxf) was 

lower than 5×109 A∙m-1
.
 The SAR and ILP values were obtained for 18.3 nm NPs as 

shown in Table 3.10. Our Fe NPs produce high heating efficiency with ILP of 3.2 to 3.8 
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which is one of the highest values reported so far for this type of materials in similar 

conditions.7,32  

Table 3-8 Magnetic Hyperthermia measurements for 18.3 nm NPs (2.0 mmol) 
and relative conditions used. 

Measurement Frequency (KHz) Field 

(KA m-2) 

SAR 

(W g-1) 

ILP 

(nHm2 kg-1) 

1 303 24.5 660 3.6 

2 (after two months) 303 24.5 696 3.8 

3 150 33.3 583 3.5 

4 150 24.5 343 3.8 

5 163 31.1 498 3.2 

3.6 Discussion on oxidation of Fe NPs 

After the synthesis, Fe NPs are exposed to ambient environment and they quickly 

oxidized to form a FexOy layer with a thickness of around 3-4 nm. This value showed 

no significant dependence on NPs size. Similar values have been reported for both 

crystalline3 and amorphous12 Fe NPs and oxygen diffusion can be responsible for the 

formation of the first few monolayers of oxide.33 However concentration of oxygen 

decreases with depth and a further thickening process of the oxide layer is associated 

with the Kirkendall effect where the outward diffusion rate of Fe ions in the oxide 

layer becomes much larger than the inward diffusion rate of oxygen.34 In an attempt 

to quantify this phenomenon, Sun et al. showed that the formation of the first oxide 

layers is rapid (below 1 ns) and in the presence of a Fe-FexOy interface the oxidation 

proceeds via formation of cationic vacancies in the α-Fe crystal. Once enough 

vacancies are generated, they start to coalesce and ultimately they form a void at the 

interface while the oxide layer thickens outward. The diffusion rate of Fe atoms is 

dependent on the temperature and the area of the Fe/FexOy interface so then when 
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the voids start to form, the interfacial area starts to decrease and the rate of oxidation 

also decreases simultaneously.35 In our study, no clear voids formation was observed 

for the as synthesised Fe NPs while after the ligand exchange step a reduction of Fe 

core was detected in both samples with brighter gaps between Fe and FexOy 

interface. Herman et al. showed that the removal of the native ligand on the surface 

of Fe@Fe3O4 facilitates the oxidation of the core/shell structures in air, favouring the 

Kirkendall effect.4 The destabilisation of the structure due to ligand displacement and 

possibly the change of the surrounding environment could explain the deeper 

oxidation in the case of water-dispersed NPs. However, the 18.3 nm Fe NPs can 

undergo the aforementioned process and still retain a Fe core because of the initial 

larger volume of α-Fe crystal compared to the smaller sample (15.9 nm). Combined 

with the high crystallinity of α-Fe, the larger residual core leads to significantly higher 

magnetic hyperthermia outcomes. 

3.7 Conclusion 

In this chapter, Fe@FexOy NPs of different sizes were synthesised. By changing the 

amount through a single-shot hot-injection method, it was not possible to control the 

final size and size distribution of nanoparticles and only by using less than 0.2 mmol 

of precursor it was possible to achieve a narrow size distribution but no control on 

the final size of the NPs.  Using a continuous injection of the precursor, this synthetic 

strategy can produce different sizes of NPs by tuning the amount of precursor 

injected. The nanocrystals formed are made of single crystals with a good size 

distribution and once open to the air, the formation of an iron oxide shell occurs. 

When the NPs are as small as 12 nm, mainly iron oxide NPs are obtained, whereas 

with bigger size a polycrystalline iron oxide shell is formed retaining a single 

crystalline iron core. An upper limit for the size is reached around 20 nm after which 

the system starts losing colloidal stability during the reaction and subsequently the 

size distribution broadens. Different strategies were attempted to transfer the NPs in 

water such as silica coating and polymer encapsulation. Silica coating was hard to 
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achieve, and the reaction led mainly to the formation of free Si NPs and highly 

aggregated Fe NPs. The encapsulation of Fe NPs with PMAO successfully transferred 

the NPs in water, however, the process promotes aggregation and the final colloidal 

stability is impaired.  Considering the high tendency of Fe NPs to aggregate, a new 

strategy was proposed by using Mod-Dopa-Pima. Two sets of NPs (15.9 and 18.3 nm) 

were functionalized with a dopamine-functionalised polymer resulting in an efficient 

transfer of the NPs into water. Moreover, the NPs dispersed in water were colloidally 

stable in a wide range of pH and ionic strength that can be found in physiological 

conditions. The 18 nm NPs possess excellent heating capabilities, being also stable in 

solution for 2 months with no sign of chemical deterioration. These results indicate a 

new avenue for producing stable and high heating efficiency nanoparticles that is 

much needed for hyperthermia and many other biomedical applications. 
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Chapter 4    One pot 

synthesis of iron carbide 

NPs for magnetic 

hyperthermia. 
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4.1 Introduction 

Iron carbides (IC) are a class of materials with various composition and they have 

been recently reported to hold great potential for several applications when the 

material is reduced to the nanoscale. For example, it has been shown that IC can play 

a key role in the Fischer–Tropsch process, a widely studied technology used to 

produce liquid fuels from syngas (CO and H2 mix) using a heterogeneous 

catalysis.30,166–168 IC NPs as catalysts, have proved to increase the yield of the reaction 

while also lowering the cost of the process which is traditionally reliant on noble 

metal catalysts.30,166–168 On the other hand, iron carbide has recently attracted much 

attention thanks to its magnetic properties and potential biocompatibility. Indeed, 

being IC an iron and carbon alloy (FexCy), where carbon occupies the interstitial sites 

within the iron cubic crystal structure, it brings together many of the benefits of the 

two components alone. The compound possesses appealing magnetic properties 

thanks to fact the iron maintains its metallic nature. For example Fe5C2 has a magnetic 

moment of ∼ 140 emu/g,169 which is comparable with the value of magnetic metallic 

NPs like Co ( ∼ 160 emu/g) and higher than that of Fe3O4.71 The presence of carbon 

in the crystal structure provides the material with good chemical stability, minimizing 

the drop in magnetisation caused by the oxidation of Fe atoms.  

Their high magnetic moment means that IC NPs could act as an effective heating 

probe under an applied external magnetic field.  A recent study on that has been 

carried by Chaudret et al. where they synthesised Fe3C/Fe2C NPs under elevated 

pressure, showing that the carbidization of Fe NPs leads to magnetic NPs with greater 

SAR than the starting Fe NPs. Fe3C were then used as a heating tool to locally promote 

a catalytic reaction inside an oxygen-free, sealed reaction vessel.101 Even though this 

study shows the potential of this material in magnetic hyperthermia, it does not 

evaluate the performances of NPs under biomedically compatible conditions, and in 

general, studies of iron carbide for magnetic hyperthermia in aqueous media are 

lacking in the literature. One possible reason is the lack of facile synthetic procedures 
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to form monodispersed iron carbide NPs compared to more commonly studied 

magnetic NPs (e.g. Fe2O3, Fe3O4, Co, Fe etc.). Meffr et al. reported for the first time 

the synthesis of monodispersed Fe3C NPs with excellent heating properties by 

performing the reaction under 3 bar of H2 for 24 h.82 Ce Yang et al. instead, starting 

from Fe NPs, produced Fe5C2 phase at 350 °C in a mixture of long-chain amines.30 

Indeed, it was reported that at high temperature, Fe NPs act as catalysts promoting 

the decomposition of long-chain amines and this process provides the carbon species 

that react to form the iron carbide phase. Yang et al. showed  that the presence of 

halides in solution affects the formation of the carbide phase leading to at least 5 

different phases with different Fe : C composition and crystal structure, depending 

on the amount of halide used.74 They showed that halides interact with the surface 

of the previously formed α-Fe NPs and when the concentration of halides increases, 

it can interfere with the carbon penetration process in the α-Fe crystal structure, 

changing, therefore, the final IC NPs composition or blocking the carbidization 

process altogether. Despite the recent achievements, the synthetic protocols 

developed can only prepare few kinds of pure IC NPs. The carbidization process may 

lead to non-uniform carbide phase, which are hard to characterise and standardise. 

As the performance of IC NPs in many applications depends on dispersion, 

composition and nanostructure, the synthesis of monodisperse IC NPs with specific 

compositions, sizes and structures needs more attention.  

To approach the synthesis of IC NPs, the process must involve the formation of bcc-

Fe phase first, followed by the penetration of C atoms into the crystal lattice.30  

Therefore, here, IC NPs were synthesised starting from the synthesis of crystalline Fe 

NPs. Subsequently, the effect of different parameters on the final structure were 

evaluated. After the synthesis, the particles were transferred in water via ligand 

exchange and their potential as heating probes for magnetic hyperthermia was 

tested. 
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4.2 Materials and methods 

4.2.1 Materials 

1-Octadecene (C18H36, 90%), hexadecylamine (C16H35N, HDA, 90%), diethyl ether 

(Et2O, anhydrous, ≥99.7%), hydrochloric acid (HCl, 37%) and octadecylamine 

(C18H37N, ODA, 70%) were purchased from Sigma Aldrich, Japan. Ethanol (EtOH, 

99.5%) was obtained from Nacalai Tesque, Japan. Iron pentacarbonyl (Fe(CO)5, 

>95%), hexane (C6H14, >96%), chloroform (CHCl3) and were obtained from Kanto 

Chemicals, Japan. All the reagents were used as purchased without any further 

purification. For the synthesis of Mod-PIMA-Dopa and subsequent ligand exchange 

step, the same chemicals listed in Chapter 3 were used. 

4.2.2 Methods 

4.2.2.1 Synthesis of Iron Carbide NPs 

For the synthesis of IC NPs, a varying amount of Hexadecylamonium Chloride (halide 

source) and long-chain amines were added into 10 ml of octadecene (as summarised 

in Table 4.1) inside a 50 mL three-neck flask connected to a Schlenk line in one the 

neck so that the reaction was carried out under inert atmosphere. The solution was 

heated up at 120°C and degassed for 60 min under an Ar flux bubbled inside the 

solution through a syringe needle. After, the solution temperature was set at 180 °C 

and once stable, 0.2 ml of neat Fe(CO)5 was loaded into a 1 ml syringe and was 

injected in a single and quick shot with a syringe. After the addition of iron precursor, 

Fe(CO)5, the solution was kept at 180°C temperature for 30 min in total and 

subsequently the temperature was raised at 260°C to promote the formation of iron 

carbide phase and left to react for 15 min, after which the heating mantle was 

removed and the solution let to cool down. 
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Once the solution reached room temperature, it was collected and transferred into 

two 50 ml centrifuge tubes and 5 ml of chloroform followed by 15 ml of ethanol were 

added. The solutions were centrifuged at 5000 rpm for 3 min. The supernatant was 

then discarded, and the precipitated nanoparticles were washed again adding 5 ml 

of chloroform first to redisperse the NP and 15 ml of ethanol after to promote the 

precipitation of NPs during the following centrifugation. The process was repeated 

twice in total and finally the NPs were redispersed in chloroform and stored for 

further use.  Figure 4.1 shows a schematic representation of the synthetic protocol. 

 

Figure 4-1 Schematic representation of the synthetic procedure for the formation 
of iron carbide NPs. 

 

4.2.2.2 57Fe Mӧssbauer Spectroscopy 

57Fe Mossbauer analysis was carried out to confirm the chemical structure of the iron 

carbide particles. Briefly, 58 mg of powdered sample was placed in a mortar, to which 

~100 mg pure sucrose powder was added. The sample and sucrose were mixed using 

the pestle to form a solid dispersion, which was then sandwiched between two plastic 

disks to form a coin-shaped absorber of 2.1 cm diameter. Transmission 57Fe 

Mӧssbauer spectra were recorded at room temperature with a time-mode 

spectrometer using a constant acceleration drive with a triangular reference signal. 
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Measurements were performed at room temperature using a SeeCo W302 constant 

acceleration drive with a triangular reference signal. The source was driven at a 

velocity scale of 12 mm/s. Data were accumulated in 1024 channels and folded 

relative to a 10 μm thick α-Fe foil. The spectra were fitted using Recoil software, 

where it was folded relative to a 10 μm thick α-Fe foil.  

4.3 Results and discussion 

4.3.1 Parametric studies on the synthesis of Fe2C 

4.3.1.1 Effect on ligands concentration and temperature 

To form Fe NPs, necessary for the subsequent formation of IC NPs, the single hot-

injection of the precursor (Fe(CO)5) was preferred over the continuous injection 

approach tested in the previous chapter. This choice would allow higher degree of 

freedom in tuning the reaction conditions, as slight variations of concentration of 

ligands (chloride source and/or amines) can significantly change the kinetics of the 

formation of Fe NPs when the continuous injection setup is used.170 The amount of 

iron precursor (Fe(CO)5) was kept constant through all the experiments reported in 

this chapter, and 0.2 ml (1.5 mmol) were used because it resulted in  monodisperse 

NPs (Paragraph 3.3.1). Halides have been proved to be vital for the formation of 

crystalline Fe NPs, but at the same time it can affect the final composition of carbides. 

Indeed, Yang et al. showed that although the presence of halides contributes to the 

formation of IC NPs through the formation of crystalline Fe phase in the initial steps 

of the reaction, it can also interfere during the carbidization process by limiting the 

carbon penetration in the α-Fe crystal structure when halide concentration is 

increased. 74 Therefore it is important to investigate the effect of Cl- on the IC 

formation. At the same time OAm plays a key role in the synthesis of IC NPs, because 

it acts as both ligand and carbon source for the carbide formation, so it was important 
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to also investigate its role. The time in which the solution was heated at high 

temperature for the formation of the carbide phase was set at 15 min. 

Table 4-1 Summary of the different parameters used for the synthesis of IC NPs. 

Sample Annealing T 

(°C) 

OAm  

(mmol) 

HDA-Cl 

(mmol) 

FeC_1 260 0.5 0.1 

FeC_2 260 3 0.1 

FeC_3 260 0.5 0.05 

FeC_4 260 3 0.05 

FeC_5 260 0.5 0.03 

FeC_6 260 0.5 0.01 

FeC_7 220 3 0.05 

FeC_8 300 3 0.05 
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Figure 4-2 TEM images of the samples FeC_1 to FeC_6 with the mmol of OAm 
(red) and HDA-Cl (blue) used in the reaction. 

The amount of HDA-Cl and OAm were varied independently to assess the effect on 

the formation of the IC NPs and Table 4.1 shows the reaction conditions used. The 

concentration of HDA-Cl in solution were changed to determine the effect on the 
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formation of IC phase and determine which is the minimum concentration required 

for the formation of crystalline Fe NPs and consequently IC NPs. At the same time 

different amounts of OAm were used (0.5 mmol and 3 mmol). 0.5 mmol, was the 

same amount used for the formation of Fe NPs in previous chapter and 3 mmol was 

selected to evaluate the effect of excess of amine on the carbide formation. For the 

samples FeC_1 to FeC_6, the amount of chloride source in solution was varied (0.1, 

0.05, 0.03, 0.01 mmol) and different amount of OAm (0.5, 3 mmol) were used. Figure 

4.2 shows the TEM images of samples FeC_1 to FeC_6. The images show spherical 

core@shell NPs that can be observed in all the samples but FeC_6, where the final 

material was highly aggregated, and no clear shape was detected.  The average NPs 

size in the sample was 11.2±1.7 nm for FeC_1, 11.9±1.9 nm for FeC_2, 12.3±1.8 nm 

for FeC_3, 14.7±2.3 nm for FeC_4 and 12.2±2.3 nm for FeC_5. In the case of FeC_6 

the size was not possible to determine due to the lack of defined NPs.  
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Figure 4-3 XRD patterns of samples FeC_1 to FeC_6 with the mmol of OAm (grey) 
and chloride source (blue) used in the reactions.   

Figure 4.3 shows the XRD patterns of sample FeC_1 to FeC_6. The diffraction patterns 

show more clearly the effect of the single parameters on the NPs structure. Regarding 

the role of OAm, whenever the amount used was 0.5 mmol, there was no formation 

of the carbide phase, like in the case of FeC_1 and FeC_3. In these cases, α-Fe (JSPC 

PDF No. 00-006-0696) was the main phase, which was retained even after the 

annealing step at 260 °C. When the amount of OAm used was 3 mmol (FeC_2 and 

FeC_4) α-Fe is replaced by the Fe2C phase (JSPC PDF No. 00-036-1249). This points 

out the key role of OAm in acting as a carbon source for the formation of IC NPs.171 

Varying the amount of chloride source did not affect the final composition when the 

amount was ≥ 0.05 mmol. When the amount of HDA-Cl was 0.03 mmol (FeC_5) the 

XRD pattern results noisy and a broad peak was detected in the area where the main 
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peaks of α-Fe and Fe2C usually lie, thus it was not possible to unequivocally match 

the pattern to the reference. In FeC_6 (0.01 mmol of HDA-Cl used) the main phase 

detected becomes iron oxide (Fe3O4/Fe2O3). A possible explanation is that a low 

amount of chloride in solution (0.03 mmol and 0.01 mmol) impairs the formation of 

crystalline Fe NPs, which are necessary to form subsequently IC NPs.   

In FeC_5 the low amount of chloride (0.03) may facilitate the formation of carbide 

even if the amine present is just 0.5 mmol, possibly leading to a mix of Fe and Fe2C 

phase. When the chloride was reduced to 0.01, no crystalline Fe NPs are produced 

before the annealing step, thus the carbide phase cannot be formed, leading to 

aggregation (TEM micrograph of FeC_6 in Figure 4.2). This was consistent with 

previously reported work where the annealing of amorphous Fe NPs at high 

temperature led to the formation of iron oxide particles.30 Iron oxide phase was also 

detected as secondary phase (JSPC PDF No. 01-079-0418) in all the other patterns 

which needed to be addressed. From now on, 3 mmol of OAm and 0.5 mmol of HDA-

Cl was used as an optimal concentration of ligands for the formation of IC NPs.   

The role of the annealing temperature on the formation of the carbide phase was 

studied by annealing Fe NPs at 220 °C (FeC_7) and 300 °C (FeC_8); the results were 

compared with the IC annealed at 260 °C (FeC_4). In Figure 4.4, TEM images are 

shown. The particles show a core@shell structure present in all the samples. When 

220 °C was used as annealing temperature the NPs showed a pronounced void 

between the core and the shell. The oxidation looks more pronounced than in the 

case of FeC_4 (260 °C annealing T) and the high extent of aggregation hinders the size 

estimation. When the T used was 300 °C (FeC_8) the particles were well dispersed on 

to the grid showing a core@shell structure, with no clear void formation observed 

between the core and the shell like in the case of the particles carbidized at 260 °C 

(FeC_4). In FeC_8 sample (carbidization at 300 °C) multi-shaped NPs with rod- and 

hexagonal-like NPS appeared along with less defined shaped-NPs. The heating at 300 
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°C may induce some shape rearrangement in the particles and some coalescence 

between different particles as the sample show large size variations.  

 

Figure 4-4 TEM for carbide at different temperature 220 °C (FeC_7), 260 °C 
(FeC_4) and 300 °C (FeC_8). 

Figure 4.5 shows the XRD patterns for the three samples. When annealed at 220 °C 

the phases detected corresponded to a mix of Fe and Fe2C phases, with Fe still being 

the main one, along with some secondary impurities of iron oxide. This shows that 

220 °C was not high enough to promote fully the formation of carbide NPs. While at 

260 °C mainly Fe2C was detected, at 300 °C a new phase appears, whose peak lies 

next to the main peak of Fe2C, around 40° – 45° of the XRD pattern. This is matched 

with a different iron carbide phase which has been reported to be formed at higher 
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temperature (≥300 °C).97 From the analysis it was concluded that while 300 °C forms 

a mixed carbide phase, 260 °C was the optimal temperature required for the 

formation of IC NPs uniform in shape and composition. 

 

Figure 4-5 XRD patterns of IC NPs synthesised at different temperature 220 °C 
(FeC_7), 260 °C (FeC_4) and 300 °C (FeC_8). 

The iron oxide phase, whose origin was still unclear, was detected throughout the 

whole series. The lower intensity compared to the Fe2C phase, suggested that it was 

formed as impurity during the annealing process and it needed further investigation 

to suppress its formation. 

4.3.1.2 Replacing oleylamine with hexadecylamine and octadecylamine 

To resolve the issue of iron oxide presence in the final product the role of different 

ligands was investigated for the formation of IC NPs. The iron oxides phase appeared 

during the carbidisation process; in this step, amines were actively taking part in the 
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reaction, by decomposing and acting as carbon source for the formation of carbide 

phase, thus amines may be also responsible for the formation of the oxide phase.  

OAm is commercially available with a 70% purity grade which could make the 

reaction conditions harder to control. Also, OAm has a double bond between the 

carbons 9 and 10 of the chain, which makes the molecule more reactive at high 

temperature. For this reason, hexadecylamine (HDA) and octadecylamine (ODA) 

were used to replace OAm as surfactant and carbon source. HDA is an amine with a 

16-carbon chain, while ODA has an 18-carbon chain and they are both available with 

a purity grade ≥ 90%. This is important to have more control over the synthesis and 

minimise the eventual role that impurities may play. Moreover, ODA and HDA are 

linear and this will remove any uncontrolled reaction that the double bond in the 

carbon chain may undergo at high temperature, potentially affecting the final 

product.107 

Table 4-2 Summary of the reaction conditions used. 

Sample Anneal. T (°C) Amine 

(mmol) 

HDA-Cl 

(mmol) 

FeC_9 260 3 (HDA) 0.05 

FeC_10 260 3 (ODA) 0.05 

Figure 4.6 shows the TEM images and XRD patterns of the NPs synthesised using HDA 

instead of OAm. The NPs have a spherical shape and core@shell structure similar to 

the particles synthesised with OAm. The average size of NPs was 15.5 ± 2.2 nm, which 

was close to the size obtained for NPs synthesised with OAm. The XRD pattern shows 

that the main phases present into the sample were iron oxide and iron carbide.  
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Figure 4-6 Tem images at different magnification (top) and XRD pattern of FeC_9 
(bottom), obtained using HDA. 

The final sample, dispersed in chloroform, was centrifuged for 2 min at 3000 rpm. 

The black supernatant was separated from the black precipitate and in both cases 

XRD and TEM analysis were performed (Figure 4.7). A similar experiment was 

attempted also with samples obtained with OAm, however the amount of sample 

recovered from the supernatant was never enough to produce a clear XRD pattern. 

In this case, instead, the XRD shows that material recovered in the supernatant was 

made solely of Fe2C, while the precipitate was composed of big particles made of iron 

oxide. The size of the Fe2O3/Fe3O4 crystallite was estimated to be 25 nm, considering 

the most intense peak at 2θ = 35.5° (311), while in the case of Fe2C the crystallite size  
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Figure 4-7 a) XRD pattern of FeC_9 after centrifugation where the sample from 
the supernatant and the precipitate where analysed. b) TEM and ED pattern of 
the sample from precipitate and c) TEM and EM pattern of the sample from 
supernatant. 
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was estimated to be 7.2 nm by fitting the two peaks at 2θ = 43.2° (101) and 2θ = 41.5° 

(002). Similarly, the TEM analysis shows that the precipitate sample was made of 

aggregated material with irregular shape, next to some small core@shell NPs. The 

electron diffraction pattern confirms that the phase of the material was iron oxide 

(Fe3O4/Fe2O3). The TEM image and the relative electron diffraction pattern of the 

supernatant (Figure 4.7 c) confirmed that the NPs were made of Fe2C phase. 
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Figure 4-8 a)TEM images of FeC_10 sample using 3 mmol of ODA, and b) relative 
size distribution plot. c) XRD pattern of the same sample with relative fitting of 
the spettra matching the pattern of Fe2C phase(JSPC PDF No. 00-036-1249) 
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Figure 4.8 shows the TEM images and XRD pattern of FeC_10 sample, when NPs were 

obtained by replacing HDA with ODA. The TEM images show spherical NPs with a 

core@shell structure. The average size was 14.8 ± 2.2 nm, with a core diameter of 

9.4 ± 1.5 nm. The XRD pattern shows that the NPs phase was Fe2C, with the main 

peaks observed attributed to IC NPs and no iron oxide structure was detected. The 

average size of Fe2C crystallites were found to be 7.6 nm by fitting the two peaks at 

2θ = 43.2° (101) and 2θ = 41.5° (002). The value is close to the diameter of the core 

for the core@shell structure measured via TEM, suggesting that the carbide phase 

was single-crystalline. 

The results showed that ODA was the most suitable surfactant for the synthesis of 

pure IC NPs, among the other amines tested here, leading to IC NPs with no sign of 

aggregation and presence of undesired iron oxide secondary phase. A possible 

explanation is that OAm, having the double bond may be more prone towards 

degradation process when the temperature is increased compared to linear amine 

like HDA or ODA, leading to an inferior control. Also, longer the chain and more 

thermally stable amines are,172 therefore ODA was chosen as ligand to produce 

uniform Fe2C NPs.  

4.3.1.3 Tracking the phase transformation 

The phase transformation of α-Fe into Fe2C was monitored through ED and TEM 

characterisation. Three reactions were repeated, where one was stopped at 180 °C, 

and the other two were stopped after 5 min and 15 min of the carbidization process 

at 260 °C. Figure 4.9 shows the TEM images and the relative ED patterns of the sample 

at different temperatures and time. After 30 min at 180 °C the NPs have round and 

irregular shape, with an average diameter of 14.6 ± 1.0 nm (4.19 top). Five minutes 

after the solution reaches 260 °C, the NPs have a more regular shape, and an average 

diameter of 14.2 ± 1.5 (Figure 4.9 middle). Also, the ED pattern differs significantly 

from the previous one related to the NPs at 180 °C. The NPs at 260 °C after 15 min 
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show a similar diffraction pattern to the one after 5 min, with an average diameter 

of 14.8 ± 2.2 nm (Figure 4.9 bottom). This suggests that the NPs underwent quickly a 

phase rearrangement once the solution reached 260 °C. In Figure 4.10 the electron 

diffraction patterns were converted in terms of d-spacing (Å) using PASAD software, 

able to integrate the circular electron diffraction pattern and convert it into 2D 

pattern. This allows for the matching of the experimental phase profile with the 

reference patterns from the literature, which were also converted in terms of d-

spacing. The data show the transition from α-Fe to Fe2C within 5 min of annealing of 

NPs at 260°C. Interestingly, in Fe NPs electron diffraction pattern, a broad peak can 

be detected around 2.5 Å which could be matched with the iron oxide phase present 

in the shell, formed once the NPs are exposed to the air. The same peak is not 

detected in the electron diffraction profile of NPs annealed at 260 °C. 
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Figure 4-9 TEM images with the relative ED pattern of Fe NPs (top), Fe2C NPs 
after 5 min at 260 °C (middle) and Fe2C NPs after 15 min at 260 °C (bottom). 
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Figure 4-10   Integrated ED patterns of Fe and Fe2C NPs and plotted in terms of 
d-spacing.  

In conclusions, the best conditions used were 0.05 mmol of chloride and 3 mmol of 

ODA, in 10 ml of ODE with a reaction time of 15 min at 260 °C. They were able to fully 

transform Fe NPs into Fe2C without the formation of secondary iron oxide phase. 

4.3.2 Characterisation of Fe2C nanoparticles 

The best conditions used to form IC NPs were 0.05 mmol of chloride and 3 mmol of 

ODA, in 10 ml of ODE (sample FeC_10). At 180 °C Fe(CO)5 is injected and the solution 

was kept at this temperature to allow for the formation of Fe NPs. After, the solution 

was heated for 15 min at 260 °C to promote the formation of carbide phase. The IC 

NPs are here fully characterised. 

Figure 4.11 (top) shows the high-resolution HAADF-STEM image of the sample and it 

confirms the NPs have a distinct core@shell structure with a darker shell surrounding 

a brighter core. The brighter contrast in the shell confirms that there is a denser phase 

in the core and it can be associated to the Fe2C crystal structure.  The NPs feature a 

clear void between the core and the shell, which was not detected in the case of 
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Fe@FexOy NPs. In Figure 4.11 (bottom), lattice spacings of 2.4 Å, 2.0 Å and 1.5 Å was 

measured in the core region, which corresponds  
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Figure 4-11 HR-TEM image (top) with lattice spacing of Fe3O4/Fe2O3 in blue and 
Fe2C in red and STEM-HAADF image(bottom) of IC NPs.  



172 

 

to the (101), (100) and (110) spacings of the Fe2C phase, respectively. Moreover, the 

core area was found to be monocrystalline. On the other hand, the shell region 

appeared heterogeneous and attempts to measure the lattice spacing of some of the 

areas within the shell region led to the values 2.9 Å and 2.6 Å. These values match 

the (220) and (311) spacings of iron oxide phases like Fe3O4 or γ-Fe2O3. It is likely that 

the shell is made of small polycrystalline oxidised domains formed via the lattice 

expansion that occurs upon oxidation from Fe2C to the inverse spinel structure of 

Fe3O4/γ-Fe2O3. In addition, the shell was found to be polycrystalline in nature. 

Amorphous material was also detected in the shell area and therefore could not be 

matched with any phase.  
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Figure 4-12 EELS spectrum of the Fe edge on Fe2C NPs with relative area analsed 
underlined in yellow. The signal comes from the core (top) and from the shell 
area (bottom). 

EELS spectrum of the core and shell portions of NPs were taken, focusing on the Fe 

edge in the EELS spectrum (Figure 4.12). The Fe signal is usually characterised by two 

peaks, next to each other with about 12 eV difference, where the peak at lower 

energy (~710 eV) has a higher intensity compared to the other at higher eV (~722).173 

Both peaks can be detected in the core and the shell area, confirming the presence 

of Fe species in both NPs portions. Moreover, EELS provides information on the 

chemistry of the species in the sample. From www.eelsdb.eu (web database of EELS 

spectra of several materials) it was possible to retrieve reference spectra to compare 
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with the experimental data. In the case of metallic Fe (α-Fe used as reference), the 

ratio of the intensity between the first peak at 210 eV and the second one at 722 eV 

is 1.8 while, in the case of oxidised Fe atoms the value is 3 (Fe2O3 used as reference). 

The measured value for the intensity ratio coming from the core of the NPs was 1.9, 

which was very close to the value from the literature. The state of Fe in Fe2C is still in 

its metallic state, thus the value is expected to be close to the one of α-Fe. On the 

other hand, the value obtained from the shell was 2.6, which is close to the value 

reported for oxidised Fe species confirming the formation of a shell made of iron 

oxide. Attempts of measuring the carbon signal from the carbon-rich areas were 

performed, however when the sample holder was switched from the carbon-based 

grid to the boron nitride one, the stability of the sample under the electron beam was 

greatly affected, with the sample quickly degrading during the analysis. Therefore, no 

information on the Carbon species could be obtained from the EELS analysis. 

The IC NPs were further characterised via XPS, analysing the signal coming from Fe 

and C atoms in the NPs. As comparison, the measurement was also performed on 

Fe@FexOy NPs. In Figure 4.13, the spectra coming from the Fe 2p orbital of Fe atoms 

in both samples are shown. Typically, in XPS experiments, due to the symmetry of the 

orbital, the signal from Fe 2p is split in Fe 2p ½, located at higher energies, and Fe 2p 

¾ at lower energies. Both states provide the same kind of information on the 

chemical state of Fe atoms in the sample. However, the 2p ½ state has a double 

probability of being occupied by electrons compared to the Fe 2p ¾ and this 

translates into the signal from Fe 2p ½ state to be double the one from Fe 2p ¾.  

Moreover, the difference in energy between the two states is known to be ~13.2 eV.2 

The ratio between areas and the energy delta are used to deconvolute the spectrum 

obtained from XPS analysis into the different chemical species present in the NPs. For 

the deconvolution of Fe@FexOy NPs spectrum, five different Fe species such as Fe0, 

Fe2+, Fe3+, high-binding energy surface structures, and satellite peaks were used for 

both Fe 2p ½ and Fe 2p ¾.174  
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Figure 4-13 Fe2p core level XPS for Fe NPs (top) and Fe2C NPs (bottom). Black, 
yellow, blue, and red curves represent raw data, Shirley background, 
deconvoluted peaks and the sum of the components, respectively. 

The IC NPs were fitted using the same species plus an extra species appearing in the 

spectrum at around 704 eV was added. Therefore, in the case of Fe2C nanoparticles 

a sixth couple of peaks were added to fit the spectrum. For Fe NPs the parameters 
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used for the fit of the Fe 2p spectrum are shown in Table 4.3. From the area of each 

peak the percentage of each component (Fe0, Fe2+ and Fe3+) was estimated.   

Table 4-3 Fit parameters for Fe NPs XPS Fe2p spectrum and calculated 
proportion of the species present. 

Component BE 2p3/2 

[eV] 

(FWHM) 

BE 2p1/2 

[eV] 

(FWHM) 

BE (2p1/2-

2p3/2) [eV] 

Spin-orbit 

intensity 

ratio 

Proportion 

(%) 

Fe0 706.7 (1.0) 719.8 (1.3) 13.1 2.0 8.5 

Fe2+ 709.1 (3.0) 722.4 (3.2) 13.3 2.0 49.4 

Fe3+ 710.7 (2.3) 724.1 (2.6) 13.4 2.1 42.1 

Fe surface 712.7 (3.7) 726.6 (4.1) 13.9 2.0 - 

Fe satellite 717.5 (5.8) 731.7 (5.1) 14.2 2.0 - 

 

Table 4-4 Fit parameters for Fe2C NPs XPS Fe2p spectrum and calculated 
proportion of the species present. 

Component BE 2p3/2 

[eV] 

(FWHM) 

BE 2p1/2 

[eV] 

(FWHM) 

BE (2p1/2-

2p3/2) [eV] 

Spin-orbit 

intensity 

ratio 

Proportion 

(%) 

Fe-C 704.6 (1.8) 717.7 (2.2) 13.1 2.2 6.1 

Fe0 707.1 (2.1) 720.4 (2.4) 13.3 2.2 25.7 

Fe2+ 709.5 (2.8) 722.7 (2.9) 13.2 2.2 42.0 

Fe3+ 711.0 (3.0) 724.6 (3.0) 13.6 2.0 26.2 

Fe surface 713.0 (5.5) 726.5 (5.7) 13.5 2.0 - 

Fe satellite 718.3 (3.0) 731.9 (3.0) 13.6 2.0 - 

For Fe NPs, the Fe0 component was associated with the α-Fe phase present in the 

core of NPs and it accounted for the 8.5% of the sample. The rest was made of iron 

oxide species and the presence of both Fe2+ and Fe3+ species was associated to a 
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mixture of magnetite (Fe3O4) and maghemite (F2O3) phase located in the shell area. 

The high percentage of Fe2+ suggested that other iron oxides phases like wurtzite 

(FeO) may be present. In the case of IC NPs, Table 4.4 shows the parameter used for 

the fitting of the spectrum. The peak coming from Fe0 species accounts for almost 26 

% of the whole sample. In Fe2C the Fe atoms retain a metallic state, and no α-Fe phase 

was detected from the XRD analysis of Fe2C NPs, thus the Fe0 from the XPS analysis 

of IC was attributed to the Fe2C phase located in the core of the NPs.74 The peak at 

704.6 eV was harder to index because no similar values were reported in the 

literature for Fe species. However, the binding energy was lower than Fe0 suggesting 

that the species was closer to the metallic state rather than the oxide one, and it 

possibly differed from the Fe0 species because of a different C-Fe composition or a 

different crystallinity.175 If also the latter component (called “Fe-C” in Table 4.4) was 

considered in the estimation of the iron carbide phase, the percentage reaches 32 %, 

which is more than three times the percentage of metallic Fe present in the Fe@FexOy 

NPs. This proved that the Fe2C@FexOy-C, were more resilient to oxidation than 

Fe@FexOy, which is highly desirable for their use in biomedical applications.  
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Figure 4-14 C1s core level XPS spectra for Fe NPs (grey) and Fe2C NPs (black).  

On Figure 4.14 the 1s Carbon spectra for the two samples are shown. The spectra 

were recorded using an Al foil substrate to enhance the Carbon signal coming from 

the sample. No difference was observed between the two samples. A possible 

explanation was that C spectra on XPS are always affected by adventitious carbon 

contaminations that get adsorbed on the surface of the sample. Being XPS a surface-

sensitive technique, the contaminations may hide the weaker signal coming from the 

carbon present in the inner part of the sample.  
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Figure 4-15 a) Raman spectrum of Fe NPs and Fe2C NPs. b) Best fit of the Raman 
spectrum for Fe2C NPs.   

To investigate further the carbon component of the Fe2C@FexOy, Raman 

spectroscopy was used due to the high sensitivity of this technique to carbon-based 

materials. In Figure 4.15 a, the Raman spectra of Fe and Fe2C NPs are shown. 

The Fe2C spectrum was characterised by a broad peak area which was distinctly more 

intense than the Fe spectrum, confirming the presence of C in the Fe2C structure. 

Figure 4.15 b shows the best fit of the data coming from Fe2C NPs. The sample was 

characterised by two peaks, one at 1571 cm-1 (corresponding to G-band) and the 

other at 1378 cm-1 (D-band). The D-band relates to the disordered structure of sp2-
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hybridised carbon system; it is usually associated to the presence of defects in the 

graphitic structure and the broadness of the peak suggests that the phase was 

amorphous 30,176. The G-band, instead, arises from the stretching of the C-C bond in 

graphitic materials.  The spectrum showed the coexistence of both crystalline and 

amorphous carbon in the structure. If also the results from the HR-TEM analysis are 

taken into account, where amorphous material was detected in the shell area, it was 

hypothesised that the amorphous carbon detected in Raman spectroscopy could be 

locate in the shell while the signal of the crystalline carbon structure arises from the 

core of the NPs. 

To determine and confirm which iron phases are present in the final structure, 

Mossbauer spectroscopy was performed on Fe2C NPs. The technique is based on the 

Mossbauer effect which consists in the resonant absorption and emission of γ-ray in 

solids. Mossbauer is very sensitive to the chemical environment of each atom, 

potentially allowing to detect all the different iron-based phases present in the NPs. 

The measurement and the fitting were carried out by Dr Lara Bogart from UCL, 

Department of Chemistry. Figure 4.16 shows the 57Fe Mossbauer Spectrum on the 

Fe2C and the relative fit. The parameters used for the fitting are listed in Table 4.5.  
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Figure 4-16 Room temperature Mossbauer spectrum for Fe2C NPs. The best fit 
was obtained using a superposition of two Voigtian doublets and four Voigtian 
sextets. The residual to the measured data is indicated. 

The spectrum is a superposition of at least 4 sextets and a quadrupole doublet which 

was indicative of a range of chemical composition. A range of different particles size 

can also originate multiple fitting curves but, given the previous characterisation, this 

was excluded. Voigtian line shapes have been used to represent a Gaussian 

distribution of Lorentzian lines, which physically arises from a range in size, shape, 

chemical composition and crystallinity within the sample.  
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Table 4-5 Best fit parameters for the room temperature Mossbauer spectrum 
preseted in Figure 4.16 

δ 

(mm/s) 

Q 

(mm/s) 

ε 

(mm/s) 

H 

(KOe) 

w3 

(mm/s) 

Relative 

area (%) 

Assigned 

species 

0.366 ± 

0.002 

0.9443 ± 

0.0007 
- - 

0.17 

30.3 
Amorphous 

Fe3+ 0.47 ± 

0.03 

1.31 ± 

0.05 
- - 1.2 

0.217 ± 

0.002 
- 

0.065 ± 

0.002 

170; 

σ=10 
70.6 

44.5 Fe2C 
197; 

σ=2 
7.2 

213; 

σ=6 
22.2 

0.447 ± 

0.006 
- 

0.03 ± 

0.03 

96; 

σ=16 
80.0 

19.1 

Mixture of 

ferric oxide and 

Fe-C alloy 

230; 

σ=0.1 
9.2 

490; 

σ=13 
10.8 

0.64 ± 

0.01 
- 

0.02 ± 

0.02 

442; 

σ=9 
30.0 

3.8 Ferric oxide 
455; 

σ=3 
70.0 

0.2 ± 

0.1 
- 

0.4 ± 

0.1 

335; 

σ=30 
1.1 α-Fe 

The best fit to the spectrum showed that the sample comprises amorphous 

paramagnetic Fe3+ (~30 %) and iron carbide alloy (~45 %), iron carbide-oxide (~19 %) 

and trace amounts of iron oxide and α-Fe. Combining these results with the other 

techniques we can conclude that the core was made of iron carbide (Fe2C), with 
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traces of α-Fe left unreacted. Moving from the core towards the outer layers, a 

mixture of ferric oxide and Fe-C alloy appears, possibly at the interface between the 

core and the shell. Finally, the shell is composed of amorphous areas along with some 

small crystalline iron oxide smaller portions which is consistent with the HRTEM 

images of Fe2C NPs.  

 

Figure 4-17 a) Magnetic hysteresis loop taken at 300 K (blue line) and 5 K (red 
line) with relative zoom in at low fields; b) ZFC-FC curve taken with H = 100 Oe. 

The magnetic properties of the IC NPs were analysed via SQUID-VSM. Figure 4.17 a 

shows the hysteresis loops at 300 K and 5 K. The Ms value at 5 K is 57 emu/g while at 

300 K is 50 emu/g. The Ms is lower than Fe NPs of similar size (109 emu/g). When the 

Ms was normalised for the amount of Fe in the sample, the value increased to 105 

emu/gFe which was closer to the one of Fe NPs and higher than magnetite-based 

NPs.20 The coercivity of IC NPs of 30 Oe at 300 K indicates that the NPs are in a quasi-

superparamagnetic state and the coercivity values is smaller than the coercivity 

found for Fe NPs (around 150 Oe). Figure 4.17 b shows the ZFC-FC curves of the IC 

NPs. The two curves confirm that the NPs are blocked at room temperature, with the 

curves meeting after 300 K. The curve shows no sign of polydispersity in size or phase 

present in the sample. 
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4.3.3 Ligand exchange and magnetic hyperthermia 

The as-synthesised NPs are coated with octadecylamine, which makes them insoluble 

in polar solution. To make the Fe2C NPs soluble in water, the native ligand on the 

surface was exchanged with the dopamine-functionalised PIMA polymer developed 

in the previous chapter. Once exchanged, the polymer would make the particles 

water-soluble and provide the colloidal stability necessary for the use of NPs in 

biomedical applications. The procedure followed was the same used in the case of Fe 

NPs in Chapter 3.4.4 (Ligand exchange with Mod PIMA-Dopa). 

 

Figure 4-18 FTIR spectrum of Fe2C NPs with grey line indicating the as-
synthesised NPs and the blue line indicating the NPs after ligand exchange. 

Figure 4.18 shows the FTIR spectra of Fe2C NPs before and after the ligand exchange 

process. In the curve of the as-synthesised NPs, the most distinctive peak is at 2860 

cm-1 corresponding to the -CH- stretching from the ODA chains present on the surface 

of the NPs. After the ligand exchange process, different peaks appeared such as the 

one at 1550 cm-1, assigned to C=O stretching, and the one at 3420 cm-1, assigned to -

O-H vibration. This was consistent with the final structure of the polymer which 

consists of several carboxylic groups. The peak at 2970 cm-1, corresponding to -CH 
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vibration, was associated with the two methyl groups present in each monomer of 

the polymer. 

 

Figure 4-19 a)TEM images of Fe2C NPs after ligand exchange at lower b) and 
higher magnification. c) Electron diffraction pattern is shown and d) the relative 
plot in terms of d-spacing is compared with α-Fe (blue), Fe2C (green) and Fe3O4 
(grey) patterns. 

Figure 4.19 a and b show the TEM images of the sample after the ligand exchange 

process with modified-PIMA-Dopa at low and high magnification respectively. The 

core-shell structure was retained, showing that the particles are more resilient to 

oxidation in water/ligand exchange compared to Fe NPs of similar size (Chapter 3, 

Figure 3.31). Figure 4.19 c and d show the ED pattern and relative plot in terms of d-

spacing confirming the presence of Fe2C phase in the core of the particle.  
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Finally, to test the heating potential of Fe2C, hyperthermia measurements were 

performed. Table 4.6 shows the measurement done at different frequency and field 

amplitude and the performance measured in terms of SAR and ILP. Although a value 

of SAR = 161 Wg-1 was obtained, the relative ILP was of 0.6, which is lower than the 

value obtained with Fe NPs in the previous chapter. The ILP value obtained here for 

Fe2C NPs was also far from the value reported in the literature by Chaudret et al. for 

IC NPs which showed an ILP greater than 20 nHm2 kg-1. The difference in heating 

performances may arise from the different conditions in which the two sets of NPs 

were tested. Indeed, Chaudret et al. reached such value under vacuum condition, 

using as-synthesised IC NPs not exposed to oxidative agents such as air or water.101 

In a study published after the completion of this work, however, the same group 

published the performance in magnetic hyperthermia of the same IC NPs after being 

transferred in water. The ILP value obtained in this case also dropped significantly 

from 20 to 8 nHm2 kg-1, but still retaining optimal heating performances.177 The 

difference between their result and the ones here presented may be explained with 

another very recent work of the same group where they investigated how within the 

same reaction protocol, the washing of the NPs had a big impact on the final heating 

properties. When the nanoparticles surface was depleted of its ligands after 

extended washing, the particles were strongly and irreversibly agglomerated and, 

ultimately, cannot align in an alternating magnetic field, resulting in the absence of 

heating properties for these nanomaterials.178 Control over the ligand’s 

concentration on the surface of the NPs is therefore an important variable to 

investigate further in the future works to prepare IC NPs displaying a controllable and 

large heating power.  

Table 4-6 Magnetic hyperthermia measurements for Fe2C NPs and relative 
conditions used. 

Measurement Freq (KHz)  Field (KA m-2) SAR (W g-1) ILP (nHm2 kg-1) 

1 488 24.2 161 0.6 
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2 303 24.2 106 0.6 

 

4.4 Conclusion 

In this chapter, Fe2C@FexOy/C NPs were synthesised from Fe NPs following a 

carbidization process at high T and the optimal reaction conditions to produce 

uniform IC NPs were investigated. By using OAm as capping ligand and carbon source, 

a mixture of IC NPs and bulk-like iron oxide material was initially produced. By 

replacing the OAm with ODA, the formation of larger iron oxide particles was 

stopped. The nanocrystals formed are made of single crystals iron carbide phase with 

a good size distribution and once open to the air, the formation of an iron 

oxide/amorphous carbon shell occurred. The NPs were transferred in water using 

Mod-Dopa-PIMA without showing any sign of further oxidation, proving that the IC 

NPs are more resilient to oxidation compared to Fe NPs. The IC NPs were then tested 

as heating probes for magnetic hyperthermia. These results indicate a new avenue 

for producing stable nanoparticles with potential use in biomedical applications.  
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Chapter 5   Shaped iron 

oxide nanoparticles for 

magnetic hyperthermia 
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5.1 Introduction 

Anisotropic iron oxide-based NPs have shown great potential as heating probes in 

magnetic hyperthermia.56 Several reasons have been accounted for that, among 

them is the fact that faceted morphology leads to a decrease in spin canting effect on 

the surface, compared to spherical particles of the same volume, leading to a larger 

magnetically active material.112 Moreover, it has been shown both theoretically and 

experimentally that the arrangement of magnetic nanoparticles into 3D linear chains 

affects magnetic particle hyperthermia efficiency. In a recent work, compared to the 

non-aligned samples, magnetically aligned ones presented enhanced heating 

efficiency, increasing specific loss power value by a factor of two.179 Dipolar 

interactions are responsible for the chain formation and these structures show 

uniaxial anisotropy along the chain promoting a collective behaviour under the 

external magnetic field, leading to an enhanced heating power.115 Shaped NPs 

promote the formation of chain-like arrangements of NPs under a magnetic field.88 

Syntheses of iron based NPs with different shapes such as spheres,180 cubes,181 

worms,182 stars,183 rods,184 octahedrons,185 diamonds and prisms186 have been 

already reported in the literature to date, especially for Fe3O4 NPs. The degree of 

control on the NPs shape was often achieved through the decomposition of Fe(acac)3 

along with tuning of ratio of different ligands most commonly being oleic acid and 

sodium oleate.187 Pellegrino et al found that in order to tune the shape and size of 

the desired nanocubes, many parameters had to be accurately controlled such the 

ratio of ligand to precursor, initial degassing step and heating rate of the reaction 

with their modification being not straightforward.24,112 Zhao et al reported the 

formation of highly-magnetic octapod-shaped Fe3O4 NPs adding NaCl in the reaction 

solution to shape the decomposition of iron-oleate in 1-Octadecene at 330°C.188 

While using NaOH and Na oleate instead of NaCl, they mainly formed a mixture of 

spherical and cubic iron oxide NPs, the octapod structure were also not obtained 

after using either NaF or KBr. They found that the chloride ions in the solution 
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reaction were critical for the formation of octapod iron oxide nanoparticles because 

possibly the chloride ions were selectively bound to iron ions exposed on the high-

index facets (probably [311]) of iron oxide during the particle growth. Interestingly, 

they were also able to control the sizes of octapod nanoparticles by varying the 

reaction time in the presence of NaCl, which was a more straightforward aspect 

compared to the Pellegrino and potentially more reproducible. In the previous 

chapter the chloride source (i.e. Hexadecylammonium chloride) was used to form 

crystalline α-Fe phase31 but it only led to spherical NPs, possibly because a different 

iron precursor (Fe(CO)5) was used. The use of different precursor should be 

evaluated. 

Among the most common precursor for the synthesis of iron-based NPs, Fe(acac)3 is 

a very stable and non-toxic precursor. In this molecule the Fe ion is in its oxidised 

state, thus a reducing agent is needed in the reaction solution to obtain Fe-based 

NPs. The double bond present in the molecular structure of OAm can act as a mild 

reducing agent.107 Mohan et al. reported the production of metallic FePt alloys NPs 

using OAm as solvent, ligand and reducing agent with Fe(acac)3 as precursor.174 OAm 

is a weakly binding ligand and it does not prevent the formation of NPs if it is used in 

strong excess.189 Therefore to attempt the formation of shaped Fe-based NPs, 

Fe(acac)3 was decomposed in OAm, and in the presence of HDA-Cl which is 

investigated to promote the formation of shaped like NPs. 

In this chapter, plate-like NPs made of iron oxide were synthesised using a novel 

synthetic procedure through the decomposition of Fe(acac)3 in the presence of HDA-

Cl. Finally, the NPs were transferred in water using the strategy developed in the 3rd 

chapter (with Mod-Dopa-PIMA), and the heating properties were evaluated. 
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5.2 Materials and method 

5.2.1 Materials 

1-Octadecene (C18H36, 90%), hexadecylamine (C16H35N, HDA, 90%), diethyl ether 

(Et2O, anhydrous, ≥99.7%), hydrochloric acid (HCl, 37%), oleylamine (C18H37N, OAm, 

70%), iron(III) acetylacetonate (Fe(acac)3, 99.9%), oleic acid (C18H34O2, OA, 90% ), 

sodium oleate (SO, Na C18H33O2, ≥82% ), trioctylphosphine oxide (C24H51PO, TOPO, 

90%) were purchased from Sigma-Aldrich. Ethanol (EtOH, 99.5), hexane (C6H14, 

>96%), chloroform (CHCl3) were obtained from VWR Chemicals. All the reagents were 

used as purchased without any further purification. For the ligand exchange step, the 

same chemicals listed in chapter 3 were used. 

5.2.2 Synthetic method 

The synthesis of nanoplates was carried out via the thermal decomposition of 

Fe(acac)3 in Oleylamine. Oleylamine (OAm) here was used as i) solvent for the 

reaction ii) capping ligand for the formation of NPs, iii) reducing agent to form Fe3O4 

phase.107 In some reactions, different strongly-bonding ligands were also added to 

investigate their effect on the final shape and size, as reported in Table 5.1. The 

reaction was kept under constant nitrogen flow to create an inert atmosphere.    

In a typical synthesis, 1.2 mmol of Fe(acac)3 was placed in a 50 ml round bottom flask 

with 20 ml of OAm and 1.2 mmol of Hexadecylammonium Chloride. Eventually the 

addition of other surfactants was tested. The mixture was heated at 120 °C under 

vigorous magnetic stirring. The solution was left at this temperature for 30 min to 

homogenise the solution. The temperature of 120 °C was not high enough to promote 

the decomposition of Fe precursor, but it was able to remove traces of water in 

solution.  After, the solution was heated up to 270 °C and left to react for 15 min 

before removing the heating source and let the solution to cool down at room 

temperature. The solution was then collected and transferred into two 50 ml 
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centrifuge tubes and 5 ml of chloroform first, and 15 ml of ethanol after, were added. 

The solutions were centrifuged at 5000 rpm for 5 min. The supernatant was then 

discarded, and the precipitated nanoparticles were washed again adding 5 ml of 

chloroform first to redisperse the NP and 15 ml of ethanol after, to promote the 

precipitation of NPs during the following centrifugation. The process was repeated 

twice in total. The final precipitate is collected by dispersing the material in 2 ml of 

chloroform and stored as solution for further use and characterisation. In Table 5.1 

the parameter used for the reaction in this chapter are summarised. 

Table 5-1 Reaction conditions for the experiments presented in this chapter. 

Experiment 
Precursor 

(mmol) 

OAm 

(ml) 

HDA-Cl 

(mmol) 

Other Ligand 

(mmol) 
Bubbling 

I 1.2 20 0.5 No Yes 

II 1.2 20 0.5 No No 

III 1.2 20 0 No No 

IV 1.2 20 1.0 No No 

V 1.2 20 2.0 No No 

VI 0.6 20 1.0 No No 

VII 2.5 20 1.0 No No 

VIII 1.2 20 1.0 0.4 (OA) No 

IX 1.2 20 1.0 0.4 (SO) No 

X 1.2 20 1.0 0.4 (TOPO) No 
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XI 1.2 20 1.0 0.2 (SO) No 

XII 1.2 20 1.0 0.8 (SO) No 

XIII 1.2 20 1.0 1.0 (SO) No 

 

5.3 Results and discussion 

5.3.1 Preliminary results 

The synthesis was first performed to investigate the potential formation of metallic 

Fe NPs with a non-toxic and easy-to-handle precursor. Indeed, apart from being 

highly sensitive towards oxidation and degradation, Fe(CO)5 easily releases CO 

species, which is highly toxic. Among the most common precursor for the synthesis 

of iron-based NPs, Fe(acac)3 is a very versatile, stable, cheap, non-toxic and easy-to-

handle precursor. In this molecule the Fe ion is in its oxidised state, thus a reducing 

agent is needed in the reaction solution to obtain metallic Fe NPs. The double bond 

present in the molecular structure of OAm can act as a mild reducing agent.107 Mohan 

et al. reported the production of metallic FePt alloys NPs using OAm as solvent, ligand 

and reducing agent with Fe(acac)3 as precursor.174 OAm is a weakly binding ligand 

and it does not prevent the formation of NPs if it is used in strong excess.189 Therefore 

to attempt the formation of metallic Fe NPs, Fe(acac)3 was decomposed in OAm, and 

in the presence of HDA-Cl which is necessary to promote the formation of a 

crystalline phase. 

In Experiment I, the synthesis was carried out using 1.2 mmol of Fe(acac)3, 0.5 mmol 

of HDA-Cl in 20 ml of OAm. The reaction solution was purged with N2 at 120 °C by 

flowing nitrogen inside the solution with a needle for 30 min and then the 

temperature was raised up to 270 °C and left at this temperature for 15 min. 
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After being collected, the product was washed and characterised via TEM and XRD. 

In Figure 5.1, the TEM image shows that the sample is made of NPs with unexpected 

morphologies. At a first glance, several shapes coexist in the same sample, with 

rounded, triangular (red arrow) and square (blue arrows) shaped NPs observed. The 

XRD pattern shows the presence of two phases in the sample with one matching 

Fe3O4 pattern (magnetite, although maghemite cannot be excluded158) and the other 

matching α-Fe. The peaks relative to Fe3O4 oxide phase appears broader than the 

ones relative to metallic Fe, which instead appear very sharp, suggesting a stark 

difference in size for the two phases. Using the main peak from each pattern in the 

Scherrer equation it was calculated that the iron oxide phase is made of crystalline 

grains with an average size of 11.3 nm, (311) peak at 35.4°, while for α-Fe the crystal 

grains are at least 42 nm large, (110) peak, at 44.5°. The analysis suggests that the 

NPs observed in the TEM images are made of magnetite. 
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Figure 5-1 TEM image (left) and XRD pattern (right) of the sample obtained 
through the decomposition of Fe(acac)3 at high temperature in OAm with HDA-
Cl. The grey reference pattern corresponds to Fe3O4 phase and the blue one to 
bcc-Fe phase (JSPC PDF no. 01-079-0418 and 00-006-06969 respectively).  

 

Figure 5-2 High magnification TEM image for Experiment I sample. 

The TEM image at high magnification (Figure 5.2) highlighted the presence of squared 

NPs with a darker plane in the middle. The plane appeared to be a twinned plane. 

Usually a twinned plane is the surface along which the lattice points of two crystals 

are shared during the growth. This feature, along with the presence of triangular, 

hexagonal and rounded morphology of the NPs suggested that the NPs have a plate-

like morphology. In such case, the several shapes observed may be the result of plate-
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like NPs sitting on the sample holder either on their face (triangular, hexagonal and 

rounded NPs) or on their sides (squared and rectangular NPs).190  

To confirm the hypothesis of plate formation, TEM pictures of the sample were taken 

at different tilting angles of the sample holder. When the TEM electron beam hit the 

sample, a 2D image is observed and no depth can be perceived. Therefore, spherical 

NPs and disc-like NPs lying on its top or bottom face, with similar diameter, would 

appear of the same shape. By tilting the sample, different areas of the sample can be 

observed and while no change would be observed in a spherical NP, a plate-shaped 

NP would show its side. Figure 5.3 shows a series of images taken between 0° and 

60° of the tilting angle of the sample holder during TEM analysis. The range was the 

maximum rotation of the sample holder allowed by the instrument.  

The red circle highlights NPs showing different orientation with varying angles. At 0° 

many areas are observed with aligned rectangular-shaped NPs. As the sample is 

tilted, the rectangular shape starts disappearing, showing instead rounded-shape NPs 

once the sample reaches 60° of tilting. This is consistent with the fact that the NPs 

have a plate-like morphology. Indeed, when they are sitting on their side face, the 

NPs look like a rectangular/small rod-shaped NPs, while they resemble spherical NPs 

when they are sitting on their top or bottom surface. 
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Figure 5-3 TEM images taken by tilting the sample holder at different angles from 
0 to 60 degrees. 
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Figure 5.4 shows the electron diffraction pattern recorded for different areas of the 

TEM grid with NPs obtained from Experiment I, allowing to study locally any variation 

in the phase of the sample. The top part shows an area with only NPs present, and 

the only phase detected from the electron diffraction analysis corresponds to the 

Fe3O4 reference pattern. On the other hand, the bottom part shows an area of the 

grid where the main phase detected was α-Fe. To measure the size of the particles 

and be able to compare the size of the different shaped NPs, the diameter was 

measured for rounded NPs, and the height was measured for triangular and 

hexagonal NPs. The iron oxide NPs showed a size of 13.4 ± 3.0 nm while the metallic 

Fe signal originated from aggregated material with no defined shape and size. This 

suggested that OAm reduced some Fe ions from the precursor into metallic Fe, 

however, it was not strong enough to reduce the whole sample. Moreover, the 

formed metallic phase grew into large aggregates, probably due to the high reaction 

temperature and the weakly binding properties of OAm which cannot prevent the 

coalescence of α-Fe phase.191 
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Figure 5-4 TEM images and relative electron diffraction of different areas of the 
same sample (Experiment I) containing magnetite nanoparticles (top) and large 
material made of α-Fe (bottom). 

With this synthetic method, a mix of α-Fe material and anisotropic iron oxide NPs 

with plates shape were formed. Although α-Fe based materials are suitable 

candidates for magnetic hyperthermia, this synthetic approach did not allow for 

enough control of its size. On the other hand, shaped Fe3O4 NPs can potentially have 

significant performances in magnetic hyperthermia, thus the parameters and 

conditions affecting the shape and size of the iron oxide phase were further 

investigated. 
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5.3.2 Study on single-phase anisotropic NPs. 

In order to optimise the synthesis of shaped iron oxide NPs, it was first investigated 

how to obtain NPs made of uniform phase, with no α-Fe aggregates. 

In Experiment II, the initial purging phase was modified by removing the flowing of 

N2 inside the solution at the beginning of the reaction protocol. The synthetic 

procedure is modified to prevent the formation of the α-Fe aggregates and promote 

just the formation of anisotropic iron oxide NPs. Without N2 purge, oxygen would 

remain inside the reaction solution and hinder the formation of α-Fe. Therefore, in 

this case, instead of purging N2 inside the solution, the reaction was just left at 120 

°C for 30 min under N2 atmosphere before bringing the solution to the reaction 

temperature of 270°C.  

Figure 5.5 shows the XRD and TEM of the sample obtained without the degassing 

procedure. The XRD pattern showed no evidence of α-Fe phase with the main phase 

being Fe3O4. The crystallite size estimated through Scherrer equation was 11.4 nm 

which is close to the previous reaction with the degassing step. The TEM image shows 

that the sample is made of NPs with different shapes ranging from triangular to 

hexagonal and rounded shape. A series of NPs piled on each other and sitting on one 

side face of the NPs is clearly detected on the left side of the image suggesting that 

also in this case nanoplates are formed. The size of the NPs is 16.1 ± 3.2 nm which is 

also close to the value obtained for NPs synthesised with the degassing step. 
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Figure 5-5 XRD pattern and TEM image of the sample obtained without purging 
N2 inside reaction solution (Experiment II). 

Changing the initial purging step prevents the formation of uncontrolled α-Fe bulk 

material without affecting the formation of shaped plate-like Fe3O4 NPs which are 

now the only product of the reaction. 

5.3.3 Study on the effect of chloride in solution  

As halides can play a big role in the formation of NPs,31,74,192 the effect on the variation 

of the concentration of the chloride source was investigated. Table 5.1 shows the 

reaction conditions used in the Experiment II, III, IV and V where the amount of 

chloride source, HDA-Cl, was varied from 0.5 mmol to 0, 1.0 and 2.0 mmol, 

respectively. 
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Figure 5-6 TEM images of samples obtained using a) 0 mmol, b) 0.5 mmol, c)1.0 
mmol and d) 2.0 mmol HDA-Cl.  

Figure 5.6 shows the TEM images of the four reactions where several amounts of 

chloride was used. When no HDA-Cl was used (Fig 5.6 a), the reaction formed small 

spherical NPs with an average diameter of 6.0 ± 0.8 nm. When the chloride source 

was 0.5 mmol, (Fig 5.6 b) plate-like NPs are formed with an average height of 16.1 ± 

3.2 nm.  The plates possess a heterogeneous morphology ranging from rounded disk 

to more edged plates resembling hexagonal and triangular shaped plates (14%). 

When the chloride source is instead raised to 1.0 mmol (Fig 5.6 c), larger plates-like 

NPs are formed, having an average height of 24.4 ± 5.8 nm with triangular plates 

appearing to be the dominant shape (80%). Finally, when the amount of HDA-Cl used 
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is 2.0 mmol (Fig 5.6 d), a highly polydisperse sample in size and shape is obtained. 

Indeed, plates with an average height of 22.6 ± 9.2 nm are observed along with 

clusters of smaller and irregular material. 

 

Figure 5-7 Graph showing the size and percentage of plate-like NPs obtained 
according to the amount of HAD-Cl used. 

The phase of the sample was investigated via XRD for the samples obtained with 0.5, 

1.0 and 2.0 mmol of HDA-Cl, while in the case of NPs obtained with no Cl source, the 

amount obtained was not sufficient to carry out XRD analysis and ED was used 

instead.  
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Figure 5-8 XRD pattern (left) of sample synthesised with 0.5, 1.0 and 2.0 mmol of 
HDA-Cl and ED pattern (right) of the sample synthesised without HDA-Cl. 

Figure 5.8 shows that the phase obtained in all four samples matches the Fe3O4 

reference pattern. This shows that the HDA-Cl did not play any role in the formation 

of the final phase, but HDA-Cl played an important role in the final shape of the NPs. 

If no HDA-Cl is present, the decomposition of Fe precursor in OAm led to small 

spherical NPs with a low yield. In all the cases where chloride source is used, a certain 

extent of anisotropy in the shape of NPs was observed, with the most common shape 

being plate-like. Increasing the amount of chloride in the reaction from 0.5 mmol to 

1 mmol led to a more uniform sample regarding the shape of the plate. Indeed, the 

proportion of triangularly shaped nanoplates passes from 14% in the case of 0.5 

mmol HDA-Cl to 80% for 1 mmol. When the amount of chloride was further increased 

to 2.0 mmol, the majority of the nanoplates still showed a triangular shape (65%), 

even though the sample became very polydisperse in size. It was therefore concluded 

that 1.0 mmol of HDA-Cl led to the most uniform results and this amount was used 

for the rest of the study.  
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5.3.4 The effect of iron precursor amount  

The effect of the initial precursor on the NPs was also investigated by varying the 

amount of Fe(acac)3 to half and double the amount used in the previous reaction. 

The amount of OAm was kept constant and 1.0 mmol of HDA-Cl was used, so then 

the Fe(acac)3 to HAD-Cl ratio was changing. Table 5.1 shows the reaction conditions 

used in the Experiment VI and VII where the amount of iron precursor was 0.6 and 

1.2 mmol respectively. 

Figure 5.9 a) and b) show respectively the TEM image and ED pattern of the sample 

obtained when 0.6 mmol of Fe(acac)3 was used. The sample appeared very 

aggregated and this impeded an accurate size estimation of the particles. In general, 

it can be observed that nanoplates were still formed and this was confirmed by the 

presence of NPs clustered together and sitting on their side face. The plates showed 

hexagonal, triangular and irregular shape, and the particles were larger than 50 nm, 

which is bigger than particles obtained in previous reactions where 1.2 mmol of Fe 

precursor was used (Fig 5.6c). The phase detected via ED matched the Fe3O4 pattern. 

When the amount of Fe precursor was increased to 2.5 mmol, NPs with an average 

height of 22.0 ± 5.8 nm were formed (Figure 5.9 c). The size was similar to NPs 

obtained with 1.2 mmol of Fe(acac)3, (Fig 5.6 c), however, in this case, NPs shape 

appeared more rounded resembling a disc with a smaller proportion of triangles 

(≈30%). ED pattern (Fig 5.9 d) showed that the NPs are made of crystalline Fe3O4.    
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Figure 5-9 TEM images and ED patterns for the sample obtained using 0.6 mmol 
(a & b) and 2.5 mmol (c & d). 

Changing the amount of precursor mainly affected the size of the NPs. The results 

suggested that when 0.6 mmol of Fe(acac)3 is used, the precursor is consumed mainly 

for the growth of the particles. It must be considered that when 0.6 mmol of Fe(acac)3 

was used, the amount of chloride source present in solution (1.0 mmol) was nearly 

double the amount of Fe precursor and this affected the nucleation steps, producing 

fewer nuclei at the beginning of the reaction hence the remaining Fe precursor in 

solution promoted the growth of large NPs (< 50 nm). 
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It was observed that the presence of chloride affects the final morphology of the 

Fe3O4 NPs. To explain the role of chloride in the reaction it can be useful to 

understand the formation process of nanoplates first. Xia et al. reported an extensive 

review explaining the different NPs shapes that can be obtained starting from seeds 

with specific structure (Figure 5.10).190  In general, it was observed that when the 

feed of atoms in solution is considerably slow (e.g. slow decomposition of the 

precursor), the nuclei and the seeds are formed following a random hexagonal close 

packing (rhcp) configuration with the formation of a twinned plane which can also 

present stacking faults.193 If the sequence of stacking of different atoms layers should 

be ABCABCABC, stacking faults are introduced when the stacking sequence is 

modified and a different order of layer is obtained (e.g., ABCABABC). When the 

stacking fault forms a mirror image, a twin plane is introduced in the structure.194 This 

kind of growth has been defined as kinetically controlled because it promotes the 

formation of non-thermodynamically stable shapes.  

The presence of stacking faults and/or twin planes can promote the formation of a 

plate-like seed where {111} facets are both at the top and bottom surfaces.195 The 

formation of such shapes are obtained when both the nucleation and growth of the 

seeds deviate from thermodynamically controlled pathways and this has been 

achieved experimentally through substantially slowing down the precursor 

decomposition,196 limiting the availability of atoms for nucleation and growth.197,198  
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Figure 5-10 Reaction pathways that lead to fcc metal nanocrystals with different 
shapes. First, a precursor is reduced or decomposed to form the nuclei (small 
clusters). After a certain size is reached, seeds are formed and they can have a 
single-crystal, singly twinned, or multiply twinned structure. The green, orange, 
and purple colors represent the {100}, {111}, and {110} facets, respectively.190 

Iron oxide NPs with a plate-like morphology is very rare. Li et al. synthesized 

hexagonal nanoplates of Fe3O4 using supercritical CO2 under high pressure and 

temperatures between 650-750 °C.199 Jian et al. induced the formation of iron oxide 

triangular plate-like NPs starting from Pt seeds as nucleation spots to orient the shape 

of the forming iron oxide crystal.200 Xu et al. instead used a seed mediate growth to 

produce ultra-thin triangular magnetite nanoplates of around 14 nm while Wang et 

al. produced 90 nm hexagonal plates with excellent heating performances by 

decomposing Fe(acac)3 in a mixture of oleic acid and stearic acid in benzyl ether.201In 

this study, it has been shown that HDA-Cl had a fundamental effect on the formation 

of plate-like NPs, as a source of chloride. If no chloride source was used, just spherical 

NPs were observed. When chloride was added, plate-like NPs appeared and 

increasing the amount led to more defined and bigger plates-like NPs (Fig 5.6). This 
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suggests that chloride acted as an agent that limits the availability of Fe atoms by 

either slowing down the decomposition of Fe(acac)3 or interacting with iron oxide 

nuclei in solution. Although the exact role of chloride was hard to determine, the 

behaviour was similar to the one found when it was used for the synthesis of Fe NPs, 

where the presence of halides in solution slows down the growth kinetics of NPs 

leading to crystalline Fe iron phase. 31  

 

Figure 5-11 Representation of a silver halide model for a single twin plane. 
Alternating sides contain A-type and B-type faces. The structure promotes faster 
growth of the A-type faces, leading to a triangular prism.202   

The final shape of the plates here reported can vary, and this has to do with the shape 

evolution during the growth of the particle’s crystal. Lofton and Sigmund reported 

that for the case of AgCl NPs, the stacking faults in combination with the atoms 

nucleating through random hexagonal close packing, the sixfold symmetry promotes 

the formation of hexagonal plates in the early-stage of nanoplates growth.202 These 

planes have six side surfaces with an alternating concave and convex orientations as 

shown in Figure 5.11 (defined, as “A” side and “B” side, respectively). The authors 

proposed that the addition of more atoms is energetically more favourable on the 

concave side, as atoms being added to the tip of side B are not stabilised by the 

presence of surrounding atoms and, thus, they tend to re-dissolve in solution. The 
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faster addition of material to the “A” sides leads to the disappearance of those faces, 

generating a triangular plate. Importantly, this suggests that the size of the NPs is 

defined by the size of the particle at the time of twinning because once the A-type 

faces grow itself out, the triangular prism is left with only slow-growing B-type faces. 

5.3.5 Effect of the ligands on size and shape of nanoplates 

Different ligands were tested to evaluate the effect on the size and shape of the final 

plates obtained. As previously shown, OAm is a weakly binding capping agent and 

does not control the size and shape of the NPs, whereas the chloride was found to be 

the most important parameter affecting mainly shape but also size.  The nanoplates’ 

size is determined at the time of twinning of the seed, and it is hypothesised that 

more strongly binding ligand could interact with the forming crystal and provide more 

control over the final morphology. Three of the most commonly used ligands in the 

synthesis of Fe3O4 NPs were tested, being trioctylphosphine oxide (TOPO),203 oleic 

acid (OA),116 and sodium oleate (SO).187 The molecular structure in the ligands, being 

phosphorus-oxygen moiety, carboxylic acid and carboxylate group  respectively, 

show strong affinity with Fe atoms and the forming iron oxide crystal structure, and 

they have been reported to control size and shapes of Fe3O4 NPs.203 To evaluate the 

effect of the ligands onto the Fe3O4 nanoplates, three reactions were carried out 

adding 0.4 equivalents of one of the capping ligand aforementioned. 

Figure 5.12 shows the TEM images and XRD of the three samples obtained adding 

either TOPO (Experiment VIII), OA (Experiment IX) or SO (Experiment X), with the 

conditions shown in Table 5.1.  When OA was used, the sample appeared highly 

disperse in size (Fig 5.12 a) with an average height of 14.4 ± 4.3 nm. Hexagonal and 

triangular shaped NPs are clearly observed, confirming that the addition of OA does 

not affect the twinning process that leads to the plate morphology.  



211 

 

 

Figure 5-12 TEM images and ED pattern of the sample obtained when 0.4 mmol 
of extra ligand was added. a) & b) corresponds to the sample obtained using OA. 
c) & d) corresponds to the sample formed with SO and e) & f) was formed using 
TOPO. 

The phase detected using ED (Fig 5.12 b) matched the magnetite pattern. When SO 

is used, the average calculated height is 13.1 ± 3.0 nm with the morphology of the 
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sample being very heterogeneous; hexagonal, triangular, squared and rounded NPs 

are all observed suggesting again the formation of plates NPs, although other 

morphologies cannot be excluded. The ED pattern (Fig 5.12 d) showed that the crystal 

phase of the particles corresponds to Fe3O4. 

Finally, when TOPO was used the size of the particles obtained was 17.2 ± 5.0 nm 

with the sample being made of bigger triangular shaped NPs and much smaller 

undefined particles. The ED pattern (Fig 5.12 f) showed that the NPs are made of 

Fe3O4. 

It was concluded that the addition of strongly binding ligands such as OA, SO and 

TOPO does not prevent the twinning process and plate-like NPs are still formed. 

While the use of OA and TOPO forms very disperse NP both in size and shape, SO 

provides more control over the size of the NPs, with the sample being the one with 

the narrowest size distribution. Therefore, SO ligand was selected for further 

investigation.  

5.3.5.1 The effect of sodium oleate on the size and shape of nanoplates 

Different quantities of sodium oleate were used to evaluate the effect on the size and 

shape of the final NPs obtained. In particular, it was used 0.2 mmol(Experiment XI), 

0.8 mmol(Experiment XII) and 1.0 mmol(Experiment XIII) of sodium oleate in relation 

to the amount of Fe precursor, keeping the rest of the parameters unchanged with 

20 ml of OAm and 1 mmol of HDA-Cl. Table 5.1 shows a summary of the synthetic 

conditions used. 

Figure 5.11 shows the TEM images and ED pattern taken for the samples obtained 

with different quantities of SO used. When the amount of SO used was 0.2 mmol the 

size of the NPs was 17.2 ± 6 nm. When the SO was increased to 0.8 mmol the NPs 

have a size of 15.6 ± 4.0 nm, with hexagonal and triangular shaped NPs clearly 
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observed. When SO is further increased to 1.0 mmol, the size increases to 11.6 ± 5.5 

with NPs having a square-shaped than the previous sample making not trivial to 

discern the exact morphology.  
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Figure 5-13 TEM images and ED pattern of the sample obtained when a) 0.2 mmol 
of SO, b) 0.8 mmol of SO & c) 1.0 mmol of SO were added.  
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At 0.8 mmol of SO used, the platelet morphology appears to be predominant 

compared to the other sample, with triangular and hexagonal shaped particles clearly 

observed. The measured proportion of triangular and hexagonal shape was 22% for 

0.2 mmol used, 58% for 0.8 mmol used and 30 % for 1.0 mmol used. 

The sample formed with 0.8 mmol of SO showed the highest proportion of triangles 

present and it was, therefore, further investigated through the tilting of the sample 

holder to confirm the plates morphology. Figure 5.13 shows the series of TEM images 

of the sample obtained with 0.8 mmol of SO, taken at different tilting angles of the 

sample grid. The red and green circles highlight NPs starting with different 

orientation. At 0° tilting angle, the red circle shows particle on their top/bottom, 

while the green one highlights an area where platelet-shaped NPs are lying on the 

grid with both their side surface (being also piled up next to each other) and 

bottom/top surface. As the sample is tilted, in the red circled area, the top/bottom 

surface of the plates starts disappearing until eventually only their side surface can 

be observed at 60°. Similarly, the green circled area highlights nanoplates that show 

their side surface at 0°, while their top/bottom surface is shown at 60°. This confirms 

the fact that the NPs have a plate-like morphology.  
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Figure 5-14 TEM images of NPs obtained with 0.8 mmol of SO, taken by tilting the 
sample holder at different angles from 0 to 60 degrees. 
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The sample obtained with 0.8 mmol of SO (Experiment XII) was chosen for further 

use and characterisation along with sample obtained in Experiment IV, obtained in 

the same reaction conditions (1.2 mmol of Fe(acac)3 and 1.0 mmol of HAD-Cl in 20 ml 

of OAm) but without SO. They were chosen because the two samples showed similar 

shape features, but different size as summarised in Table 5.2. This would allow 

evaluating the effect of size and shape on the final hyperthermia outcome. 

Table 5-2 Summary of sample’ feature for Experiment IV (without SO) and XII 
(with 0.8 mmol SO). 

Experiment Average Height (nm) Triangles (%) 

IV 24.4±5.8 58% 

XII 15.6±4.0 80% 

 

5.3.6 Magnetic properties 

The magnetic properties of the two samples Experiment IV and Experiment XII, 

(respectively without additional ligand and with 0.8 mmol of SO, respectively) 

synthesised in OAm, with 1.2 mmol of Fe(acac)3 and 1 mmol of HDA-Cl, were analysed 

via SQUID-VSM. Figure 5.14 shows the hysteresis loops at 300 K for both samples. 

The Ms value for the NPs obtained without SO (Experiment IV) is 84 emu/g while for 

the other one (Experiment XII) is 46 emu/g. The Ms of the Experiment IV is very close 

to the bulk value for magnetite, (92 emu/g)71 showing that the particles have a high 

degree of crystallinity. The value of 46 emu/g for the sample obtained using 

additional SO as ligand (Experiment XII) may be due to the increased fraction of spin 

disordered atoms exposed on the surface, which reduces the Ms value to almost half 

the Ms value of bulk magnetite.  However, the value obtained here for the smaller 

NPs (Experiment XII) is almost double the Ms value of triangles iron oxide NPs of 
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similar size obtained through seed-mediated NPs (23 emu/g for 14 ± 2 nm NPs.) ,204 

and similar to the triangular NPs of 20 nm obtained by Liu et al. via decomposition of 

Fe(acac)3 precursor.205 This means that, to the best of our knowledge, the sample 

with an average particle size of 24.4 nm (Experiment IV, no SO used as additional 

ligand) possess the highest Ms value reported for triangular iron oxide plates. The 

coercivity of 24.4 nm nanoplates is equal to 15 Oe at 300 K, indicating that the NPs 

are in superparamagnetic state. In the case of the sample with NPs of average size 

equal to 15.6 nm (Experiment XII, with SO used as additional ligand) the coercivity is 

26 Oe; the sample looked more aggregated from TEM analysis and this may favour 

magnetic interactions that increase the coercivity of the sample, even though it is still 

very close to the superparamagnetic state. 

 

Figure 5-15 Magnetic hysteresis loop taken at 300 K for 24.4 nanoplates dark blue 
and 15.6 nm nanoplates light blue (left). Zoom-in of the magnetic hysteresis for 
both samples at low fields (right) 

 

5.3.7 Ligand Exchange 

The transfer in water of the two samples (Experiment IV and Experiment XII) was 

attempted to test the materials for magnetic hyperthermia. The as-synthesised NPs 

are coated with OAm in the case of Experiment IV, and a mixture of OAm and oleate 
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anions in the case of Experiment XII. This makes the samples insoluble in polar 

solution. To make the nanoplates soluble in water, the native ligand on the surface is 

exchanged with the dopamine-functionalised PIMA. This has been successfully used 

in this study to replace long-chain amines present on the surface of Fe (Chapter 3) 

and Fe2C NPs (Chapter 4), making the particles water-dispersible and provide the 

colloidal stability necessary for the use of NPs in biomedical applications. The 

followed procedure was the same used in the case of Fe and Fe2C NPs (ligand 

exchange with Mod PIMA-Dopa in Chapter 3). The colloidal stability of the two 

samples was measured after the ligand exchange. Figure 5.16 shows that Experiment 

IV’ NPs (24.4 ± 5.8 nm) had an average DH of 87.8 nm, while the NPs obtained with 

SO (Experiment XII, 15.6 ± 4.0) showed an average DH of 143.8 nm 

 

Figure 5-16 DLS measurements in water after ligand exchange of NPs from a) 
Experiment XII and NPs from b) Experiment IV 

Although the NPs from Experiment XII are smaller in size, their DH was larger. A 

possible explanation could be due to the fact the as shown on the TEM images, the 
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NPs from Experiment XII are highly interacting, forming a chain-like structure which 

may favour the ligand exchange of bigger aggregates altogether rather than single 

particles. Another possible explanation may be related to the presence of SO, which 

is a strongly binding ligand and harder to replace. This could hinder the ligand 

exchange process and favour aggregation in water, hence the higher DH.  

To further assess the colloidal stability of NPs from Experiment XII in water, the 

colloidal stability of the system was investigated at different pH values (3.2 to 10), as 

shown in Figure 5.17. At all pH, the values of DH remain almost constant at around 

150 nm, indicating colloidal stability within the whole range studied. For the Z-

potential values, at low pH (3.2) the value is -21 mV and progressively becomes more 

negative when the pH is increased, reaching a maximum of -55 mV at pH 8.5. This 

agrees with the fact that the surface of the nanocomposites is surrounded by 

carboxylic acid moieties. At low pH (<4.5), they are mostly protonated, thus the Z-

potential has a less negative value. As the pH increases more carboxylic group get 

deprotonated, and the NPs surface becomes more negative. Pictures of the solutions 

taken after 4 d show that the NPs crash out of solution in the case of pH ≤ 4.5 

suggesting that electrostatic repulsion is the main factor contributing to the NPs 

colloidal stability.  

Furthermore, stability tests were carried out at different NaCl concentrations (Figure 

1.18).  Initially, the DH increases slightly when the concentration of NaCl is increased, 

with a DH value of 173 nm in 300 mM NaCl solution. This suggests that the NaCl does 

not significantly affect the colloidal stability of NPs. The Z-potential value passed from 

-62 mV in ddH2O to -25 mV in 75 mM NaCl and remained almost constant also when 

the concentration of NaCl was increased to 300 mM. The less negative value observed 

in NaCl solution can be explained by the presence of Na+ ions interacting with the 
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negative carboxylate moieties on the surface of the NPs. Pictures of the solutions 

 

Figure 5-17 Colloidal stability study of the Experiment XII (15.6 nm NPs) in 
different pH solutions: a) hydrodynamic diameter in different pH, b) zeta-
potential value at different pH, c) picture of the dispersion at 0 and 4 d. 

taken after 4 d show that the NPs remain well dispersed in solution with no sign of 

aggregation observed. 
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Figure 5-18 Colloidal stability study of the Experiment XII (15.6 nm NPs) in NaCl 
solutions at various concentrations: a) zeta-potential value in different NaCl 
concentrations, b) hydrodynamic diameter in different NaCl concentrations, c) 
picture of the dispersion at 0 and 4 d. 

Overall, the system was found to be stable over a broad range of pH (pH 4.5 to pH 

10) and up to 300 mM of NaCl solution which makes the system suitable for use in 

biomedical applications.  
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5.3.8 Magnetic hyperthermia 

Finally, the heating efficiency of the two samples (Experiment IV, synthesised with no 

additional ligand in solution and Experiment XII, synthesised with additional 0.8 mmol 

of SO) was evaluated by magnetic hyperthermia measurement. For the Experiment 

IV (average NPs size of 24.4 nm) it was observed a SAR value of 372 W/gFe, at 303 KHz 

used and 872 W/gFe at 633 KHz used. For Experiment XII (average NPs size of 15.6 

nm) it was obtained a SAR value of 164 W/gFe, at 303 KHz used and 309 W/gFe at 488 

KHz used. For all the measurements reported, the field amplitude used was 24 KA m-

2.  The ILP value was then calculated to compare the outcomes of the sample taken 

at different conditions. For the 24.4 nm sample, the ILP was found to be 2.0 at lower 

frequency (303 KHz) and 2.2 at a higher frequency (633 KHz), showing little variation, 

as expected. For the 15.6 nm sample instead, the ILP was found to be 0.9 at a lower 

frequency (303 KHz) and 1.1 at a higher frequency (488 KHz). The value for bigger NPs 

is double the one for small NPs.  

Table 5-3 Magnetic Hyperthermia measurements for Experiment IV and XII and 
relative conditions used. 

Measurement Frequency 

(KHz) 

Field 

(KA m-2) 

SAR 

(W g-1) 

ILP 

(nHm2 kg-1) 

Experiment IV (d= 24.4 nm) 303 24.5 372 2.0 

Experiment IV (d= 24.4 nm) 633 24.5 872 2.2 

Experiment XII (d = 15.6 nm) 303 24.1 164 0.9 

Experiment XII (d = 15.6 nm) 488 24.1 309 1.1 

This is in line with the magnetic properties of the two samples where the 24.4 nm 

nanoplates possess an Ms double the one of 15.6 nm nanoplates, being therefore 

more performant in magnetic hyperthermia applications. In addition, the enhanced 
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heating power may be also linked to an increase in the Brownian contribution to the 

overall heating capability of the larger plates since it increases when the particle size 

increases. 

The only report in the literature for similarly shaped NPs is for hexagonal nanoprism 

of 45 nm edge length.201 The author reported that the material is highly heating and 

show a SAR of 765 W/g at 366 KHz and 5 KA m-2, the ILP value calculated from these 

parameters was 85 nHm2 kg-1, which seems unrealistic suggesting a possible error in 

the reported conditions used. This does not allow to compare the results with the 

existing literature, however, the ILP of 2 is high enough to make Fe3O4 nanoplates 

suitable for biomedical applications.91   

5.4 Conclusion 

In this chapter anisotropic NPs have been synthesised. It was observed that chloride 

plays a fundamental role in the formation of plates NPs. It was investigated the 

possibility of controlling the size of the nanoplates, with SO resulting in the best 

ligand for it. Two samples with 24.4 nm (Experiment IV) and 15.6 nm (Experiment XII) 

nanoplates, with most of them having a triangular shape, were transferred in water 

via a ligand-exchange method with Mod-PIMA-Dopa. The magnetic hyperthermia 

outcomes of both samples were tested and the 24.4 nm nanoplates showed a higher 

efficiency as heating probes with an ILP of 2, compared to the smaller particles (ILP = 

1). The study shows that the source of chloride can be used as an agent to induce 

anisotropic growth in nanocrystals. This is a novel and unexplored way for the 

synthesis of anisotropic Fe3O4 NPs and has the potential to be further exploited for 

other shapes and materials, with the possibility to be easily scaled up, given the 

limited number of reagents and parameters to be controlled. Secondly, platelets NPs 

are also promising heating probes for magnetic hyperthermia with an ILP value of 

about 2 for NPs of 24.4 nm. 
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Chapter 6  Conclusions and 

future works 
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6.1 Conclusions 

In this thesis different kind of iron-based NPs were investigated as a possible tool in 

magnetic hyperthermia therapy. In particular, the NPs were made of metallic Fe, Fe2C 

alloy and Fe3O4 with plates morphology.  

Chapter 3 focused on how to control the size of Fe NPs and produce Fe NPs with an 

average diameter larger than 15 nm which had not been produced before. A novel 

synthetic strategy was developed adding the Fe(CO)5 precursor in a continuous 

fashion. The method was able to form Fe NPs of different size and it allowed to push 

the growth of the nanocrystals in solution to an average size of ≈20 nm. Such 

improvement compared to the literature, allowed to study the resilience of Fe NPs in 

aqueous media. Indeed, metallic Fe is sensitive towards oxidation, but this process is 

size-dependent. After transferring the particles in water, it was confirmed that ≈18 

nm Fe NPs were resilient towards oxidation, retaining an α-Fe core, while smaller NPs 

underwent deep oxidative process driven by the Kirkendall effect which eroded the 

α-Fe phase of the NPs. Such evidence was confirmed in MH testing. 

Chapter 4, instead, focused on how to form uniform and fully-characterised Fe2C NPs 

of controlled composition in a single reaction step. In this chapter, the parameters 

affecting the formation of Fe2C were investigated, with the kind of amine used having 

the bigger effect on the uniformity of the final sample. Indeed, ODA resulted able to 

act as ligand and carbon source for the forming Fe2C NPs. After transferring the 

particles in water, it was confirmed that Fe2C NPs are resilient towards oxidation, with 

no difference between NPs before and after the ligand exchange. Indeed, Fe2C phase 

was resistant towards oxidation and did not require any specific size-tuning to be 

stable in biological conditions. As Fe2C NPs have been recently considered for 

biomedical applications, this study shed a light on the synthesis and characterisation 

of such material. The use of Octadecylamine and temperature of the carbidization 

process were shown to be the most important parameter affecting the uniformity of 
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Fe2C phase in NPs, with chloride amount and time of carbidization having a lesser 

impact. 

Chapter 5 studied the possibility of obtaining plates-like Fe3O4 NPs using 

Hexadecylammonium Chloride. It was shown that chloride ions from 

Hexadecylammonium Chloride played a fundamental role in the formation of 

twinned plane in the initial phase of NPs formation and this eventually led to the 

formation of plate-like NPs with the most common shape being the triangular one, 

among others. Specifically, to Fe3O4 NPs, plates-like morphology has been rarely 

reported or not easily achieved. The synthetic method was simple and 

straightforward, and showing new avenues in the formation of anisotropic NPs can 

have wider implications on the literature as a whole.  

To transfer to water all the NPs studied here, it was developed a polymeric ligand 

based on PIMA and functionalised with dopamine. As all the NPs were iron-based, 

dopamine was chosen for its high affinity towards Fe atoms. Indeed, the polymer can 

efficiently replace the native ligand and once the maleic anhydride moieties in the 

polymer are hydrolysed, the nanocomposite became water-soluble with also good 

colloidal stability thanks to its steric hinderance and ionic repulsion.  The method 

proved to be working for any size of Fe NPs, Fe2C and for Fe3O4 NPs of different size 

and plate-like morphology. Such findings are useful for the development of water-

dispersible nanocomposites made of ferromagnetic and/or highly interacting 

magnetic NPs.  

The magnetic hyperthermia potential was also evaluated for each kind of particle. 

Table 6.1 summarises the ILP values obtained for the materials synthesised in this 

work. Among the results achieved here, Fe NPs resulted as the most performant 

system in magnetic hyperthermia with an ILP of 3.6. Iron oxide based nanoplates can 

also be considered as efficient heating probes, especially considering the biggest 

sample (24 nm). Fe2C is the least performing materials among the one tested in this 
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work with an ILP value reaching 0.6. If we consider that the core active material for 

Fe2C is effectively of about 9 nm, the ILP obtained was very close to the one of the 

small nanoplates which are around 15 nm. This suggested that the it may be worth 

studying iron carbide NPs of large size to improve Fe2C NPs output in magnetic 

hyperthermia.  

Table 6-1 Summary of heating efficiency of different magnetic NPs 

Sample Coating Material Size 

(nm) 

ILP  

(nHm2 kg-1) 

Fe NPs 18 nm Mod-PIMA-Dopa Fe@Fe3O4 

core@shell 

18  3.6 

Fe NPs 18 nm (after 2 

months) 

Mod-PIMA-Dopa Fe@Fe3O4 

core@shell 

18 3.8 

Fe2C Mod-PIMA-Dopa Fe2C@Fe3O4 

core@shell 

14 0.6 

Nanoplates  Mod-PIMA-Dopa Fe3O4 15 1.1 

Nanoplates Mod-PIMA-Dopa Fe3O4 24 2.2 

 

6.2 Future works 

The different magnetic NPs synthesised in this work constitute a step forward 

towards the development of nano-systems that could be designed and envisioned for 

clinical applications.  

For the Fe NPs, which were the most performing NPs in this study, the next 

assessment would involve the study of their toxicity in vitro towards healthy cell. 

Furthermore, magnetic hyperthermia would be applied on different cell lines to test 



229 

 

the efficiency of each NPs system to kill cancer cell in vitro. Such kind of studies 

constitutes the next step to confirm the suitability of NPs for biomedical applications. 

In the case of Fe2C NPs, further synthetic improvement are necessary to optimise the 

NPs for magnetic hyperthermia application. One of the parameters to control would 

be the size, which could be increased by following a similar strategy to Chapter 3 with 

Fe NPs, where a continuous injection of the precursor was used to produce 18 nm Fe 

NPs. Starting from larger Fe NPs would produce larger Fe2C NPs which could possess 

enhanced heating efficiency. 

The synthetic protocol of anisotropic Fe3O4 NPs, instead, needs to be further 

optimised. Although the magnetic hyperthermia outputs showed promising results 

with an ILP of 2.2 nHm2 kg-1, a greater control on the final shape would allow to 

deepen the understanding of anisotropic NPs in relation to magnetic hyperthermia 

outputs. For example, it would be interesting to evaluate the effect of different 

chloride sources, heating rate and solvent on the final NPs shape and the following 

effect on magnetic hyperthermia outputs.  
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Appendix: Publications and conferences attended 

Publications 

- Chemistry of Materials. 2018, 30, 24, 8897-8904 

Simone Famiani, Alec P. LaGrow, Maximilian O. Besenhard, Shinya Maenosono*, 

Nguyen Thi Kim Thanh* 

Synthesis of Fine-Tuning Highly Magnetic Fe@FexOy Nanoparticles through 

Continuous Injection and a Study of Magnetic Hyperthermia 

- Reaction Chemistry & Engineering (under revision) 

Maximilian O. Besenhard, Simone Famiani, Alec P. LaGrow, Martina Pucciarelli, Paola 

Lettieri, Nguyen T.K. Thanh* and Asterios Gavriilidis* 

Continuous Production of Magnetic Iron Oxide Nanoparticles via Fast and Economical 

High Temperature Synthesis 

 

Conferences 

- April 2016, EU COST Meeting, Synthesis and functionalisation of magnetic 

nanoparticles for magnetic hyperthermia and radiotherapy, London, (UK). Oral 

presentation:  

Simone Famiani, Shinya Maenosono, Nguyen T. K. Thanh. Synthesis and 

characterization of Iron@Silica nanoparticles for magnetic hyperthermia 
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- May 2016, 2016 EU-Japan collaborative research on Next Generation 

Nanomagnetic Medicine, London (UK). Oral presentation: 

 Simone Famiani, Shinya Maenosono, Nguyen T. K. Thanh. Synthesis and 

characterization of Iron@Silica nanoparticles for magnetic hyperthermia 

- May 2016, The 11th International Conference on the Scientific and Clinical 

Applications of Magnetic Carriers, Vancouver (Canada). Poster presentation: 

Simone Famiani, Shinya Maenosono, Nguyen T. K. Thanh. Synthesis and 

characterization of Iron@Silica nanoparticles for magnetic hyperthermia 

- March 2017, The 97th annual meeting 2015 of Chemical Society of Japan, Tokyo 

(Japan). Talk presentation:  

Simone Famiani, Shinya Maenosono, Nguyen T. K. Thanh. Synthesis and 

Functionalization of Chemically-Stable Water-Dispersible Iron Nanoparticles 

 

- August 2017, ICAM-MRS The 15th international conference on Advanced 

Materials, Kyoto (Japan). Talk presentation:  

Simone Famiani, Shinya Maenosono, Nguyen T. K. Thanh. Synthesis and 

Functionalization of Chemically-Stable Water-Dispersible Iron Nanoparticles 

Poster presentation: 

Simone Famiani, Shinya Maenosono, Nguyen T. K. Thanh. Controlling the Size of 

Iron@Iron Oxide Nanoparticles through Continuous Injection of Precursor 
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- March 2018, EU COST Meeting. Synthesis and functionalisation of magnetic 

nanoparticles for magnetic hyperthermia and radiotherapy, Timisoara (RO). 

Attendance only 
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