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Abstract 

The goal of this thesis is to develop a faster, safer, and industrial-level scale-up methodology for 

the synthesis of diverse nanomaterials applying the inductive heating methodology. This thesis 

discusses the size control magnetic inductive heating synthesis of iron, iron- oxide, manganese, 

manganese/iron alloys, and germanium nanoparticles (NPs) in different chapters. Background in 

the magnetic heating methodology and how it can be used for nanomaterial synthesis is discussed 

in Chapter 2. Chapter 3 describes the synthesis and characterization of colloidal insulating iron-

oxide NPs. Fe2O3 and Fe3O4 NPs were prepared by inductive heating. Their morphological and 

magnetic properties were studied in detail. The effect of different solvents and heating times on 

the size of NPs was explored. Furthermore, this chapter discusses how the inductive heating 

methodology can be utilized for the use of solid precursors to prepare monodispersed, phase pure 

γ- Fe2O3 NPs.  Chapter 4 is aimed to describe the synthesis of air-stable metallic iron NPs with 

their size tuning. TEM, HRTEM, PXRD, and elemental analysis were carried out to confirm the 

formation of iron NPs and their particle size distributions. SQUID was used to investigate the 

magnetic properties of thus synthesized NPs. Chapter 5 focuses on achieving greater control over 

the size distribution in the solution synthesis of semiconducting germanium NPs. The effect of 

concentration of precursor and heating time was explored. This chapter will also discuss the 

possible defects present in as-synthesized NPs. Various spectroscopic characterizations such as 

transient absorption and UV-Vis-NIR were performed to identify the quality of crystals. Finally, 

Chapter 6 describes the use of the inductive heating methodology for the synthesis of manganese 

oxide and iron-manganese  oxide alloy nanoparticles, a potential material for fossil-free ammonia 

synthesis by step catalysis. One-pot inductive heating-assisted method promises a scalable and 

low-cost production of highly crystalline NPs by overcoming the traditional disadvantages of long 

reaction times, high temperature and pressure, complicated precursor preparation, and exhaustive 

post-synthetic purification steps.  



 

 

Colloidal synthesis and characterizations of metal, metal- oxide, and semiconductor 
nanoparticles by inductive heating  

 
 

by 
 
 

Pratikshya Sharma 
 
 
 

B.Sc., Tribhuvan University, Nepal, 2014 
M.Sc., Tribhuvan University, Nepal, 2017 

 
 
 

A DISSERTATION 
 
 
 

Submitted in partial fulfillment of the requirements for the degree 
 
 
 
 

DOCTOR OF PHILOSOPHY 
 
 
 

Department of Chemistry 
College of Arts and Sciences 

 
 
 

KANSAS STATE UNIVERSITY 
Manhattan, Kansas 

 
 

2021 
 

 

 Approved by: 
 

Major Professor 
Prof. Viktor Chikan 



 

 

Copyright 

©Pratikshya Sharma 2021 

 

 

  



 

 

Abstract 
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the synthesis of diverse nanomaterials applying the inductive heating methodology. This thesis 

discusses the size control magnetic inductive heating synthesis of iron, iron- oxide, manganese, 

manganese/iron alloys, and germanium nanoparticles (NPs) in different chapters. Background in 

the magnetic heating methodology and how it can be used for nanomaterial synthesis is discussed 

in Chapter 2. Chapter 3 describes the synthesis and characterization of colloidal insulating iron-

oxide NPs. Fe2O3 and Fe3O4 NPs were prepared by inductive heating. Their morphological and 

magnetic properties were studied in detail. The effect of different solvents and heating times on 

the size of NPs was explored. Furthermore, this chapter discusses how the inductive heating 

methodology can be utilized for the use of solid precursors to prepare monodispersed, phase pure 

γ- Fe2O3 NPs.  Chapter 4 is aimed to describe the synthesis of air-stable metallic iron NPs with 

their size tuning. TEM, HRTEM, PXRD, and elemental analysis were carried out to confirm the 

formation of iron NPs and their particle size distributions. SQUID was used to investigate the 

magnetic properties of thus synthesized NPs. Chapter 5 focuses on achieving greater control over 

the size distribution in the solution synthesis of semiconducting germanium NPs. The effect of 

concentration of precursor and heating time was explored. This chapter will also discuss the 

possible defects present in as-synthesized NPs. Various spectroscopic characterizations such as 

transient absorption and UV-Vis-NIR were performed to identify the quality of crystals. Finally, 

Chapter 6 describes the use of the inductive heating methodology for the synthesis of manganese 

oxide and iron-manganese oxide alloy nanoparticles, a potential material for fossil-free ammonia 

synthesis by step catalysis. One-pot IH-assisted method promises a scalable and low-cost 

production of highly crystalline NPs by overcoming the traditional disadvantages of long reaction 

times, high temperature and pressure, complicated precursor preparation, and exhaustive post-
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Chapter 1 - Introduction 

1.1  Background 

Since Nobel prize winner, Richard Feynman’s famous talk titled "There's Plenty of Room at the 

Bottom”, nanotechnology has become an important area of research and development: One of the 

important building blocks in nanotechnology are so called nanoparticles (NP). In general, NPs are 

a class of nanomaterials acting as a bridging link between the atomic/molecular structures and 

nanomaterials.1 NPs are particles between 1 and 100 nanometers in size and can be made up of a 

variety of materials such as carbon, metal, metal oxides, or semiconductors. These particles can 

exist in various physical states such as in solids, colloidal solutions, or gas-phase and can take 

various forms, shapes, and sizes based on the specific application requirements.2 For instance, they 

can be spherical, cylindrical, tubular, conical, hollow core, spiral, flat, or irregular. Their surface 

can be uniform or irregular with surface variations.3–5 From the fundamental physics point of view, 

a NP can be classified according to the quantum mechanical charge carriers in solids, where 

electrons are confined, and their relation to their free movement in various dimensions.6 A zero-

dimensional (0D) NP where the particles inside the material are confined in all three dimensions 

such as the case for so called semiconducting quantum dots. So, the remaining dimensional 

freedom is zero.7 A one-dimensional (1D) NP such as nanowires, the charge carriers can freely 

move in one dimension but confined in the other two remaining dimensions such as the case for 

CdSe or silicon nanowires.6–8 Similarly, a 2D charge carrier can freely move in two dimensions as 

it happens in graphene, carbon nanotubes or multi-layered semiconducting materials such as GaAs 

quantum wells sandwiched between AlGaAs, or InGaAs.9–12  

NPs have gained prominence in technological advancements due to their tunable 

physicochemical characteristics such as melting point, wettability, electrical and thermal 
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conductivity, catalytic activity, light absorption, and scattering resulting in enhanced performance 

over their bulk counterparts.13,14 They possess a large surface area to the volume ratio, increased 

reactivity, or stability in a chemical process, and enhanced mechanical strength compared to their 

bulk counterparts.4,15 Depending upon their origin and synthesis methods employed, NPs possess 

unique physicochemical, structural, and morphological characteristics, which are important in a 

wide variety of applications concomitant to electronic, optoelectronic, optical, electrochemical, 

environment, and biomedical fields.13,10,16,17,5 For example, Ge NPs prepared using metathesis 

reaction between germanium chloride (GeCl4) and germanium zinc salts such as sodium 

germanide (NaGe) showed strong quantum confinement which finds an application in 

optoelectronic applications.18 

Numerous synthesis methods exist or are under development to synthesize NPs. In general, 

two main approaches for nanoparticle synthesis are utilized based on either the top-down or the 

bottom-up approach.19 A simplified representation of the process is presented in Figure 1.1. 

1.1.1 Top-down method 

In the top-down approach, large pieces of material are systematically broken down into smaller 

pieces to generate the required nanostructures. In this process, the bulk materials are used as the 

starting materials and treated by physical means such as mechanical milling, nanolithography, 

laser ablation, sputtering and thermal decomposition, etc. to synthesize nanomaterials.20 The goal 

of these processes is to break the chemical bonds holding together the bulk material. The top-down 

approach can be used to fabricate a wide variety of devices with high reliability and high integrity 

therefore, this approach is common in the semiconductor device industry.21 Many of the novel 

nanostructures, like nanowires and nanopores, may be fabricated with top-down approaches.22,23 

For instance, Stern et al. reported silicon nanowires fabricated by the top-down approach that were 
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used to detect biological samples without any labeling.23 Although the top-down approach has 

been playing a vital role in the fabrication of nanostructures but at very small scales (less than 100 

nm), it has several limitations such as the development of imperfections in processed materials, 

high cost (lithographic processes), the requirement of high surface finished materials, longer 

etching times, etc. Such imperfections have a significant impact on the physical and chemical 

properties of nanostructures and nanomaterials.14,23–25 The particles synthesized by this method 

generally have a broad size distribution. The NPs synthesized by this method are typically larger 

and cannot be reproduced resulting in irreproducible catalytic activity.13,19 In addition, breaking 

down materials by mechanical means will cost more and more energy as creating new surface in 

the material cost energy and the resulting material can contain lots of undesired defects as well 

degrading the property of the material. Some of these problems/challenges can be circumvented 

as we will show in the next approach which is the bottom-up method. 

Figure 1.1 Top-down and Bottom-up synthesis of NPs 

1.1.2 Bottom-up method 

A bottom-up synthesis is a method where the nanostructures are synthesized from the basic 

constituents of the bulk material such as molecules and atoms, ions. This regime represents an area 

where the traditional chemistry toolbox plays an important role. The atoms are stacked together, 
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which gives rise to crystal planes, crystal planes further stack onto each other, resulting in the 

formation of larger structures in the nanometer size range. The bottom-up synthesis method is 

often termed the “wet” method since it involves batches of solvents and other chemicals. In the 

bottom-up process, the single atoms or ions are allowed to grow into clusters or nanoparticles using 

wet chemical synthetic methods such as chemical reduction of metal salts, and the decomposition 

of precursors using thermal, photolytic, or sonochemical treatment. In general, two basic methods 

are utilizing the bottom-up approach, i.e., gas-phase synthesis and liquid-phase formation.10,12,13 

Some of the methods used in the bottom-up approach include plasma arcing, chemical vapor 

deposition process, metal-organic decomposition, laser pyrolysis, molecular beam epitaxy, sol-gel 

method, wet synthesis, and self-assembly processes. The particles synthesized by this method can 

achieve narrow size distribution particles and high crystallinity, which is essential for well-defined 

and controlled physical properties.14 The unique advantage of the bottom-up approach is the 

potential to assemble nanostructures where the top-down approach fails. Even with sophisticated 

photolithography, it is not easy to fabricate nanostructures at a size of a few nanometers due to the 

diffraction limit of the light used in the process. Recently, the XUV nanolithographic methodology 

developed by ASML can reach wavelengths of 13.5 nm, which can produce 5 and 3 nm Logic 

nodes and leading-edge DRAM nodes which are below the 7 nm diffraction limit. This process 

allows mass production of chips, however, required very complicated and expensive machinery to 

produce light at 13.5 nm.  Self-assembly is an ideal approach, which can produce structures much 

faster, cheaper with larger throughput.21 For instance, the recent development of wet-chemistry 

(bottom-up approach) for colloidal synthesis and surface modifications of  QDs such as InP have 

excelled in many commercial applications such as light-emitting diodes that are very appealing.26 

The particles synthesized by this method have narrow size distribution.14 Therefore, the bottom-
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up approach is more beneficial and favored in NPs synthesis due to many merits such as fewer 

defects, more homogenous chemical composition, and better ordering. The bottom-up approach 

also utilizes chemical methodologies and is more suited for chemical industries to achieve good 

process control of the material qualities.27 Bottom-up approach is also well suited to address 

problems such as global electricity needs (~25000 TWh in 2021) via constructing quantum 

dot/conductive polymer solar cells at a large scale.2,3 

1.2 Colloidal synthesis of NPs 

Colloidal NPs or quantum dots (semiconducting particles exhibiting quantum confinement) are 

considered very important in fundamental science. In nanoscale dimension, the size control can be 

fully exploited to engineer the properties of the material, plus the very large surface to volume 

ratio ensure more efficient use of expensive and rare materials.  As we enter an age where 

sustainable practices will take more importance to ensure manufacturing and synthesis, practices 

are in line with their environmental impact. Spatial confinement effects become increasingly 

important as the dimensions of NPs decrease below a certain critical limit, which leads to size- and 

shape-dependent electronic structure.28,29 Furthermore, as the NPs size decreases, the number of 

atoms is reduced from a few thousand to a few hundred, and therefore the surface to volume ratio 

increases dramatically (e.g., from 5% to 50% for a reduction from 20 to 2 nm in diameter).28,29 

Therefore, the contribution of the surface to the total free energy of a NPs becomes significant and 

increases with decreasing size, making the interaction between the surface atoms and surfactant 

molecules extremely important.30 As a result, NPs become easily dispersible in solvents 

(somewhat comparable in size to molecules) thereby making fabrication and processing in solution 

possible, which is an essential advantage of colloidal NPs over nanomaterials prepared by other 

techniques such as molecular beam epitaxy.30 Their properties can be tailored concerning 
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parameters such as chemical composition, ligand coating, size, and shape.31 These versatile 

properties of colloidal NPs make them potential candidates in different fields such as biomedical 

applications and energy conversions.32 In particular, control over the NPs size and morphology 

has been an important challenge in materials chemistry. To overcome these challenges, great 

efforts have been made in recent decades to attain accurate control through the development of 

synthetic protocols that now enables access to particles with specific shapes.31,33 In particular, the 

change of temperature, the choice of precursors, catalysts, surfactants, and their relative 

concentration ratios have been demonstrated to strongly influence the growth of NPs during 

colloidal synthesis and their resulting morphology.1,31,34,35 

Without using expensive equipment, the preparation of NPs by colloidal synthesis can be 

conducted in the laboratory. Due to the flexibility in selecting different reducing agents, capping 

agents, solvent systems as well as synthetic conditions; colloidal synthesis can be utilized to 

produce NPs in a variety of compositions, shapes and sizes, and surface chemistry.29,36 

Additionally,  they can be used as building blocks for complex nanostructures, such as NPs 

superlattices.28 Therefore, colloidal synthesis is an important tool in the toolbox of chemists to 

develop new nanomaterials for the demands of today’s industries.37 A key disadvantage of the lab-

scale methodologies currently available are not easily scalable for industrial production due to 

limited mass and heat, which will be addressed later in this dissertation.38  

  The colloidal synthesis generally involves several consecutive steps including nucleation, 

growth, and isolation of the particles to achieve the desired size from a reaction solution.26 The 

development of reliable and reproducible methods for the production of monodispersed colloidal 

NPs has been very challenging in materials chemistry.39 The most important pre-requisite for the 

preparation of particles with narrower size distribution is the good separation of nucleation and 
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growth under diffusion-controlled reaction conditions.17,40 Typically, nucleation and growth of 

nanoparticles occur in the solution phase in the presence of surfactant molecules.38 

The classical theory of nucleation and growth considers particles as bulk material. 

Generally, the two different terms determine the growth rate of the particles: one responsible for 

the formation of new bonds, and the other the energy required to form new interfaces between 

different phases.41 These two terms compete with each other in the equation of free energy of the 

system, and therefore a maximum could be found. And since these terms are expressed as functions 

of particle radius, a so-called critical radius could be determined, where the particle size is 

thermodynamically favored.41,42 Simply, the free energy is expressed as 

 ∆𝐺𝐺 = − 4/3 𝜋𝜋𝜋𝜋3 |∆𝐺𝐺𝑉𝑉| + 4𝜋𝜋𝜋𝜋2𝛾𝛾 ………….equation 1.1 

where ∆𝐺𝐺𝑉𝑉  is the unit volume free energy difference between two phases, 𝛾𝛾 is unit area surface 

free energy, r is the particle radius. From equation 1, it is clear particles are assumed to be 

spherical.43 Therefore, the main concern is to find out the state of related parameters when 

d∆𝐺𝐺/dr=0. To achieve this, several assumptions and approximations need to be made regarding 

the chemical potential of absorbing/dissolving a monomer, flux of monomers towards/away from 

the nuclei, and initial monomer saturation. The theory utilized in Talapin et al.’s simulation could 

be adopted, which gives 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 ∝ 𝑆𝑆, with 𝑆𝑆 being the dimensionless initial supersaturation ratio.44 

Finally, another assumption can be made regarding the rate of nucleation in the solution described 

by Nielsen as follows 44 

𝐽𝐽𝑁𝑁 = 𝐵𝐵𝑁𝑁exp(−Δ𝐺𝐺 𝑁𝑁/𝑅𝑅𝑅𝑅 )……………equation 1.2 

Δ𝐺𝐺𝑁𝑁 = (16𝜋𝜋𝜋𝜋3𝑉𝑉𝑀𝑀2)/3(𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅) 2……….equation 1.3 

where Δ𝐺𝐺𝑁𝑁 is the activation energy for nucleation, 𝛾𝛾 is the specific surface energy, and 𝑉𝑉𝑀𝑀 is the 

molar volume. With these relations, we could see (Figure 1.2) within the regime of 1 < 𝑆𝑆 < 1000, 
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the nucleation rate increases more rapidly compared to the growth. As the heating rate increases, 

the precursor molecules decompose more quickly, providing more monomers, which could either 

end up forming new nuclei or grow onto other existing nuclei. But since the increase of nucleation 

rate is greater than that of growth, it is reasonable to believe that by increasing the heating rate and 

therefore the initial saturation 𝑆𝑆, the solution will end up with more nuclei.38,44 Most importantly,  

nucleation is strongly dependent on the supersaturation, therefore, at higher supersaturation of 

monomers, nucleation becomes prominent than growth. On the other hand, at lower 

supersaturation growth of particles becomes more rapid than the nucleation of new seed particles. 

This variance allows good separation of nucleation and growth, which can lead to the narrow size 

distribution of particles and therefore narrow physical characteristics of the particles a desirable 

quality in material science. 38,41 

Figure 1.2 Dependence of nucleation 
and growth rate of monomer 
supersaturation S (S = 1 is the 
solubility of the monomer at any given 
temperature)38. In this example, a 
higher supersaturation environment 
for rapid the formation of new nuclei 
via homogeneous nucleation. Once 
monomer concentration decreases, 
slow growth can take over the process, 
which can lead to size focusing under 
diffusion control reaction conditions. 
 

Up to date, two broad 

strategies have been used for 

preparing narrow size distributions NPs in colloidal synthesis. In the first case, nucleation and 

growth of nanoparticles are allowed to take place over an extended period of time at a moderate 

temperature (180−300 °C), which yields a NPs with broader size distribution.41,45 An alternative 

to the nucleation/growth scheme is one in which a particular nanocrystal size or shape is 
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thermodynamically stabilized by the surfactant molecule as it is realized chemical processes such 

as the digestive ripening of metal particles.46 It involves heating a colloidal suspension at or near 

the solvent boiling point in the presence of a surface-active ligand. Digestive ripening is a unique 

process in colloidal synthesis that can enable the direct conversion of polydisperse nanoparticles 

into monodisperse ones. However, such a strategy usually relies on strongly coordinating ligands 

such as alkyl thiols to initiate etching and stabilize the surfaces and thus affords nanoparticles with 

hydrophobic and passivated surfaces.46,47  

Literature reports suggest that digestive ripening significantly reduced the average particle 

size and polydispersity.47 Leff et al. have presented a synthesis for Au particles in which 

nanocrystal size is completely controlled by surfactant concentration over a broad size range 

(1.5—20 nm diameter).48 In addition, they have described the statistical thermodynamic theory for 

surfactant control of particle size as it works only for the few systems like giant Cu2Se clusters and 

certain CdS nanocrystals.49 In their model they have assumed gold NPs the spherical drops that  

are established by the thiols. The number of gold atoms nout at the interface of the nanocrystal, and 

adjacent to thiol molecules, is obtained by  

𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜 = � 4𝜋𝜋
3𝜗𝜗𝑔𝑔

� [(𝑅𝑅 − 𝜕𝜕)3 − (𝑅𝑅 − 𝜕𝜕 − 2.38)3]   ………….. Equation 1.4 

and the number of thiols surrounding the n- sized nanocrystal is given by, 

𝑛𝑛𝑡𝑡ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 4𝜋𝜋 ( (𝑅𝑅−𝛿𝛿)2

(21.4 Å2)
            …………. Equation 1.5  

where R is the radius reaching from the center of the crystal to the end of the surfactant chain, δ is 

the length of the surfactant,  and (R- δ) makes the radius of the gold portion of the nanocrystal.48 

The second approach involves the separation of nucleation from growth by injecting 

precursor solution rapidly at higher temperature (350 °C) to induce nucleation and then reducing 
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the temperature during the growth phase yielding particles of one size.38,41,44 But, this approach 

precisely relies on the kinetics of the initial nucleation and growth.41,50 The surfactant molecules 

play a key role to determine the kinetics of nucleation and growth.41,50–54 Generally, theories like 

LaMer burst nucleation have been used to describe the nucleation and growth of NPs in 

solution.38,55–57 This theory have been discussed exclusively below. 

Mechanism of nucleation and growth in colloidal synthesis 

The LaMer model (Figure 1.3) for the growth of monodisperse colloids, developed in the 1950s 

for colloidal sulfur, offers a simple conceptual framework to consider the formation of NPs.58,59 In 

qualitative terms, while initiating a reaction, there is a build-up of precursors creating a degree of 

supersaturation as shown in Figure 1.3, Stage I.60 When the level of supersaturation surpasses the 

critical nucleation threshold, “burst-nucleation” occurs (Figure 1.3, Stage II), reducing the degree 

of supersaturation. If the rate of nucleation outstrips the rate of precursor formation, the precursor 

concentration will drop back below the nucleation threshold. NP growth may then proceed by 

several pathways: i) monomer addition, in which additional precursor units deposit onto the 

preformed nuclei from solution; ii) Ostwald ripening, whereby energetically disfavored small 

nuclei redissolve and deposit onto more thermodynamically favorable larger nuclei; and iii) 

coalescence, in which multiple nanoparticles come together and fuse (Figure 1.3, Stage III).41,55–

61 This framework allows us to consider methods by which both size and size distribution may be 

controlled. 
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Figure 1.3 Schematic 
of LaMer diagram 
indicating three 
different stages of 
nucleation and growth 
of NPs as discussed 
above. 
 

 

 

 

The growth and Ostwald ripening of NPs of diffusion-controlled reaction (Figure 1.3, 

Stage III and IV) can be theoretically explained by the work of Talapin et al.44 The size distribution 

decreases when the supersaturation increases and Ostwald ripening occurs when supersaturation 

drops down (Figure 1.4 A). Figure 1.4 B shows the temporal evolution of the particle size 

distribution during diffusion-controlled Ostwald ripening (K = 0.001). It is seen that size 

“focusing” occurs initially (when K= 0.1 or 0.2) then as K increases Ostwald ripening takes over. 

This is better explained by the following equation,  

𝛿𝛿𝑟𝑟∗

𝛿𝛿𝛿𝛿
 =  

𝑆𝑆−𝑒𝑒𝑒𝑒𝑒𝑒 [ 1𝑟𝑟∗]

𝑟𝑟∗+𝐾𝐾 𝑒𝑒𝑒𝑒𝑒𝑒 [𝛼𝛼𝑟𝑟∗]
 …………Equation 1.6 

K is a dimensionless parameter describing the type of control of the process (the ratio between 

diffusion and reaction rate constants for a flat interface); S is a dimensionless parameter describing 

the oversaturation of the monomer in solution.44 
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Figure 1.4 (A) Growth rate vs NP radius for a single NP for K=1, (B) Temporal evolution of size 
distribution of NP ensemble during the Ostwald ripening under diffusion-controlled reaction (K= 
10-3).44 (Reprinted with permission from ref. 41. Copyright © 2001, American Chemical Society.) 
 

 In most batch reactions involving sol-gel or conventional hydrothermal or solvothermal 

reaction, precursor formation occurs over a long period owing to slow heating rates. Consequently, 

the precursor concentration is often maintained above the critical nucleation threshold for extended 

periods, and nucleation occurs continuously and concurrently with growth which gives rise to 

broad particle size distributions.51,55,60,61 If enough reaction times are allowed, then particle size 

will ‘focus’. Focusing occurs when nuclei formed throughout the reaction grow by addition from 

solution, giving initially a polydisperse sample.41,44,56,60 Sugimoto et al. have suggested that the 

rate of diffusion-limited growth will vary with particle radius in such a way that small particles 

will grow faster than larger ones.62 When this effect is combined with  Ostwald ripening and 

coalescence, this leads to the focusing effect—a narrowing of the size distribution, with the 

formation of larger particles at the expense of smaller, less stable nuclei.41,42,44,57 Thus, while the 
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particle size distribution may narrow, the actual size increases significantly. Careful selection of 

the solvents, reagents, capping agents, and micelles to control the kinetics of both nucleation and 

growth can mitigate these size increases while maintaining a narrow size distribution, though this 

adds further complications and the need for long reaction times remains.17,38,63 

  An alternative strategy that can tremendously decrease the required reaction times is the 

temporal separation of the nucleation and growth stages.41,44,55 In this case, nucleation must 

effectively happen only once, through a “burst nucleation” step.38,57,60 This can be achieved by the 

extremely fast generation of the precursor such that the critical nucleation threshold is passed 

quickly. Rapid nucleation then relieves the supersaturation. This initial nucleation step must be 

sufficient to bring the precursor concentration back below the critical point, and without the 

addition of further precursor, no new nuclei may be formed. By achieving this fast burst of 

nucleation, there are minimal size discrepancies, thus limiting Ostwald ripening.41,44,51,55,56,64 This 

leads to nuclei of similar size, which grow almost exclusively by diffusion. This gives a narrow 

size distribution, with the possibility of size control by varying reaction times and the addition of 

further precursors while maintaining the concentration below that required for nucleation to 

occur.38,51,55,57,61,65 This approach has been used extensively in hot-injection processes for the 

growth of monodisperse metal, metal oxide, and semiconductor QDs quantum dots, where small 

sizes and narrow size distributions are critical.17,26,37,52,63 To prevent growth and to limit the 

nanoparticle size to near that of the initially formed nuclei, it is possible to induce the nucleation 

burst and then immediately stop any further reaction. This can be achieved by limiting the available 

precursor, either by ensuring that the initial nucleation consumes all available precursors, by 

quenching the reaction mixture, or by removing any driving force necessary for further growth 

such as temperature.41,55,60,66 Therefore, surfactant molecules play a key role to determine the 
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kinetics of nucleation and growth.41,50–54 For instance, faster nucleation produces bulk material and 

slow, the reaction simply produces small molecular clusters. Therefore, the balancing of these 

different mechanisms is challenging.55 This could be addressed by choosing a good combination 

of surfactants, solvents, reaction conditions, and concentration of precursor molecules.56 

Achieving a reproducible synthetic condition with desired shape, morphology, size, and composition 

is very important to implement a material for practical applications. In this dissertation,  we utilized 

the synthetic approach having several reducing agents/solvents/binding ligands such as oleylamine, 

trioctylamine, 1-octadecane, etc. All of the reactants are mixed in a nitrogen atmosphere and 

synthesis is carried out in an inert atmosphere of argon thus preventing exposure to moisture. 

Different strategies are applied to tune the size of the nanoparticles during synthesis. Before going 

to the details of the synthesis methodology employed, it is worth discussing the most commonly 

used important methods of colloidal synthesis of NPs and QDs and their limitations. 

1.3  Hot-injection method  

With the development of colloidal synthesis methodologies for nanomaterial, it has been realized 

that the size distribution of nanoparticle solutions will broaden over time due to Ostwald ripening. 

The hot-injection (HI) method was developed to tackle the challenge associated with Ostwald 

ripening process naturally taking place in colloidal solutions. Now, HI methodology is well- 

established synthetic strategy to synthesize monodisperse colloidal NPs and quantum dots 

(QDs).38,45,67 Bawendi and co-workers first introduced the hot-injection method in their synthesis 

of cadmium chalcogenide nanocrystals.24 This method is based on the work of LaMer and Dinegar, 

who described how the production of monodisperse colloids is dependent on rapid nucleation 

followed by the controlled growth of the existing nuclei (Figure 1.3). This method is one of the 

most common methods to control monomer supersaturation effectively colloidal synthesis there 



15 

by, separating the nucleation and growth steps.38,45 The HI method separates nucleation and growth 

by rapid injection of a solution of a monomer precursor followed by immediate decomposition.53 

At the initial stage, the temperature drops further increase supersaturation favoring nucleation over 

crystal growth.53 But later the monomer supersaturation rapidly drops, and crystal growth takes 

over. At this stage, the monomer supersaturation remains relatively high, which can achieve 

efficient size focusing.41,55 As the growth progresses, Ostwald ripening occurs, in which the larger 

particles continue to grow while the smaller particles dissolve due to their higher chemical 

potential. Until the point of saturation (Figure 1.3), the average particle size increases, and the 

concentration of the particle decreases.38,41,50 To this date, a diverse set of NPs such as iron oxide 

nanoparticles (IONPs), CdS, CdSe, CdTe QDs are being synthesized using the HI method.41,45,67 

The reaction solution used during this process also contains surfactant molecules/ligands to 

prevent QDs and NPs from agglomerating. The ligands that are typically employed include 

alkylphosphine and alkyl phosphine oxides (e.g., trioctylphosphine and trioctylphosphine oxide), 

long-chain carboxylic acids (e.g., oleic acid,), and long-chain amines (e.g., oleylamine). 13,33,61,64,67 

The HI method is particularly effective because it offers a high level of control over the size of the 

particles and size distribution by allowing rapid nucleation separated from the growth stage. By 

varying the temperature, concentration of the surfactants, and reaction time, it is possible to obtain 

particles of various 

sizes.26,38,55  

Figure 1.5 Representation of 
the simple synthetic apparatus 
employed to prepare 
monodisperse NPs/QDS by 
HI method.  
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1.4 Limitations of existing methods and motivation to this work 

Although lots of work is presented in the literature using the HI method, this method is essentially 

a batch reaction developed for small-scale production with limited scalability due to heat and mass 

transport requirements. In the first step of the HI method, the precursor mixing in the initial step 

takes some time to form a homogeneous mixture of precursors. Therefore, it’s very challenging to 

maintain reproducibility as the timescale of mixing is similar to the growth and nucleation of the 

colloidal nanomaterials.38,41,51 In addition, precursor molecules are usually miscible liquids that 

can ensure high concentration in the solution after injection causing solid precursors to having 

limited use in the HI method due to solubility limits in the injected volume.37,52 Therefore, the HI 

technique is suitable only for small-scale exploratory research, providing typically less than 1g of 

NPs products, and it will be not practical to reach the industrial level production of 

nanomaterials.38,50,55,64 For example, four-junction solar cells utilizing various types of 

semiconducting QDs for solar cells would require hundreds of tons of QD produced to address 

global electricity needs.68 

The induction heating (IH) method described in Chapter 2 could resolve some of the 

shortcomings of existing methodologies. IH synthesis of nanomaterials can achieve high heating 

rates(100-300°C/sec) i.e., 6,600 times faster than using a typical heating mantle (1°C per minute). 

thus producing similar outcomes as expected for HI methods.38 IH-assisted NPs synthesis has the 

potential to produce materials rapidly and in industrial quantities. Table 1.1 discusses the 

comparative study of the hot-injection method and inductive heating method of colloidal NPs 

synthesis, and the detail of experimental set-up is presented in Chapter 2 of this dissertation. 
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 Hot-injection method Inductive heating method 

 

 

 

Definition 

It is defined as the method of NPs 

synthesis which involves the production 

of homogeneous nuclei via the rapid 

injection of precursor reagents into a hot 

solvent under diffusion-controlled 

reaction conditions. 

It is the process of rapid heating of 

the precursor molecules and 

solvents to produce NPs indirectly 

mediated by magnetic field heating 

of ferromagnetic material placed 

into the solution. 

 

 

 

Environment 

HI synthesis does not have a reductive 

environment during synthesis so, 

separate reducing agents are required in 

NPs synthesis. 

The steel ball used in the IH 

specialized reactor provides the 

reductive atmosphere to produce a 

reduced state of metal. (Chapter 4) 

But there may be a potential issue 

due to contamination from the steel 

ball used in synthesis. 

 

 

Time 

This method takes a longer time (on the 

scale of several minutes or hours) to 

produce NPs. It is limited by heat 

transfer from the heating mantle via 

poor thermal conductor glass in the lab 

environment. 

This method produces NPs within 

a few seconds (as short as 2 sec). It 

is limited by heat transfer from hot 

steel balls to the solution. 
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Precursor 

The HI method limits the use of solid- 

precursors in synthesis. Precursor 

amount is limited that can be dissolved 

in the solution to be injected. Large 

volumes could yield too much 

temperature drop yielding amorphous 

materials. 

The IH method uses both solid and 

liquid precursors in synthesis 

(Chapter 3 and Chapter 4). The 

amount of precursor can be 

increased to reach new synthetic 

conditions and higher 

supersaturation conditions. 

 

 

 

Reproducibility 

 

The time taken to inject a reagent often 

varies between users and from batch to 

batch. This leads to small differences in 

the initial reaction kinetics, which 

hinders reproducibility. Also, a potential 

issue with atmospheric oxygen and 

water during the injection. 

As all reagents and solvents are 

mixed in the same vessel, it does 

not hinder the reproducibility. No 

atmospheric water and oxygen are  

present since mixing can take place 

in the glove box at low 

temperatures. 

 

 

Scalability 

The HI method works very well at a 

laboratory scale, but it poses a serious 

problem during scale-up due to limited 

heat and mass transport requirements. 

It can potentially be scaled-up as it 

provides temperature control 

allowing sufficient heat and mass 

transport. The reactor can be 

operated in continuous or batch 

mode. 

Table 1.1 A comparative study of heat-up and HI method of colloidal NPs synthesis. 
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1.5 Goals of the dissertation 

The key goal of this dissertation is to (1) demonstrate that induction heating methodology can be used 

for nanomaterial synthesis in the laboratory. To achieve this goal, Chapter 2 describes how the 

practical aspects of the theory of induction heating setup used in experimental protocols. Also, we 

wanted to show that (2) induction heating methodology will provide comparable size and size 

distribution of nanomaterials as HI methodology. This is described in Chapter 3 where we explore 

the synthesis of traditional iron oxide nanomaterial. Furthermore, (3) not only the size, but important 

physical properties are also very well controlled in the IH methodology such as magnetic properties 

of nanomaterials produced. Additionally, we aimed to demonstrate that (4) with this methodology 

one can produce nanomaterials that are difficult to produce in the HI method due to the oxygen 

sensitivity of the precursors. This is described in Chapter 4, where we discuss the synthesis of iron 

nanoparticles, which are difficult to produce in reduced form and maintain their reduced form. 

Literature has shown that certain materials such as Germanium can be only produced slowly due to 

a slow disproportioning reaction.69,70 In Chapter 5 we show that (5) one can accelerate the 

nanomaterial synthesis utilizing the induction heating method. Finally, (6) we have explored the use 

of induction heating methodology for alloy and doped nanomaterials. We demonstrated this by 

alloying Fe and Mn first time to the best of our knowledge in Chapter 6. 
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Chapter 2 - Experimental techniques  

2.1 Fundamentals of induction heating 

In general, induction heating (IH) is the process of heating an electrically conducting object 

(usually a metal) by magnetic induction, through heat generated in the object by eddy currents 

(which are loops of electrical current induced within conductors by a changing magnetic field in 

the conductor, due to Faraday's law of induction) and/or hysteresis loss.52,71 Here, heat is generated 

within the conductive material without making direct contact with the source. IH provides 

contactless, fast, and efficient heating of conductive materials. It involves a complex combination 

of electromagnetic energy and heat transfer that passes through an induction coil, creating an 

electromagnetic field within the coil to melt down materials. Materials such as Steel, Copper, 

Brass, Graphite, Gold, Silver, Aluminum, and Carbide can be heated for a range of applications 

like hardening, annealing, and so on. To understand the heating mechanism and circuit diagram of 

IH, it is noteworthy to understand three important phenomena i.e., Faraday’s law of 

electromagnetic induction, magnetic hysteresis, and skin effect or penetration depth. 

2.1.1 Faraday’s law of electromagnetic induction 

When an electrically conducting material (such as a metal) is placed within a time-varying 

magnetic field, an electric current (called an “eddy current”) is induced in the part producing a 

second magnetic field that opposes the applied field (Figure 2.1). The reason behind this 

phenomenon is that a time-varying magnetic field disturbs the relaxed environmental condition of 

the electrically conducting material. As a result, the material tries to oppose this change by 

producing another magnetic field to cancel the imposed field.72 

Mathematically,  𝜀𝜀 = −𝑁𝑁 � Φ𝐵𝐵
𝑑𝑑𝑑𝑑
�         ………Equation 2.1 
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Where ℇ is the electromotive force (EMF) in volts, ΦB  is magnetic flux in webers, N is the number 

of loops of the wire or number of coils. 

 

Figure 2.1 Schematics showing the illustration of 
Faraday’s law of electromagnetic induction 
indicating the direction applied magnetic field, 
induced magnetic field, applied current, and 
induced current. 
 
 
 
 
 
 

 
2.1.2 Magnetic hysteresis 

In general, hysteresis is characterized as a lag of magnetic flux density (B) behind the magnetic 

field strength (H). It is a property of ferromagnetic materials like iron, nickel, and cobalt. The 

phenomenon of hysteresis in ferromagnetic materials is the result of two effects: rotation of 

magnetization and changes in size or number of magnetic domains.73  

When an external magnetic field is applied in the ferromagnetic materials, the 

ferromagnetic domains (Figure 2.2 A) align to match the field. But, the ferromagnetic domains 

are so strong that–once they are aligned–they reinforce each other and stay aligned even after the 

applied magnetic field is turned off.71 In fact, the ferromagnetic domains will retain their 

alignments even in the presence of an opposite applied magnetic field up to a point. Once the 

negative applied magnetic field is strong enough to realign the domains, B will have the opposite 

value. Now, if we apply a positive field again, the magnet will again switch. Cycling between 

positive and negative applied magnetic fields creates a hysteresis loop (Figure 2.2 B). The left and 

right ends of the loop (a and d) are called the saturation points. At this point, all the domains are 
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aligned, so there is no more hysteresis effect. As long as H remains higher than the saturation point, 

there is only one value of B for one value of H–the previous value of H no longer matters. The 

point where B intersects the y-axis (b and e) is called remanence, retentivity, or residual 

magnetism. This implies how much magnetism is generated by the material itself once the external 

field is removed. Specifically, remanence is the value of residual magnetism which occurs if H is 

taken to the saturation point. The point where B intersects the x-axis (c and f) is called coercivity. 

The coercive force is the force required to remove the residual magnetism and return the 

inductivity to zero. The slope of the B-H curve is called permeability. This tells you how easy it is 

for the material to magnetize (how easily the domains align). The opposite of permeability is 

reluctance. The area within the hysteresis curve is the energy spent, or work done, by each cycle. 

The work depends on the remanence, saturation point, and coercivity of the material.73,74 

 

Figure 2.2 Magnetic hysteresis.73 (A) Illustration of ferromagnetic domains at the varied magnetic 
field. (B) Illustration of hysteresis loop indicating the dependence of magnetic field strength with 
magnetic flux density. (C) Picture showing hysteresis effect in copper vs steel. 

2.1.3 Penetration depth or skin effect 

Skin effect is defined as the tendency of an eddy current to become distributed within a conductor 

in such a way that current density is largest near the surface of the conductor and decreases 
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exponentially with greater depths in the conductor.75 The electric current flows mainly at the "skin" 

of the conductor i.e. between the outer surface and a level called the skin depth. The alternating 

current (AC) density I of the conductor decreases exponentially from its value at the surface Is 

according to the depth from the surface as  𝐼𝐼 = 𝐼𝐼𝑠𝑠𝑒𝑒  
−𝑡𝑡

𝛿𝛿�  ………       Equation 2.2 

Therefore, the skin depth is a depth below the surface of the conductor at which the current density 

I decay to 1/e i.e., 37% of the density of the surface Is (Figure 2.3 A).The mathematical expression 

for the calculation of skin depth,  δ = 1
�𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋

      ………….    Equation 2.3 

where δ is skin depth, f is the frequency in Hz, σ is the conductivity of the material (S/m), and μ is 

the absolute magnetic permeability of the material (H/m).76 Hence, the skin depth depends on the 

frequency of the AC field, the electrical resistivity, and the relative magnetic permeability of the 

workpiece. The skin depth decreases with higher frequency and increases with higher temperature. 

Figure 2.3 B shows the dependence of skin depth with frequency.  

Figure 2.3 Skin Effect on a conductor. (A) Skin depth δ is the depth at which the current density is 
approximately 37% of the value at the surface. RF current doesn’t stop at the dashed line but decreases 
logarithmically concerning depth in the conductor. (B) Graph showing the dependence of the skin 
depth with frequency. 
 
Using high frequencies in the induction heating industry (usually 10kHz to 700kHz) implies very 

thin penetration depths in metals (typically less than 1mm).71,77 Passing high current density 
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through that shallow depth results in high power. Consequently, a higher amount of electrical 

energy is converted into heat energy. 

2.2 Experimental set-up and heating mechanism 

The setup used for the induction heating process consists of a resonance frequency (RF) power 

supply to provide the AC to the circuit (Figure 2.4). A copper coil is used as an inductor and 

current is applied to it. The material to be heated is placed inside the copper coil. By altering the 

strength of the applied current, one can control the heating temperature. As the eddy current 

produced inside the material flows opposite to the electrical resistivity of the material, heating is 

observed in the metal object. Besides eddy current, heat is also generated due to hysteresis in 

magnetic parts. The electrical resistance offered by a magnetic material, towards the changing 

magnetic field within the inductor, causes internal friction. This internal friction creates heat. The 

schematics of a typical inductive heating setup are shown in Figure 2.4 below. 

 

 
Figure 2.4 Typical induction heating setup consisting of AC power supply, heat station, induction 
coil, and feedback system. 
 

When AC is passed through the coil of an inductive heater, an alternating magnetic field is 

generated around the electromagnet due to Faraday’s law. When the material placed inside the 

inductor comes in the range of this alternating magnetic field, an eddy current is generated within 
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the material resulting in Joule heating. In addition to eddy current generation, ferromagnetic 

materials such as steel balls can produce heat as well and more efficiently in the presence of 

alternating magnetic fields because of the movement/friction of magnetic domain walls i.e., 

hysteresis loss. The increased temperature of the inductor forms a positive feedback loop where 

the heating rate increases with time.38,52,63 Figure 2.5 A is the picture of the inductive heater used 

in our lab. Inductive heating can result in a temperature rise over 1000°C within a few seconds, 

thereby creating a medium of which temperature can be used for other purposes such as 

nanomaterial synthesis as it will be shown below. 

In our experimental setup, the precursors were placed in a glass container (Figure 2.5 B) 

filled with steel balls (25.92 g, Bearing-Quality E52100 Alloy Steel, Hardened Ball, 1/8″ diameter) 

to allow for uniform heating. The reactor stays within an induction coil that rapidly heats the steel 

balls producing boiling solvent and decomposition of precursor molecules. In this technique, the 

heating medium located inside of the reactor, the contact surface area with the solvent is very large 

(approx. 34 cm2). The heating of the actual reaction vessel is not necessary to reach the 

decomposition temperature of the precursor molecules required for fast heating rates. The use of 

steel balls provides a strongly reducing environment, therefore, removing any trace level of oxygen 

in typical nanomaterials making it possible to synthesize the reduced state of NPs.37,78 An optical 

temperature probe was placed inside the solution. The container was filled with argon to purge out 

any oxygen for 1 min before heating. The hot steel ball can undergo oxidation and reaction with 

the water and oxygen present.78 This can produce an environment for nanomaterial synthesis where 

there is a minimal amount of oxygen and water is left to react with the precursor, solvent, and the 

nanomaterial at high temperatures. For example, the hydrothermal method of synthesis of IONPs 

reported by Ge et al. possesses a serious limitation of requiring the presence of oxygen and water 
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to produce monodispersed IONPs.79 Under this circumstance, the IH methodology using steel balls 

can be considered very important as the steel balls provide the reducing atmosphere for NPs synthesis. 

Figure 2.5 (A) Inductive heater used in this dissertation and (B) The reactor setup in the IH system.   
                              
2.3 Unique characteristic of IH and its possibility in the scale-up synthesis 

The rapid IH method possesses the unique benefit of injecting an enormous amount of heat 

(approx. 3742 J/s, for 25g of steel ball, 8 mL of solvent, and 300°C rises in temperature) into the 

reactant solution in a very short period. However, the calculated amount of heat is the only 

minimum amount of heat as the machine is operating at the lowest limit. The machine can even 

work faster if we have increased the power to maximum, but we may have the problem of 

explosion. Induction heating synthesis of nanomaterials can achieve high heating rates(100-300 

°C/s) as compared to the conventional heating mantle and recently used microwave heating, thus 

producing very similar outcomes as expected for HI methods.38 Figure 2.6 shows the comparison 

of heating rates by the different heating methods. At around 12.8 seconds, the temperature of the 

solvent rises from 28 °C to 186 °C, at a rate of 12 °C/s. However, oleylamine has a boiling point 

at 367 °C and during actual heating, the solvent was observed to start boiling in under 3 seconds. 

Due to the limitation of the temperature probe’s response time, the actual heating rate could instead 

be as high as 110 °C/s. In a conventional synthesis, a heating mantle and temperature controller 
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were used to first melt the solvent at 70 °C, followed by raising the temperature to 275 °C in 3 

hours and 25 min, or 1 °C /min.38,63 

Figure 2.6 A Comparison of heating rate by induction heating, microwave, and heating mantle 
(from ref. 31) 

IH-assisted NPs synthesis has the potential to produce materials rapidly and in industrial quantities 

by modifying it to drastically increase the amount of product produced in a reproducible manner 

compared to the conventional method, considering that the ability of cheap, bench-top mass 

production is one of the key attractions of nanoparticles in industrial application. Such setup 

consists of a continuous production system utilizing a flow-through tube design. The boiling point 

of the solvent can be used as built-in temperature control for achieving various final temperatures 

without the need for annealing and reflux. As soon as the heating starts the precursor molecules 

decompose thereby forming a huge number of small, monodispersed nuclei before the growth of 

particles starts. When Ostwald ripening starts, a larger portion of precursor molecules can be 

depleted. This in turn produces uniformly sized NPs. The faster depletion rate of precursor mix 

leads to the rapid separation of nucleation and growth. Because of these outstanding characteristics 

of IH, NPs can be formed within a few seconds or even sub-seconds. The limiting factor becomes 

the heat transfer from the surface of the steel ball to the solution, which is also assisted by the rapid 
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degassing of the dissolved inert gas (N2 or Ar)/boiling of the solvent. The size and crystallinity of 

the NPs can be tuned by varying the concentration of the precursor and heating time, which will 

be discussed later in this dissertation. To achieve a short heating time, the inductive heater is 

coupled with an electronic timer to provide second to millisecond precision switching on and off 

for predetermined time intervals. This setup also insures the reproducibility of the experiment i.e., 

demonstrated below for IONPs in Figure 2.7. The synthesis was done in different batches by 

Sharma and Holliger individually under the same condition of reaction time and concentration. 

The synthesized particle size and size distribution results are similar. The comparison data of the 

NP synthesis from two different batches is shown below in Figure 2.7. With the help of magnetic 

heating techniques, nanomaterials can be produced in a continuous or batch reactor (Figure 2.8).  

 

Figure 2.7 TEM images of IONPs produced by using 0.8M Fe (CO)5, and oleylamine at reaction 
times 5 sec, by a different person  (A) Sharma and (B) Holliger. C and D are the particle size 
distribution plots, respectively 
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Figure 2.8 Pictures of  (A) a continuous 
reactor and (B) batch reactors used in IH 
setup at our laboratory. The larger 
reactor is designed to provide extra 
space for boiling solvent in case of 
longer heating times. 
 

A huge number of NPs can be 

synthesized in a few hours in a 

continuous reactor. Similarly, ultra-

small NPs can be produced in a few 

seconds or even a millisecond timescale 

in a batch reactor. The magnetic heating 

is not only able to produce ultrasmall 

NPs but can influence the initial nucleation to favor the narrower size distribution of particles 

during the later stage of growth. For example, with a sufficiently adjusted cooling setup, the system 

can process 3.6 kg of nanomaterial small-scale setup.63 The short heating time in batch reaction 

conditions is replaced with the residence time of the solvent/precursor in the reactor. The flow rate 

will facilitate to increase or decrease the residence time yielding smaller or larger nanoparticles.38 

Furthermore, this set-up can potentially be modified to increase the yield of the product as 

compared to the conventional heating methods.  A modified setup consists of the continuous 

production of NPs using a continuous reactor (Figure 2.9).  

Figure 2.9  Illustration of continuous synthesis setup. 
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Briefly, a reactant solution is continuously pumped into the narrow tubing which connects 

to the inductor coil. The part of the tube inside the coil is filled with steel balls and trapped between 

two filters. As the solution enters the heating chamber, the reaction occurs, and NPs are formed. 

The solution flows continuously into the passage and external cooling is applied. The cooled 

product remains in the colloidal form and can be collected under atmospheric conditions in liquid 

form. The collected product will begin to solidify as the temperature drops down and can be stored 

for a longer time.  

As discussed above the steel balls used in the synthesis provides the reducing atmosphere 

during the NP synthesis.37 Additionally, the hot amines (oleylamine and trioctylamine) serve as a 

surfactant and reducing agent.80 The literature reports suggest that oleylamine can form complex 

compounds with the metal ions of the corresponding precursor, leading to metastable compounds 

that will act as secondary precursors and can be decomposed in a controlled way to yield 

nanoparticles.80 The flow rate at continuous set up can be governed by various factors such as (i) 

changing the medium. For example, glass balls can be mixed with steel balls or ferrofluids can be 

replaced by steel balls, (ii) controlling the amplitude of the reactor, (iii) reducing the diameter of 

the steel balls used, etc., The decrease in the diameter of the steel balls will increase the contact 

surface area which eventually affects the flow rate and the product formation. Therefore, a huge 

number of NPs can be synthesized in a few hours in a continuous reactor. Similarly, ultra-small 

NPs can be produced in a few seconds or even a millisecond timescale in a batch reactor. The 

magnetic heating is not only able to produce ultrasmall NPs but can influence the initial nucleation 

to favor the narrower size distribution of particles during the later stage of growth.38,65 Therefore, 

the IH achieves a faster heating rate, rapid cooling, inert atmosphere, and reducing environment to 

prepare the reduced state of NPs.  This method has an application in the synthesis of diverse types 



31 

of metals/ metal oxides/ semiconductors and alloy NPs to raise the temperature of solvents to their 

melting point in a very short time. Table 2.1 below summarizes how the inductive heating method 

is employed in the batch synthesis of NPs in this thesis.  

 

 Chapter# NPs Prepared Precursors  Solvents Particle size/nm 

3 γ-Fe2O3 and α- 
Fe2O3 NPs 

Acetylferrocen, 

Fe(CO)5 

Oleylamine and 

Trioctylamine 

3-11 nm 

4 Fe NPs Fe(CO)5 1-Octadecane 3-10 nm 

5 Ge NPs GeI2/GeI4 Oleylamine 3-21 nm 

6 MnO and 

Fe@MnO NPs 

Mn2(CO)10 and 

Fe(CO)5 

Oleylamine, 1- 

Octadecane 

4.4nm 

 
Table 2.1 Table indicating the synthesis of various NPs, precursors, and solvents used, resulting 
size of NPs that will be discussed in various chapters of this dissertation.  
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Chapter 3 - Size controlled synthesis of iron oxide nanoparticles by 

inductive heating 

Chapter 3, in full, is a reprint of the materials from ACS Omega, 2020, 
https://doi.org/10.1021/acsomega.0c02793 and Materials Advances, 2021, 
https://doi.org/10.1039/D1MA00280E with some modification. 
 
Abstract 

Inductive heating synthesis is an emerging technique with the potential to displace the hot-injection 

synthesis method to prepare colloidal particles very rapidly with a narrow size distribution, 

controlled size, and high crystallinity. In this work, the inductive heating synthesis is applied to 

produce a short-temperature jump to mimic conditions like the hot-injection method to prepare 

traditional iron and iron oxide nanoparticles (IONPs) in the 3–11 nm size range within various 

solvents, precursors, and reaction time conditions. Additionally, the direct one-pot synthesis of γ-

Fe2O3 nanoparticles (NPs) using a solid precursor, acetylferrocene in an inductive heater has been 

used for the first time to the best of our knowledge during the synthesis. Traditionally, solid 

precursors have not been used in the hot-injection (HI) technique because of their limited solubility 

and less likely outcome to produce the high supersaturation needed for diffusion-limited growth 

of the NPs. Oleylamine and trioctylamine serve as a solvent, a binding ligand, and a reducing agent 

in the synthesis to produce γ-Fe2O3 NPs with relatively narrow size distribution. The structures, 

morphologies, and magnetic properties of γ-Fe2O3 NPs are studied. The phase pure γ-Fe2O3 NPs 

obtained display uniform morphology and good magnetic property. Moreover, this inductive 

heating technique can be used under unique experimental conditions not available for hot-injection 

reactions. These conditions include the use of very high initial monomer concentrations. 

Considering benefits over conventional methods, the inductive heating technique has the potential 

to provide an industrial-level scale-up synthesis. The magnetization of these particles is consistent 

https://doi.org/10.1021/acsomega.0c02793
https://doi.org/10.1039/D1MA00280E
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with the magnetization of the particles from the literature. The IH technique has the potential to 

provide an industrial level scale-up synthesis in continuous reactors, which is not available for the 

HI method relying on batch synthesis. 

3.1 Introduction 

Colloidal synthesis is an important tool in the toolbox of chemists to develop new nanomaterials 

such as iron oxide nanoparticles (IONPs), gold nanoparticles, semiconducting materials, and so 

forth for the demands of today’s industries. Among various nanomaterials, magnetic IONPs have 

received significant attention because of their numerous advantages such as inexpensive method 

of synthesis, physical and chemical stability, biocompatibility, and low environmental impact of 

manufacturing, thereby offering many unique advantages over other materials.5,81–88 Out of eight 

different forms of IONPs discovered so far, hematite (α-Fe2O3), magnetite (Fe3O4), and maghemite 

(γ-Fe2O3) are very common and interesting due to their polymorphism property that involves 

temperature-induced phase transition.89 Moreover, Fe3O4and γ-Fe2O3 exhibit many unique 

features such as superparamagnetism, high coercivity, low Curie temperature, and high magnetic 

susceptibility.89,90 These properties make them outstanding candidates in multi-terabit storage, 

catalysis, biosensors, targeted drug delivery, magnetic hyperthermia, high-sensitivity bimolecular 

magnetic resonance imaging, bioseparation, and thermoablation.86,89,90 γ-Fe2O3 and Fe3O4 are 

synthesized mainly using the hot-injection (HI) method.84,91 In this technique, small amounts of 

precursor molecules are injected into a hot boiling solvent, which results in rapid decomposition 

of the molecular precursors thus producing inorganic nanomaterials (oxides, and semiconductors). 

This well-established method is used to synthesize uniformly sized colloidal IONPs in laboratory 

settings by giving scalable yield with precise size and shape control.45,67,92 While the HI method 

for colloidal synthesis is very well-established and useful, there are drawbacks to this 
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methodology.38,65,93 The rapid injection of the precursor might produce uneven nucleation due to 

the limited heat and mass transport of the molecules during the application of the HI process in 

typical batch reactors.38 In addition, precursor molecules are usually miscible liquids that can 

ensure high concentration in the solution after injection causing solid precursors to have limited 

use in the HI method due to solubility limits.38,65 Furthermore, scaling up in the hot-injection 

method designed for laboratory scale synthesis is difficult due to low yield and non-uniform heat 

transport.38,65 Additionally, this method strictly requires the use of a solid precursor and is difficult 

to scale up to large amounts of nanomaterials.94 

There are many examples reported in the literature regarding the use of the HI method to 

prepare IONPs. For instance, Hyeon et al. showed the non-hydrolytic method to produce 

monodisperse and highly crystalline γ-Fe2O3. The resulting NPs were of size ranging from 4–16 

nm diameter.85 However, these synthetic protocols are complex, requiring a mixture of multiple 

solvents (octyl ether and oleic acid) and a long heating time followed by refluxing. In addition to 

this, Das and et.al. reported the solventless synthesis of IONPs through thermal decomposition of 

acetylferrocene.95 In their work they used malic anhydride as a co-precursor. The resulting 

nanoparticle size ranged from 10–20 nm. However, their approach requires a precursor to being 

heated in a furnace at a higher temperature and longer reaction time i.e., 1300 °K for 4 hours 

resulting in irregularly shaped NPs. 

To address the issues of the HI method, Sun et al. have shown highly uniform magnetite 

NPs through iron (Fe)–acetylacetonate decomposition by annealing at 320 °C in high-boiling 

octadecene. The authors have demonstrated as much as 40 g of monodisperse IONPs generated 

without any size-selection process in a single reaction. 89 On the other hand, the inductive heating 

(IH) method for the synthesis of colloidal nanomaterials achieves high heating rates (100–200 
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°C/s), thus producing similar outcomes as expected for hot-injection methods.38,65,96 This 

methodology relies on a specialized IH reactor with steel balls placed inside where the reactor sits 

within an induction coil that rapidly heats the steel balls producing a boiling solvent and 

decomposition of precursor molecules. The boiling point of the solvent can be used as built-in 

temperature control for achieving various final temperatures without the need for annealing and 

reflux. Since the glass reactor itself is not heated, the temperature of the apparatus can drop quickly 

following the heat-up process, allowing the synthesis of very small nanomaterials or proto 

nanocrystals. Here, we have explored the use of IH for IONP synthesis proving the techniques’ 

ability to control size and size distribution. In addition, the use of heated steel balls allows creating 

a reductive environment to reduce oxygen contamination for the preparation of oxygen-sensitive 

nanomaterials such as iron, as shown in Chapter 4 

From the synthesis point of view, an important consideration is to prepare nanoparticles 

(NPs) in shorter reaction times, avoiding aging, and annealing. The motivation for this work comes 

from the technological need for the rapid single-step, one-pot synthesis of monodisperse and 

uniform colloidal IONPs using a solid precursor, therefore extending the range of precursors that 

can be used in the synthesis of monodisperse and uniform IONPs. In this paper, we demonstrate a 

rapid, relatively safer, and single-step alternative approach to synthesize IONPs within seconds 

via the IH technique. Moreover, we report the phase pure synthesis of γ-Fe2O3 NPs from a solid 

precursor, acetylferrocene which avoids the use of toxic and expensive organometallic compounds 

like iron pentacarbonyl precursor. To the best of our knowledge, the use of solid precursors for the 

preparation of IONPs via IH has not been reported.  The size, magnetic behavior, and crystallinity 

of the synthesized IONPs using different precursors and solvents at different reaction times are 

studied. The resulting NPs were γ-Fe2O3 NPs confirmed by high-resolution transmission electron 
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microscopy (HRTEM) and powder X-ray diffraction (PXRD) patterns. The average size of the 

synthesized IONPs ranges from 3 to 11 nm in diameter. Importantly, the size of IONPs is 

dependent on the reaction time and type of the solvent used. Considering benefits over 

conventional methods, this method can be considered simple, safer, and has the potential to provide 

an industrial-level scale-up synthesis. 

3.2 Materials and methods 

3.2.1 Chemicals 

Oleylamine (70%) and trioctylamine (98%) were purchased from Sigma-Aldrich. All solvents 

were dried and degassed via boiling under a vacuum before use. Iron pentacarbonyl (Fe(CO)5, 

>99.99%) was also purchased from Sigma-Aldrich and stored inside a nitrogen-filled glovebox. 

Acetylferrocene was purchased from STREM Chemicals. Methanol, ethanol, chloroform, acetone, 

and toluene were purchased from Fischer Scientific (ACS grade). 

3.2.2 Method of synthesis 

The synthesis method for IONPs was based on literature with some modifications.70 The setup for 

the inductive heater and reactor with precursor mix is the same as that of previously reported work 

by Chikan et al. and Luo et al.38,65 Briefly, in this synthesis, iron pentacarbonyl Fe(CO)5  is used 

as precursor, and oleylamine (OA) and trioctylamine (TOA) are used as solvents. All of the 

precursors and solvents were mixed inside nitrogen (N2)-filled glovebox. In the N2-filled glovebox, 

the stock solution was prepared by stirring the mixture until the precursor dissolved into the solvent 

resulting in a yellowish solution. Then, the reactor was filled with steel balls (25.92 g, Bearing-

Quality E52100 Alloy Steel, Hardened Ball, 1/8″ diameter) and transported to the glovebox. Next, 

4 mL of 0.8 M precursor was transferred from the stock solution to the reactor. Following this, the 

reactor was transported to the inductive heater and connected to tubing, which maintains an argon 
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atmosphere throughout the reaction. Then, the reaction mixture was heated in a standard 7 kW 

inductive heater set at minimum power for 5, 7, 10, and 14 s to see the change in size, crystallinity, 

and magnetic behavior of synthesized IONPs using varying reaction times, solvents, and precursor 

molecules. The yellowish solution turns darker black with increasing reaction time, indicating the 

formation of IONPs. 

For a typical synthesis using acetylferrocene, the stock solution was prepared by stirring 

the mixture of acetylferrocene with the solvent (0.8 M) for 24 hours. The reddish solution turns 

darker black with increasing reaction time indicating the formation of IONPs. The yellowish 

solution turns darker black with increasing reaction time, indicating the formation of IONPs. The 

synthesized NPs were cooled to room temperature, then isolated by centrifuging using various 

solvents. IONPs synthesized using OA were isolated by centrifuging with methanol (∼20–25 mL) 

at 8000 rpm for 10 min followed by sonication. This process was repeated over three cycles. The 

colorless supernatant was discarded, and the precipitated NPs were then dispersed in small 

quantities of toluene (3–4 mL) for glovebox storage until further use. IONPs synthesized using 

TOA were isolated by centrifuging with ethanol (∼20–25 mL) at 8000 rpm for 10 min and repeated 

for a total of two cycles followed by sonication between each cycle. Then, 2–3 mL of OA was 

added for ligand transfer, washed with methanol for two cycles, sonicated between cycles, and 

dispersed in small quantities of toluene (3–4 mL) for glovebox storage until further use. 

Representative steps of the reactor preparation, product formation, and purification are shown in 

Figure 3.1.  
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 Figure 3.1 Inductive heating 
reactor filled with the precursor 
and the solvent (left), the same 
reactor after the reaction (middle), 
and magnetic IONPs after 
purification (right). 
 
 
 
 

3.2.3 Characterization of IONPs 

The size and surface morphology of IONPs were analyzed using a transmission electron 

microscope (TEM) FEI Technai G2 spirit Bio TWIN. The elemental composition of IONPs was 

measured by energy dispersive spectrum (EDS) using an energy dispersive X-ray analysis (EDAX) 

detector. The crystal structure of IONPs was analyzed by high-resolution transmission electron 

microscopy (HRTEM) in an FEI Tecnai F 20X transmission electron microscope at an electron 

acceleration voltage of 200 kV. 

High-resolution transmission electron microscopy (HRTEM) was performed at the 

University of Kansas’s Microscopy and Analytical Imaging (MAI) facility with an FEI Tecnai F 

20× transmission electron microscope at an electron acceleration voltage of 200 kV. The TEM 

samples were prepared by agitating the nanoparticle solution in an ultrasonic bath for 10 min. Five 

microliters of the sample were placed onto a copper mesh grid with a lacey carbon film. The wet 

grids were air-dried for several minutes prior to being examined under TEM. The particle size and 

morphology were examined by bright-field and dark-field scanning transmission electron 

microscopy (STEM). High-resolution images were captured using a standardized, normative 

electron dose and a constant defocus value from the carbon-coated surfaces. Results were analyzed 

using TEM Imaging and Analysis (Thermo Fischer Scientific Company, Waltham, MA). The 

boundary of each measured domain is indicated with red lines (presented in the Supporting 
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Information). The lattice plane of each measurement is shown with red lines along the lattice. 

Measurements were made by the TIA software’s diffractogram and verified via calculating the 

lattice spacing from the Fourier transform of the region. The white labels beside each measured 

crystal lattice indicate the lattice spacings for the respective lattice. The acquired lattice spacings 

of each sample were then compared with reference data supported by the Crystallography Open 

Database to characterize the sample by chemical composition and space group identification. After 

characterization, Miller indices and space groups were included alongside the lattice spacing 

measurements. 

3.3 Results and discussions 

IONPs were synthesized at atmospheric pressure with various heating times, precursors, and 

solvents to explore how nanoparticles are formed during IH and determine the level of size and 

size distribution that can be easily achieved under the operating conditions of the inductive heater. 

Our goal was to focus on short-term heating effects to explore the impact of the heating rates on 

nanoparticle formation. Due to the rapid heating time of the inductive heater, the solvent 

temperature quickly rises until it reaches the boiling point of the solvent. The final temperatures 

of the solution are determined by the boiling point of the solvent, which acts as built-in temperature 

control during synthesis. Here, we utilize solvents such as oleylamine (Tbp = 350 °C), and 

trioctylamine (Tbp = 367 °C). In addition, we demonstrate the use of a high concentration of 

traditional hot-injection precursors such as Fe(CO)5. The concentrations of Fe(CO)5 are almost 44 

times higher here than typically used in literature for typical hot-injection methods.85 This allows 

the exploration of new synthesis regimes not accessible by the hot-injection method, which could 

result in exotic structures (not demonstrated here). While in many cases there is an optimal ratio 

of the solvent to the precursor, the IH technique can achieve these higher concentrations, which 
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would potentially lead to high supersaturation concentrations desirable for the separation of 

nucleation and growth steps. 

3.3.1 Synthesis of IONP from Fe(CO)5 in oleylamine and trioctylamine 

The synthesis of IONPs from Fe(CO)5 in the OA solvent is one of the most common combinations 

used in the typical hot-injection method.97 The effect of the heating time via IH is shown in Figure 

3.2. The heating time can be easily varied from 1 to 10 s, but beyond this period, the solvent rapidly 

boils off preventing longer synthesis times. To further increase the exposure of the solution to high 

temperatures, two times 7 s heating was used with a 2 min break between the additional heating. 

The resulting sizes of the synthesized IONPs range from 3 to 11 nm, which is dependent on the 

reaction time and type of the solvent used in synthesis. Although the reaction is performed under 

argon, the particles are exposed to oxygen during the separation and purification step. The size of 

IONPs increases from 3.7 ± 0.6 to 6.6 ± 0.7 nm as the reaction time increases from 5 to 7 s. 

Surprisingly, the size decreases to 5.1 ± 1.3 nm when the reaction mixture was heated to 10 s, 

which is likely due to the high supersaturation resulting in increased nucleation rates. The fast 

nucleation rate depletes the precursors from the solution resulting in a smaller average size of the 

NPs (but larger yield). When the reaction is performed in two steps by heating the reaction mixture 

for 7 s twice with a break between heating cycles, the size increased to 7.3 ± 1.4 nm, as shown in 

Figure 3.2 (D, H).  
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Figure 3.2 Transmission electron microscopy (TEM) images of IONPs produced using 0.8 M Fe 
(CO)5 and OA at different reaction times (A) 5 s, (B) 7 s, (C) 10 s, and (D) 14 s (7 + 7 s). (E)–(H) 
are the particle size distribution plots, respectively. 
 

As the reaction time is increased, the crystallinity of the synthesized nanoparticles changed 

from amorphous to highly crystalline particles, as shown in Figure 3.3. The HRTEM images of 

IONPs (Figure 3.3 A–C) indicate (032), (117), and (022) lattice planes of γ-Fe2O3 nanoparticles, 

respectively. These lattice planes are consistent with literature values.98,99 This is supported by 

lattice spacing data from the crystallography open database (COD), as well as density functional 

theory (DFT) calculations as reported by Grau-Crespo et al. While comparing γ-Fe2O3 and α- 

Fe2O3 (hematite), diffraction patterns from the COD, show that γ-Fe2O3 has characteristic peaks 

resulting from 2.95, 3.30, and 3.40 Å lattice spacing, whereas α-Fe2O3 does not. The HRTEM 

analysis yields several lattice spacing measurements of 2.95, 3.30, and 3.40 Å, indicating the 

material must be in the γ phase.99 It is also observed that with the increase in reaction time, IONPs 

changed from multidomain to a single domain.  
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Figure 3.3 High-resolution TEM (HRTEM) images of IONPs produced using 0.8 M Fe(CO)5 and 
OA at different reaction times (A) 7 s, (B) 10 s, and (C) 14 s (7 + 7 s), indicating (032), (117), and 
(022) lattice planes of γ-Fe2O3 nanoparticles, respectively. 

 
Next, the impact of the monomer concentration on the NP size and size distribution is 

investigated. The concentration of the monomer was increased from its initial 0.8 to 3.35 M and 

to 7.5 M that is about 10 times higher than typically used in hot-injection synthesis methods. The 

average size of IONPs almost doubled after a short period (5 s) of heating time. When the 

concentration of the precursor molecule is increased by almost four times (Figure 3.4 C), then 

crystalline nanoparticles were formed even while heating for only 5 s. 

Figure 3.4 TEM images of IONPs 
produced using 3.35 M Fe(CO)5 and OA 
at different reaction times (A) 5 s and (B) 
10 s. (C) and (D) are the particle size 
distribution plots, respectively. 
 

The PXRD analysis (Figure 3.S1, 

supporting information) shows the 

mixture of peaks for maghemite and 

hematite, which is probably due to the 
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higher concentration of the available oxygen during and post-synthesis purification.99,100 The 

increase in size was not so significant as the concentration of the precursor was increased from 

3.35 to 7.5 M (Figure 3.5 A, B) when the precursor is increased from 0.8 to 3.35 M. The result is 

not surprising since the nucleation is a stronger function of the supersaturation than the NP growth 

under diffusion-limited growth conditions.38 The excess decomposition products from the 

precursors are likely to interfere with the monomer followed by the decomposition and reduce the 

available ligands/monomer, which would lead to reduced size distribution as shown below for the 

higher concentration data.38,65 The IH method allows exploring synthesis conditions at higher 

precursor concentrations since a larger portion of the reaction mixture is held above the 

decomposition temperature of the precursors.92,97,101 

 Figure 3.5 TEM images of IONPs 
produced using 7.5 M Fe(CO)5 and 
OA at different reaction times (A) 5 
s and (B) 10 s. (C) and (D) are the 
particle size distribution plots, 
respectively. 

A similar experiment was 

performed using the same precursor 

under identical conditions of 

concentration and reaction time but 

with the different solvent having a 

higher boiling point than that of 

oleylamine as shown in Figure 3.6. 

As shown in Figure 3.6, larger-sized NPs (5.0 ± 1.3 nm as opposed to 3.7 ± 0.6 nm) were formed 

using Fe(CO)5 and trioctylamine vs oleylamine even in a shorter healing time (5 s). This increase 

in size is attributed to the higher boiling point of trioctylamine (bp = 367 °C) compared to 
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oleylamine (bp = 350 °C). Most likely the trioctylamine lowered the decomposition rate of 

Fe(CO)5; hence, larger nanoparticles were formed as compared to the use of oleylamine in a shorter 

heating time. The size increased as the heating time increased from 5 to 7 to 10 s. The seed growth 

method is also used in this experiment, and it resulted in a larger size of NPs (7.1±1.5 nm, Figure 

3.6 D, H) as compared to the size of nanoparticles produced after heating only 7 s.  

Figure 3.6 TEM images of IONPs produced using 0.8 M Fe(CO)5 and TOA at different reaction 
times (A) 5 s, (B) 7 s, (C) 10 s, and (D) 14 s (7 + 7 s). (E)–(H) are the particle size distribution 
plots, respectively. 

Park et al. have reported the ultra-large-scale synthesis of 22 nm-sized IONPs using 

trioctylamine.83 Thus, synthesized IONPs were prepared by mixing iron oleate complex, oleic acid, 

and trioctylamine by ramping 340 °C at 3.3 °C/min under reflux for 1 h.83 However, their approach 

requires a longer reaction time and multiple precursors for synthesis. In contrast, the IH method 

used here produced IONPs using a single precursor and ultrashort reaction time. Figure 3.7 A–C 

is the HRTEM image of corresponding NPs indicating (222), (025), and (026) lattice planes of γ-

Fe2O3 nanoparticles.99 
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Figure 3.7 HRTEM images of IONPs produced using 0.8 M Fe(CO)5 and TOA at different 
reaction times (A) 7 s, (B) 10 s, and (C) 14 s (7 + 7 s), indicating (222), (025), and (026) lattice 
planes of γ-Fe2O3 nanoparticles, respectively. 

3.3.2 Comparison of magnetic properties of IONPs 

The magnetic properties of IONPs and iron NPs were studied using a superconducting quantum 

interference device (SQUID). Tadic et al. have reported that magnetic properties are directly 

dependent on size, size distribution, shape, and orientation of IONPs.102–106 In their work, they 

reported that hematite with a size around 10 nm produced blocking temperature, and particles with 

a size around 20 nm produced Morin transition.102 Furthermore, they have reported the saturation 

magnetization (Ms) of hematite around 1.93 emu/g.102 In another study, they concluded that shape  

anisotropy affected the coercivity of hematite NPs.105 They observed that ellipsoid three-

dimensional (3D) superstructures of hematite are much higher than those for irregularly shaped 

hematite NPs.105 Similarly, physical orientation can be used to achieve either superparamagnetic 

or ferromagnetic maghemite NPs.104 Superparamagnetic properties in NPs are attributed to the 

random orientation of particles, whereas ferromagnetism is related to parallel orientation of 

particles.103–105 Figure 3.8 shows the magnetization (emu/g) vs magnetic field, H (Oe) graph for 

IONPs obtained using Fe(CO)5, and different solvents at different reaction times, at room 

temperature (298 K).  
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Figure 3.8 Magnetization vs 
magnetic field plot for IONPs 
produced using 0.8 M (A) 
Fe(CO)5 and OA (B); Fe(CO)5 
and TOA at 5, 7, 10, and 7 +7 s 
heating time. 

 

 

Figure 3.8 shows that IONPs with a size of 3.7 ± 0.6 nm have almost zero magnetization. We have 

observed that with the increasing size from 3.7 ± 0.6 to 7.3 ± 1.4 nm, the shape of M–H loops for 

IONPs does not change appreciably, but their Ms increases from 0 to 20 emu/g. This value is close 

to Ms of 11 nm-sized γ-Fe2O3 synthesized via thermal decomposition of Fe(CO)5 as reported in 

the literature.85 However, it should be noted that the obtained Ms values are much smaller than 

those expected considering the bulk Ms values (74 emu) of γ-Fe2O3.107 This could be due to the 

presence of magnetically disordered atoms at the surface of the NPs, which is common in smaller 

magnetic NPs.108 As the particle size increases, the particles change from multidomain to a single 

domain that can be seen from HRTEM images discussed in Figures 3.3 and 3.7, and the value of 

Ms also increases. Furthermore, a similar trend is observed in Figure 3.8 B. The increase in Ms 

with an increase in size is attributed to a decrease in a surface spin in binding ligands oleylamine, 

trioctylamine, surface with the increase in particle size.109 

3.3.3 Synthesis of γ-Fe2O3 from acetylferrocene 

In this section, we have explored the use of a solid precursor acetylferrocene for the synthesis of 

IONPs. The goal is to demonstrate the diverse range of precursors that can be used to IH to prepare 

NPs. The γ-Fe2O3 NPs were synthesized with a single solid precursor (acetylferrocene) and two 

different solvents (oleylamine and trioctylamine) at various reaction times. The comparative study 
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on the size, crystallinity, and magnetization of γ-Fe2O3 with the change in reaction time and boiling 

point of solvent is demonstrated. The morphology and structure of the pure γ-Fe2O3 NPs are 

characterized by TEM. The particle size distributions, obtained from TEM micrographs, are shown 

in Figure 3.9 and the corresponding mean particle sizes obtained from the Gaussian fit of the 

histograms are also indicated in Figure 3.9 E-H. The histogram demonstrates that as the reaction 

time increases the size of NPs increases. The reason behind this trend is the nucleation and growth 

of NPs. Longer reaction time provides more time for the growth of NPs yielding larger sizes. These 

particle size distribution starts to narrow as the heating time increase from 5 s to 14 s probably due 

to higher supersaturation as the precursor decomposes. The size of the formed IONPs is close to 

that reported in the literature which discusses the solventless synthesis of IONPs through thermal 

decomposition of acetylferrocene and malic anhydride.95 

 

Figure 3.9 TEM images of γ-Fe2O3 NPs produced by using 0.8 M acetylferrocene and OA at 
different reaction times (A) 5 s, (B) 7 s, (C) 10 s, and (D) 14 s. (E–H) are the particle size 
distribution plots, respectively. 
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The increase in the heating times from 5 s to 14 s increases the size of γ-Fe2O3 NPs from 

3.2 ± 0.6 to 9.1 ± 2.4 nm. This is because a longer heating time promotes a faster nucleation rate 

resulting in larger-sized NPs. Furthermore, as the reaction time is increased, the crystallinity of the 

synthesized nanoparticles changed from amorphous to highly crystalline particles, as shown in 

HRTEM images in Figure 3.10. HRTEM measurement shows the lattice spacing measurement of 

2.93 (Figure 3.10 A), 2.95 Å, (Figure 3.10 B), 3.30 Å (Figure 3.10 C), and 3.40 Å (Figure 3.10 

D). Figure 3.10 A shows (222) lattice plane, Figure 3.10 B shows (026), (222) lattice planes, 

Figure 3.10 C shows (026) lattice planes, and Figure 3.10 D shows (112) and (222) lattice planes 

of γ-Fe2O3 NPs which indicates that these particles are multidomain. These lattice planes are 

consistent with literature values.98,99 This result is consistent with the lattice spacing data from the 

crystallography open database (COD) and density functional theory (DFT) calculations reported 

by Grau-Crespo et al.99 

Figure 3.10 HRTEM images of γ-Fe2O3 NPs produced by using 0.8 M acetylferrocene, and 
oleylamine at different reaction times (A) 5 s, (B) 7 s, (C) 10 s, and (D) 14 s. (A) indicates (222) 
lattice planes, (B) indicates (026), (222) lattice planes, (C) indicates (026) lattice planes, and (D) 
indicates (112), (222) lattice planes of γ-Fe2O3 NPs. 

The PXRD patterns are used to determine the structural parameter of the sample. In the corresponding 

PXRD spectra of Figure 3.11, the diffraction peaks at 2θ correspond to (011), (013), (222), (113), and 

(400) planes which reveal phase pure γ-Fe2O3 NPs with cubic crystal system (ICDD#39-1346). These 

values are closely in agreement with the previously reported work in literature.99,110–113 
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Figure 3.11 PXRD of γ-Fe2O3 NPs synthesized using 0.8 M acetylferrocene and OA at A) 10 s, 
and B) 14 s heating. 

Figure 3.12 shows the magnetization (emu/g) vs magnetic field, H (Oe) graph for IONPs obtained 

by using acetylferrocene and OA, at room temperature (298 K). Figure 3.12 shows that that γ- 

Fe2O3 NPs showed almost zero magnetization with heating 5 s but the saturation magnetization 

reaches almost 20 emu/g with the increase in heating time. The increase in Ms with an increase in 

size is attributed to a decrease in a surface spin in the oleylamine surface with the increase in 

particle size.114 This shows that these particles are superparamagnetic at room temperature.37,106,114 

Figure 3.12 Magnetization vs. magnetic field 
plot for γ-Fe2O3 NPs produced using 0.8 M 
acetylferrocene and oleylamine 5 s, 7 s, 10 s, 
and 14 s heating time. 

 

The saturation magnetization of these particles 

is very less as compared to that of IONPs 

synthesized using Fe(CO)5 and atmospheric 

microwave plasma.115 It can be noted from 

Figure 3.12 that, with the increase in the size from 3.2 ± 0.6 nm to 9.1 ± 2.4 nm, the Ms value also 

increases from 0 to 70 emu/g. The increase in Ms value with an increase in the size of NPs could 
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be due to the presence of magnetically disordered atoms at the surface of the NPs which is common 

in smaller magnetic NPs.108,114 On the other hand, these values are less as compared to the  Ms 

value of bulk γ- Fe2O3 (76 emu/g), which is probably attributed to nanoscale dimension and surface 

effect.107,116,117  

 
Similarly, another set of experiments was performed using 0.8 M acetylferrocene and 

trioctylamine (Tbp=367 °C) instead of oleylamine (Tbp=350° C) as a solvent to see the effect of the 

boiling point of solvent on the size of NPs. As shown in Figure 3.13, a similar trend in the size 

was observed with the increase in reaction time. However, the increase in size was very minimal  

Figure 3.13 TEM images of IONPs produced by using 0.8 M acetylferrocene and trioctylamine at 
different reaction times A) 5 s, B) 7 s, C) 10 s, and D) 14 s. (E, F, G, and H) are the particle size 
distribution plots, respectively. 
 
with the increase in the boiling point of solvent under identical conditions of concentration and 

reaction time. Furthermore, thus synthesized nanoparticles were of very poor crystallinity as can  

be seen in Figure 3.14 as compared to those synthesized using acetylferrocene and oleylamine 

(Figure 3.10). To the best of our knowledge, there is not any literature report regarding the 
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synthesis of γ-Fe2O3 NPs using acetylferrocene and trioctylamine, this approach could be a 

potential alternative way to make γ- Fe2O3 NPs using single precursor and single solvent. 

Figure 3.14 HRTEM images of γ-Fe2O3 NPs produced by using 0.8M acetylferrocene, and TOA 
at different reaction times A) 5 s, B) 7 s, C) 10 s and D) 14 s indicating (115), (016), and (022) 
lattice planes of γ-Fe2O3. 

The HRTEM images of these nanoparticles confirm the gamma phase of Fe2O3. In Figure 3.14, 

HRTEM images of these particles indicate (115), (016), and (022) lattice planes of γ-Fe2O3. These 

values are closely in agreement with the previously reported work.98,99  In the corresponding PXRD 

spectra of Figure 3.14 as shown in  Figure 3.15, the diffraction peaks at 2θ correspond to (012), 

(104), and (024) planes which reveal phase pure γ-Fe2O3 NPs with cubic crystal system (ICDD#89-

2810). These values are closely in agreement with the previously reported work in literature.118 

 

 

Figure 3.15  PXRD of γ-Fe2O3 NPs 
synthesized using 0.8 M 
acetylferrocene and trioctylamine at 
14 s heating. 
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3.4 Conclusion 

The rapid IH approach used in this study provides a simple, facile, and inexpensive method for 

direct one-pot synthesis of IONPs. This method offers a great advantage over traditionally 

established HI as it can be used in the size-controlled synthesis of phase pure γ-Fe2O3 using a solid 

precursor, acetylferrocene. These NPs are in the size of 3–11 nm. The increase in heating times 

increased the size and magnetization of NPs. The result reveals that the IH method is an efficient 

method to produce IONPs with size control and it could potentially replace the traditional HI 

method. We anticipate that this improved, one-pot IH method easily be scaled up to a gram scale. 
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Chapter 4 - Colloidal synthesis and characterization of air-stable iron 

nanoparticles 

Chapter 4, in full, is a reprint of the material from ACS Omega, 2020, 
https://doi.org/10.1021/acsomega.0c02793 with some modification. 

 

Abstract 

The synthesis of colloidal iron nanoparticles has been one of the most attractive goals in magnetic 

nanomaterial research in past decades due to their superparamagnetic property with a high 

magnetic moment density thereby allowing diverse applications in catalysis, bioseparation, 

biosensing, drug delivery, and biomedical imaging. Despite these outstanding applications, Fe 

nanoparticles have been somewhat shadowed as compared to their oxides. The extreme reactivity 

of finely divided iron, owing to its pyrophoric nature, has traditionally made Fe NPs difficult to 

study and inconvenient for practical applications. However, traditional methods used to synthesize 

Fe NPs are mainly limited by stability, dispersibility, large-scale production, and high economical 

and environmental burden. Therefore, there is an unmet need for the development of an alternative 

synthetic method, which is simple, rapid, environmentally benign, cost-effective, and provides an 

opportunity for large-scale production. Aligned towards this direction, herein, we report a very 

simple, one-pot reaction that gives monodisperse air-stable Fe nanoparticles using the inductive 

heating (IH) technique. While investigating for an efficient approach to produce air-stable Fe 

nanoparticle dispersion, we found that decomposition of Fe(CO)5 in 1-octadecane (1-ODE) in 

argon atmosphere gave monodisperse Fe NPs. The use of steel balls placed inside the inductive 

heating reactor provided the reductive atmosphere to obtain Fe NPs. To the best of our knowledge, 

there is no similar report on the production of Fe NPs by the IH method.  

 

https://doi.org/10.1021/acsomega.0c02793
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4.1 Introduction 

Iron is represented by the symbol ‘Fe’ and is found in nature in three different forms i.e., alpha, 

beta, and gamma.119 Fe is one of the most abundant transition metals, the fourth-most plentiful 

element in the earth’s crust. Fe NPs show excellent reactivity with oxygen and water and readily 

forms oxides as compared to bulk counterparts.120 The synthesis of colloidal Fe NPs has been one 

of the most attractive goals in magnetic nanomaterial research in past decades. It belongs to a class 

of ferromagnetic material with high magnetic moment density (218 emu/g, or 1713 emu/cc) and 

is magnetically soft.119,121 Fe NPs in the size range below 20 nm are in the superparamagnetic 

regime, and their stable dispersions with high magnetic moment are predicted to have important 

applications in bioseparation, biosensing, drug delivery, and MRI contrast enhancement.88,122,123  

In addition to this, these nanoparticles have a huge potential for different applications including 

magnetic fluids, a catalyst for carbon nanotube formation, nickel−iron batteries, and catalysts and 

sorbents for environmental remediation.124,125 Extensive laboratory studies have demonstrated that 

nanoscale iron particles are effective for the transformation of a wide array of environmental 

contaminants such as chlorinated organic solvents, organochlorine pesticides, polychlorinated 

biphenyls (PCBs), organic dyes, and various inorganic compounds.126 

Different forms of iron nanoparticles are required depending upon the applications. For 

example, for Ni−Fe batteries and environmental remediation, nanosized aggregated iron powder 

is suitable.125 However, well-dispersed colloidal iron is required for applications in biological 

systems such as MRI contrast enhancement and biomaterials separation.119,127 In another important 

application, carbon nanotubes can be grown on silicon by chemical vapor deposition (CVD) using 

iron, cobalt, or nickel nanoparticles as catalysts.128 To prevent interference between nanotubes, 

especially in the application of field-emission sources, dispersive separation of nanoparticles on 
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the substrate is very important.123,128 Spin-coating is an economical and convenient method to 

disperse the nanoparticles on the substrate over a large area and for this, a suspension of 

agglomerated iron nanoparticles is needed.129 

Despite these outstanding applications, Fe has been somewhat less explored as compared 

to its oxides, as well as other metals such as cobalt, nickel, gold, and platinum.24,88,130 Its reactivity 

is important in macroscopic applications (particularly rusting) but is a dominant concern at the 

nanoscale. Finely divided iron has long been known to be pyrophoric, which is a major reason that 

Fe NPs have not been more fully studied to date.126 This extreme reactivity has traditionally made 

Fe NPs difficult to study and inconvenient for practical applications. However, Fe has a great deal 

to offer at the nanoscale, including very potent magnetic and catalytic properties.4,119 Some of the 

recent work in this field appears to be very exciting yet limited by stability, dispersibility, and 

large-scale production.14,122,130  

The Fe NPs can mainly be synthesized using the thermal decomposition of iron 

pentacarbonyl (Fe(CO)5), reductive decomposition of iron(II) bis(trimethylsilyl)amide 

(Fe[NSi(CH3)3]2]2), and the chemical reduction of iron(III) acetylacetonate (Fe(acac)3) or other 

iron salts.1,131–136 Although the small and uniform iron nanoparticles with high purity can be 

manufactured, however, it is an uneconomical process since the use of elevated temperatures,  

expensive, and highly toxic precursors. As a result, materials made by the traditional route are not 

suitable for applications requiring large quantities of iron nanoparticles, such as environmental 

remediation or nickel−iron batteries. It is well documented that the synthesized particles are 

extremely reactive on one side, but facile oxidation of the particles gives various iron oxide 

nanoparticles. Consequently, the syntheses have difficulty in producing stable Fe nanoparticle 

dispersions, especially aqueous dispersions, for potential biomedical applications.1,10,124,130,131 
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Here, we report an improved, yet very simple, one-pot reaction that gives monodisperse 

air-stable Fe nanoparticles using the inductive heating (IH) technique. While investigating for an 

efficient approach to produce air-stable Fe nanoparticle dispersion, we found that decomposition 

of Fe(CO)5 in 1-octadecane (1-ODE) in argon atmosphere gave monodisperse Fe NPs. The boiling 

point of solvent i.e., 1-ODE provides the built-in temperature control for the reaction to form the 

product. The steel balls placed inside the inductive heating reactor provide the reductive 

atmosphere to obtain Fe NPs. To the best of our knowledge, there is no similar report on the 

production of Fe NPs by the IH method. We show that by adjusting the heating time, Fe NPs in 

several size ranges can be obtained. 

4.2 Materials and methods 

4.2.1 Chemicals 

Fe(CO)5 (>99.99%) and 1-ODE (tech. grade, 90%) were purchased from Sigma-Aldrich and 

stored inside a N2-filled glovebox. All solvents were dried and degassed via boiling under a 

vacuum before use. Methanol, ethanol, chloroform, acetone, and toluene were purchased from 

Fischer Scientific (ACS grade). 

4.2.2 Method of synthesis 

The synthesis method for IONPs was based on literature with some modifications.70 The setup 

for the inductive heater and reactor with precursor mix is the same as that of previously reported 

work by Chikan et al. and Luo et al.38,65 Briefly, in this synthesis, Fe(CO)5 is used as precursor, 

and 1- ODE is used as solvents. The precursor and solvent were mixed inside nitrogen (N2)-filled 

glovebox. In the N2-filled glovebox, the stock solution was prepared by stirring the mixture until 

the precursor dissolved into the solvent resulting in a yellowish solution. Then, the reactor was 

filled with steel balls (25.92 g, Bearing-Quality E52100 Alloy Steel, Hardened Ball, 1/8″ 
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diameter) and transported to the glovebox. Next, 4 mL of 0.8 M precursor was transferred from 

the stock solution to the reactor. The reactor was then transported to the inductive heater and 

connected to tubing, which maintains an argon atmosphere throughout the reaction. Then, the 

reaction mixture was heated in a standard 7 kW inductive heater set at minimum power for 5, 7, 

10, and 14 s to see the change in size, crystallinity, and magnetic behavior of synthesized IONPs 

using varying reaction times, solvents, and precursor molecules. The yellowish solution turns 

darker black with increasing reaction time, indicating the formation of Fe NPs. 

The synthesized NPs were cooled to room temperature, then isolated by centrifuging using 

various solvents. Fe NPs synthesized using 1-octadecane as the solvent was separated by centrifuging 

with hexane and acetone in a 1: 4 ratio at 8000 rpm for 10 min followed by bath sonication. The NPs 

underwent three cycles of this process and then they were dispersed in chloroform for glovebox 

storage. Thus, synthesized NPs were air-stable in ambient conditions for up to one week. 

4.2.3 Characterization of Fe NPs 

The details of characterization of Fe NPs are the same as for IONPs discussed in Chapter 3. 

4.3 Result and discussions 

Fe NPs were synthesized at atmospheric pressure with various heating times to explore how 

nanoparticles are formed during IH and determine the level of size and size distribution that can 

be easily achieved under the operating conditions of the inductive heater. Our goal was to focus 

on short-term heating effects to explore the impact of the heating rates on nanoparticle formation. 

Due to the rapid heating time of the inductive heater, the solvent temperature quickly rises until it 

reaches the boiling point of the solvent. The final temperatures of the solution are determined by 

the boiling point of the solvent, which acts as a built-in temperature control during synthesis. Here, 

we utilize 1-ODE (Tbp = 314 °C) solvents.  
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The effect of the heating time via IH is shown in Figure 4.1. The heating time can be easily 

varied from 1 to 10 s, but beyond this period, the solvent rapidly boils off preventing longer 

synthesis times. To further increase the exposure of the solution to high temperatures, two times 7 

s heating was used with a 2 min break between the additional heating. The resulting sizes of the 

synthesized Fe NPs range from 3 to 11 nm, which is dependent on the reaction time. 

It is clearly seen that the NPs size increases from 7.4 ± 2.5 to 9.4 ± 0.7 nm as the reaction 

time increases from 5 to 7 s. Surprisingly, the size decreases to 9.1 ± 1.3 nm when the reaction 

mixture was heated to 10 s, which is likely due to the high supersaturation resulting in increased 

nucleation rates. The fast nucleation rate depletes the precursors from the solution resulting in a 

smaller average size of the NPs (but larger yield). When the reaction is performed in two steps by 

heating the reaction mixture for 7 s twice with a break between heating cycles, the size increased 

to 11.1 ± 2.2 nm, as shown in Figure 4.1. 

Figure 4.1 TEM images of Fe NPs produced using 0.8 M Fe(CO)5 and 1- ODE at different reaction 
times (A) 5 s, (B) 7, (C) 10 s, and (D) 14 s (7 + 7 s). (E)–(H) are the particle size distribution plots, 
respectively. 
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The HRTEM analysis of these particles shows (011), (011), and (002) lattice planes of iron NPs 

(Figure 4.2).  

Figure 4.2 HRTEM images of iron NPs produced using 0.8 M Fe(CO)5, and 1-ODE at different 
reaction times (A) 7 s, (B) 10 s, and (C) 14 s (7 + 7 s), indicating (011), (011), and (002) lattice 
planes of Fe NPs, respectively. 
 

The PXRD of the NPs can be seen in Figure 4.3, the diffraction peaks of 2θ correspond to 

(011) planes, which confirms the formation of pure iron NPs. Thus, synthesized Fe NPs were 

heated in an atmospheric oven at 70 °C for a week. Interestingly, the PXRD of these NPs after 1 

week also showed diffraction peaks of 2θ corresponding to (011) plane of Fe NPs. This indicates 

the formation of air-stable iron NPs. This could be explained that 1-octacdecane, being a weaker 

binding ligand, produced larger-sized NPs. As larger particles have a lower surface-to-volume 

Figure 4.3 PXRD of iron NPs synthesized 
using 0.8 M Fe(CO)5 and 1- ODE at A) 10 s 
and B) (7 + 7 ) s heating time. 
 
 
ratio, they form stable iron NPs instead of 

oxidizing and forming iron oxides. 

However, further study is required to support 

this notion. The crystallinity of iron NPs also 

changed from amorphous to crystalline with 

an increase in reaction time (Figure 4.2). 
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The magnetic properties of IONPs and iron NPs were studied using a superconducting 

quantum interference device (SQUID). Tadic et al. have reported that magnetic properties are 

directly dependent on size, size distribution, shape, and orientation of IONPs.102–105 

Superparamagnetic properties in NPs are attributed to the random orientation of particles, whereas 

ferromagnetism is related to the parallel orientation of particles.116 Figure 4.4 shows the 

magnetization (emu/g) vs magnetic field, H (Oe) graph for Fe NPs at different reaction times, at 

room temperature (298 K) data are summarized in Table 4.S1 in the Supporting Information.  

Figure 4.4 Magnetization vs magnetic field 
plot for Fe NPs produced using 0.8 M Fe 
(CO)5 and 1-ODE at 5, 7, 10, and 7 +7 s 
heating time. 
 

As can be seen from Figure 4.4  shows that 

IONPs with a size 7.4 ± 2.5 nm have almost 

5 emu/g magnetizations. This could be due 

to the presence of magnetically disordered 

atoms at the surface of the NPs, which is 

common in smaller magnetic NPs.108 We 

have observed that with the increasing size from 7.4 ± 2.5 to 11.1 ± 2.2 nm, the shape of M–H 

loops for Fe NPs change appreciably, their Ms increases from 5 to 90 emu/g. The increase in Ms 

with an increase in size is attributed to a decrease in a surface spin in binding ligands 1-ODE 

surface with the increase in particle size.109,137,138 This value is also smaller than bulk iron NPs 

(221 emu/g), but its data are consistent with the observation from the structural analysis of Fe NPs 

synthesized using 1-ODE.103 As the particle size increases, the particles change from multidomain 

to a single domain that can be seen from HRTEM images discussed in Figures 4.2 
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4.4 Conclusions 

A new simple and facile approach have been developed for the preparation of monodispersed air-

stable iron NPs by the rapid inductive heating method. The synthesis involved Fe(CO)5 as a 

precursor and 1-ODE as the solvents. These solvents played the role of binding ligand and reducing 

agents. The size of the synthesized NPs was dependent on the reaction time. As the reaction time 

increased, the magnetization of NPs also increased. Also, this method can be used in the synthesis 

of a range of nanoparticles sizes (as small as 3 nm to as large as 11 nm), Overall, it is expected 

that the inductive heating method will result in further exploration of the topic due to faster, easier, 

and safer preparation methodology and could easily be scaled up to a gram scale.  
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Chapter 5- Colloidal synthesis of air-stable germanium nanoparticles 

with tunable sizes using the inductive heater 

Abstract 

 Colloidal semiconductor nanoparticles (NPs) or quantum dots (QDs) have the potential to replace 

their bulk counterparts by eliminating high-temperature, high-energy processes to produce large-

area, flexible, and solution-processed thin-film arrays. The narrow and desirable bandgap (0.67 eV 

at 300 K) makes germanium (Ge) nanomaterials a candidate for IR detectors and as a tandem 

material for photovoltaics. Ge NPs offer a low-toxicity alternative to semiconductors containing 

heavy metals, and the large Bohr excitation radius of ∼24 nm results in a wide range of bandgap 

tunability. However, colloidal synthetic routes to Ge NPs with uniform sizes and shapes are much 

less mature. Inductive heating synthesis is an emerging technique that has the potential to displace 

the HI synthesis method to prepare colloidal nanoparticles very rapidly with a narrow size 

distribution, controlled size, and high crystallinity. Within this work, facile size-controlled 

synthesis of Ge NPs via inductive heating is discussed. Oleylamine acts as a solvent, a binding 

ligand, and a reducing agent in the synthesis. Germanium iodides (GeI4, GeI2) are used as the Ge 

precursor, and size control will be achieved by controlling the ratio of Ge4+/Ge2+ in the precursor 

mix. It is expected that longer reaction times will influence the nanoparticle size distribution. The 

second part of the project discusses the spectroscopic characterizations of as-synthesized particles. 

It is found that the exciton lifetime of these particles increases with an increase in size.  

5.1 Introduction 

Nanomaterials of the group IV semiconductors have emerged as the very promising nontoxic class 

of photoluminescent nanomaterials with their applications in solar photoconversion and various 
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optoelectronic devices.139–141Although silicon (Si) and germanium (Ge) are both interesting for 

optoelectronic application, Ge, in particular, is more fascinating because of its unique 

characteristics such as narrow bulk bandgap (0.67 eV at 300K), high exciton Bohr’s radius (∼24 

nm) as compared to Si (bandgap = 1.12 eV and exciton Bohr’s radius = 5 nm).142–145 The small 

bandgap of Ge when combined with large exciton Bohr’s radius gives rise to quantum confinement 

effect even for larger nanoparticles (NPs). The large exciton Bohr’s radius) along with a high 

absorption coefficient of ∼2 × 105 cm–1 provides a strong motivation for research toward its 

application of solar cells, field-effect transistors, flash memory devices, photodetectors.33,145–147 

Furthermore, the low cost and relative ease of solution-based processing techniques colloidally 

stable solutions of Ge NPs can potentially be useful materials for the cost-effective fabrication of 

optoelectronic devices.139,140 Additionally, the low toxicity of Ge combined with its ability to be 

dispersed in solution offers plenty of  biological applications like cell imaging and labelling.139,147  

Recently, a diverse range of strategies has been developed for the colloidal synthesis of Ge NPs. 

Some of the common predominant methods are metathesis reactions using Zintl salts, hydride 

reduction of Ge halides, thermal decomposition of organogermane precursors.139,141,142,147 Though, 

these methods are successful to some extent but there are considerable aspects that need to be 

improved.145,147–150 The strong covalent nature of Ge demands a very high crystallization 

temperature i.e., usually higher than the boiling point of commonly used solvents. Therefore, most 

of the reported synthetic routes yield amorphous products and are prone to oxidize. To address 

this, strong reducing agents such as Na, LiAlH4, n-BuLi are required to prepare crystalline Ge NPs 

which in turn may form toxic byproducts.33,151,152 

The optical properties of Ge NPs are importantly defined by their size. Therefore, the 

discovery of a correct approach for synthesizing crystalline, air-stable colloidal Ge NPs with good 
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control over size and shape is essential to advance the applicability of these NPs. Some attempts 

have been made in the past to control the size by varying the precursor concentration but only 

limited control oversize has been evidenced and scalability is also an issue with this 

method.142,143,153 For example, Prabakar et al. have tuned the size of Ge NPs from 4 to 5.5 nm by 

varying the hydride reducing agents in their synthesis.154 Ruddy et al. were able to prepare Ge NPs 

in the size range of 3-11nm by varying the reduction potential of two different precursors (Ge4+ 

and Ge2+).143 

Recently, the size-tunable synthesis of Ge NPs by microwave (MW) heating was reported 

by Kauzlarich and co-workers.70 They have demonstrated fine control over the size of Ge NPs (3-

11nm) by varying the concentration of the precursor mixture. They concluded that MW heating 

produced Ge NPs with better crystallinity in shorter heating time as compared to the conventional 

heating methodology.70 Similarly, Xue et al. established that oleylamine can be used for the 

successful reduction of Ge2+ to Ge0.155 

In this work, we have adopted a similar idea from the works of Kauzlarich and co-workers 

and Xue et al. and demonstrated the simple and milder approach for the size-controlled synthesis 

of Ge NPs by inductive heating (IH) methodology. Here, oleylamine is a triple function of solvent, 

binding ligand, and reducing agent for both of the Ge4+ and Ge2+ precursors.70,156 In the IH method, 

the reaction mixture is observed to increase the temperature at a rate of 200-300 ⁰C/second,  

whereas in conventional heating, the reaction mixture is observed to increase in temperature at a 

rate of 10-20 ⁰C/minute.157 There are two primary reasons for applying the induction heating 

method specifically to Ge NPs synthesis is an insightful research endeavor: (i) To our knowledge, 

the induction heating method has not yet been introduced to the preparation of Ge NPs by Ge 

halide reduction; (ii) Kauzlarich et al. have shown oleylamine as a favorable reducing agent in the 
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preparation of Ge NPs, but oleylamine is not a good microwave absorber, therefore heating via 

microwave irradiation is inefficient for rapid production of NPs.70 

   Our research group has successfully developed the IH method for the synthesis of 

monodisperse, air-stable iron, iron oxide NPs, and CdSe quantum dots in past years.18,158,159 

Recently we reported the use of IH synthesis of phase pure γ-Fe2O3 NPs from a solid precursor 

avoiding the use of toxic and expensive organometallic compounds like iron pentacarbonyl 

precursor.158 There has not been any report of nanoscale Ge prepared by IH previously. Herein, 

for the first time to the best of our knowledge, we have explored it for the preparation of colloidal 

Ge nanocrystals. The reactor setup is similar to the setup discussed in Chapter 3 and Chapter 4. 

The size and crystallinity of the synthesized Ge NPs using GeI2/GeI4 and solvent oleylamine at 

different reaction times, and concentration is studied. The resulting NPs Ge NPs confirmed by 

high-resolution transmission electron microscopy (HRTEM). In addition to this, these particles 

were subjected to spectroscopic study via UV- NIR spectroscopy and transient absorption 

spectroscopy (TAS) studies.  

5.2 Materials and methods 

5.2.1 Chemicals 

Oleylamine was purchased from Sigma–Aldrich (70%) and was used after degassing under 

vacuum. Germanium (II) iodide was purchased from Gelest, and germanium (IV) iodide (99.999% 

Ge) was purchased from STREM Chemicals. Common solvents (i.e., toluene, methanol, hexane) 

used in the NPs purifications were used as received (Fisher, ACS grade) under ambient conditions. 

5.2.2 Inductive heating synthesis 

Ge NPs synthesis was carried out in a standard 7KW inductive heater. The reactor setup was based 

on our recent work for air-stable Fe NPs, IONPs, and CdSe QDs.37,52,65  In an N2- filled glovebox, 
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a stock solution was prepared by mixing GeI2 (0.2 mmol- 0.8 mmol) with 8 mL of degassed 

oleylamine. The solution was sonicated to completely dissolve the GeI2 (the sonication time was 

typically about 20 minutes). The dissolution resulted in a colorless to pale yellowish solution 

depending upon the concentration of precursor. Then, the solution was transferred back to the 

glovebox and the reactor was filled with steel balls (25.92 g, Bearing-Quality E52100 Alloy Steel, 

Hardened Ball, 1/8″ diameter) and 4mL of the stock solution. Following this, the reactor was 

transported to the inductive heater and connected to tubing to maintain an argon atmosphere 

throughout the reaction. And the reaction mixture was heated inductive heater at minimum power 

for 5 s to 15 s to monitor the effect in size, crystallinity with the change in different parameters 

such as heating time, the concentration of precursor, and the ratio of GeI2 and GeI4. The color of 

the resulting product was observed to vary from orange to brown to black, depending on the NPs 

size. The schematic of the experimental procedure is shown in Supporting information Figure 5.S1 

The contents of the IH reactor were transferred into a centrifuge tube and then washed with 

2–3 mL of toluene for transferring NPs, and excess methanol (20-25 mL) was added to precipitate 

the NPs. Centrifugation (8000 rpm) for about 10–15 min for the complete precipitation of the NPs. 

The colorless supernatant was discarded, and the oleylamine-terminated Ge NPs were dispersed in 

about 4-5 mL of toluene or hexane and stored in a vial under N2 atmosphere for future use.  

5.2.3 Characterization 

The instrumental details for TEM, HRTEM, EDS, and EDX are the same as we discussed in 

Chapter 3 and Chapter 4. UV-Vis-NIR spectra of diluted Ge nanoparticle dispersions were 

recorded at room temperature, using a Perkin–Elmer Model Lambda 750 spectrophotometer in the 

range of 500–1500 nm.  
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5.3 Result and discussion 

5.3.1 Effect of GeI2 concentration on size of NPs 

In a typical synthesis, 4 mL of 0.025 M to 0.1 M precursor mixture (prepared by mixing 0.2-

0.8mmol of GeI2 with 8 mL of oleylamine) was placed into an inductive heating reactor with steel 

balls in it. The reduction was carried out after heating for 5 s in an IH at minimum power. The 

final temperature of the reaction is the same as the boiling point of oleylamine (Tbp= 367 °C). The 

reaction typically results in a dark brownish solution, which is indicative of the formation of 

nanoscale germanium. The literature suggests that the product formation is due to the presence of 

an amine.80 Additionally, there are some reports in the literature in which amine is oxidized to 

imine or nitrile species during the reduction reaction.160,161 

     For 0.025 M GeI2 quantity, only a few Ge NPs of size are formed (Figure 5.1A) it could be due 

to the insufficient collision between reactant molecules due to the small concentration of reactant.  

Further increases in precursor quantity (GeI2) up to 0.8 M formed larger numbers of NPs. (Figure 

5.1D). It could be attributed to the fact that a higher concentration of monomers provides higher 

numbers of collisions thereby yielding larger numbers of nanomaterials. The TEM images  

Figure 5.1 TEM images of  Ge NPs produced using (A) 0.025M GeI2, (B) 0.05M GeI2, (C) 
0.075M GeI2, and (D) 0.1M GeI2 at 5 s heating time. The size distribution plots are presented in 
supporting information Figure 5.S2 
 
 (Figures 5.1B and Figure 5.1C) revealed an increase in average NPs size when the precursor 

quantity was tripled from 0.025 M to 0.075 M, further increases in precursor quantity had a 
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minimal effect on the average nanocrystal size, which is consistent with previous reports on Ge 

NPs wherein variation in precursor quantity resulted in large size differences, this reaction system 

was observed to respond favorably to changes in precursor quantities in the tested range.162 

5.3.2 Effect of GeI2/ GeI4 concentration on size of NPs 

In an effort to apply the multivalent reduction first reported by Neale and co-workers, and utilized 

by   Kauzlarich and co-workers in microwave heating, the possible reduction of the Ge4+ precursor 

(GeI4) by oleylamine at  different ratio of GeI2/GeI4 (0 to 1)  at fixed heating time of 5 s is 

investigated.69,70  

Figure 5.2 Effect of precursor ratio on the size of NPs. (A) GeI2/GeI4=100/0, (B) GeI2/GeI4=75/25, 
(C) GeI2/GeI4= 50/50. (D-F) are corresponding size distribution plots. 
 
A series of reactions were carried out with precursors composed of GeI4/GeI2 in different ratios 

(ranging from 0.0 to 1.0) for 5 s. When the total Ge concentration in the precursor mix was kept at 

a constant at 0.4 mmol, the isolated final products indicated a gradual change from amorphous to 

crystalline with the inclusion of GeI4 in the precursor mix (Supporting Information, Figure 5.S3). 

TEM analyses again indicated a significant increase (about three times) in average size, 
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corresponding to the gradual addition of GeI4 to the precursor mix (Figure 5.2B). The gradual 

increase in size clearly indicates that the multivalent reduction approach previously shown for n-

BuLi works with oleylamine also.69 These nanoparticles were not a stable dispersion in toluene 

(even after sonication), because of their large size and the lack of organic ligands on the surface. 

However, it is very exciting to know the Ge4+ can be reduced by oleylamine. The steel balls used 

in the reactor setup. It also signified that the controlled addition of GeI4 would provide fine control 

over particle size in our reactions. Further experiments made it clear that the Ge4+ precursor can 

indeed be reduced to Ge when taken along with Ge2+, with the Ge4+/Ge2+ ratios not exceeding a 

value of 1. This finding is consistent with the previously reported work by Muthuswamy et al.70 

5.3.3 Effect of reaction time on the size of NPs 

The effect of reaction time was also probed for any particle size changes by keeping constant 

precursor concentration (0.05 M GeI2) and changing the heating time from 5 s to 3*5 s taking 2 

minutes of break time between the cycle. The results indicated an overall increase in the average 

size of the nanoparticles for each heating time. It is anticipated that the increase in heating time 

provides an additional time for nucleation and growth of the nanoparticles thereby yielding larger-

sized NPs. Furthermore, the increase in the size with the increase in heating time is consistent with 

Fe and IONPs discussed in Chapter 3 and Chapter 4.  

5.3.4 Spectroscopic characterization of NPs 

In order to study the spectroscopic properties of NPs, three different sizes i.e. 6.3 nm, 10.5 nm, 

and 21 nm NPs were taken into considerations. The absorption measurements (Figure 5.4 A) were 

carried out on dilute dispersions of Ge nanoparticles in hexane in the range of 500–1500 nm. The 
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Figure 5.3 Effect of reaction time on the size of NPs. (A) 5 s, (B) 5*2 s,  (C) 5*3 s, and (D-F) are 
corresponding size distribution plots. 
 
dilution was carried out in a glovebox, and the sample was exposed to ambient conditions during 

the time frame of the measurement for a few minutes. The collected spectra are featureless and are 

comparable to previously reported measurements on Ge nanoparticles in a similar size range.70 

Emission was not observed in the visible range, or the 800–1600 nm range, and we hypothesize 

that this may be due to the presence of defects on the surface. Furthermore, the transient absorption 

spectra (Figure 5.3 B-D) of corresponding NPs indicated a very short lifetime of the 

exciton.70,141,163,164 This could be attributed to the presence of surface defects. In addition to this, 

the lifetime of exciton increases with the increase in size from 6.3 to 10.5 nm, however, it 

decreased when the size increased up to 21 nm. We speculate that the recombination of exciton 

takes place at a larger size thereby decreasing the lifetime. 
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Figure 5.4 Spectroscopic characterization of Ge NPs. (A) UV-Vis-NIR absorption and (B-D) are 
transient absorption spectra of corresponding NPs 

5.4 Conclusions 

In summary, we have developed a simple approach for the preparation of crystalline germanium 

nanoparticles by induction heating. Nanoparticles in the range 5-21 nm have been prepared by 

varying Ge precursor ratios and time. The reduction of Ge precursors has been achieved under 

milder operating conditions and the method avoids the use of highly reactive reducing agents and 

etching agents. Compared to the conventional heating and microwave heating,  induction heating 

was shown to result in crystalline nanoparticles at a shorter heating time. Literature indicates that 

Group IV nanoparticle synthesis has been a challenge and we expect that this new facile approach 

will result in further exploration of IH methods, resulting in easier preparation methods for Group 

IV semiconducting nanoparticles. The induction heating method leads to a more rapid synthesis of 

nanomaterials, which may result in industrial feasibility, and an establishment of efficient 

capitalization.   
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Chapter 6- Synthesis of manganese oxide and iron/manganese alloy 

nanoparticles by magnetic heating 

Abstract 

Herein, manganese oxide and iron/manganese alloy nanoparticles (∼4 nm and∼3 nm) were 

synthesized via easy, one-pot, non-sophisticated, and quicker magnetic induction heating 

technique for the first time. Two types i.e., manganese oxide and iron/manganese alloy 

nanoparticles were prepared by the decomposition of manganese carbonyl (Mn2(CO)10) in the 

reducing agent oleylamine in an induction heating reactor filled with the steel balls. As preliminary 

experiments, the structural and morphological properties of as-prepared NPs were investigated by 

energy-dispersive x-ray spectroscopy (EDX). It is hoped that upon successful optimization of the 

synthetic protocol, produced NPs could be used as a catalyst to produce ammonia by step catalysis 

which could open up a new opportunity for more economical and fossil-fuel-free conditions. 

6.1 Introduction 

It is well known that the nanomaterials having the same composition as known materials in bulk 

form possesses significantly different physicochemical properties.165,166 This unique feature of 

nanoparticles and their large surface-area-to-volume ratio has been extensively exploited for their 

potential applications in electrical, magnetic, and catalytic properties.10 Among various 

nanoparticles, manganese (Mn) based nanoparticles, including MnO, MnO2, and Mn3O4, are 

fascinating compounds and have been used in catalysis, supercapacitors, alkaline and rechargeable 

batteries, adsorbent, sensors, and imaging.8,167–170 Of particular interest to catalysis, MnO and 

MnO2 nanoparticles such as MnO2/NaY, MnOx/TiO2, have attracted great interest as a catalyst due 

to their high catalytic activity for NH3-selective catalytic reduction, theoretical capacity, low cost, 

and environmental benignity.171–173 Also, it has been reported that the amalgamation of transition 
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metals can increase the catalytic activities of the Mn-based catalysts.157 Aligned to this direction, 

various Mn-based nanoparticles catalysts including Ce–Mn, Cu–Mn, Fe–Mn, Cr–Mn, and Nb–Mn 

mixed oxide catalysts for NH3-selective catalytic reduction were synthesized using conventional 

methods such as hydrothermal, sol-gel, oxidation-reduction, wet chemical reaction, and pulsed 

laser deposition techniques.174–177 However, less attention has been given to their potential 

application in the activation of dinitrogen (N2), which is the prerequisite, in ammonia synthesis. 

Transition metals play a very important role in heterogeneous catalysis including ammonia 

synthesis.178 For example, Fe, Mn, and Rh have moderate nitrogen adsorption energies, and 

therefore exhibit excellent NH3 synthesis performances and have been explored.179,180 Similarly, 

nitride-enabled step catalysis for NH3 synthesis has been reported by Pfromm and co-workers.179–

183 These works appeared to be very promising. After successful study of these materials and their 

behaviors for the overall process, a trade-off of N2 vs NH3 synthesis for pure nitride materials can 

be considered as a fascinating solution to overcome the limitation experienced for pure 

materials.179,181  

For the successful execution of the above-discussed applications, we need to be able to 

synthesize air-stable Mn and Mn-based alloy NPs. But studies of Mn NPs have been limited 

because of difficulties involving synthesis and stability.184 Most of the manganese salts used in the 

synthesis possess large negative reduction potentials (e.g., E°Mn2+/Mn = −1.185 eV vs SHE) 

thereby making it difficult to generate zerovalent Mn in solution using standard reducing agents 

which are frequently used in colloidal syntheses.14 Furthermore, the oxyphilic nature of Mn also 

renders Mn NPs highly reactive in air.184 Only a few examples of Mn NPs are known such as ball 

milling, inert gas condensation, and arc discharge.185–187 Most of these methods resulted in the 

formation of significant crystalline oxide impurities resulting in the complexities in magnetic 
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measurements.184 Chemical routes to Mn-containing NPs, such as MnP, MnPt, and MnPt3 have 

incorporated Mn using thermal decomposition of Mn2(CO)10.188–190 Attempts to prepare elemental 

Mn NPs using similar methods have yielded oxides as other chemical routes to early transition 

metal systems.184 

Herein, we have utilized the colloidal synthesis of Mn and Fe-Mn alloy NPs using the 

improved IH method by using the decomposition of manganese carbonyl (Mn2(CO)10) in the 

reducing agent OA in an IH reactor filled with the steel balls. We hypothesize that the 

ferromagnetic steel ball used in the reaction provides the reductive atmosphere to produce 

zerovalent Mn NPs as demonstrated for Fe NPs in Chapter 3. But the resulting NPs were found 

to be MnO instead of Mn, however, the optimization of the synthetic condition is still in progress. 

It is hoped that upon successful optimization of the synthetic protocol, produced NPs could be 

used to produce ammonia by step catalysis which could open alternative routes with much more 

economical and fossil-fuel-free conditions. 

6.2 Materials and methods 

Method of synthesis 

Manganese nanoparticles were synthesized using the bottom-up method following our previously 

reported inductive heating protocol with some modifications.37,38,52,65 The setup for the inductive 

heater and reactor with precursor mixture is similar to work previously reported for the synthesis 

of Fe, IONPs,  and QDs by our group. Briefly, Mn2(CO)10 powder was used as a precursor while 

OA was used as the solvent. The precursor and solvent were mixed inside the N2- filled glovebox 

and the stock solution was prepared (0.3M) by stirring the mixture until the precursor was 

completely dissolved resulting in a yellowish color solution (the mixing time is approximately 24 

hr). The reactor system (Figure 2.5, Chapter 2) filled with steel balls was placed into the nitrogen-

filled glovebox. Then, about 4 mL precursor solution was transferred from the stock solution to 
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the reactor which is followed by the insertion of reactor vessel into the coil of the inductive heater 

(standard 7 kW inductive heater) fitted with tubes to maintain an argon atmosphere during the 

reaction. The yellowish color solution turned darker black with increasing reaction time indicating 

the formation of NPs. The synthesized NP solution was cooled to room temperature, then isolated 

by centrifuging using methanol (∼20–25 mL) at 8000 rpm for 10 minutes followed by three-times 

sonication for 5 minutes per solvent system used. The colorless supernatant was discarded, and the 

precipitated NPs were then dispersed in small quantities of hexanes (3–4 mL), sealed, and stored 

in a glovebox maintained inert atmosphere until further use.  

6.3 Result and discussion 

The size and morphology of as-synthesized particles were studied by the TEM and the elemental 

composition of these particles was examined by EDX. The TEM images of as-synthesized particles 

are shown in Figure 6.1. These particles are of average size 6.5 ± 1.4 nm (Figure 6.S1, supporting 

information), and the elemental study by EDX (Figure 6.2) indicated the formation of MnO.  

 
Figure 6.1 TEM images of MnO produced using 0.3M Mn2(CO)10 and oleylamine at 5 s heating 
time at different scale bars.  
 
The EDX spectra also showed the presence of Cu which is expected from Cu- coated TEM grid.  

As we could not reach our goal of preparing zerovalent Mn NPs by heating Mn2(CO)10 and 

oleylamine, then, we tried to make Mn NPs by mixing  2/2 mL of OA and 1-ODE consequently 
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this also yielded the formation of MnO NPs as revealed by elemental composition data and TEM 

as shown in Figures 6.3 and Figure 6.4. 

Figure 6.2 EDX spectra of MnO produced by 0.3M Mn2(CO)10 and oleylamine at 5 s heating. 
 
 

Furthermore, aiming to achieve our goal, we used the same approach used by Bondi et al.to 

prepare air-stable Mn NPs now using the IH technique instead of their heat-up method .184  Bondi 

et al. have used manganese (II) chloride powder as a precursor while diphenyl ether and oleic acid 

as solvents and n-BuLi as a reducing agent to prepare 13 nm-sized α-Mn nanoparticles. However, 

the result NPs were still showing MnO, indicating the maintenance of an oxygen-free environment 

is very challenging. The HRTEM images (Figure 6.5) of these particles suggested the presence of 

crystalline MnO at the center of the NPs with an amorphous MnO shell. 

Figure 6.3 TEM images of MnO produced using 0.3M Mn2(CO)10, OA, and 1-ODE  at 5 sec 
heating time at different scale bars.  
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Figure 6.4 EDX spectra of MnO produced using 0.3M Mn2(CO)10, OA, and 1-ODE  at  5 s 
heating time. 
 
All the approaches discussed above did not yield air-stable Mn NPs. Now, we tried to coat Mn 

with a Fe shell to see if that could be a possible way to avoid oxygen. For this, we used the mixture 

of Mn2(CO)10 powder and Fe(CO) 5 as the precursor and 1-ODE as the solvent and heated in IH 

for 7 s. These particles were then subjected to TEM and EDX (Figures 6.5 and Figure 6.6). The 

elemental composition analysis indicated the formation of iron-manganese oxide NPs. 

Figure 6.5 HRTEM images of single MnO 
NPs. Individual crystal domains are outlined 
in red along with their respective calculated d-
spacings. 
 
As these multiple approaches resulted from 

Mn oxide particles instead of air-stable Mn 

particles, we anticipate the purification 

ambient condition might have resulted in the 

formation of the oxide. However, further 

characterizations of as-synthesized NPs are 
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required before making any discrete conclusion. 

Figure 6.6 (A) TEM images of Fe/Mn Oxide NPs produced using Mn2(CO)10 powder and Fe (CO5) 
and 1-ODE at 7 s heating time (B) Corresponding EDX spectra. 

 

6.4 Conclusion and outlook 

In summary, we showed a simple and versatile inductive heating technology for the synthesis of 

core-shell structured manganese oxide nanoparticles having a crystalline core with amorphous 

shells from the bottom-up technique. However, further investigation for optimizing the reaction 

condition to yield air-stable Mn and Fe-Mn NPs is required to achieve our goal. Upon successful 

synthesis of these particles, they will be further tested for ammonia production. 
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Chapter 7- Summary and outlook 

This dissertation demonstrated a robust and rapid methodology for colloidal synthesis. Syntheses 

and characterization of air-stable metal nanoparticles, their oxides, and semiconductor 

nanoparticles are discussed, including their magnetic properties are studied. It was found that 

inductive heating methodology would be an efficient way to prepare colloidal NPs thereby giving 

a similar outcome as the traditional HI method. Additionally, the use of a high concentration of 

precursor than typically used in literature for conventional hot-injection methods was 

demonstrated to produce monodispersed NPs. This allows the exploration of new synthesis 

regimes not accessible by the hot-injection method. A facile method to prepare air-stable Fe NPs 

with size control is shown.  Furthermore, the use of solid precursor which was limited by the 

traditional HI method is presented. Strong evidence of the formation of superparamagnetic IONPs 

with size control is described. The size dependence magnetic properties have been highlighted in 

different chapters of this dissertation. The increase in the saturation magnetization with the 

increase in the size of NPs and boiling point of solvent is well demonstrated in Chapter 3 and 

Chapter 4. Then, induction heating syntheses of colloidal Ge NPs are reported which focused on 

the effects of heating time and concentration on the size control are discussed. Also, facile one-pot 

synthesis of MnO and Mn@Fe oxide NPs is described. Experimental results and analyses show 

that IH not only has proven to be an effective way of achieving the preparation of nanoparticles 

but could also provide a way of separating the nucleation and growth process, which could 

facilitate the development of a more accurate theory describing such processes. The improved one-

pot IH method will open a new pathway for rapid and scalable synthesis of colloidal NPs with size 

control which is difficult to achieve by conventional heating methods. Additionally, it 

demonstrates the possibility of new compositions of NPs from colloidal routes. 
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As we continue to learn more about the synthesis of colloidal NPs with IH methodology, 

new opportunities in IH-assisted routes emerge. This method offers more scalability than HI and 

other methods thereby resulting in more industrial feasibility and an establishment of efficient 

capitalization. One-pot IH-assisted method promises a scalable and low-cost production of highly 

crystalline NPs by overcoming the traditional disadvantages of long reaction times, high 

temperature and pressure, complicated precursor preparation, and exhaustive post-synthetic 

purification steps. With these exciting developments as well as the rich advantages exhibited by 

IH methodology, it is hoped that this methodology will be used in the n-type doping of Ge NPs in 

future as demonstrated in Figure 7.1 and Figure 7.2. Not limited to this, IH methodology could 

be extended by using ferrofluid in colloidal synthesis by replacing the use of steel balls in the 

specialized reactor. 

 
Figure 7.1 Illustration of n-type Bi doping in Ge NPs 
 

Figure 7.2 Schematic illustration of the inductive heating assisted Bi doping of Ge NPs. 
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Appendix A - Supporting information from Chapter 3 

 

 
Figure 3.S1. PXRD of IONPs synthesized using 3.35 M Fe(CO)5 and oleylamine at 5 s heating 
time. 
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Appendix B - Supporting information from Chapter 4 

 

Size (nm) Magnetization (emu/g) 
7.4 ± 2.5 5 
9.1 ±1.3 75 
9.4 ±0.7 62 
11.1 ±2.2 90 

 
Table 4.S1. Table summarizing size and the magnetization of iron NPs. 
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Appendix C - Supporting information from Chapter 5 

 
Figure 5.S1.  Schematics showing steps of inductive heating assisted synthesis of Ge NPs 
 
 

 
 
Figure 5.S2. Size distribution plots for Ge NPs given in Figure 5.1. (A) 0.05 M GeI2, (B) 0.075 
M GeI2, (C) 0.1 M GeI2  
 
 

 
 

Figure 5.S3. HRTEM images of Ge NPs corresponding to Figure 5.2 B indicating 111 lattice 
planes of cubic Ge NPs.   
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Appendix D - Supporting information from Chapter 6 

 
Figure 5.S1. Size distribution plot of MnO NPs corresponding to Figure 6.1. 
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