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Chapter 1: Introduction 

In the past two decades nanoscience and nanotechnology has been rapidly expanding and has 

become an interest of research in all areas in the scientific community [1]. Magnetic 

nanoparticles (MNP’s) have garnered much attention over the years due to their diverse use in 

biomedicine such as MRI, drug delivery, and cancer therapy. Magnetic hyperthermia has been 

the focus of many biomedical researchers due to its potential as a cancer treatment that kills 

the cancer cells with little side effects to the patient. Currently, nanomagnetic research has 

focused on the use of iron-oxide nanoparticles for hyperthermia applications. However, 

bimetallic nanoparticles have become an innovative approach to use in biomedicine. [2-5]. Due 

to their high susceptibility to heat and its high magnetic properties, there has been an interest 

in producing pure iron nanoparticles. 

The introductory chapter will provide the reader with a background into the theories on 

which this science is established. It will cover topics such as magnetism with a focus on the 

hysteresis curves, relaxation and the type of magnetic materials that can be related to the 

application of magnetic heating. The focus of this thesis will be Fe@Ag magnetic nanoparticles 

as well as FeCo@C magnetic nanoparticles, the synthesis, characterization, their magnetic 

properties, and their applications for magnetic hyperthermia cancer therapy. 
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1.1. Nanoscience 

It was Nobel laureate and physicist Richard Feynman that first introduced us to the idea 

of miniaturization in his 1959 lecture “There’s Plenty of Room at the Bottom” [6]. With this, 

interest in the world at a nanoscale started to increase in the scientific community. It wasn’t 

until the 1970’s that the word “nanotechnology’ was first coined by Professor Norio Taniguchi to 

the production of materials at the nanoscale [7]. The eighties brought forth a surge in 

nanotechnology research and it was also during this period that the word “nanoparticle” was 

introduced into the dictionary [8]. 

The term “Nanoparticle” refers to a particle within the size range of 1-100 nm [9]. Figure 

1 gives a visual representation of the nanoscale to gain a better understanding of the scale[11]. 

The increase development of materials at the nanoscale provides an important increase in all 

research areas in the scientific community, technology, and in our daily lives. 

 

Fig 1: Representation of the Nanoscale 
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The essence and promise of nanoscience and nanotechnology come from the fact that 

the physical, chemical, and biological properties of a material be different at the nanoscale from 

the bulk material [10].  Nanoparticles have been around for quite some time now, from the 

Lycurgus cup that contains gold, silver and copper nanoparticles that when it interacts with light 

allow it to produce two colors (green and red-purple in transmitted light). To a more recent 

discovery of carbon dots (C-dots) that were discovered by Xu in 2004 [11]. 

As mentioned, nanoparticles provide a wide range of uses in science, especially 

magnetic nanoparticles (MNP’s). One important area would be biomedicine and its applications 

to magnetic resonance imaging (MRI), drug delivery, and magnetic hyperthermia. Before 

jumping into how magnetic nanoparticles contribute to these areas, we must first understand 

the magnetic properties and behaviors they possess to maximize their usefulness in different 

areas. 

1.2. Magnetic Nanoparticles 

As mentioned before, interest in nanoparticles has increased over the past decades and 

their applications has reached all research areas. In recent years one the fields it has 

made a great impact on is biomedicine. With the versatility that nanoparticles provide in 

biomedicine it has become a popular research interest in drug delivery, hyperthermia 

and even MRI [2-5]. When it comes to magnetic nanoparticles in this field, the most 

typical system that can be found is Fe3O4. With its high magnetic properties and its 

simple and versatile production method it has been researched in almost all applicable 

fields with great results. Although a great system, core/shell systems have also increased 
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in popularity in recent years for the extra properties it provides to iron system. This will 

be discussed further in section 1.3.2. With this we will explore the advantages of using 

pure iron in a system. 

 

1.2.1. Iron Particles 

Iron oxide nanoparticles have been used in many applications for some time now due to 

the high magnetic saturations they are able to produce and their simplicity in 

synthesizing them. Although their applications are many, due to the oxide present they 

will not reach higher values than 100 emu/g. Pure iron particles have the advantage of 

being able to reach magnetic saturation values that are close to bulk (217.6 emu/g) [22]. 

With these high values their applications in MRI technology and hyperthermia cancer  

therapy are desired. 

1.2.2. Core/Shell 

The term Core/Shell refers to a system in which a material is used as a core and coated 

with another material on top of it. Doing this can have its advantages in many fields. For 

example, doing this in the field of biomedicine can reduce the cytotoxicity of particles 

and increase their dispersion. It can also increase thermal and chemical stability in 

treatments like hyperthermia cancer therapy [23]. The increase of dispersion and the 

reduction of cytotoxicity of nanoparticles makes this type of system a very sought out 

for drug delivery.  Advantages of having Core/Shell system with an Iron particle is that 

the shell material will protect the iron particle from oxidation allowing for the iron 
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particle to maintain its high magnetic properties. In the case of hyperthermia cancer 

therapy, materials like gold and silver can introduce the advantages of being great heat 

conductors and increasing the temperature at a much faster rate.  

1.3. Magnetism 

Magnetism has been known for centuries. The first material that was found to be 

magnetic was magnetite (Fe3O4), in ancient Greece. It can be defined as a force exerted by 

magnets that either attracts or repels. At a more fundamental level, it can be described as the 

motion of electric charges that when they spin, they create a magnetic dipole [12].  

The best way to imagine a magnetic dipole is to see it as a microscopic bar magnet. It is a 

vector quantity where the magnetic dipole moment is parallel to the electric dipole moment 

and the direction of the magnetic moment is from south to north. For a material, there are two 

magnitudes that determine their magnetic moments, this is M and J. M can be represented as 

𝑑𝑀

𝑑𝑉
 (A/m), which represents the magnetic dipole moment per unit volume. J is the magnetic 

polarity of a material and can be described by the equation 𝐽 = 𝜇0
𝑑𝑀

𝑑𝑉
= 𝜇0𝑀. Where 𝜇0 

represents the magnetic field constant 4πx10−7H/m. 

1.3.1. Hysteresis 

Hysteresis comes from the Greek word “hyst´er¨esis” -delay, which means that the value 

describing some physical process is ambiguously dependent on an external parameter and 

antecedent history of that value must be taken into account. In magnetism and electricity, it 

descibes the first order phase transition of a material. It can be seen in hysteresis loops where it 
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measures the magnetization M of magnetic field B against the magnetic field intensity H. 

Equation 1 shows the magnetic field in a vacuum to be 

𝑩 =  𝝁𝟎𝑯 

where if the material was present the equation becomes 

𝑩 =  𝝁𝒓𝝁𝟎𝑯 

where 𝝁𝒓  represents the relative permeability of the material. The value 𝝁𝒓  is dimensionless 

and is just represented by a number that characterizes the material. With this we can get the 

relationship to be. 

𝑩 =  𝝁𝟎(𝑯 + 𝑴) 

Hysteresis curves can also be referred to as M-H graphs. When the applied magnetic 

field is increased from zero, the magnetic moments of the material become aligned with the 

magnetic field. When this happens, the magnetic moments of the material will all be aligned, 

and its maximum saturation value will be obtained [13]. At the maximum saturation value, the 

applied field changes direction but the values of the magnetization match the previous values 

but negatively. The value on the y axis at which x = 0 is known as the remanent magnetization. 

The same for the value at x where y = 0 is the coercivity, and this is the strength of the applied 

magnetic field required to bring the magnetization of the sample to zero after it has been fully 

saturated in one direction. The value represented by the coercivity is what defines a material as 

being a hard magnet of a soft magnet. 
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Figure 2: Hysteresis loop representation 

 

Depending on whether you are dealing with a hard or soft magnet, the size of your 

hysteresis and coercivity will be dependent on this. The coercivity and remanent magnetization 

will be dependent on grain size, for a hard magnet, which are single domain particles, the 

magnetization must be reversed to get high coercivities and bigger hysteresis loops. As for a soft 

magnet, they will have lower coercivities with a smaller hysteresis loop [14]. 

1.3.2. Relaxation 

The approach of a magnetic moment to its equilibrium or steady state as the magnetic 

field is changed is known is known as relaxation or magnetic relaxation. There are two types of 

magnetic relaxation, Neel relaxation and Brownian relaxation. The relaxation time of both the 
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Neel and Brownian are typically related to the anisotropy energy, hydrodynamic size and 

viscosity of the liquid [16]. 

 

Figure 3: Neel-Brownian relaxation representation 

 

Neel relaxation is when the magnetic vector inside a core realigns itself against the energy 

barrier [17]. For Neel relaxation the time constant it takes for the particle to stabilize is 

dependent on the particle size and is often represented as an exponential function called the 

Neel-Arrhenius equation 

𝝉𝑵 = 𝝉𝟎𝒆
(

𝑲𝑽
𝒌𝑩𝑻

)
 

where 𝜏0  represents 109 − 10−10 s, 𝑘𝐵 the Boltzmann constant, K the anisotropy, T the 

temperature and V the particle volume [18]. 
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Brownian relaxation is when a particle rotates with the fluid [17]. Unlike Neel relaxation, 

Brownian relaxation time constant is not so dependent on particle size but on the viscosity of 

the liquid the particle is in. Brownian relaxation can be represented by the equation 

𝜏𝐵 =
3𝑉

𝒌𝑩𝑻
𝜂 =

𝜋𝐷3

2𝒌𝑩𝑻
𝜂 

where V is the hydrodynamic volume of the particle, D is the hydrodynamic particle diameter 

and 𝜂 is the dynamic viscosity of the liquid. From this equation we can see that the relaxation 

time is dependent on how well the particle is able to rotate in the liquid. 

1.3.3. Magnetic Materials 

Magnetic behavior can be categorized in different groups depending on the value of 

their magnetic susceptibility. There are six classifications of magnetic behavior, and they are 

paramagnetism, diamagnetism, ferromagnetism, ferrimagnetism, anti-ferromagnetism, and 

superparamagnetism. These are the most typical types of magnetic behavior that are seen in 

materials and as such are going to the ones discussed in the following sections. It is good to 

note that the classification of each of the magnetic behaviors depends on their magnetic 

properties, spin, electronic structure and the behavior of the electrons. 

1.3.3.1. Paramagnetism 

Paramagnetism can be seen in materials that have random orientation for their unpaired 

electrons. This means that each electron has its own magnetic moment because the weak 

coupling was overcome by thermal energy. With this the material will be attracted to the 

magnetic field that is applied and the spins will align with the applied magnetic field.  Once the 
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magnetic field is removed the spin of the electrons will go back to being random removing any 

magnetization from the material [18]. When the magnetic field is low and its at room 

temperature, its magnetization will be low due to the thermal energy in its structure that does 

not allow for the alignment of the of the magnetic moments but when it is at a low temperature 

the magnetization increases as the effect of the thermal energy is reduced and allows for the 

magnetic moments to align with the magnetic field. 

 

                      

Figure 4: Orientation of Magnetic Moments in Paramagnetism. 

 

1.3.3.2. Diamagnetism 

Diamagnetic materials are usually magnetically neutral. This is because they do not have 

any unpaired electrons like paramagnetic materials. This means that the magnitude of the 

susceptibility is low and allows for other types of magnetism to take over. One other 
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characteristic of diamagnetic materials is that they are not affected by the magnetic field or 

temperature. Because it is considered that it produces a negative magnetization and therefore 

repels the magnetic field [18]. 

                       

Figure 5: Orientation of Magnetic moments in Diamagnetism. 

 

1.3.3.3. Ferromagnetism 

A ferromagnetic material is one that has magnetic forces much higher than that 

of paramagnetic and diamagnetic materials [19]. Ferromagnetic materials tend to 

demonstrate high magnetic properties and their hysteresis loops can be described by 

Figure 2. Although Ferromagnets tend to have stronger magnetic properties than the 

aforementioned materials once they reach their Curie temperature, TC, they lose their 

permanent magnetic properties and become paramagnetic. Ferromagnets can be 

classified in two groups, hard and soft. Hard ferromagnets tend to be perfect for 



12 
 

permanent magnets and their hysteresis curves can be large and wide. Soft 

ferromagnets tend to have a smaller hysteresis and are less wide [18]. 

 

     

Figure 6: Orientation of ferromagnetism when exposed to a magnetic field.  

 

1.3.3.4. Anti-Ferromagnetism 

Anti-Ferromagnetic materials tend to have opposite spins throughout the 

material, and this makes the material to have almost no gross external magnetism. This 

is only true when the material is below the Neel temperature, TN, once it reaches this 

temperature the heat will interrupt the coupling of the spins. When a magnetic field is 

applied at low temperatures it will not be affected by the external magnetic field 

because of the ordering of the spins throughout the material. Once the temperature 

starts to increase some of the ordering will “break free” and some of the magnetic 

moments will start to align with the external magnetic field. This will only be true until it 

reaches the Neel temperature, after this the magnetism of the material will begin to 

decrease as the temperature increases [18-20]. 
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Figure 7: Orientation of the magnetic moment of anti-ferromagnetism 

 

1.3.3.5. Ferrimagnetism 

Ferrimagnetism has the same properties as anti-ferromagnetism. This is that the 

magnetic moments throughout the material have opposite directions. The difference 

between the two is that unlike anti-ferromagnetism where the opposing magnetic 

moments have the same magnitude, in ferrimagnetism the moments do not have the 

same magnitude. This in turn produces a net magnetic moment. Just like how 

ferromagnetic and antiferromagnetic materials have a susceptibility to temperature, so 

does ferrimagnetic materials. This is known as the Ferrimagnetic Neel temperature, TFN, 

and just like the other two, once it reaches this temperature, the range order of the 

spins becomes random making the material paramagnetic. 
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Figure 8: Diagram above demonstrates the orientation and magnitude of a ferrimagnetic 

material. 

1.3.3.6. Superparamagnetism 

Superparamagnetic materials are single domain particles which means that 

particle size will affect its magnetic properties. As the particle size increases, the particle 

becomes unstable and displays superparamagnetism as a single domain, but an increase 

in size will make the particle a multi-domain. The macro-spin approximation is when 

particles with sized less than one hundred nanometers will be single domain particles 

and the magnetization of this particles can be measured to be one magnetic moment by 

summing all the individual magnetic moments. When the particles are small, the 

magnetization can flip and the time in between in each flip where the particle reaches 

equilibrium is the Neel relaxation time.  
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Figure 9: The diagram above demonstrates that when there is no magnetic field the orientation 

of a superparamagnetic behaves like a paramagnetic. As the magnetic field increases the 

moments begin to align with the external magnetic field. 

 

One other characteristic of superparamagnetic materials is that they all have a blocking 

temperature, TB.  When the Neel relaxation time is greater than the measured time, 

which creates a “blocked state” in the magnetization of the particles and the spin flip 

does not happen. Vice versa, if the measured time is much greater than the Neel 

relaxation time the total magnetic moment of the particle will be equal to zero, which 

produces superparamagnetism. In turn the blocking temperature can be represented by 

the following equation where the measured time equals the Neel relaxation time. 

 

𝑇𝐵 =
𝐾𝑉

𝑘𝐵 ln (
𝜏𝑚
𝜏𝑁

)
 

Where 𝜏𝑚  is the measured time and 𝜏𝑁  is the Neel relaxation time. One thing that can 

be noted is that when the Neel relaxation time is greater than the measured time, the 

magnetic behavior displayed by the particle will be that of a paramagnetic.  
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Figure 10: Representation of the blocking temperature where the particle reaches a state of 

equilibrium. This is when 𝜏𝑁 = 𝜏𝑚. 

 

When a magnetic field is applied to a superparamagnetic material the magnetic 

moments will align with the external magnetic field and will create a net magnetization. 

As mentioned before the size of the particles will determine the superparamagnetism of 

a single domain particle. When measuring the M vs H graph of a superparamagnetic it 

will lose its loop that can be seen in a ferromagnetic, but it will retain a sigmoidal shape 

it had [21].  
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Figure 11: The above MvH of a ferromagnetic, paramagnetic, diamagnetic and a 

superparamagnetic. 

 

1.4. Magnetic Hyperthermia Cancer Therapy 

Hyperthermia can be defined as the technique to increase the body temperature to that 

of above body temperature. In hyperthermia cancer therapy cancerous cells are exposed 

to a high temperature to burn and destroy the cancer cells [24]. Hyperthermia cancer  

therapy can be placed in 3 categories: thermal ablation, moderate hyperthermia and 

mild hyperthermia. When doing thermal ablation, the temperature the tumor is exposed 

to is above 45C̊ and this cause coagulation or necrosis. A more moderate treatment 

would be moderate hyperthermia where the temperature the tumor is exposed to is 

between 40C̊ and 45C̊. At this temperature the cells will experience stress due to the 

heat which will result in stopping the reproduction of cells. The last category of 

hyperthermia, mild hyperthermia, exposes the tumor to temperatures below 40C̊ and 

this is mainly used to make the cells more sensitive to chemotherapy [25].  
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Figure 12: Diagram of Magnetic Hyperthermia Cancer Therapy 

 

In the case of our study, we will be using magnetic nanoparticles to produce heat from 

inside the tumor and destroy the cancer inside out. The magnetic nanoparticles will be 

injected directly into the tumor and produce heat by being exposed to an AC magnetic 

field. With this, we hope to localize the treatment to only cancer cells, as they are more 

susceptible to heat than healthy cells and keep the healthy cells undamaged. This is one 

of the challenges hyperthermia cancer therapy faces but depending on the tumor 

location, it can show promising results. In this study we will analyze two different 

systems of Core/Shell magnetic nanoparticles through different methods of 

characterization and test their feasibility for Hyperthermia Cancer therapy.  



19 
 

Chapter 2: Experimental Methods 

 

2.1. Synthesis Methods 

2.1.1. Chemical Synthesis of Iron-Silver nanoparticles 

To synthesize Iron-Silver nanoparticles we used a 10:1 ratio of Iron (II) Sulfate tetrahydrate and  

Sodium Citrate respectively. A 2:1 ratio of Iron (II) Sulfate tetrahydrate and Sodium Borohydride, 

and 0.7mMol of Silver Nitrate all dissolved in 30mL of DI water. The iron precursor and sodium 

citrate were first placed in a beaker with 20mL of water and stirred magnetically at 1000rpms 

for 10 minutes to allow them to dissolve. The Sodium Borohydride was dissolved in 10mL of DI 

water and was added slowly to the iron (II)sulfate and sodium citrate solution after 10 minutes 

to begin nucleation of the particles. Five minutes after adding the Sodium Borohydride, 1mL of 

Silver Nitrate is slowly added to the solution and left to stir for 10 minutes. After 10 minutes the 

solution is quenched with 20mL of ethanol and removed from magnetic stirring. The particles 

are then cleaned with ethanol, sonicated for 45 minutes then rinsed three more times and left 

to dry in ambient temperature. This process is repeated for each of the samples synthesized 

with a Silver Nitrate injection time of 1, 3, 7, 9, 10, 11, 13, and 15 minutes.  
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Figure 13: Represents the function of Scanning Electron Microscopy 

 

2.1.2. Chemical Synthesis of Iron-Cobalt nanoparticles 

The Chemical synthesis of Iron-Cobalt magnetic nanoparticles was carried out by using a 1:1 

ratio of Iron(II)Chloride Tetrahydrate and Cobalt Acetate, and a 1:6 ratio of Iron(II)Chloride 

Tetrahydrate and Sodium Hydroxide respectively. 50mL of Ethylene Glycol were poured in a 

spherical flask and left to heat up to desired temperature. Once the desired temperature had 

been reached the metal salts were added together and five seconds later the Sodium Hydroxide 

was added. As soon as the reaction happened the temperature was immediately turned off and 

the solution was left steering magnetically until cool down. Once the solution was cool, the 

particles were magnetically separated from the Ethylene Glycol and then rinsed with ethanol 4 

times. Then the particles were left sonicating for 1 hour to remove any excess Ethylene Glycol 
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and impurities from the particles. The particles were then rinsed with ethanol for a few more 

times. The temperatures at which Iron Cobalt was synthesized was 160C̊, 170C̊, 180C̊ and 190C̊.  

 

Figure 14: Represents the manner in which VSM collects data regarding the magnetic properties of 

particles. 

2.2. Characterization 

2.2.1. Characterization of Iron-Silver and Iron-Cobalt nanoparticles 

 The crystal structure characterization of the nanoparticles was yielded by PANalytical 

X’Pert PRO XRD diffractometer with Cu Kα radiation (k = 0.1548 nm). The morphology, particle 

size and elemental mapping were characterized using scanning electron microscopy (SEM) and 

the measurements were done using Hitachi S-4800 Field Emission Scanning Electron 

Microscope (FE-SEM) detector type XFlash 6|60 ex. Equipped with EDX from Bruker Nano 

GmBH Berlin, Germany. The magnetic properties of the powders were analyzed using a vibrating 

sample magnetometer (VSM) VersaLab 3 Tesla (VSM) from quantum design. The hysteresis loop, 
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MxH, was measured at 300 K, with DC magnetic fields up to H=3T. Zero-field-cooling/field-

cooling (ZFC/FC) MxT curve was measured from 50 to 400 K. Magnetic Hyperthermia 

measurements were done using a G2-D5 Series Multi-mode 1500W Driver from Nanoscale 

Biomagnetics. By placing the powder in a 1mL solution and the respective mass of each sample 

in a vial that was placed into the G2-D5 coil, an AC magnetic field was introduced at different 

frequencies and intensities and a fiber optic sensor was used to measure the produced 

temperature of the particles in the solution. 

 

Figure 15: Interaction between X-Rays and molecules to obtain crystal spectrum of materials. 
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Chapter 3: Iron-Silver Magnetic nanoparticles 

3.1. Magnetic Properties 

 The magnetic properties of the magnetic nanoparticles have been investigated at 

magnetic fields and temperature of 3T and 300K. In Figure 5 we can see the full hysteresis loop 

of three samples. For all three samples we can see a superparamagnetic behavior which can be 

indicated by the closed hysteresis loops. From Figure 4 we can also conclude that it is evident 

that as the time of injection of the silver precursor varies, so does the magnetic saturation of 

our nanoparticles. Although after seven minutes we can see a drop in the magnetization. From 

five minutes to seven minutes, we can see an increase in the magnetization from 163 emu/g to 

226 emu/g and then a drop after this at nine minutes to 172 emu/g. This indicates that adding 

the silver precursor at seven minutes after adding the sodium borohydride provides the most 

optimal magnetic saturation. Table X shows the different sizes of the particles for size 

distribution, crystallite size, magnetic domain size and magnetic saturation.  

 

Figure 16. Magnetic Hysteresis loops at different room temperatures (300K) for Iron-Silver. 
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Table 1: Magnetic Saturation, DSEM, DXRD, and Dmag for Iron-Silver nanoparticles. 

Sample Ms DSEM DXRD DMag 

units (emu/g) (nm) (nm) (nm) 

5 minutes 172 emu/g 64±20nm 1 3.46 

7minutes 226 emu/g 38±9nm 1.4 3.20 

9 minutes 163 emu/g 47±13nm 3.6 3.23 

 

Magnetic domain size of the particles was also calculated using Equation (1).  

𝐷𝑚𝑎𝑔 = [
18𝑘𝐵𝑇

𝑑𝑀
𝑑𝐻

𝜋𝜌𝑀𝑠2
]

1
3 

 

Where Dmag is the magnetic domain size of the particles, kB is the boltzman constant, dM/dH is 

the slope of the hysteresis curve, π is 3.14, ρ is the bulk density of iron, and Ms is the magnetic 

saturation. The magnetic domain sized calculated for each of the 5 minute, 7 minute, and the 9 

minute samples are 3.46nm, 3.20nm, and 3.23nm respectively. 
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3.2. Structure and Morphology 

The XRD pattern of three samples with different time of injection of silver are shown in 

Figure 1. The ratios for all three samples were kept at a 2:1 ratio between I(II) Sulfate and 

Sodium Borohydride and a 10:1 ratio for iron sulfate and sodium citrate respectively. The 

spectrum demonstrates that our material has corresponding peaks of Fe at around 2θ = 38, 45, 

and 65. XRD analysis also demonstrates a crystalline structure for this system with crystallite 

diameters of 1nm-4nm. 

 

 

Figure 17: XRD spectrum of Fe-Ag matrix nanoparticles for 3 different times of injection of the silver 

precursor, 5 minutes (black), 7 minutes (red) and 9 minutes (blue).
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This diffraction peaks correspond to the FCC Ag crystal structure and can be confirmed that 

Iron-Silver was synthesized as the particles demonstrate magnetic properties pertaining to Fe. 

We can make this assumption because Figure 2 demonstrates traces of iron and silver in our 

samples. Crystallite size of the nanoparticles was also calculated using Scherer equation using 

full width at half maximum and is represented by Equation (2). 

𝐷𝑋𝑅𝐷 =
0.93𝜆

𝛥2Ɵ𝑐𝑜𝑠Ɵ
 

Where DXRD is the average crystallite size, λ is the wavelength applied, Δ2Ɵ is FWHM of the 

peaks and Ɵ is Bragg angle. The average crystal size calculated were 1nm, 1.4nm, and 3.6nm 

respectively for 5min, 7min, and 9min. The values are represented in table 1. 

As explained in Chapter 2, the synthesis of Fe-magnetic nanoparticles were done using a 

chemical reduction method. The sodium borohydride was used as the reducing agent to 

separate the salts from the metals and the sodium citrate was used as a capping agent as 

previously reported. This method produced almost homogeneous particles as can be seen by 

the SEM image in Figure 4. The particles have around the same size and spherical shape 

although some impurities are still present. Size distribution of the particles was also investigated 

and from Figure 5 we can see that as the nucleation time changes the size of the particles does 

as well. A decrease in particles size from five minutes, 64nm, to seven minutes, 38 nm. Then at 

nine minutes there is a light increase in size to 47 nm. This increase can be attributed to 

impurities still present in the particles deviating the size distribution of the samples. The sizes 

displayed in our samples are viable to use in hyperthermia therapy, but smaller particle size is 

desired.    
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EDS elemental mapping was also carried out to analyze the elemental components of the 

samples. As shown in Figure 2 the particles are demonstrated to have great amount of Iron 

while having some traces of Silver in them among other elements such as Carbon, Oxygen, 

Sodium and Sulfur that can be considered impurities in the nanoparticles. It can be concluded 

that the synthesis was successful as the iron particles have some, although very small trace 

amounts of silver can be found in the particles, it can be assumed that these small traces will 

contribute to decreasing the time it takes for the magnetic nanoparticles to increase in 

temperature during magnetic hyperthermia therapy. 
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Figure 18. Elemental mapping demonstrates traces of Silver along with other impurities. 

 

 EDS and SEM pictures in Figure 2 and 5 also show some impurities in our samples. From 

EDS we can see that the bigger particles are impurities caused by the reducing agent, NaBH4, 

during the synthesis of the particles. After SEM and EDS was done the particles were cleaned 

further using a centrifuge and ethanol to remove these impurities that could later affect our 

results during the hyperthermia treatment. 
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Figure 19. SEM images and size distribution for 5,7, and 9 minutes. 
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3.3. Hyperthermia 

 From Figure 3 the time-dependent calorimetric measurements at different applied 

magnetic field strengths for Iron-Silver are shown. It can be observed that a heating effect is 

taking place and starting at the magnetic field of 300G to 400G. When the magnetic fields are 

applied, it can be seen that the heating rate reached values of 3C̊/min. Using the specific 

absorption rate (SAR), which tells us the viability of a material for magnetic hyperthermia 

applications. The specific absorption rate was calculated using the SAR equation 

𝑆𝐴𝑅 =  
𝐶𝑣𝑚𝑡𝑜𝑡𝑎𝑙

𝑚𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑑𝑇

𝑑𝑡
 

where Cv represents 4.186 J/g*C̊, the specific heat capacity of water, mtotal the total mass of the 

sample including water, mparticle represents the mass of the sample and 
𝑑𝑇

𝑑𝑡
 represents the change 

in temperature with respect to time. Using this equation, we can see that the SAR increases 

from 31.99 W/g to 43.49 W/g as the field increases from 300G to 400G. For the all the graphs 

we can see that at a field of 100G and 200G there is no increase in temperature but as the field 

increases to 400G the temperature raises and we can see some increase. The only sample that 

shows no increase in temperature for both 300G and 400G is the sample synthesized at the 

time of injection of Silver at 9 minutes. SAR graph in Figure XX demonstrates how the heating 

power produced by all samples at different magnetic fields. 
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Figure 20: Temperature vs. Time graph of Iron-Silver synthesized with injection of Silver at 5min. 

 

Figure 21: Temperature vs. Time graph of Iron-Silver synthesized with injection of Silver at 7min. 
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Figure 22: Temperature vs. Time graph of Iron-Silver synthesized with injection of Silver at 9min. 

 

Figure 23: SAR vs magnetic field graph shows that as the field increases, the SAR increases.  
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Chapter 4: Iron-Cobalt Magnetic Nanoparticles 

 

4.1. Magnetic Properties 

The magnetic properties of the Iron Cobalt samples were tested using the Vibrating Sample 

Magnetometer at an external magnetic field of 3T and at a temperature of 300K. Figure 21 

demonstrates the samples to have superparamagnetic behavior at room temperature with 

magnetic saturations of 84, 25, 101, and 125 emu/g respectively for each of the temperatures of 

160C̊, 170 C̊, 180 C̊, and 190 C̊. 

 

Figure 24:  hysteresis curves at room temperature for FeCo synthesized at 160C̊, 170C̊, 180C̊, and 190C̊. 
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4.2. Structure and Morphology 

Figure 22 demonstrates the XRD pattern of Iron-Cobalt synthesized at different temperatures. 

The ratios for all four experiments were kept the same, 1:1 ratio of Iron(II) Chloride Tetrahydride 

and Cobalt Acetate and a 6:1 ratio of Sodium Hydroxide (pellets) and Iron(II) Chloride 

Tetrahydrate respectively. It can be seen that the spectrum shows peaks corresponding to FeCo 

at 45, 65, and 85 degrees for most of the samples where the peaks for FeCo are more clearly 

defined for the particles synthesized at 170C̊. 

 

Figure 25: Shows the XRD spectrum for Iron Cobalt synthesized at different temperatures. 

 

Scanning Electron Microscopy and Energy Dispersive X-Ray Spectroscopy were used to study the 

size and elemental composition of the magnetic nanoparticles. SEM shows a homogeneous 

distribution in size for all four samples. EDS demonstrates and corroborates the elemental 
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composition and presence of Iron and Cobalt shown by the XRD spectrum, providing the 

assurance that chemical synthesis of the particles was successful at 160C̊, 170C̊, 180C̊, and 

190C̊. 

 

Table 2: Magnetic Saturation and average size distribution for Iron-Cobalt synthesized 

at different temperatures. 

Temperature Ms D
SEM

 

˚C emu/g nm 

160 84 15±15 

170 27 44±8 

180 101 74±15 

190 126 50±20 
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Figure 26: SEM and size distribution of Iron-Cobalt samples synthesized at the temperatures of 160C̊, 

170C̊, 180C̊, and 190C̊. 

Morphology of the Iron-Cobalt nanoparticles was analyzed using Scanning Electron Microscopy 

and Energy Dispersive Spectroscopy as shown in Figure 23, revealing most of the particles to be 

of a spherical shape. Size distribution of the magnetic nanoparticles was used to analyze the 

average size distribution, average size of the particles being 15nm, 44nm, 74nm and 50nm for 

temperatures of 160C̊, 170C̊, 180C̊, and 190C̊ respectively. It can be seen from size calculations 

that a pattern of an increase in size happens as the temperature increases although this does 

not happen for the temperature at 190C̊. Energy Dispersive Spectroscopy graphs in Figure 24 

shows the concentration of each of the elements found in the nanoparticles. It can be seen that 

EDS further corrobarates the XRD of presence and succesfulness in producing Iron-Cobalt 

magnetic nanoparticles. 

 

1µm 

c 
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Figure 27: EDS graphs demonstrate the elemental composition of the Iron-Cobalt samples synthesized at 

different temperatures 

4.3. Hyperthermia  

Preliminary Hyperthermia results where obtained using the NanoBioMagnetics D5 series 

Hyperthermia machine. The Iron Cobalt samples were first prepared in small vials with 

~5mg/mL concentrations for each one of them. Using a fiber-optic sensor to measure the 

change in temperature for a certain period of time, the prepared samples were exposed to AC 

magnetic fields of 300G to 400G with a frequency of 304KHz for 5 minutes. As shown in Figures 

25, 25, 27, and 28, for samples with the high magnetic saturation we can see an increase in 

temperature once the AC magnetic field reached 400G. The one sample with low magnetic 

properties shows no increase in temperature at all for either 300G and 400G. We can also see 

that for the FeCo sample synthesized at 190C̊, which had the highest magnetic saturation at 125 

emu/g, also shows the highest SAR measurement at 400G than the rest of the samples. This can 

T=190C̊ 
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be seen in Figure 29.  This increase in temperature can be due explained by the interaction of 

the AC magnetic field with the magnetic nanoparticles, the higher the magnetic properties of 

nanoparticles the faster the rotation of the magnetic moments and the particles.   

 

Figure 28: Preliminary results for hyperthermia tests on FeCo magnetic nanoparticles synthesized at 

160C̊. 

 

Figure 29: Preliminary results for hyperthermia tests on FeCo magnetic nanoparticles synthesized at 

170C̊. 
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Figure 30: Preliminary results for hyperthermia tests on FeCo magnetic nanoparticles synthesized at 

180C̊. 

 

Figure 31: Preliminary results for hyperthermia tests on FeCo magnetic nanoparticles synthesized at 

190C̊. 
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Figure 32: SAR vs. Magnetic Field measurements show an increase in SAR as the magnetic field increases 

from 300G to 400G. 
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Chapter 5: Conclusions 

Iron-Silver magnetic nanoparticles were successfully synthesized using a one-pot 

aqueous synthesis method with different times of injection of silver at 5,7 and 9 minutes after 

the addition of Sodium Borohydride. Magnetic studies of the nanoparticles revealed high 

magnetic saturations and superparamagnetic behavior at room temperature. SEM and XRD 

confirm the elemental structure of the nanoparticles to be Iron Silver with an average size 

distribution of 30nm to 65nm. Preliminary results for hyperthermia show some temperature 

increase for some of the samples they interact with the AC magnetic field. It can be assumed 

that for the nanoparticles that did not heat up when interacting with the magnetic field could 

be due to lack of dispersion in water and agglomeration of the magnetic nanoparticles making it 

more difficult for the particles to increase in temperature. 

  The one-pot synthesis of Iron Cobalt magnetic nanoparticles using a modified polyol 

method can also be said to have been successful. By synthesizing Iron Cobalt magnetic 

nanoparticles at temperatures of 160C̊, 170C̊, 180C̊ and 190C̊ the magnetic properties displayed 

by each of them shows a pattern of increase in magnetic saturation as the temperature at which 

the experiment was synthesized increases. Although, for the nanoparticles synthesized at 170C̊ 

do not follow this pattern it could be due to not removing the Ethylene Glycol properly during 

the cleaning process making the nanoparticles less magnetic. XRD and EDS corroborate the 

presence of both Iron and Cobalt in the nanoparticles. It can also be seen that the average size 

distribution follows an increase in size of the particles as the temperature increases except for 
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temperature at 190C̊ where the size decreases.  Hyperthermia results show an increase in 

temperature for three out of the four samples at a field of 400G and a frequency of 304KHz.  

 Treatments for Cancer have always been a case of study to find the most efficient way to 

attack cancer cells while also keeping the human body as healthy as possible. Specifically 

targeting cancer while it is its late stages can be challenging as it requires the use of 

chemotherapy and radiotherapy. This would reduce any kind of side effects chemotherapy 

would produce in patients while also getting rid of the cancer at the same time. If feasible, the 

use of magnetic nanoparticles to treat cancer in these late stages can provide a less invasive, 

safer, and better chances of giving patients a more comfortable treatment option.  
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