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Abstract 
 

Advanced soft-magnetic particles are of paramount importance for the development of 

power converter components, particularly powder core inductors. These components play a 

crucial role in achieving sustainable development goals in the context of digital devices, electric 

machines, and renewable power generators. Incorporating advanced soft-magnetic particles as 

secondary materials offers significant improvements in the magnetic characteristics of powder 

core inductors, providing advantages for machine design. This dissertation presents a 

comprehensive investigation into the synthesis of submicron-sized spherical iron nickel (FeNi) 

and silica-coated iron nickel (FeNi@SiO2) particles via the aerosol process, with the aim of 

utilizing them as secondary materials in powder core inductors. The research encompasses the 

exploration of various experimental parameters and equipment designs to evaluate the 

effectiveness of FeNi@SiO2 particles for powder core inductors. Additionally, computational 

fluid dynamics (CFD) simulations are employed to gain a better understanding of the plausible 

mechanisms involved in particle formation. Each chapter of this dissertation is briefly described 

below. 

Chapter 1 over-viewed the powder core inductor, fundamental magnetic 

characterization, recent studies in improving the magnetic characteristic of a powder core 

inductor, strategies in synthesizing FeNi and FeNi@SiO2 particles, and a numerical approach 

based on computational fluid dynamic (CFD). This summary and problem statements lead to the 

motivation of the research covered within the scope of this dissertation. 

Chapter 2 focuses on the synthesis of FeNi particles through spray pyrolysis, specifically 

addressing the challenge of using alternative reduction agents due to safety concerns associated 

with using 100% H2 gas. The effects of different reduction agents, such as ethanol, ethylene 

glycol, and formic acid, and their concentrations in the precursor solution are investigated. 

Ethanol and ethylene glycol, at a concentration of 25 vol%, successfully yield spherical and 

submicron-sized FeNi particles with dense and hollow structures, respectively. Conversely, the 

use of formic acid results in the formation of segregated particles comprising FeNi and FeO 

phases. To explain the plausible mechanisms of FeNi particle synthesis using different reduction 

agents, CFD simulations are performed to examine temperature profiles and the formation of H2 

and H2O gases in the spray pyrolysis reactor. It is concluded that the FeNi particle’s formation 

occurred in two stages which were droplet evaporation and chemical reaction as well as reduction. 
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The concentration of H2 and H2O gases derived from different reduction agents influences the 

resulting structure of FeNi particles, with ethanol emerging as the preferred reduction agent. 

The use of ethanol in synthesizing FeNi particles presents a challenge in forming some 

hollow particles, which can limit the performance of inductors due to their low density. Chapter 

3 discusses strategies to control the structure and density of FeNi particles, transforming them 

from hollow (low density) to dense (high density), by manipulating reactor temperature from 

1200 to 1400 oC and carrier gas flow rate from 5 to 1.3 L/min. It is pointed that the temperatures 

above 1200 oC can promote the alteration of structures from hollow to dense, but it leads to the 

formation of undesired carbon nanoparticles. Therefore, the effect of carrier gas flow rates is 

investigated at 1200 oC. Decreasing the carrier gas flow rate prolongs particle residence time in 

the reactor, facilitating densification and reducing the formation of hollow particles. 

Consequently, the density of FeNi particles is significantly improved. Furthermore, magnetic 

characterization reveals that the synthesized FeNi particles exhibit the highest saturated 

magnetization value among other synthesis methods, which reach the theoretical value. In terms 

of inductor applications, FeNi particles with denser structures and higher densities offer 

improved DC bias characteristic of the inductor. 

Chapter 4 is focused to the synthesis of FeNi@SiO2 particles in a one-step process via 

spray pyrolysis, aiming a powder core with high DC bias characteristic and low energy loss. The 

strategy involves introducing the silica source to the intermediate product of FeNi aerosol. A 

preheater system is implemented to transform FeNi precursor droplets into their intermediate 

product. Hexamethyldisiloxane (HMDSO) is used as the silica source, and three types of 

developed connectors (T-shaped, Swirler-3, and Swirler-6) are compared. Based on the structure 

and morphology of particles obtained with different connector types, Swirler-6 is identified as 

the optimal choice, offering the highest coating ratio and the lowest generation of undesired 

nanoparticles. A CFD simulation is performed to assess the mixing performance between FeNi 

droplets and HMDSO vapor in the reactor, providing insight into the favorable distribution of 

FeNi droplets and HMDSO vapor until the end of the reactor, which promotes heterogeneous 

nucleation. The synthesized FeNi@SiO2 particles are then compared with the synthesized FeNi 

particles in terms of inductor performance. The FeNi@SiO2 particles not only enhance the DC 

bias characteristic (high saturation current) of the inductor but also reduce energy losses (core 

loss) between interparticles within the inductor. 

Chapter 5 contains the summary of all chapters and directions for the future work.
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Chapter 1  
Introduction  

 

 Energy plays a critical role in driving long-term economic development and reducing 

poverty, while also ensuring sustainability. However, the ever-increasing energy demand 

resulting from population growth, especially in areas such as transportation, electricity, and 

industrialization, poses a significant global challenge to sustainability due to the gas pollution 

emitted from the utilization of fossil fuels. Disturbingly, reports indicate that carbon dioxide 

emissions, a major contributor to gas pollution, have soared over the past 25 years, leading to 

an estimated 4.2 million premature deaths [1,2]. To address this pressing issue, significant 

emphasis is being placed on advancing energy utilization through the development of digital 

devices, electric vehicles, and renewable power generators. Key to achieving this objective is 

the ability to design devices and machines that are not only highly efficient but also compact, 

thus minimizing their environmental footprint. This is where passive components such as 

power inductors come into play, as they contribute significantly to the space and weight 

considerations within electric circuits [3]. In recent times, numerous researchers have dedicated 

their efforts to investigating various materials and component designs with the goal of creating 

the most efficient power inductors. These advancements are crucial for meeting the evolving 

needs of electronic devices and machinery, which are undergoing rapid evolution and 

technological progress. 

 

1.1 Power inductor 

Inductors is critical in electronic circuits by serving various functions such as voltage 

stabilization, current management, high-frequency signal control, and noise elimination. When 

designing electronic devices and machines with a focus on energy efficiency, the inclusion of 

a power inductor becomes essential. Typically, a power inductor consists of a magnetic core 

wound with a winding coil. Among the commonly used magnetic cores for power inductors, 

ferrite cores and powder cores are prevalent. Ferrite core is a core that is made by ceramic 

structure of mixed iron oxide (Fe2O3) with oxide or carbonates of one or more metals such as 

manganese, zinc, nickel, or magnesium. Whereas the powder core is a core that comprises of 

small magnetic particles such as Fe, Ni, Co, and its alloy. In recent developments, devices and 

machines have increasingly operated at higher frequencies, driven by the transition from 4G to 

5G mobile networks and the projected advent of 6G. As a result, the size of power inductors 
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can be effectively reduced, allowing for compact designs that support the miniaturization of 

electronic components. 

In the application of the power inductor, the presence of an air gap within the core 

structure is required to store energy and to prevent the core from saturating under load [4]. For 

the ferrite core, a concentrated air gap is usually made in a certain space as shown in Figure 

1.1. This air gap can improve the magnetic saturation of a ferrite core. However, the 

concentrated air gap produces a fringing flux which causes an energy loss, i.e. eddy current 

loss, significantly. Although this loss can be suppressed by edging the corner of the magnetic 

core or by distributing a concentrated air gap into several air gaps, this process increases the 

production cost [5]. On the other hand, the powder core provides a distributed air gaps owing 

to the distance of inter particles in the compacted powder. The distributing air gap can eliminate 

the fringing loss while keeping the eddy current loss at minimum. Therefore, among the power 

inductor types, powder core inductor is the most suitable for minimizing the devices and 

machines design owing to its good stability and ability in working at high frequency and 

saturation. 

 
Figure 1.1. Magnetic core with concentrated (typical ferrite core) and distributed air gaps (powder core). 
Adapted from [4] 
 

 
1.2 Powder core inductor and its magnetic characteristics 

A powder core inductor is a type of inductor that uses a powdered magnetic core 

material instead of a solid core. This type of inductor offers a number of benefits over 

traditional inductors that use solid core materials. With a powdered core, the inductor can 

achieve a higher level of inductance in a smaller physical space, making it useful for a wide 

range of applications, including power electronics, telecommunications, and so forth. The 

powdered core material is typically made up of tiny magnetic particles which compressed and 

molded into the desired shape. It can be a cylindrical shape or a toroidal shape. The inductor 

coil is then wound around the powdered core, which can be made up of a variety of different 

magnetic materials, including iron, nickel, cobalt and other alloys. One advantage of using a 
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powdered core material is that it can offer a higher saturation flux density than solid core 

materials, which means that it can store more energy. Additionally, the powdered core material 

can offer a lower core loss, which results in greater efficiency and improved performance.  

1.2.1 Magnetization 

Magnetization is a fundamental process in an inductor, where the generation of a 

magnetic field occurs due to the flow of current through its coil. When an electric current  

passes through the inductor's wire, a magnetic field is generated around the coil. Magnetization 

is a measurable quantity represented by the symbol M, which describes the overall magnetism 

of an object. It is measured in units of ampere per meter (A.m–1). Magnetization signifies the 

concentration of magnetic dipoles within a given volume of material. Specifically, if we use 

the symbol n to represent the number N of tiny magnetic dipoles per unit volume of a magnetic 

substance, measured in reciprocal cubic meters (m–3), the magnetization of the material can be 

calculated using the following equation:  

M = Nm/V = n m    (1.1) 

When the material is exposed to a magnetic field denoted as H, the magnetization of the 

material is directly proportional to the magnitude of the applied magnetic field, as described 

by the following equation: 

𝑀 = 𝜒𝐻    (1.2) 

Where the dimensionless factor χ, also referred to as χm or κ, represents the absolute magnetic 

susceptibility of a material. It is an intrinsic property that plays a crucial role in classifying 

materials based on their magnetic behavior. Magnetic susceptibility determines how a material 

responds to a magnetic field. Materials with small and negative susceptibilities (around -10-5) 

are known as diamagnetic materials or diamagnets. Superconductors with a susceptibility of -

1 are considered perfect diamagnets. On the other hand, materials with small and positive 

susceptibilities (+10-5 < χ < +10-3) are called paramagnetic materials or paramagnets. There are 

also ferromagnetic materials or ferromagnets, which have significantly higher positive 

susceptibilities, usually ranging from 50 to 104. However, it's important to note that the 

magnetic susceptibility of ferromagnetic materials is not constant and is strongly influenced by 

the magnetic field. When a specific material is exposed to a magnetic field, denoted as H, its 

response as overall magnetic induction that can be expressed as follows: 

B = µ0µrH = µ0H(1+ χ)   (1.3) 
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From Equation (1.3) The clear expression of interdependence may be observed between two 

dimensionless values, specifically the relative magnetic permeability (μr) and the magnetic 

susceptibility (χ) of the material [6]. 

 The magnetic field induces magnetization within the core material of the inductor, 

aligning its magnetic domains in a specific direction [7], as shown in Figure 1.2. The 

magnitude of magnetization depends on the current intensity and the inductance of the inductor. 

As a result, the inductor stores energy in the form of a magnetic field, which can be released 

when the current flow is interrupted or varied. This magnetization process plays a crucial role 

in the functioning of inductors, allowing them to store and transfer energy efficiently within 

electrical circuits. 

 
Figure 1.2. Magnetization of polycrystalline ferromagnetic material in a magnetic field, H. Solid line and 

dashed line represented grain boundaries and magnetic domain, respectively. Arrows indicate 

magnetization directions of individual crystal grains or magnetic domains. Adapted from [7] 

 

1.2.2 Hysteresis loop 

The hysteresis loop is a graphical representation that illustrates the magnetic behavior 

of a material, particularly its response to an alternating magnetic field. It depicts representation 

of the magnetic behavior of ferromagnetic materials can be observed through the relationship 

between magnetic induction (B) and the applied external magnetic field (H) during a 

magnetization cycle (Figure 1.3). The hysteresis loop is named so because it showcases the 

phenomenon of hysteresis, which refers to the material's ability to retain some magnetization 

even after the magnetic field has been removed. The hysteresis loop typically consists of two 

branches: the magnetization curve during increasing magnetic field strength (ascending 

branch) and the curve during decreasing field strength (descending branch). Initially, when 

there is no external magnetic field (B = 0 and H = 0), the magnetic induction starts from zero 
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and gradually increases as the magnetic field is increased. During this stage, Weiss domains 

are formed within the material. These domains consist of areas where the spontaneous 

magnetization aligns with the applied magnetic field, while other magnetic domains contain 

Bloch walls that shift within the material. The linear slope observed in the early stage of the 

curve is a result of the reversible movement of Bloch walls at significantly low magnetic fields. 

Nevertheless, after the external magnetic field attains its maximum magnitude, referred to as 

HS, the entirety of the material aligns itself into a solitary Weiss domain, leading to the 

attainment of the maximum net magnetic induction, commonly referred to as the saturation 

magnetic induction (BS). The concept of saturation induction refers to a condition in which the 

magnetic dipoles present in a material become uniformly aligned with the applied magnetic 

field. The saturation induction value is determined exclusively by the atomic magnetic 

moments (m) and the atomic density (n) within the material:  

Bs = µ0 n m   (1.4) 

Saturation induction is not structure sensitive and is dependent simply on the ferromagnetic 

atoms present in the materials. 

 
Figure 1.3. B-H Hysteresis loop. Adapted from [6] 

Due to the irreversibility of the walls' motion, When the external magnetic field is 

decreased, the magnetic induction exhibits a curve characterized by greater values compared 

to the previous curve. At a magnetic field strength of zero (H = 0), the reorientation of magnetic 

domains within a material occurs gradually (slow return), leaving a residual magnetic induction 
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inside the material known as remanence or remanent magnetic induction, BR. The highest 

remaining magnetic induction when materials are fully magnetized is referred to as retentivity. 

This is the most well-known feature of ferromagnets. It is worth noting that in the technical 

literature, a distinction is made between remanence and remanent induction. The physical 

quantity known as remanence pertains to the measurement of the remaining induction or 

magnetization of a magnetic material after the removal of the magnetic field, following its 

saturation during magnetization. On the other hand, the term remanent induction or 

magnetization is specifically employed when the magnetic field is removed subsequent to 

magnetization at an arbitrary level. As a result, the remanence emerges as the constraining 

element for all remanent inductions.  

In order to totally eliminate the retentivity of the materials, it is necessary to apply an 

opposing magnetic field known as coercivity, coercive force, or coercive magnetic field 

strength (Hc). The phenomenon of nullifying magnetic induction is commonly referred to as 

demagnetization. Similar to the concept of remanence, a differentiation can be made between 

the coercive field, which denotes the magnetic field strength necessary to diminish 

magnetization to zero from any given level, and the coercivity, which signifies the magnetic 

field strength required to diminish magnetization to zero from saturation. In this framework, 

coercivity serves as the maximum threshold for all coercive fields. The induction of a more 

intense magnetic field elicits the aforementioned reversal phenomenon, leading to the 

saturation of the material. The B-H curve is completed when the magnetic field is reversed. 

The hysteresis curve or loop refers to the entire curve. The attainment of zero magnetization at 

zero field can only be achieved through the process of heating the materials beyond the Curie 

temperature, which leads to the creation of a new system consisting of randomly oriented 

magnetic domains. As a result, the four parameters of BS, BR, HC, and HS completely 

characterize the magnetic characteristics of ferromagnetic materials. The surface area below 

the curve, on the other hand, indicates the stored magnetic energy per unit volume of material, 

represented in J.m-3. As a result, the magnetic energy loss per unit volume of material is 

represented by the specific area bordered by the magnetization and demagnetization curves 

which is depicted in hysteresis loop. 

It is important to acknowledge that the magnetic permeability of ferromagnetic 

materials is not a constant physical number, but rather varies depending on a specific region of 

the B-H diagram. Hence, the utilization of magnetic permeability as a means to characterize 

ferromagnetic materials is deemed inadequate because of the presence of the hysteresis loop. 

This loop allows for the generation of virtually any permeability value, including infinite 
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permeability at remanence (where magnetic field strength, H, is zero and magnetic flux density, 

B, equals the remanent flux density, BR) and zero permeability at coercivity (when H equals 

the coercive field strength, Hc, and B is zero). The magnetic permeability at the start of the B-

H curve is referred to as the initial magnetic permeability (μin). On the other hand, the maximum 

magnetic permeability (μmax) obtained from the origin is known as the maximum magnetic 

permeability (μmax). Lastly, the magnetic permeability measured for an applied alternating 

magnetic field is termed as the AC magnetic permeability. Differential permeability is a 

physical property that possesses greater utility, µ= ¶B/¶H. 

A detailed investigation of the hysteresis curves of several ferromagnetic materials 

allows us to divide them into two separate categories (Figure 1.4): 

1. substantial coercivities, often exceeding 10 kA.m-1 (previously 125.67 Oe), substantial 

hysteresis core losses, and a wide hysteresis loop characterize retentive or hard 

ferromagnetic materials. When the magnetic field is turned off, they retain their 

magnetization and are utilized as permanent magnets. 

2. Softferromagnetic materials have high permeabilities, low coercivities (often below 1 

kA.m-1 or previously 12.567 Oe), low retentivities, minimal magnetic hysteresis core 

losses, and short hysteresis loops. Due to their notable permeabilities, these materials 

exhibit the ability to be magnetized by moderate magnetic fields and maintain a residual 

magnetic induction upon the cessation of the magnetic field. Moreover, their low 

coercivity obviates the need for a high reverse magnetic field to nullify the magnetic 

induction. The extensive utilization of these materials as fundamental components in 

electromagnets can be attributed to their wide-ranging applicability. 

 
Figure 1.4. B-H hysteresis loop for soft-ferromagnetic and hard-ferromagnetic materials. Adapted from 

[6] 
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1.2.3 Permeability 

Permeability is a fundamental property of materials that describes their ability to allow 

the passage of magnetic fields. It quantifies the material's response to the magnetic field by 

indicating how easily it can be magnetized. Permeability is represented by the symbol μ and is 

typically measured in units of Henrys per meter (H/m) or Tesla meters per ampere (T·m/A). In 

the context of electromagnetism, permeability is divided into two main categories: absolute 

permeability (μ) and relative permeability (μr). Absolute permeability (μ) refers to the intrinsic 

property of a material to conduct magnetic flux and is defined as the ratio of the magnetic flux 

density or magnetic induction (B) to the magnetic field strength (H) in a vacuum.  

Relative permeability (μr) measures the magnetic response of a material compared to 

that of a vacuum or free space. It is calculated as the ratio of the absolute permeability (μ) of 

the material to the permeability of free space (μ0), expressed as  

μr = μ/μ0     (1.5) 

Relative permeability provides a way to compare how easily a material can be magnetized 

compared to a vacuum. Materials with a relative permeability greater than 1 are considered 

magnetically responsive, while those with a value less than 1 are diamagnetic and have a 

reduced magnetic response. The value of permeability can vary significantly across different 

materials. In general, magnetic materials such as iron, nickel, and ferrites exhibit high relative 

permeability, making them excellent choices for applications requiring strong magnetic fields. 

On the other hand, non-magnetic materials like copper and aluminum have a relative 

permeability close to 1, indicating a minimal response to magnetic fields. Permeability is a 

critical parameter in numerous electromagnetic applications, including transformers, inductors, 

magnetic sensors, and magnetic shielding. By selecting materials with appropriate permeability 

characteristics, engineers can optimize the performance and efficiency of these devices. 

Additionally, the knowledge of permeability helps in analyzing magnetic circuits, calculating 

magnetic forces, and predicting magnetic field distributions in various systems. 

 

1.2.4 DC bias characteristics 

The DC bias characteristics of a powder core inductor refer to its behavior when 

subjected to a direct current (DC) bias or a steady-state current or saturation current (Isat). This 

characteristic is of particular importance in applications where the inductor operates in the 

presence of a constant or fluctuating DC current component, such as in power electronics and 
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energy conversion systems. When a powder core inductor is exposed to a DC bias, several 

factors come into play that can affect its performance. One such factor is the phenomenon of 

DC bias saturation. Saturation occurs when the magnetic flux density in the core material 

reaches its maximum limit, causing a significant reduction in inductance or permeability. The 

Isat value is determined by the deteriorated inductance or permeability up to 30% from its initial 

value. In powder core inductors, the design and selection of the core material play a crucial 

role in determining the level of DC bias saturation. Compared to other core materials such as 

ferrite, powder cores often exhibit improved DC bias characteristics. Figure 1.5 exhibited the 

obvious comparison of DC bias curve between ferrite with concentrated air gap and the powder 

core (FeSiAl) with distributed air gap. The ferrite can maintain the permeability closer to 

unbiased value in the increasing of magnetic field or current load, but the permeability 

plummeted as soon as the ferrite reach the saturation point. In contrast, the FeSiAl powder core 

shows the slow deterioration of the permeability so that the saturation materials can be maintain 

even when the magnetic field or the current load increases remarkably. 

The combination of high permeability and low coercivity in powder core materials 

allows them to withstand relatively high levels of DC current without saturating. This 

characteristic makes powder core inductors suitable for applications that require operation in 

the presence of substantial DC bias, such as power supplies and motor control circuits. 

However, it is essential to consider the effects of DC bias on the inductor's performance. 

Increased DC bias can lead to higher core losses, resulting in increased power dissipation and 

reduced efficiency.  

 

 
Figure 1.5. DC bias curves for Ferrite and FeSiAl powder core. Adapted from [8] 
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1.2.5 Powder core loss 

The powder core loss of a powder core inductor refers to the energy dissipation that 

occurs within the powdered magnetic core material when subjected to alternating magnetic 

fields. This loss is an important consideration in the design and performance of inductive 

components used in various applications, including power electronics and high-frequency 

systems. Powder core materials exhibit relatively low core losses compared to other magnetic 

core materials, such as laminated iron cores or ferrite cores. The unique microstructure of 

powder cores, composed of small magnetic particles, contributes to their improved 

performance in terms of core loss. The distributed air gaps between the particles reduce eddy 

current losses and enhance the overall efficiency of the inductor.  

The powder core loss primarily stems from two main mechanisms: hysteresis loss and 

eddy current loss. Hysteresis loss occurs due to the magnetization and demagnetization of the 

core material during each AC cycle. As the alternating magnetic field causes the core material 

to undergo repeated magnetic reversals, energy is dissipated in the form of heat due to the 

magnetic domain realignment process. The ability of powder cores to exhibit low hysteresis 

loss is attributed to their unique composition and microstructure. Eddy current loss occurs when 

an alternating magnetic field induces circulating currents, referred to as eddy currents, within 

the core material. These eddy currents generate heat through electrical resistance, resulting in 

energy dissipation. Powder cores address this issue by incorporating distributed air gaps that 

restrict the formation and flow of eddy currents within the core material. When a ferromagnetic 

material is exposed to an alternating magnetic field, it triggers an electromotive force (emf) in 

volts, which in turn generates eddy currents. The power released per unit mass of the magnetic 

material, known as Joule's heating or eddy current losses, is denoted as Pe and is measured in 

W/kg. These losses are also referred to as Foucault current losses. At low frequencies 

(expressed in Hz), the magnetic flux completely penetrates the material, and the depth of 

penetration is directly proportional to the square root of the reciprocal of the electrical 

resistivity. In that case, for instance, the eddy-current losses in a ferromagnetic sheet can be 

calculated by the following equation: 

Pe =(πlfBm)2/6ρ    (1.6) 

Where The equation provided represents the relationship between several parameters in the 

context of eddy-current losses. Pe denotes the eddy-current losses measured in watts per 

kilogram, l signifies the thickness of the metal sheet in meters, f represents the frequency of the 
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magnetic field (hertz, Hz), Bm represents the magnetic field induction in tesla (T), and ρ is the 

electrical resistivity measured in ohm-meters. At higher frequencies and with a constant flux 

amplitude, the eddy-current losses predominantly occur inside a narrow surface layer of the 

material, known as the skin effect. These losses are directly proportional to f3/2.  

 

1.2.6 Powder core materials 

Powder core inductors are classified into different types based on the soft-ferromagnetic 

material used in their core and the application they are designed for. In the consideration of the 

used material in a powder core, Figure 1.6 represents the range of permeability, magnetic 

saturation, coercivity and the price of different materials for powder core.  

 
Figure 1.6. (a) Relationship between permeability and saturation magnetization, (b) Relationship 

between price and coercivity from various soft-magnetic particles. Adapted from [9] 

 

The types of powder core inductors and their development are described as follows: 

1. Molybdenum Permalloy Powder cores (MPP) are produced from very fine particles of an 

81% Ni, 17% Fe, and 2% Mo alloy [10]. The MPP core was initially introduced in 1940 

with the primary purpose of compensating for capacitance in lengthy telephone lines [11]. 

MPP powder core inductors are best suited for power applications where a high level of 

energy storage is required in a small size. This is because they have a high saturation flux 

density, low core loss, and low temperature coefficient of inductance [8]. This makes them 

ideal for use in power supplies, DC-DC converters, and audio circuits. One of the main 

advantages of MPP powder core inductors is their excellent inductance stability after high 

DC magnetization or under high DC bias circumstances. This is crucial in applications 

where the inductor is subjected to high DC current or where the magnetic field must be 
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held stable over a wide range of temperatures. MPP powder core inductors also have 

magnetic saturation of 0.8 T and a relative permeability ranging from 14 to 550, which 

allows them to handle a wide range of frequencies. Another advantage of MPP powder 

core inductors is their high resistivity. This means that they are able to resist the flow of 

electric current, which reduces energy losses and allows for more efficient operation. MPP 

powder core inductors also have low hysteresis and eddy current losses, which means that 

they are able to operate at high frequencies without generating excessive heat. However, 

MPP cores are costly and limited in toroidal shapes compared to other cores. This can 

make them less practical for certain applications where cost or shape is a factor. 

2. High Flux Powder cores (HF) are produced from very fine particles of 50% Ni and 50% 

Fe, which gives them unique magnetic properties compared to other types of powder core 

inductors. Similar to MPP cores, HF cores are suitable for applications where high levels 

of energy storage are required in a small size. In fact, they have a high magnetic saturation 

up to 1.5 T and permeability ranging from 14 to 160, making them ideal for use in power 

supplies, DC-DC converters, and audio circuits. One of the main advantages of HF cores 

is their magnetic characteristics, which allow for the smallest size design with low core 

loss, the best DC bias characteristics, and lower cost than MPP cores. This makes them 

ideal for applications where cost, size, and efficiency are important factors. Additionally, 

HF cores have excellent inductance stability after high DC magnetization or under high 

DC bias circumstances. This is crucial in applications where the inductor is subjected to 

high DC current or where the magnetic field must be held stable over a wide range of 

temperatures. Moreover, HF cores have relatively low hysteresis and eddy current losses, 

which means that they are able to operate at high frequencies without generating excessive 

heat. This makes them suitable for high-frequency applications such as switch-mode 

power supplies and radio frequency circuits. This core is also only available in toroidal 

shape. 

3. Sendust Powder cores are a type of powder core inductor that use an alloy of 85% Fe, 9% 

Si, and 6% Al as its core. They were first invented in 1936 by researchers in Sendai, Japan, 

with primary use cases in telephony [11] The name "Sendust" is derived from the 

combination of Sendai and "dust" core. One of the key advantages of Sendust cores is their 

affordability compared to other types of cores, making them a cost-effective alternative to 

MPP and HF cores. They also offer a notable reduction in losses, which is a significant 

benefit for applications that require high efficiency. Sendust cores have a saturated 

magnetic value of 1 T and a permeability ranging from 26 to 125, which are comparable 
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to other types of cores. Their relatively low permeability means they are suitable for use 

in a wide range of applications, and their high saturation level allows them to handle high 

currents without saturating, which can distort the output signal. Another advantage of 

Sendust cores is their ease of handling and manufacturing. The absence of Ni in the alloy 

makes them relatively cheap to produce, and they are also easy to shape into the desired 

form. 

4. Iron powder cores are are produced using pure Fe or FeC powder [12] and were firstly 

invented in 1831. They were chosen owing to the magnetic saturation value of Fe which 

is the highest among soft-magnetic material (2 T). One of the main advantages of iron 

powder cores is their economic cost compared to other powder core types such as MPP, 

HF, and Sendust. Additionally, they are highly flexible and can be shaped into many 

different forms, making them ideal for a wide range of inductor designs. These factors 

contribute to their popularity and widespread use. Iron powder cores have a saturated 

magnetization of 1-1.5 T and a permeability ranging from 1-90, which makes them suitable 

for use in various applications. However, one of the drawbacks of iron powder cores is 

their relatively high core loss, which can be compensated for by using larger core sizes. 

Moreover, this core requires a binder, typically epoxy, to isolate the grain particles, which 

can cause magnetic properties to change over time with extended use. 
5. Amorphous and nanocrystalline alloy powder cores were initially reported by Duwez and 

Lin in 1967. They conducted rapid solidified method in obtaining Fe-P-C system [13]. 

Further, there is an interest in the use of Fe and Co-based amorphous alloys in the mid 

1970. This led to the powder core which has excellent coercivity and saturation magnetic. 

In 1988, researchers from Hitachi incorporated Nb and Cu additives into the production 

process of amorphous alloys. Additionally, an annealing step was introduced. These 

modifications resulted in the creation of small and closely distributed iron or cobalt-based 

nanocrystals, approximately 10 nm in diameter, within the amorphous matrix. This 

significant development marked the first generation of nanocrystalline alloys [14]. 

Furthermore, other nanocrystalline families based on the Fe-Si-B and Fe-Co systems were 

developed [15,16]. The most common composition of Fe-Si-B system is 

Fe73.5Si13.5B9Nb3Cu1, the first commercialized nanocrystalline alloy [17]. Regarding the 

Fe-Co system, although it increases the saturation magnetic value from 1 to 1.2 T, and 

extend the durability of the powder core, the manufacturing of this core is challenging 

during impregnation and cutting process. Moreover, this core is relatively expensive in 

comparison to the FeNi alloy. 
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1.3 The advancement of the powder cores. 

To maximize the magnetic characteristics of a powder core such as magnetic saturation, 

permeability, high DC bias current, and low powder core loss, there are several strategies that 

have been conducted by several researchers. The remarkable advancement strategies have been 

reported. First, changing the particle size in a powder core. The magnetic properties of a powder 

core, including its permeability and saturation level, depend on the shape and size of the core, 

and the manufacturing process. Second, incorporating secondary material, which has smaller 

size. The addition of the secondary particle in a certain amount can improve the magnetization.  

Third, adding insulating material among particles. The coating material can improve the 

resistivity of the particles, which reduces energy losses and improves efficiency. It can also 

reduce eddy current losses, which can occur when a magnetic field induces a current in the core 

material. Table 1.1 provides a comprehensive analysis of the alterations in magnetic properties 

of powder cores that result from those strategies.  

 

Table 1.1. Effect of the different enhancement strategies on the powder core magnetic 
characterization 

Strategy Bs Hc µ Isat P remark Ref. 

reducing 

particle size 
⇅ ⇅ ⇅ ↑ ⇅ 

smaller size of particles 

enhanced the DC bias current 
[18–22] 

Incorporating 

secondary 

particles 

↑ ⇅ ↑ ⇅ ↓ 

secondary particles addition 

improves the magnetic 

saturation and permeability 

[22–26] 

coating particles ↓ ⇅ ⇅ ⇅ ↓ 
coated particles effectively 

reduce the core loss 
 [27–31] 

*Bs: Magnetic saturation; Hc: coercivity, µ: permeability, Isat: DC bias current, P: core loss 

 

1.3.1 Reducing the particle size of the powder core 

In the latest two decades, some researchers have reported the effect of the reducing 

particle size on the magnetic characteristic of a powder core. A study conducted by Otsuka et 

al. showed that the powder core made by different size of Fe-Si-B based particles using cold 

pressing and sintering method holds different magnetic characteristics. The reducing size range 

(<150 µm and <45 µm) and average diameter of the particles (dav 27 µm and dav 22 µm) 
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successfully enhanced the magnetic characteristic of the powder core, which was pointed by 

the increasing of DC bias current characteristic (Isat) and the decreasing of coercivity and core 

loss [18]. Similar result had been reported by Yabu et al., Fe-Si-B based powder was prepared 

by annealing at 400 and 300oC resulted in particles size about 12.8 and 2.4 µm. The changing 

of the particles size from 12.8 to 2.4 µm exhibited the increasing of the saturated magnetic and 

DC bias current values.  It is pointed that although the coercivity increased in the decreasing 

particles size due to thinner oxide layer from the lower annealing temperature, the core loss 

analysis showed a remarkable alleviation, indicating an overall enhancement on the powder 

core properties [22].   

Although it was reported that decreasing the particles’ size in the powder core showed 

a significant improvement on the DC bias and core loss performance, the use of different 

method in preparing the particles such as milling provided in increase on the core loss. Woo et 

al. investigated different size of Fe particles with Fe above 98% containing ∼0.01% Cu, 

0.002% Pb, 0.005% Zn and some oxides. The particles' size was reduced by milling for 0, 20 

and 40 h to result the particles with the size of 150, 50 and 30 mm, respectively. The study 

represented the increase of DC bias current in the decreasing the particles size, the core loss 

elevated due to the arising plastic and elastic deformation within individual particles during 

long time milling [19]. It is also supported by other study that the decreasing of the particles 

size yielded a constant magnetic saturation value, yet the increasing of coercivity. It also be 

caused by the high stress and defect of the surface oxide owing to the milling time [21]. On the 

other hand, a study using gas atomization method showed that the decreasing of Fe-Si-B based 

particles with different size ranging from 81 to 20 µm resulted in the decrease coercivity and 

core loss [20]. These recent studies revealed that different particles’ preparation method can 

change the magnetic characteristic of the powder core with respect to the magnetic saturation, 

coercivity, permeability, and core loss. However, it is notable that the decreasing of the 

particles size in a powder core led to the increasing of its DC bias current characteristic. 

 

1.3.2 Incorporating secondary material 

In the latest decade, the incorporating secondary particles (fine particles) into primary 

particles (larger particles) in a powder core has been studied by some researchers. In general, this 

strategy can improve the magnetic properties of the powder core by increasing the number of 

magnetic domains within the core and reducing the demagnetization zone. This can lead to higher 

magnetic saturation, permeability and lower losses, resulting in a more efficient core, as summarized 
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in Table 1.1. In 2012, Kim et al. incorporating 3 µm Fe particles into Fe-Si-B particles ranging from 

25 to 53 µm. The result indicated that the presence of the smaller particles increased the permeability 

and decreased the core loss of the powder core [26]. The incorporation of secondary particles into 

primary particles can increase the density and packing factor of the powder core, which leads to a 

reduction in core losses. The smaller particles fill in the gaps between the larger particles, resulting in 

a more uniform distribution of magnetic domains and a higher permeability. Furthermore, another 

investigation was carried out by Li et al. to combine 50 µm Fe-Si-B based particles and 15 µm FeNi 

particles. The use of FeNi powder with particles smaller than 15 μm results in an increase in saturation 

magnetization from 157 to 165 emu/g, indicating favorable characteristics in terms of soft magnetic 

properties. The addition of 15 wt% FeNi to the cores results in a 41% improvement in permeability, 

accompanied by a decrease in core loss from 65 to 58 W/kg. The reduction in non-magnetic gaps and 

improvement in permeability is achieved by the introduction of tiny particles of ferromagnetic 

powder into the interstices of larger amorphous particles composed of Fe-Si-B [23]. Moreover, Yabu 

et al. attempted to incorporate an appropriate amount of the secondary particles (Fe-Si-B powder 2.4 

µm) into primary particles (Fe-Si-B 12.8 µm), resulting an improvement the magnetic characteristics 

of a powder core.  

Recently, the utilization of the small particles of Carbon Iron Powder (CIP) as the secondary 

particles as shown in Figure 1.7.(a) has been examined by some researchers, Xia et al. and Liu et al 

[24,25]. suggested that an appropriate amount of CIP is necessary to increase the permeability and 

decrease the core loss. Xia et al. conducted an investigation on the impact of the supplementary 

quantity of CIP on the microstructural characteristics, densities, and magnetic properties of FeSiCr 

powder. When the concentration of CIP was varied from 0 wt% to 50 wt%, notable changes were 

seen in the relative density and magnetic permeability of the sample. Specifically, the relative density 

increased from 75.9% to 84.9%, while the magnetic permeability experienced a significant rise of 

92.7%. As the quantity of CIP increases, the rate of density growth for FeSiCr powder gradually 

diminishes. Therefore, when the CIP content was added from 0 to 30 wt%, the core loss had reached 

lowest point. However, the further increase of CIP resulted in the increasing of core loss because the 

density of FeSiCr powder had become low, expanding the demagnetization zone.  

Meanwhile, the study from Liu et al. revealed that the decreasing of the DC bias current is 

caused by the high permeability. The effects of CIP content on soft magnetic properties of the Fe-Si-

B powder were investigated. The core losses exhibited a decrease with the rise in CIP content within 

the range of 0 to 20 wt%. This phenomenon can be attributed to the reduction in average particle size 

resulting from the increased CIP content (see Figure 1.7.(b)). In contrast, The core losses exhibited 
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a quick increase when the CIP content ranged from 20 to 70wt%. This can be attributed to the 

persistent reduction in resistance and the concurrent rise in coercivity. Overall, incorporating 

secondary particles into primary particles with appropriate amount in a powder core can improve its 

magnetic properties and make it a more efficient and effective component in electronic devices. 

When only using the large particles, the magnetic poles between particles induced demagnetization 

field, while the incorporating of small particles can cancel the magnetic poles to prevent the 

demagnetization field, as shown in Figure 1.7.(c) [22]. 

 
Figure 1.7. Incorporating secondary particles in a powder core: (a) SEM image of powder core comprises of FeSiCr 

as primary particles and carbonyl iron powder (CIP) as secondary particles with various concentration; 1) 0wt%, 2) 

5wt%, 3) 10wt%, 4) 20wt%, 5) 30wt%, 6) 50wt%. (b) Effect of incorporating various concentration of CIP on the core 

loss of the powder core. (c) schematic image of the cancellation of the demagnetization field caused by the secondary 

particles. Adapted from [22,32] 
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1.3.3 Adding insulating materials between particles 

In the recent years, a strategy with regards to the coating the particles of a powder core have 

been investigated by using various coating materials. Coating the particles in a powder core can 

have both positive and negative effects on the magnetic characteristics of the core. The coating 

material can improve the resistivity of the particles, which reduces energy losses and improves 

efficiency. It can also reduce eddy current losses, which can occur when a magnetic field induces 

a current in the core material. Zhao et al. proposed 55 µm FeNi coated FeSi (FeSi@FeNi) particles 

to be a powder core. The result indicated that the utilization of FeNi nanoparticles in the pressing 

process is shown to be highly successful in bridging the voids between the larger FeSi powder 

particles, resulting in a notable enhancement in the density of the magnetic powder core. When the 

FeNi nanoparticle concentration reaches 15 wt%, a significant enhancement of approximately 44% 

in permeability is seen, accompanied by a reduction in core loss of around 22.1%. However, it is 

observed that the DC bias characteristic decreased due to increasing the permeability [27]. Other 

coating material such as TiO2 and MgO were also investigated by Zhou and Wu et al. The particles 

coated by TiO2 with concentration of 0.15 ml/g or MgO with the concentration of 0.5 wt% showed 

exhibited significantly better stabilities at high frequencies, the more prominent DC-bias 

performances, and the lower core loss compared to those of the uncoated cores [29,31].  

Some researchers have also reported that SiO2 is a good insulating material due to its 

stability. Lai et al. and Sun et al. studied the effect of the shell thickness on the magnetic 

characteristics of a powder core [28,30]. The increasing the SiO2 shell thickness in FeNiMo 

particles decreased the magnetic saturation value and increase the coercivity due to the thicker shell 

that playing as air gap to serve demagnetizing field. Nevertheless, the coating particles can improve 

the permeability and DC bias current and decrease the core loss. Similarly, applying SiO2 as a 

coating material to FeSiB particles also exhibited high DC bias current and low core loss, although 

the coercivity increases. Overall, the effect of coating on the magnetic characteristics of a powder 

core is dependent on the specific coating material and the manufacturing process used. It is 

important to carefully consider the potential impact of coating on the core's performance before 

implementing it in electronic devices. Among the coating materials, SiO2 hold the most prominent 

property in the particle performance. 

 

1.4 Synthesis of FeNi and FeNi@SiO2 particles 

According to the previous description, a powder core that primary made by FeSiB 

particles are frequently used. An incorporating of a secondary particles is critical to increase 
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the powder core performance. Among the soft-magnetic materials, FeNi is a prominent 

candidate owing to its magnetic characteristic which has both high permeability and magnetic 

saturation values. In general, the FeNi particles can be produced by several methods, including 

solid phase, liquid phase, and gas phase. The synthesis method can be determined by the raw 

materials which are used. In the case of the pure metal of Fe and Ni as a raw material, the solid 

phase method is highly recommended owing to its simplicity. When the raw material is the 

metal salt or the metal hydroxide of Fe and Ni, the most common method that has been used is 

the liquid phase method. In order to get a certain size and individual spherical shape of FeNi 

particles, the gas phase method is an alternative way due to its versatility in keeping the space 

of each particle. Pure metal and metal salt can be used as the raw material in the gas phase 

method. There are some different in the resulted particles characteristics as well as the process 

advantage and disadvantage from the use of those three kind methods, which can be 

summarized in Table 1.2.  

 

Table 1.2. Features of three kind methods for synthesizing FeNi particles 

 method raw 
material 

reduction 
agent 

particle 
characteristic pros cons ref 

Solid phase: 
Ball mill 

Pure 
metal 
(Fe, Ni) 

N/A Flakky, 
lamellar, or 
spherical 
particles 
(micron size) 

-easy in 
controlling the 
composition of 
FeNi 
-simple process 
-less hazardous 

-need long 
time  
-need pure 
metal  
-limited 
particles 
application 
due to size and 
shape  

 [33–
37] 

Liquid 
phase: 
-chemical 
presipitation 
-polyol 
-hydrothermal 
reaction 

metal 
salt 
(FeCl2, 
NiCl2, 
etc.) 

-hydrazine 
-ethylene glycol 

agglomerated 
and irregular 
particles 
(nano – 
micron size) 

-simple process 
-versatile for 
large production 

-need multiple 
steps 
-remained 
liquid 
byproduct 
-limited 
particles 
application 
due to size and 
shape 

[38–
44] 

Gas phase: 
-gas 
atomization 
-vapor 
deposition 
-spray 
pyrolysis 

-Pure 
metal  
 
-metal 
salt  

-H2 gas 
-methoxyethanol 

spherical and 
individual 
particles 
(nano – 
micron size) 

-easy in 
controlling the 
composition of 
FeNi 
-spherical & 
individual 
particle 
-direct synthesis 

-need high 
temperature 
-wide range of 
particles in 
some cases 
-need substrate 
in some cases 
-safety issue 

  [45
–51] 
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1.4.1 Solid phase method for synthesizing FeNi particles 

Solid phase method for synthesizing FeNi particles refers to the reaction that proceed 

in the solid state inside a grinder, i.e., ball mill. In general, the ball milling process involves 

placing the pure iron and nickel powders into the ball mill along with a grinding medium, such 

as steel or ZrO balls, as depicted in Figure 1.8(a). The ball mill is then rotated, causing the 

grinding medium to collide with the powders and break them down into smaller particles. As 

the powders are ground, they react with each other to form FeNi particles. This method of 

synthesizing FeNi particles has several advantages. First, it easy to control the final product 

with different composition of Fe and Ni in FeNi particles. Some researchers have successfully 

produced FeNi with nearly same composition [33–35]. Moreover, even the higher composition 

of Fe can be achieved according to some previous investigations [36,37]. Second, it is a simple 

and cost-effective way to produce FeNi particles in large quantities. Third, the solid phase 

method is less hazardous than methods that involve liquid or gas phases. However, there are 

also some drawbacks in the use of this method. In terms of getting FeNi particles with specific 

shape, i.e., spherical, and individual particles, the ball mill must be operated in a long time and 

high rotation speed. The operation time is varying depend on the rotation speed, raw material 

size, and the final composition of the product. For example, Gheisari et al. controlled the shape 

of the final product from flaky to spherical shape with the diameter above 100 µm by increasing 

the rotational speed of ball mill from 200 to 500 rpm for 24 h, as shown in Figure 1.8(b-c). 

However, the higher speed could not assure the spherical particles formation. Djekoun et al. 

had only obtained the particles with lamellar shape even though high rotational speed and 

longer time up to 200 h had been applied (refer to Figure 1.8(d)). Furthermore, the necessity 

of the pure metal of Fe and Ni become a concern as well due to its availability which is less 

abundance in comparison to the metal salt. In addition, this method typically produces the FeNi 

particles with limited size and shape which make the particles application is limited. 
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Figure 1.8. (a) Schematic image of FeNi particles prepared by using solid phase method. SEM images 

of the FeNi particles with different shape: (b) flakes, (b) sphere, (c) lamellar. Adapted from [33,35] 

1.4.2 Liquid phase method for synthesizing FeNi particles 

Liquid phase method in synthesizing FeNi particles can be referred to the common 

methods such as chemical precipitation, polyol, and hydrothermal reaction. The chemical 

precipitation method is a multiple step process that involves the formation of a precursor 

solution followed by the precipitation of FeNi particles [38]. In the first step, water-soluble 

salts of Fe and Ni are dissolved in a solvent such as water, forming a precursor solution. 

Furthermore, a reducing agent is added to the precursor solution, usually hydrazine, which 

causes the reduction of the metal ions to their respective metals. The reducing agent reacts with 

the metal ions, causing them to form a solid precipitate of FeNi particles. The second step is 

filtration of the formed particles from the bulk liquid. The annealing process is generally used 

as the final step of this method.  

Similarly, the polyol method involves using a polyol, such as ethylene glycol, as the 

solvent and reducing agent for the reaction [44]. The FeNi particles are formed through a multi-

step process that involves nucleation, growth, and aging. On the other hand, the hydrothermal 
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reaction method involves using high pressure and temperature conditions, often above 200 oC, 

to initiate the reaction. Figure 1.9(a) represents the schematic process to prepare FeNi particles 

from metal salt by using hydrothermal reactor which is heated for 2-5 h. This high temperature 

and pressure cause the formation of FeNi particles through a chemical reaction between the Fe 

and Ni ions in the solution [41,43]. One of the advantages of the liquid phase method is that it 

can produce FeNi particles with a narrow size distribution. Contrarily, the liquid phase method 

often results agglomerated small particles and irregular shape that limits the application of FeNi, 

as depicted in Figure 1.9(b-d). Another advantage is that the method is scalable and can be 

used to produce large quantities of FeNi particles. However, it should be noted that the re by-

product The chemical composition of the FeNi particles can be tailored by adjusting the 

concentration of the metal salts in the precursor solution and the type of reducing agent used.  

 
Figure 1.9. (a) Schematic image of FeNi particles prepared by using liquid phase method. SEM images 

of the FeNi particles with different shape: (b) agglomeration, (b) flower-like, (c) irregular. Adapted from 

[41–43] 

 

1.4.3 Gas phase method for synthesizing FeNi particles 

Gas phase method for synthesizing FeNi particles is conducted by using gas 

atomization, electrolyte deposition, and spray pyrolysis. The gas atomization method can be 

applied when the precursor is pure metal of Fe and Ni. Typically, the pure metal is melted using 

heat induction followed by atomization using high-speed stream gas from nozzle to form small 



Chapter 1 : Introduction 

 23 

droplets. The droplets are solidified when they are carried by gas stream to the collecting 

column. The process can be done by flowing an inert gas in a hot wall reactor at high 

temperature, or flowing 50%H2-Ar gas in a tube at lower temperature [45]. On the other hand, 

Figure 1.10(a) shows the process of synthesizing FeNi particles via electrolyte deposition 

method involving several steps. First, a substrate material is chosen, usually made of copper or 

silica wafer coated by gold, and cleaned to remove any impurities. The cleaned substrate is 

then immersed into an electrolyte solution containing Fe and Ni ions. An electric current is 

then passed through the solution, causing the metal ions to be deposited onto the substrate. The 

amount of metal deposited can be controlled by adjusting the current and deposition time [46]. 

Among the gas phase method, the spray pyrolysis method is a popular technique for 

synthesizing nanoparticles due to its simplicity, scalability, and ability to produce particles with 

controlled size, composition, and morphology [49,50]. The method involves spraying a liquid 

precursor containing metal salts into high temperature reactor, causing the solvent to evaporate 

and the metal salts to decompose, forming solid particles, as described in Figure 1.10(b). In 

the case of FeNi particles, a solution containing Fe and Ni salts is used as the precursor. The 

high-temperature furnace used in the spray pyrolysis method provides an ideal environment for 

the decomposition of the metal salts, allowing for the formation of homogenous FeNi particles. 

The particles produced using this method typically have a narrow size distribution and can be 

easily tailored by adjusting the precursor concentration, heating temperature, and other 

parameters. Spray pyrolysis was used to synthesize FeNi particles from an iron-nickel chloride 

solution in a 100% H2 environment, yielding smooth and spherical submicron particles 

(average diameter 400–500 nm). However, there is a drawback in utilizing a 100% H2 gas 

environment as the reduction agent, which is dangerous. Another researcher has used 

methoxyethanol as reduction agent. It has been shown to be a safer method for producing FeNi 

particles. In this case, nickelocene and ferrocene are employed as raw materials in a 100% N2 

environment. Nevertheless, this technique had some limitations such as a wide particle size 

distribution, certain relic structures with rough surfaces.  

 



Chapter 1 : Introduction 

 24 

 
Figure 1.10. Schematic image and SEM of FeNi particles prepared by using gas phase method: (a) 

electrolyte deposition method, (b) spray pyrolysis method. Adapted from [46,49,52] 

 

1.4.4 Synthesizing FeNi@SiO2 particles 

The synthesis of silica coated FeNi particles (FeNi@SiO2) is typically achieved through 

a sol-gel method, in which the FeNi particles are synthesized at the first and followed by the 

silica coating. Zhao et al. has reported that the as prepared nano-sized FeNi particles were 

successfully coated by adding Tetraethylorthosilicate (TEOS) as the silica source following 

Stober method. The shell thickness could be controlled between 3 and 9 nm. The addition of 

the shell thickness affected to the decreasing of magnetic saturation value, but the permeability 

was notably stable as the applied frequency increase. A similar trend has also been reported by 

some researchers in the study of shell thickness effect of the nano-sized FeNi@SiO2 particles 

on the magnetic characteristic and stability [53–55]. The Stober method also can be applied for 

coating the submicron- and micron-sized FeNi particles. Regarding sub-micron size, Yan et al. 

coated the submicron-sized FeNi particles with the silica shell about 25 nm. In the application 

of the microwave absorption, the FeNi@SiO2 particles showed a higher permittivity than 

uncoated FeNi particles [56]. For micron-sized FeNi@SiO2 particles, Zhang et al. has made 

the particles with nano-sized shell thickness to be applied for powder core inductor. It is pointed 

that the addition of SiO2 coating on the FeNi particles significantly reduced the powder core 

loss [57]. Other strategy has been conducted by Jiang et al. and Tang et al. which involves the 

use of a silica precursor and a precipitating agent to result silica coated particles. This step 
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resulted precipitated or xerogel that contains oxidated Fe and Ni. Thus, the annealing under 

hydrogen atmosphere is necessary to be conducted at least 600 oC for 5 h [58,59]. Overall, the 

silica coating via Stober method exhibits some advantages in controlling the shell thickness 

and its simple process. However, an observable disadvantage from this method is the formation 

of agglomerated particles, as shown in Figure 1.11. 

 
Figure 1.11. Typical TEM images of the agglomerated FeNi@SiO2 particles prepared by Stober method. 

Adapted from [53,55,58] 

 

1.5 Study of silica coated particles in gas phase method. 

Since the synthesis of FeNi@SiO2 particles via liquid phase is less favorable owing to 

the agglomerated particles and its multi-steps, there is a keen in producing FeNi@SiO2 particles  

via gas phase method. However, synthesizing FeNi@SiO2 particles via gas phase route in one-

step process has not been done yet so far. Therefore, it is important to understand the silica-

coated particles formation in a single step through gas phase route from the other investigations. 

Principally, the silica coated particles in one step process adapted the chemical vapor 

deposition (CVD) phenomenon. it is important to change the core precursor in a solid phase 

before the silica monomer from the gas phase silica precursor is generated. Once the core 

particles are formed, the silica monomer can attach on the core particles surface due to chemical 

vapor decomposition and/or scavenging. Otherwise, when the silica solid is generated at first, 

the silica will become the core materials instead of the shell materials. To realize the CVD 

process of the coating material onto the core material, the several assisting equipment have 

been used such as hot wall, photoinduction, plasma irradiation, flame, and electrical beam. 

These methods application is summarized in the Table 1.3.  
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Table 1.3. Synthesis of the silica-coated particles in gas phase route according to the 
previous researches. 

Particles 
characteristic Equipment 

core – 
shell 

sources 

Atmos-
phere Finding remark ref. 

TiO2@SiO2 
dav: 800 nm 
ts: 5-100 nm 

Hot wall  
tubular reactor 
(T: 1300 - 
1500 oC) 

TiCl4 - 
SiCl4 

N2 + O2 

Increasing temperature and number of 
core particles as well as adding water 
vapor in the reactor are important to 
obtain denser and smoother coated 
particles 

The process 
is simple 
and flexible 

[60,61] 

Fe2O3@SiO2 
dav: 50 nm 
ts: 5 nm 

Hot wall  
tubular reactor 
(T: 400 - 1400 
oC), premix 
precursor 

IPC - 
TMDS N2 

the core-shell structure can be 
obtained due to the higher reaction 
rate from the gas phase to the solid 
phase of the core material than the 
shell material. 

The two 
precursors 
must have 
near vapor 
pressure 

 

Ag@SiO2 
dav: 50 nm 
ts: 0.5 - 11 nm 

Hot wall 
tubular reactor 
(T : 300-400, 
600 oC) with 
photoinductio
n 

Ag - 
TEOS N2 + O2 

-Controlling temperature (400 oC) and 
number of core particles are important 
to prevent homogeneous nucleation 
and particles agglomeration. 
-Increasing TEOS feed flow rate and 
additional gas can increase the shell 
thickness 

This 
process 
allows a 
low 
temperature 

[62] 

Si@SiO2 
dav: 58 nm 
ts: 4-6 nm 

Tubular 
reactor with 
plasma 
microwave 
irradiation 

SiH4 - 
TEOS, 
HMDSO, 
OMCTS 

Ar carry 
SiH4, 
Ar+O2 
carry 
coating 
material 

-TEOS is favored to prevent 
homogeneous nucleation & 
impurities. 
-homogeneous nucleation can be 
confirmed by measuring SSA, the 
higher SSA means that the higher 
amount of free silica. 
-O2 is important to proceed oxidation 
reaction to SiO2 

Technology 
plasma 
demands 
higher 
energy 

[63] 

Au@SiO2 
dav: 20 nm 
ts: 4 nm 
(TEOS), 20 
nm (HMDSO) 

Hot tubular 
reactor (200 - 
250 oC) with 
plasma 

Au - 
TEOS 
HMDSO 

Air + N2 

-TEOS gives symmetric coating with 
less unwanted material. 
-By employing plasma, the coating 
particles can be done at 24 oC by 
using TEOS, while using HMDSO 
only succeed in a high temperature 

[64] 

Fe2O3@SiO2 
dav: 22.4 nm 
ts: 2-4 nm 
 
TiO2@SiO2 
dav: 40 nm 
ts: 2-4 nm 

Tubular 
reactor with 
flame 

Fe(acac)3 
– 
HMDSO 
 
TTIP - 
HMDSO 

CH4, O2, 
N2 

-The number of inlet holes in the 
geometry of the silica precursor 
introduction is important to facilitate 
the homogeneous coating. 
-additional gas rate of the silica 
precursor should be high to prevent 
the decomposition delay which lead to 
the inhomogeneous coating. 

This 
method 
must 
involve O2 
as the flame 
oxidizer 

[65,66] 

Cu@SiO2 
dav: 109 nm 
ts: 10 nm 
 
Ag@SiO2 
dav: 11 nm 
ts: very thin 

Tubular 
reactor with 
electron beam 
evaporator 

ingot pure 
Cu, Ag - 
SiO2 

Argon 

-coating of Cu is controlled by the 
different surface tension of Cu and 
SiO2 (change to liquid phase). It is 
important to SiO2 can solidify before 
Cu. 
-Coating of silver is mostly controlled 
by SiO2 concentration 

This 
method 
must use 
the pure 
raw 
material 
which is 
less 
abundance 

[67] 
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1.5.1 Synthesis of silica-coated particles by using hot wall reactor 

1.4.1.1 Non-premixed precursors 

 The first synthesizing of silica-coated particles was conducted by Jain et. al. (1996), to 

best of my knowledge [60]. Principally, this method attempts to produce silica-coated particles 

by introducing the silica precursor (gas phase) onto the core particles (solid phase) in a 

continuous flow inside the hot wall reactor. According to this definition, the spray pyrolysis is 

included to the chemical vapor deposition. Here, the SiCl4 was used as the silica precursor for 

coating TiO2 particles in synthesizing silica-coated TiO2 particles. Due to favored smooth 

coating, some parameters were controlled, particularly: 1) high temperature (1700 – 1800 K); 

2) large core particles surface area by increasing the particle number concentration (1x105 – 

1x107 #/cm3); 3) low silica precursor concentration (2x10-7 – 2x10-10 mol/cm3).  

 

Table 1.4. Coating possibilities in terms of reaction rate and typical scavenging sintering times. 
 

 
 To understand the temperature effect, the characteristic times is important to be 

considered. Since the aerosol process is complex, the characteristic times determine the 

different particle growth mechanism. There are 4 different characteristic times: 1) gas-phase 

reaction time of the shell precursor (trxn); 2) scavenging time (tscav); 3) sintering time (t); 4) 

residence time (tres). The coating mechanism can be classified into two modes, which are 

instantaneous reaction and constant rate reaction as described in Table 1.4. The sintering time 

and scavenging time are the contributing the coating quality the most, the much higher sintering 

time resulted in the smoother coating while the much higher scavenging time resulted in the 
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rougher surface. In the low temperature of 1700 K, the constant reaction mode has taken place. 

Silica monomer particles are continuously generated and increasing their number concentration. 

Thus, it led to a higher scavenging rate of silica particles which affected the rougher coating. 

The increasing of temperature to 1800 K can enhance the reaction rate resulted in a collision 

between silica particles. Hence, the silica particles size was increasing, whereas the silica 

concentration was decreasing. As a result, the scavenging rate occurred in early stages. 

However, the large silica is less effective in scavenging which led to the thinner coating. 

 
Figure 1.12. Synthesis of silica-coated particles by using hot wall reactor.(a) Experimental apparatus 

employed in gas-phase coating of TiO2 particles with SiO2. (b) Schematic illustration of the in situ gas-

phase process for producing silica-coated titania powders. (c) TEM images of the silica-coated titania at 

1300 and 1500 oC. adapted from [60,61] 

Regarding the effect of the surface area of the core particles, the higher number 

concentration of the TiO2 particles (NA : 107 #/cm3), representing higher surface area, resulted 

in more effective scavenging of silica particles. The net effect of the enhanced scavenging of 

silica particles by the TiO2 particles was counteracted by the dispersion of the total silica 

volume across a greater surface area. Consequently, a rise in the numerical concentration of 

titania particles, while holding all other variables equal, resulted in a reduction in coating 

thickness. In contrast, it was observed that the thickness of the coating exhibited an upward 

trend when the initial concentration of titania particles dropped. An analogous phenomenon 

was noted when the initial concentration of titania particles remained fixed but the average 

particle size was altered. Conversely, an elevation in the initial concentration of the reactant 
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led to a corresponding augmentation in the thickness of the coating. The observed phenomenon 

can be related to the accelerated creation rate of silica particles through the gas-phase 

interaction, resulting to a greater concentration of silica particles. Consequently, this rise in 

concentration has resulted in an elevated scavenging rate. The coating thickness experienced a 

twentyfold rise when the inflow reactant concentration was increased by a hundredfold to 2x10-

7 mol/cm3 particles at a temperature of 1800 K. Furthermore, when the intake concentration 

was reduced by a factor of ten, there was a corresponding tenfold decrease in the coating 

thickness.  

 A further discussion of the particle’s mechanism was clarified by means of the study of 

silica-coated TiO2 using the temperature of 1300 and 1500 oC from Powell et. al. (1997). The 

experimental set-up and the schematic of silica coating is depicted in Figure 1.12(a-b). The 

result shows that the temperature of 1300 oC case resulted in rough coating while that the 

temperature of 1500 oC case resulted in smoother and denser coating surface (see Figure 

1.12(c)). It can be explained that the coatings were acquired using particle scavenging and/or 

chemical vapor deposition (CVD) processes at a temperature of 1300 oC. However, due to the 

insufficient temperature, the sintering rates were low, leading to the formation of rough 

coatings. At an elevated SiO2/TiO2 ratio, there was an increased occurrence of particle 

scavenging and/or CVD, leading to the formation of thicker coatings that exhibited a rough 

surface texture. At a temperature of 1500 oC, the coatings exhibited enhanced densification due 

to the accelerated rates of sintering. These cases can be illustrated in Figure 1.13. 

Nevertheless, the augmentation of the mass loading of SiCl4 did not result in a 

corresponding increase in the thickness of the coating. In contrast, a greater amount of SiCl4 

underwent gas-to-particle conversion, leading to the creation of particles that exceeded the size 

threshold for scavenging and/or sintering into the coating. Hence, by manipulating the rates of 

particle growth and scavenging/chemical vapor deposition (CVD) of silica, it is possible to 

achieve thicker coatings at a temperature of 1500 oC. This can be accomplished, for example, 

by augmenting the concentration of titania particles. The enhanced smoothness of silica 

surfaces seen with increased dilution gas quantities can be attributed to improved mixing 

resulting from higher gas velocities at the injection probe input, as well as reduced SiCl4 

concentrations in the reactor. A reduction in the concentration of SiCl4 would lead to the 

generation of SiO2 particles of smaller size through the process of gas-to-particle conversion. 

The smaller silica particles exhibit increased mobilities and sintering rates. Consequently, the 

TiO2 particles exhibit enhanced scavenging capabilities, resulting in more efficient removal of 
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impurities. Furthermore, during the sintering process, these particles facilitate the formation of 

smoother coatings. 

 
Figure 1.13. Proposed coating mechanism for the silica-coated TiO2 system and for reactor 

temperatures (a) 1300  and (b) 1500 oC. Adapted from [61] 

 

1.4.1.2 Premixed precursor 

 Basak et. al. (2010) demonstrated the synthesis of silica-coated Fe2O3 using premixed 

CVD. Figure 1.14 described the experimental set-up of the premixed CVD. In this study, Pure 

Iron pentacarbonyl (IPC) and pure 1,1,3,3-tetramethyldisiloxane (TMDS) were employed as 

reactants. A mixture of IPC and TMDS in a 1:1 volume-to-volume ratio, prepared in advance, 

was introduced into the furnace reactor using N2 gas as a carrier. The decomposition of the 

reactants took place within a temperature range of 400 to 1400 °C. 
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Figure 1.14. Experimental setup to synthesize nanocomposite materials in a single step by furnace 

aerosol reactor. Adapted from [68] 

The study suggests the production of a core-shell type nanocomposite, specifically for a binary 

system of premixed precursors. This nanocomposite is characterized by the presence of chemically similar 

cores and shells, with the core composed of oxide AxOy and the shell composed of oxide BpOq. The 

precursors used in this system have significantly different decomposition rates, with one precursor (A) 

having a much higher rate (kA) compared to the other precursor (B) (kA≫kB) or vice versa (kA≪kB). When 

kA is significantly larger than kB, the nanocomposite consists of a core composed of AxOy and a shell 

composed of BpOq, as illustrated in Path-I of Figure 1.15. The production of AxOy particles occurs prior to 

the formation of BpOq due to the comparatively elevated rates of oxidation exhibited by precursor P1. Upon 

its formation, the AxOy vapor undergoes fast nucleation, which is subsequently followed by an increase in 

particle size by collisions and sintering processes. The subsequent creation of BpOq occurs as a result of 

chemical breakdown following the rise of AxOy. Heterogeneous nucleation of BpOq may occur on the 

surface of pre-existing AxOy nanoparticles. Ultimately, in the downstream regions of the furnace, the 

nanocomposite undergoes a sintering process, resulting in the formation of a homogeneous core-shell shape. 

Similarly, it is possible to produce chemically equivalent BpOq covered with AxOy by carefully selecting 

appropriate precursors, as illustrated in Path-III of Figure 1.15, where the ratio kA ≫ kB. A chemically 

different mixed morphology is hypothesized for the degradation of premixed precursors with comparable 

decomposition rate constants (kA = kB), as illustrated in Path-II of Figure 1.15. The simultaneous synthesis 

of both AxOy and BpOq occurs due to their comparable relative decomposition kinetics, subsequently leading 

to the creation of a nanomaterial consisting of a mixture of oxides. 
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Figure 1.15. Reaction kinetics-based AxOy/BpOq nanocomposites synthesis mechanism from premixed precursors P1 

and P2. This work uses IPC and TMDS as P1 and P2, Fe2O3 and SiO2 as AxOy and BpOq. Adapted from [68] 

1.5.2 Synthesis of silica-coated particles by using photoinduced assisted hot wall 

reactor 

 Boies et. al. (2009) studied the synthesis of silica-coated silver particles via photo-CVD 

as shown in Figure 1.16. The process of photoinduced chemical vapor deposition (photo-CVD) 

was employed to coat gas-phase silver nanoparticles with silicon dioxide (SiO2). The study 

involved subjecting silver nanoparticles, synthesized by inert gas condensation, and a precursor 

of SiO2 labeled tetraethylorthosilicate (TEOS), to vacuum ultraviolet (VUV) radiation under 

atmospheric pressure conditions, while manipulating the temperatures. The vacuum ultraviolet 

(VUV) photons induce the dissociation of the tetraethyl orthosilicate (TEOS) precursor, 

thereby commencing a chemical reaction that leads to the formation of silicon dioxide (SiO2) 

coatings on the surfaces of the particles. The resulted particles have diameter of 40 nm with 

the coating thickness of 0.5-11 nm.   

 By controlling several parameters such as temperature, silica precursor feed rate, and 

N2 gas rate for diluting the silica precursor, the difference on the coating behavior is obtained. 

In the case of the temperature, individual spherical particles can be obtained by employing 

temperature of 300 - 400 oC. When the temperature exceeds 600 oC, the homogeneous 

nucleation has taken place, resulted in separated silica particles generation. In the increasing of 

the TEOS feed rate, the shell thickness increased proportionally. Compared to the elevating N2 

gas rate, the silica thickness increased considerably. Regarding the number of silver particles, 

adding the number of particles from 106 to 107 caused the coating performance was more 

uniform. 
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Figure 1.16. Schematic of the photo-CVD coating reactor. Adapted from [62] 

1.5.3 Synthesis of silica-coated particles by using plasma microwave irradiation 

 Dasgupta et. al. (2020) tried to make silica-coated silicone particles. Here, they used 

three type of silica precursors, i.e. tetraethyl orthosilicate (TEOS), hexamethyldisiloxane 

(HMDSO) and octamethylcyclotetrasiloxane (OMCTS), while the SiH4 was used as the 

silicone core precursor. As can be seen in Figure 1.17, the principal mechanism is similar to 

the furnace reactor. The solid core particles of silicone were produced at first by using plasma 

microwave irradiation before it was introduced by silica precursor. The resulted particles was 

around 58 nm in diameter with the coating thickness ranging from 4 to 6 nm. It was found that 

tetraethyl orthosilicate is favored for thin layers consisting of almost pure silica while 

hexamethyldisiloxane and octamethylcyclotetrasiloxane (OMCTS) coatings contained 

reasonable amounts of hydrocarbons. Moreover, OMCTS showed a pronounced tendency 

towards homogeneous nucleation, thus leading to the additional formation of silica NPs due to 

homogeneous nucleation. In this report, the specific surface area (SSA) of the synthesized 

particles were measured. It revealed that the higher SSA might indicate the homogeneous 

nucleation which resulted in the fine particles formation of the silica since the dense silica-

coated Si particles possessed a low SSA.  The investigation of the chemical composition of the 

silica layer revealed that the TEOS‐based coating was almost free from carbon while HMDSO‐ 

and OMCTS‐based coatings contained up to 21% of carbon, which could be identified by 

means of FTIR spectroscopy and XPS. Experiments with higher concentrations of HMDSO 

indicated that its tendency towards homogeneous nucleation is slightly reduced compared to 

OMCTS. Thus, it was possible to achieve coating thicknesses of more than 10 nm. The 
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experiments clearly showed that the in‐line coating of pristine NPs within the plasma afterglow 

works well. 

 

 
Figure 1.17. Reactor setup used for experiments consisting of quartz tube, plasma nozzle, microwave 

plasma zone, and coating nozzle located at a distance of 440 mm above the plasma nozzle. Adapted 

from [63] 

  

Another plasma assisted CVD method was done by Post et. al. (2018), as described in 

Figure 1.18(a-b). A plasma-enhanced CVD coating process with air was used to produce core-

shell particles. Two different coating precursors, TEOS and HMDSO, were used at different 

temperatures during coating. Differences in the coating morphologies were visible in TEM 

micrographs for the different combinations of core material, precursor and temperature. While 

TEOS on Pt or Au resulted in mostly homogeneous coatings, HMDSO formed eccentric 

coatings on these particles as shown in Figure 1.18(c). For titania particles coated with TEOS 

at 24 oC, much of the coating material was collected in the inner parts of the aggregates. The 

particles average diameter around 20 nm for Au particles. In the case of TEOS, the increasing 

of furnace temperature in the silica coating zone made the coating thickness is thicker at 200 
oC than that of 24 oC. 
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Figure 1.18. Silica coating after plasma-assisted coating. (a) Experimental apparatus. For the core 

particles, two distinct aerosol generation techniques were used: a spark discharge generator for metals 

(Pt or Au) (a) and an atomizer for titania (b). The precursors for the coating were TEOS and HMDSO. (c) 

Gold coated with TEOS and HMDSO. Adapted from [64] 
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1.5.4 Synthesis of silica-coated particles by using flame reactor 

Teleki et al. (2008, 2009) used hexamethyldisiloxane (HMDSO) as the SiO2 precursor 

in the flame spray pyrolysis technique to exhibit hermetically coating of Fe2O3@SiO2 and 

TiO2@SiO2 with silica as the shell [65,66]. This gas phase method resulted in a mostly 

homogeneous coating thickness of approximately 2-4 nm, which has good stability through the 

isopropanol chemisorption and the photooxidation of isopropanol to acetone analysis. The 

effect of mixing intensity on product particle morphology was investigated by varying the exit 

velocity or the number of jet outlets for HMDSO-laden N2 gas. At high mixing intensity 

between the TiO2 aerosol and the HMDSO-laden jet streams, the particles were encapsulated 

by smooth and homogeneous coatings, 2-4 nm thick. Poor mixing between HMDSO vapor and 

TiO2 aerosol along with higher temperatures that accelerated SiO2 formation in the gas phase 

resulted in separate SiO2 and poorly coated TiO2 particles. 

 Buesser et. al (2010)[69] Smooth coatings were formed primarily by deposition of 

freshly formed SiO2 monomers and sintering of small SiO2 clusters and to a lesser extent by 

surface oxidation of HMDSO on the TiO2 core particles. The concentrations of core aerosol 

and coating precursor vapor (here HMDSO) had the strongest influence on coating efficiency 

and shell texture in agreement with the literature. Bigger core particles, at constant production 

rate, lead to lower coating efficiency. Increasing the coating weight fraction hardly influences 

the coating efficiency and leads to proportionally higher total coating thickness, but also to 

rougher coating shells. Low concentrations of coating precursor vapor and high concentrations 

of core particles lead to high fractions of smooth shells and high coating efficiency. The 

thickness of these smooth shells could be increased by multiple injections of coating precursor 

vapor at low concentrations in series, building up smooth coating shells layer-by-layer. 
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Figure 1.18. Flame assisted reactor of synthesizing silica-coated particles by using torus ring with 8 jet 

outlets for introducing HMDSO as the silica source. Adapted from [70] 

 

1.6 Challenges in synthesizing FeNi and FeNi@SiO2 particles via gas phase method for 

powder core inductor 

1.6.1 One-step synthesis of submicron-sized FeNi and FeNi@SiO2 particles 

The gas phase method of synthesizing submicron-sized FeNi and FeNi@SiO2 particles 

is a complex process that involves several challenges. Among gas phase methods, spray 

pyrolysis has provided an excellent reduction atmosphere. Typically, to get a pure FeNi alloy 

from its metal salt using this method needs reduction gas such as H2 gas. Therefore, an 

alternative reduction agent which is safe and cost effective is required. Some researchers have 

employed ethanol, ethylene glycol, or formic acid to produce a pure metal particle such as Ni, 

Ag and Cu. Regarding the synthesis of pure Fe particles, it requires high reduction atmosphere.  

However, when the high concentration of ethanol is applied to replace the use of 100% H2 gas, 

the formation of FeC and carbon nanoparticles are occurred owing to the catalytic performance 

of Fe particles in resulting carbon [71]. So far, there is no study that successfully produce FeNi 

particles by applying some alternative reduction agents. In addition, to obtain FeNi@SiO2 

particles in a direct process via gas phase method, the FeNi source and the SiO2 source must 
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be introduced in appropriate condition. It is required that the FeNi source is in a solid state and 

the SiO2 source in a vapor state and an intense mixing between both sources. Thus, some 

development in setting up the spray pyrolysis equipment is necessary such as adding the 

heating system for providing a solid core particle as well as determining a tool for introducing 

the vapor of SiO2 source. The coating process can be proceeded by heterogeneous nucleation 

and the scavenging of the SiO2 clusters on the FeNi particles which is dependent on the 

temperature, the precursor concentration, and the mixing performance between precursors.  

 

1.6.2 Computational Fluid Dynamic for silica-coated particles synthesized via the 

aerosol route 

Computational fluid dynamics (CFD) plays a crucial role in understanding the behavior 

of silica-coated particles synthesized via the aerosol route. The aerosol route involves the 

production of fine particles suspended in a gas medium, making it essential to analyze the fluid 

dynamics governing their deposition and coating processes. By utilizing CFD models, the 

complex interactions between the aerosol particles and the surrounding gas phase can be 

accurately captured. The CFD simulations help in understanding the transport phenomena, such 

as particle dispersion, diffusion, and advection, which influence the particle deposition and 

coating [69,72]. The fluid flow patterns, including velocity profiles, turbulence, and pressure 

gradients, are analyzed to identify regions of particle aggregation and deposition. Moreover, 

CFD simulations aid in predicting the particle trajectory and residence time within the aerosol 

reactor. This information is vital for determining the optimal conditions for achieving uniform 

coating thickness and preventing nanoparticle generation. Additionally, CFD models assist in 

studying the heat and mass transfer phenomena during the coating process. By considering the 

thermal and chemical properties of the gas phase and the particles, researchers can evaluate the 

temperature distribution, reaction rates, and species concentration profiles. These insights 

contribute to controlling the growth kinetics and the quality of the silica coating. 

To perform the momentum transport in the CFD simulation, there are several models 

that can be applied depend on the specific class of problem, level of accuracy, the amount of 

time available for the simulation. There are two common approximations which provides 

reasonable prediction for the fluid mechanics calculation. First, The Reynolds-averaged 

Navier-Stokes (RANS) equations govern the transport of the averaged flow quantities, with the 

whole range of the scales of turbulence being modeled. The RANS-based modeling approach 

therefore greatly reduces the required computational effort and resources. An entire hierarchy 
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of closure models are available in ANSYS FLUENT software including Spalart-Allmaras, k-e 

and its variants, k-w and its variants, and the Reynold Stress Model. The RANS equations are 

often used to compute time-dependent flows, whose unsteadiness may be externally imposed 

(e.g., time-dependent boundary conditions or sources) or self-sustained (e.g., vortex-shedding, 

flow instabilities).  Second, Large Eddy Simulation (LES) provides an alternative approach in 

which large eddies are explicitly computed (resolved) in a time-dependent simulation using the 

"filtered'' Navier-Stokes equations. The rationale behind LES is that by modeling less of 

turbulence (and resolving more), the error introduced by turbulence modeling can be reduced. 

Although the LES has specialty to give a good prediction in unsteady calculation, it must be 

noted that this model requires more expensive calculation. Regarding the energy equation in 

CFD, it is estimated by following Eq. (1.7). 
!
!"
(𝜌𝐸) + ∇. (𝜐⃗(𝜌𝐸 + 𝑝)) = ∇. (𝑘#$$∇𝑇 − ∑ ℎ%𝐽% + (𝜏̿#$$ . 𝜐⃗)) + 𝑆&%   (1.7) 

where  𝑘#$$ is the effective conductivity (k+kt, where kt is the turbulent thermal conductivity, 

defined according to the turbulence model being used), and  𝐽% is the diffusion flux of species 

j. The first three terms on the right-hand side of Eq. (1.7) represent energy transfer due to 

conduction, species diffusion, and viscous dissipation, respectively.  Sh includes the heat of 

chemical reaction, and any other volumetric heat sources you have defined. For the 

determination of the particle’s simulation, there are two approaches for the numerical 

calculation of multiphase flows: the Euler-Lagrange approach and the Euler-Euler approach. 

Since the system for synthesizing FeNi and FeNi@SiO2 particles involves the particles that is 

highly dispersed to a fluid volume of the primary phase, the Euler-Lagrange approach can be 

chosen. In this model, the fluid phase is treated as a continuum by solving the Navier-Stokes 

equations, while the dispersed phase is solved by tracking a large number of particles, bubbles, 

or droplets through the calculated flow field. The dispersed phase can exchange momentum, 

mass, and energy with the fluid phase [73]. 

 

1.7 Objective and Outline of the dissertation 

Keeping in mind the urgency of the sustainability, we aimed to synthesis particles for 

the advancement of powder core inductor by dealing with the following considerations: 

1. A one-step and harmless process 

2. Particles with high packing density 

3. Particles with high magnetic characteristic 

4. Particles with high DC bias characteristic 
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5. Particles with low core loss 

Therefore, in this dissertation, we prepared spherical and submicron-sized FeNi and 

FeNi@SiO2 particles via spray pyrolysis method. Firstly, the spherical and submicron-sized 

FeNi particles by applying alternative reduction agents to achieve the first objectivity. Secondly, 

the optimization of the experimental condition to obtain the particles with high density and 

magnetic characteristic. Finally, synthesizing the FeNi@SiO2 particles with high coating 

performance to reduce the core loss of a powder core. This dissertation is divided into five 

chapters, the content of which is briefly described below. 

Chapter 1 elaborated the motivation and background of the development of soft-

magnetic particles for the inductor, including the recent trends, basic theoretical explanation, 

several synthetic strategies to synthesize silica-coated particles with the desired structure, and 

the numerical approach in synthesizing silica-coated particles.  

Chapter 2 focused on the selection of a reduction agent to synthesis FeNi particle via 

spray pyrolysis method. The morphology, structure, and the crystal structure of the FeNi 

particles from the use of ethanol, ethylene glycol, and formic acid as a reduction agent with 

various concentration were compared. The most prominent reduction agent is determined by 

the most effective reduction agent in yielding the spherical and submicron-sized FeNi particles 

with dense structure.  

Since a powder core inductor needs submicron-sized FeNi particles with high density, 

Chapter 3 aimed to control the structure and density of the FeNi particles from hollow (low 

density) to dense (high density) by manipulating the reactor temperature and the carrier gas 

flow rate. The increasing the reactor temperature and decreasing carrier gas flow rate resulted 

in the FeNi particles with dense structure and high density. To prevent the formation of 

unfavored carbon impurity, the performance analysis of the FeNi particles in a powder core 

application was focused on the temperature of 1200oC and the carrier gas flow rate between 5 

and 1.3 L/min. This investigation revealed that the suppression of the hollow structured FeNi 

particles could enhanced the DC bias characteristic of a powder core inductor with  

improvement on the saturation current value. 

Chapter 4 attempted a direct synthesis of the FeNi@SiO2 particles via spray pyrolysis 

in various equipment design, i.e. T-shaped and swirler types, to introduce the 

Hexamethyldisiloxane (HMDSO) as a silica source onto the FeNi aerosol. The CFD simulation 

was conducted to perform a mixing performance between the HMDSO and FeNi aerosol. The 

coating ratio and the level of formation of undesired nanoparticles attributed to the free silica 

were calculated through TEM analysis images by comparing the connector types. Furthermore, 
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the performance of FeNi@SiO2 particles was compared to that of FeNi particles. It is projected 

that the use of FeNi@SiO2 particles in an inductor result in significantly higher saturation 

current values and lower current loss than the use of FeNi particles. 

Chapter 5 summarizes the general conclusions of all chapters and the future 

development of this research. 

 



 

 

Chapter 2 
Direct synthesis of submicron FeNi particles via spray pyrolysis using various 

reduction agents 
 
 
 
 
Abstract 
 

Preparing spherical and submicron FeNi particles in a simple, rapid, and harmless 

process is highly desirable for various applications yet severely challenging. Herein, we 

successfully synthesized the FeNi particles from their metal salts in a relatively low 

reduction atmosphere using three types of reduction agent, i.e., ethanol, ethylene glycol, and 

formic acid, via spray pyrolysis. The reduction agents were tested over a concentration range 

of 0–30 vol%. The type and concentration of reduction agents show a crucial role in the 

formation of FeNi particles. At higher concentrations (25 vol%), ethanol and ethylene glycol 

produced smooth and spherical FeNi particles of submicron size, 284 ± 1.6 and 399 ± 1.5 nm 

respectively, whereas formic acid produced particles with an irregular and Janus shape 

comprising FeNi and FeO, with a size of 396 ± 1.5 nm. A plausible metal salt reduction 

mechanism was proposed for the different reduction agents. The reduction agent type not only 

influences the reduction degree but also particle morphology during synthesis. This finding 

opens new opportunities to adjust the FeNi particles with respect to varied purposes by 

manipulating reduction agents. 
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2.1 Introduction 

Permalloy particle is an iron and nickel alloy (FeNi) particle that is used extensively in 

the production of inductors, transformers, catalysts, and biomedical applications because of its 

high magnetic density and low coercivity properties [74–76]. Magnetic properties are generally 

influenced by particle morphology[77], size, crystallinity, and purity [78]. In terms of particle 

morphology, spherical shape provides superior packing density in comparison to irregular 

shape. Moreover, since this shape does not have sharp edges, it is less prone to damage other 

materials [79–81]. Regarding the particle size, it is also important because it has strong 

influence on their magnetic behavior in external magnetic fields [82]. So far, the advantage of 

magnetic nanoparticles (below 100 nm) has begun to be considered by a few commercial 

manufacturers, but in fact, there are still practical problems in handling processes [83] and 

maintenance costs [84]. Based on this background, recently, size controllable spherical particle 

in hundreds nanometer (submicron-sized) is more desirable from an industrial perspective than 

irregular and micro/nano-meter size.  

FeNi particles have been produced by liquid phase methods (e.g., chemical solution 

[38], hydrothermal [42]), solid phase methods (e.g., mechanical milling [33][33]), and gas 

phase methods (e.g., vapor deposition [46], gas condensation technique [47], hydrogen plasma-

metal reaction [85], spray pyrolysis [49,52]). Spray pyrolysis is one such method, recognized 

as an effective strategy for producing submicron sized particles with a smooth surface and 

spherical shape in a one-step process at large scales [86–88]. The method comprises droplet 

generation, solvent evaporation, and reaction to product. It allows for easy control of particle 

size and morphology, e.g., making spherical, dense, hairy, porous, or hollow particles in 

nanometer to micrometer sizes [81,89,90]. To date, spray pyrolysis has been successfully used 

to synthesize CuS [91], Ni [92], Cu [93,94], Ag [88], and AgCu [95] metal submicron particles 

that are spherical. However, its application to the synthesis of the FeNi particles has been 

limited.  

FeNi particles have been fabricated using an iron-nickel chloride solution in a 100% H2 

atmosphere via spray pyrolysis, which yielded smooth and spherical submicron particles 

(having an average diameter between 400 and 500 nm) [52]. However, using an atmosphere of 

100% H2 gas as the reduction agent is a safety issue. Methoxyethanol has been demonstrated 

as a safer route for the synthesis of FeNi particles [18]. Here, nickelocene and ferrocene are 

used as raw materials in a 100% N2 atmosphere. The drawbacks of this process included (i) 

wide particle size distribution, (ii) some relic structures with rough surfaces, and (iii) relatively 
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expensive precursor materials. Therefore, the synthesis of FeNi particles via this route should 

be adjusted to improve its effectiveness, potentially by considering the other solvents as the 

reduction agent.  

Ethanol, ethylene glycol, and formic acid are economical reduction agents that have not 

been investigated with respect to FeNi particle production via spray pyrolysis. Therefore, this 

paper investigates the effect of those reduction agents and their concentration on FeNi particle 

morphology and composition. This is the first investigation that focuses on the role of reduction 

agents in the production of submicron FeNi particles using spray pyrolysis. 

 

2.2 Material and methods 

Figure 2.1 shows the experimental setup of the spray pyrolysis system used for 

synthesizing FeNi particles. The precursor solution was prepared by mixing Fe(NO3)3.9H2O 

and Ni(NO3)2.6H2O (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), so that the 

total concentration was 0.1 mol/L with a molar ratio of 1:1 in ultrapure water both with and 

without the reduction agent. The reduction agent sources were 98% formic acid (Kanto 

Chemical Co., Inc., Tokyo, Japan), 99.8% ethanol (Japan Alcohol Corporation, Tokyo, Japan), 

and 99% ethylene glycol (Sigma-Aldrich, Tokyo, Japan). The solution droplets were generated 

using an ultrasonic nebulizer at 40°C (1.7 MHz, NE-U17, Omron Healthcare Co., Ltd., Kyoto, 

Japan) and were transferred by a carrier gas (5%-H2/Ar) into a horizontal tubular reactor with 

a length of 1280 mm and inner diameter of 20 mm. The reactor was maintained at a constant 

temperature of 1200°C by five electrical tubular furnaces. The temperature distribution in the 

reactor was measured and is illustrated in Figure A.S1 (Supporting Information).  
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Figure 2.1. Experimental setup of spray pyrolysis system used to synthesize FeNi particles. 
 

The carrier gas flow rate was 5 L/min. The residence time of the precursor droplets in 

the reactor was 4.9 s; assuming the droplets and carrier gas have the same velocity. The product 

was collected in a bag filter that was kept at 150°C to prevent water condensation. Pre-

treatment and post-treatment steps in the reactor were performed by flowing N2 gas at 5 L/min 

for 20 min to remove oxygen from the reactor. The solvent-reduction agent conditions used to 

produce the FeNi particles are given in Table 2.1. The impact of temperature changes on FeNi 

particle synthesis was investigated to determine the optimum operating temperature; the 

experimental conditions and the results are summarized in Table A.S1 and Figure A.S2 

(Supporting Information), respectively. 

 

Table 2.1. Experimental conditions used to synthesize FeNi particles by different reducing agents. 

Sample name Solvent-Reduction agent 
Reduction agent 

concentration 
(vol%) 

ET10 

Water-Ethanol (ET) 

10 
ET15 15 
ET25 25 
ET30 30 
FA10 

Water-Formic Acid (FA) 

10 
FA15 15 
FA25 25 
FA30 30 
EG10 

Water-Ethylene Glycol (EG) 

10 
EG15 15 
EG25 25 
EG30 30 

 

 

The morphology and structure of the particles were observed using field emission 

scanning electron microscopy (FE-SEM; S-5200, 20 kV, Hitachi High-Tech. Corp., Tokyo, 

Japan) and transmission electron microscopy (TEM; JEM-2010, 200 kV, JEOL Ltd., Tokyo, 

Japan). The crystal structure was determined using X-ray diffraction (XRD; D2 PHASER, 

Bruker Corp., Billerica, MA, USA). Quantitative analysis for measuring the mass fraction of 

the crystalline phases was performed by Rietveld analysis using TOPAS software [96]. The 

atomic distribution of the particles was examined using energy dispersive X-ray spectroscopy 
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(EDS) equipped with FE-SEM. Thermogravimetric analysis (TGA) was conducted using a 

TGA instrument (TGA-50/51 Shimadzu Corp., Kyoto, Japan) by applying a 50 mL/min flow 

of 5% H2-N2 at a heating rate of 10°C/min. To support the proposed mechanism of FeNi particle 

formation, the reduction agent decomposition simulation based on fluid dynamics was 

performed using Ansys Fluent software embedded in workbench 2021 R1. The simulation 

details are given in the Supporting Information.  

 

2.3 Results and Discussion 

2.3.1 Effect of reduction agent types on the FeNi particle synthesis 

Figure 2.2(a) shows the crystal structure of FeNi particles synthesized by the three 

different reduction agents, i.e., ethanol, ethylene glycol, formic acid, at a concentration of 25 

vol%. Three main diffraction peaks centered at 2θ values of approximately 43.9°, 50.9°, 74.8° 

appear in the patterns of all particles, which are attributed to diffraction from the crystal planes 

of face centered cubic (fcc) FeNi (JCPDS No. 47-1405). However, when using formic acid, 

FeO (Fe1-xO and Fe3O4) phases were also seen in the XRD patterns. This is explained by the 

different reduction agents having different H2 conversions as follows. 

Ethanol with steam [97]: 

C2H5OH + 3 H2O → 2 CO2 + 6 H2     (2.1) 

Ethylene glycol with steam [98]: 

C2H4(OH)2 + 2 H2O → 2 CO2 + 5 H2    (2.2) 

Formic acid thermal decomposition [99]: 

HCOOH → H2 + CO2      (2.3) 

Stoichiometrically, ethanol and ethylene glycol have more hydrogen than formic acid. 

Assuming that the reactions shown in equation (2.1), (2.2), and (2.3) were completed, the 

theoretical volume concentration of hydrogen gas (based on the total hydrogen gas/carrier gas 

vol/vol) with 25 vol% of ethanol, ethylene glycol, and formic acid were 10.7, 10.0, and 6.5 

vol%, respectively.  

The influence of reduction agent concentration on the crystal structure of FeNi particles 

is described by the XRD patterns in Figure A.S3 (Supporting Information). Rietveld analysis 

on the XRD patterns is used to determine the mass fraction of components in the synthesized 

FeNi product, the results are summarized in Figure 2.2(b). The generated particles were less 

than 10 wt% FeNi in the absence of a reduction agent. This mass fraction increased 

significantly with the addition of reduction agents. An ethanol concentration of 10 vol% 
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increased the mass fraction of FeNi to approximately 90 wt%, which is much higher than 

ethylene glycol (64 wt%) and formic acid (56 wt%) at the same concentration. When the 

reduction agent concentration was increased to 15 vol%, the mass fraction of FeNi in the 

presence of ethanol and ethylene glycol increased, but there was little change with the increase 

in formic acid. Above a reduction agent concentration of 15 vol%, the metal salt precursor is 

completely reduced to FeNi in the presence of ethanol and ethylene glycol. Conversely, the 

conversion of FeNi particles is still low for formic acid at approximately 60 wt%.  

The conversion of FeNi is related to the H2 gas generated by the reduction agents, and 

this is shown in Figure 2.2(c). The slope of the ethanol and ethylene glycol curves indicates 

the generated H2 gas increases sharply with reduction agent concentration. Inversely, a shallow 

slope of H2 gas production is observed when formic acid concentration increases. 

Consequently, FeNi formation does not proceed significantly, which results in iron oxide 

(Fe3O4 and Fe1-xO) formation. A similar result was also obtained for the synthesis of Ni 

particles from Ni salt reduction via spray pyrolysis [100]. That study found increasing the 

formic acid from 2 mol/L to 10 mol/L (proportionally more than 30 vol% in this current study) 

could not reduce the Ni metal without the formation of NiO from the Ni(NO3)2.6H2O precursor. 

Additionally, the presence of 10 vol% ethylene glycol specifically showed similar conversion 

of FeNi to that of the formic acid cases. It could be explained that a particular concentration of 

the generated H2 as a minimum concentration was required for completing the metal salt 

reduction via spray pyrolysis. The generated H2 gas was 7.0 vol% in the presence of 10 vol% 

ethylene glycol, while the generated H2 gas was 5.6 up to 6.8 vol% in the presence of formic 

acid (10 – 30 vol%). These concentrations were found to be insufficient for converting the 

metal salt into FeNi metal effectively. 
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Figure 2.2. (a) XRD patterns of FeNi particles, (b) weight percentage of FeNi particles at different 
reduction agent concentration derived from Rietveld analysis, and (c) calculated H2 gas concentration. 

 
Figure 2.3 describes the effect of the different reduction agents and their concentration 

on particle morphology and size using SEM. Figure 2.3(a-1), (a-2), (b-1), (b-2), (c-1), and (c-

2) shows that non-spherical particles with a heterostructure were generated when 10 vol% of 

the reduction agent was used (ET10, EG10, FA10). This result is supported by the experiment 

performed in the absence of any reduction agent, shown in Figure A.S4(d) (Supporting 

Information). When the concentration is increased to 15 vol%, smoother and more spherical 

particles with a few heterostructures were obtained when using ethanol (ET15) and ethylene 

glycol (EG15), illustrated in Figure 2.3(a-3), (a-4), (c-3), and (c-4). Further increases of 

ethanol and ethylene glycol concentration (ET25 and EG25) continued this trend with smoother 

and more spherical particles without the heterostructure, see Figure 2.3(a-5), (a-6), (c-5), and 

(c-6). However, 30 vol% of ethanol resulted in fine particle formation, which may be attributed 

to carbon formation (pointed to with yellow arrows) shown in Figure 2.3(a-7) and (a-8). 
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Excess ethanol concentration (30 vol%) could be converted to carbon because of the FeNi 

particles acting as a catalyst at the high temperature [101].  

For ethylene glycol, smooth and spherical particles could be obtained at a concentration 

of 25 and 30 vol% (Figure 2.3(c-5)–(c-8)), but the synthesis process at higher ethylene glycol 

concentrations has a lower production rate because of its high boiling point (197°C) compared 

with that of ethanol (78°C). Particularly, in the 25 vol% of reduction agent, the production rate 

of the ethanol case was 0.26 gram/h, while the ethylene glycol case was 0.11 gram/h. The 

production rate is defined by the synthesized FeNi particle over synthesizing time in one-time 

production. Contrarily, even at increasing the formic acid concentration until 30 vol% (FA15 

to FA30) in Figure 2.3(b-3)–(b-8), the produced particles were still irregularly shaped with a 

heterostructure, though the particle surface was smoother. This might be caused by the 

adsorption of formic acid onto metal surface before it decomposed [102]. 

The reduction effect on the particle size distribution which was shown quantitively in 

Figure A.S5 (Supporting Information) revealed that the geometric mean diameter of the FeNi 

particles in the presence of ethanol, formic acid, ethylene glycol and only water were 284 ± 1.6 

nm, 396 ± 1.5 nm, 399 ± 1.5 nm, 444 ± 2.1 nm, respectively. It is believed that the surface 

tension property of the precursor mentioned in Table A.S2 (Supporting Information) had a 

significant impact [103]. 
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Figure 2.3. SEM images of the FeNi particles produced at various concentration of the reduction agents 
(a) ethanol, (b) formic acid, and (c) ethylene glycol. 

 
The heterostructure formation is attributed to the segregation phase in the particles. 

According to elemental mapping of particles formed in 25 vol% formic acid (Figure 2.4(a)), 

the distribution of the Fe atoms can be seen on the whole surface of the particles 

homogeneously whereas the Ni and O atoms are distributed separately. This is evidence of 

segregation between FeO and FeNi phases in the particles, which is also confirmed by the XRD 

pattern in Figure 2.2(a). Moreover, element mapping for the FeNi particles prepared in 25 
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vol% ethanol also reveals homogeneous Fe and Ni atoms on the surface of the particles with 

inconsiderable amount of oxygen (Figure 2.4(b)). This indicates that FeNi particles were 

successfully produced. 

 
Figure 2.4. Elemental mapping of the particles produced in (a) formic acid (FA25), and (b) ethanol (ET25). 

 
Figure 2.5 displays the TEM images of the particles produced in 25 vol% of the 

reduction agents. The using of ethanol and ethylene glycol in Figure 2.5(a) and (c) show 

spherical particles of submicron size. However, particles produced in ethylene glycol exhibit a 

substantial amount of hollow structure. Comparatively, the irregular shape and Janus particles 

are obtained when using formic acid (Figure 2.5(b)). To determine the metal phases in the 

interior of the particles, EDS analysis was used and the results are shown in Figure A.S6. 

Based on the Janus particles when using of formic acid, the FeO phase is indicated at position 

(1) in the grey area, while the FeNi phase is indicated at the position (2) in the black area. 
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Conversely, position (3) in the particles generated in ethanol show Fe and Ni elements only. 

The EDS analysis of particles produced in 25 vol% of formic acid supports the elemental 

mapping shown in Figure 2.4.  

 
Figure 2.5. TEM images of FeNi particles synthesized using 25 vol% reduction agents: (a) Ethanol (ET25), 
(b) Formic acid (FA25), (c) Ethylene glycol (EG25). 

 
Based on crystal structure and morphology analysis, the concentration and type of 

reduction agent greatly affects metal alloy particle production. When using 25 vol% ethanol 

(ET25) and ethylene glycol (EG25), smooth, spherical, and submicron sized FeNi particles 

have been successfully fabricated via spray pyrolysis for the first time, to our best knowledge. 

Smooth and spherical particles are preferable because they provide greater packing density. 

These results are compared with previous work regarding FeNi particle synthesis in Table 

2.2(a), (b), and (d).  

Our proposed method not only produces FeNi particles with the preferred surface, but 

also overcomes problems of FeNi particle synthesis with respect to the harmful and costly 

100% H2 gas process and its accompanying safety concerns. Moreover, this method shows the 

superiority in the synthesis of FeNi particles by conducting lower H2 gas content. Using a lower 

concentration of H2 gas (10 vol%) at a high temperature (1400°C) in Table 2.2(e), resulted in 

FeNi3 particles being formed [104]. However, this condition should yield FeNi particles 

thermodynamically [105]. This previous study implied that the presence of iron salt in the 

precursor impedes the reduction mechanism. This is supported by previous results when using 

ethanol (Table 2.2(f) and (j)). Numerous successful studies on nickel rather than iron generated 

from metal salts indicates that the nickel particle synthesis is more straightforward than iron 

particle synthesis. Overall, our results are in general agreement with the particle characteristics 

in previous studies of metal synthesis from iron and nickel salt reduction by spray pyrolysis 

using ethanol and formic acid (Table 2.2 (a)–(i)). 
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Table 2.2. Comparison between present work and previous work regarding the synthesis of FeNi, 
Ni, Fe based particles from metal salt precursors via spray pyrolysis. 

  Precursors Product 

Reduction 
agent type 

and 
concentration 

Carrier 
gas 
flow 
rate 

Temperature 
(°C) 

Particle 
characteristics Ref. 

a. 
0.1 mol/L 
Fe(NO3)3.9H2O 
Ni(NO3)2.6H2O 

FeNi Ethanol  
25 vol% 

5 
L/min  
5%H2-

Ar 

1200 

Smooth surface, 
hollow, spherical 
and submicron 
alloy particle 

This 
work 

b. 
0.1 mol/L 
Fe(NO3)3.9H2O 
Ni(NO3)2.6H2O 

FeNi 
Ethylene 

glycol  
25-30 vol% 

5 
L/min  
5%H2-

Ar 

1200 

Smooth surface, 
hollow, spherical 
and submicron 
alloy particle 

This 
work 

c.  
0.1 mol/L 
Fe(NO3)3.9H2O 
Ni(NO3)2.6H2O 

FeNi 
FeO 

Formic acid 
30 vol% 

5 
L/min  
5%H2-

Ar 

1200 

Rough surface 
and submicron 
heterostructure 
particle 

This 
work 

d. 
0.05 – 0.4 mol/L 
FeCl2.4H2O  
NiCl2.6H2O 

FeNi H2 
100 vol% 

1 
L/min  

H2 
900 

Spherical, dense, 
and submicron 
particle with 
smooth and 
rough surface 

[52] 

e. 
0.02 – 1 mol/L 
Fe(NO3)3.9H2O 
Ni(NO3)2.6H2O 

FeNi3 H2 
10 vol% 

20 
L/min 
H2-N2 

1400 

Smooth surface, 
dense, spherical 
and submicron 
particle 

[104] 

f.  0.1 mol/L 
Ni(NO3)2.6H2O Ni 

Ethanol 
3.4 mol/L 
(20 vol%) 

10 
L/min 

Ar 
700 

Rough surface, 
hollow, and 
submicron 
particle 

[106] 

g. 0.75 mol/L  
Ni(NO3)2.6H2O 

Ni 
NiO 

Formic acid 
10 mol/L 

(37.5 vol%) 

2 
L/min  
10% 

H2-N2 

1100 
Nanoparticles of 
metal and metal 
oxide 

[100] 

h. 
0.11 mol/L 
Ni(CH3COO)2.4
H2O 

Ni 
Formic acid 

6 mol/L 
(23 vol%) 

20 
L/min 

N2 
1000 

Smooth surface, 
dense, spherical 
and submicron 
particle 

[107] 

i. 1 mol/L 
Ni(NO3)2.6H2O Ni 

Formic acid 
15 mol/L 
(56 vol%) 

20 
L/min 

N2 
1000 

Smooth surface, 
hollow, spherical 
and submicron 
particle 

[107] 

j. 0.05 – 0.4 mol/L 
Fe(NO3)3.9H2O  

FeO@Fe
C 

Ethanol  
72 vol% 

7 
L/min 

N2 
820 

Core shell, 
spherical, dense, 
and submicron 
particle with 
smooth surface 

[71] 
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2.3.2 Proposed mechanism of FeNi particles. 

The mechanism of FeNi particle formation via spray pyrolysis is proposed in this 

section based on crystallite structure and morphology. Figure 2.6 illustrates the formation of 

the metal salt droplet into a solid FeNi particle in 25 vol% of the three reduction agents at the 

temperature of 1200°C. According to the TGA and ethanol decomposition fluid dynamics 

simulation results (see Figure A.S7 and Figure A.S9 in the Supporting Information), the 

mechanism takes place in two stages: (i) solvent evaporation and precursor chemical reaction 

following equation (2.4) and (2.5) [108,109]; and (ii) reduction of the iron nickel oxide (FeNiO) 

to FeNi particles (equations (2.6) to (2.8)) [110].  

     Fe(NO3)3.9H2O  → Fe(OH)2.NO3 + H2O + HNO3 → Fe2O3 + NO2 + O2 + H2O    (2.4) 

       Ni(NO3)2.6H2O → Ni(OH).NO3 + H2O + HNO3  → NiO + NO2 + O2 + H2O     (2.5) 

Fe2O3 + NiO → NixFe3-xO4                     (2.6) 

  Fe2O3 → Fe3O4                  (2.7) 

NixFe3-xO4  → NiO + Fe3O4  → Ni + Fe3O4  →  Fe1-xO  + FeNi                 (2.8) 

In the addition of 25 vol% ethanol (Figure 2.6(a)), spherical particles with a dense 

structure are formed. Because the droplet size ranges between 1 to 10 µm [37], this structure 

formation might result from the smaller droplet size and the densification of hollow particles 

formed from larger droplets resulted during the first stage. At this stage, the solvent evaporates 

rapidly because of the higher vapor pressure of ethanol (43 mmHg, at 20°C, CAS No. 64-17-

5) compared with that of water (18 mmHg, at 20°C, CAS No. 7732-18-5), and the substantial 

difference of solvent boiling point. The solute from the smaller droplet can be diffused to the 

center, while the solute of the larger droplet concentrates near the surface without enough time 

to diffuse to the center during precipitation of FeNiO [111]. Subsequently, it is theorized that 

FeNiO solid can be reduced into FeNi at 1200°C because of the high reducing atmosphere. 

This temperature also causes the densification of the hollow structure particles [112]. 

Meanwhile, the hollow structure produced when using ethylene glycol as the reduction 

agent (Figure 2.6(b)) is caused by the vapor pressure of the ethylene glycol (0.06 mmHg at 

20°C, CAS No. 107-21-1) being much lower than water and its boiling temperature (197°C) is 

significantly above water’s. This results in a solute concentration gradient in the ethylene 

glycol when the water evaporates. Moreover, due to the solvent properties of relatively high 

surface tension resulted in larger droplet size than that of ethanol case affected to the obstacle 

of the densification. In particular comparison to the densification in the ethanol case, the 

solvent evaporation in the ethanol case was much faster than in the ethylene glycol case. As a 
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result, the precursor's solid state was created very instantly in the ethanol case, giving it 

significantly more time to be reduced and densified in the spray pyrolysis reactor. The ethylene 

glycol case, on the other hand, the particles did not have enough time to densify completely. 

Additionally, the low vapor pressure of ethylene glycol may cause precursor decomposition in 

the liquid phase, like the polyol process during the first stage [[96]. Ethylene glycol is 

decomposed from the metal nitrate into metal hydroxide (Fe(OH)2.NO3 and Ni(OH).NO3) 

during the evaporation of ethylene glycol from the droplet. This is supported by the difference 

in solid color during solvent evaporation at 200°C (Figure A.S8, Supporting Information). 

Following this, the reactions described in equations (4) to (8) occur at increased temperatures 

to generate FeNi particles.  

The Janus and irregularly shaped particles produced with formic acid (Figure 2.6(c)) 

are the same as those produced by ethanol and ethylene glycol at low concentrations (10 vol%). 

This is explained by the hydrogen production at those concentrations being similar, i.e., 6.5% 

H2/total carrier gas when using 25 vol% formic acid and approximately 7.0% H2/total carrier 

gas when using 10 vol% ethanol or ethylene glycol. This shape is caused by the slow rate of 

reduction, which is similar to that seen in the absence of a reduction agent (explained in the 

Supporting Information). During the first stage, water and formic acid evaporate 

simultaneously followed by precipitation of FeNiO. Then FeNiO is reduced into FeNi and FeO 

(Fe3O4 and Fe1-xO) as described by equations (6) to (8). The Janus and irregularly shaped 

particles are formed because of the lattice mismatch between FeNi and FeO [113]. This is likely 

caused by stabilized iron and oxide sites in the FeO due to oxygen vacancy. This vacancy can 

be filled by iron and nickel to form an FeNi alloy before it is urged to the FeO surface and 

incorporated by Ostwald ripening [114]. In the appearance of the oxygen vacancy, the crystal 

lattice among the phases can be expanded or contracted [115], which results the immiscibility 

between FeNi and FeO. Additionally, an exsolution might occur in the irregularly shaped 

particles according to the previous study of spinel-type oxides (e.g., CuFe2O4, NiMn2O4) in a 

reductive environment [115].  

According to the simulation result, Figure 2.7(a) also confirms that the H2 gas 

generation from the ethanol case was higher and faster than the other cases. This supports that 

the reduction and densification of the final product in the reactor can be performed in the 

ethanol case. Furthermore, Figure 2.7(b) shows that the water mol fraction in the formic acid 

case was greater than the other cases. This high water content might contribute to the obstacle 

of reducing process [116]. 
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Figure 2.6. FeNi particle formation mechanism by 25 vol% of (a) ethanol, (b) ethylene glycol, and (c) 
formic acid at 1200°C. 

 

 

Figure 2.7. The simulation result of (a) hydrogen and (b) water composition in the spray pyrolysis 
reactor. 
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2.4 Conclusion 

The manufacturing of permalloy particles in a benign and cost-effective process using spray 

pyrolysis was successfully demonstrated. Harmless and low-cost reduction agents, i.e., ethanol, 

ethylene glycol, formic acid, are employed to produce submicron particles with a FeNi crystal 

structure. The results show the concentration and type of reduction agent are critical parameters 

for reducing iron and nickel metallic salts to produce FeNi particles. The different reduction 

agents lead to different H2 gas generation rates, which is required for metal salt reduction. 

According to the crystal structure, morphology, and the elemental analysis, ethanol and 

ethylene glycol promote smooth surfaced, spherical, and submicron-sized particles of FeNi. 

Conversely, formic acid resulted particles with segregated phases between FeNi and FeO. 

Generally, the higher the concentration of the reduction agent, the more benefit there is for the 

resulting the FeNi particles. However, at ethanol and ethylene glycol concentrations of 30 

vol%, there was carbon formation and droplet production difficulty, respectively. Furthermore, 

a possible particle formation mechanism was proposed to better understand the metallic salt 

reduction of iron and nickel. The mechanism occurs in two stages: (i) evaporation and chemical 

reaction, (ii) reduction stages. Overall, this finding opens new possibilities for the application 

of FeNi particles by changing the type and concentration of the reduction agents used in their 

synthesis.  
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Chapter 3 
DC bias characteristic enhancement of the powder core by using densified 

submicron sized FeNi particles through spray pyrolysis  
 

 

Abstract 

The powder core type of inductor has become a promising component of a high-power 

DC–DC converter. The inductor consists of a powder core, a packing of primary (coarse) and 

secondary (fine) particles, and a winding coil. The characteristic of the secondary particles in 

the powder core is crucial to the inductor performance, i.e., DC bias characteristic. Here, we 

successfully produce high-density spherical and submicron sized FeNi particles (300 – 400 

nm), which were investigated as the secondary particles for the first time. By precisely 

controlling the temperature and residence time of the spray pyrolysis process, the size and 

structure of the FeNi particles were altered owing to densification. The structural change from 

hollow to dense provides a stable magnetic characteristic of the FeNi particles at 1.5 T with an 

enhancement of the particle density from 7.38 to 8.33 g/cm3. As a result, the as-prepared FeNi 

particles exhibit an excellent DC bias characteristic that is proportional to the escalating particle 

density. A suppression of the formation of hollow particles from 34% to 10% reveals an 

improvement in the saturation current (Isat) by approximately 20% from 10.2 A to 12.1 A. The 

densification not only enlarges the magnetic field path but also increases the adjacent non-

magnetic region. The use of the dense and submicron sized spherical FeNi particles is proposed 

to lead to a wide application for the advancement of renewable energy generators, electric 

transportations, and electronic devices in industrial sectors. 
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3.1 Introduction 

The inductor is a key component in the rapid evolution of electronic devices, such as 

electric vehicles, cell phones, and renewable power generators, to actualize sustainable 

development goals for smart and green technology. An inductor is widely applied to maintain 

the high efficiency and compact design of the devices by controlling the electric power through 

the components of the devices. A more minimalist design will result in a lower energy and 

environmental burden [117]. Therefore, improving inductor performance is important for 

current conversion and energy storage in electromagnetic form for those devices. From an 

industrial perspective, the critical points on the inductor development are focused on its high 

performance, low-cost productivity, and suitability for mass production. Regarding the high 

performance, the direct current (DC) bias characteristic is an important factor, which is affected 

by the magnetization characteristic and the permeability of the material [118]. The DC bias 

characteristic determines the capability of the inductor over the electrical current load. 

In determining the inductor type which provides a compact design and excellent 

performance, the powder core has been frequently used because it has a well-distributed 

adjacent non-magnetic region in its packed structure. The distributed non-magnetic 

region allows the inductor to work with high inductance and saturation values [119]. 

The inductor consists of a powder core, a packing of primary (coarse particles) and 

secondary (fine particles) soft-magnetic particles, and a winding coilv[10]. The ratio 

between the primary and secondary soft-magnetic particles as well as the characteristic 

of the secondary particles are important to maximize the value of the DC bias current. 

These factors could be attributed to the packing behavior of the particles according to 

previous research. Zhang et al. noted that the addition of a percentage of micron-sized 

spherical Fe-Co (dp = 14 µm) from 0% to 100% as the secondary particles into an 

amorphous powder enhanced the DC bias characteristic owing to the improvement of 

the packing density [120]. Kim et al. also reported that applying 20 wt% of the spherical 

carbonyl iron powder (CIP) (dp = 3.74 µm) into an Fe-based amorphous powder has 

benefits in increasing the DC bias property due to the higher packing density compared 

with the specimen with the CIP below 20%[118]. Based on these studies, it can be 

concluded that the spherical particles might contribute to a good packing density[79]. 

Moreover, although the nanometer size of the secondary particles presents a higher 

magnetic saturation value [121], decreasing the size to below 100 nm results in difficulty 
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from a handling point of view. Accordingly, spherical and submicron sized particles 

(100 nm – 1 µm) are highly favored as the secondary particles. 

Furthermore, selecting the material of the secondary particles is also necessary 

to provide an excellent performance of the powder core because it determines the 

inductance performance of an inductor to generate an electric potential. For the powder 

core material, permalloy (FeNi) is considered because it exhibits relatively high 

magnetic saturation, high permeability, and low coercivity[45]. Imaoka et al. have 

evaluated the powder core made from various materials (e.g., ferrosilicon, permalloy, 

supermalloy, sendust, amorphous powder). This study revealed that the permalloy 

provides a high efficiency to the powder core performance [4]. Until now, only a few 

researchers have successfully produced spherical and submicron sized FeNi alloy 

powder [49,52,122]. Recently, our group was the first synthesizing spherical FeNi 

particles (dp = 300 nm) through the spray pyrolysis method by using ethanol as the 

reduction agent benignly and effectively. Nevertheless, the obtained FeNi particles had 

a hollow structure and a low particle density. These characteristics might result in a 

decrease of the magnetic characteristic value. Thus, improving the density of spherical 

FeNi particles remains a challenge. 

In this research, as depicted in Scheme 3.1, we are investigating the production 

and utilization of high-density submicron sized FeNi particles as the secondary particles 

of a powder core for the first time via spray pyrolysis method. The alteration in the 

structure of the FeNi particles is expressed quantitively by the percentage of hollow 

particles generated and the particle density value. Furthermore, by applying the resulting 

FeNi particles having different particle densities, the influence of the structure of the 

FeNi particles on the powder core performance is evaluated. Moreover, it is 

demonstrated that employing a higher density of the FeNi particles enhances the 

saturation current (Isat) value of the powder core, which indicates a higher inductor 

performance (DC bias characteristic). This novel approach on the application of a high 

density of the spherical and submicron sized FeNi particles reveals the effective 

performance enhancement of the powder core type inductor. 
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Scheme 3.1. Synthesis and investigation of submicron sized FeNi particles to the powder core 
performance. 
 

3.2 Experimental 

3.2.1 Materials and method 

Spherical and submicron sized FeNi particles were synthesized by the spray 

pyrolysis method as described previously [122]. A precursor solution containing 

Fe(NO3)3.9H2O and Ni(NO3)2.6H2O (FUJIFILM Wako Pure Chemical Corporation, 

Osaka, Japan) with a concentration of 0.2 mol/L in 25 vol% ethanol (99.8% in purity, 

Japan Alcohol Corporation, Tokyo, Japan) and ultrapure water was prepared. This 

concentration was chosen by preliminary experiment, as shown in Figures B.S1 and 

B.S2. The precursor solution was altered into droplets by an ultrasonic nebulizer at 40 

°C (1.7 MHz, NE-U17, Omron Healthcare Co., Ltd., Kyoto, Japan) before being 

transferred into the reactor using 5% H2-Ar as the carrier gas. To control the particle 

structure, the applied temperature was adjusted at 1200, 1300, and 1400 °C, while the 

residence time was varied by changing the carrier gas flow rates (Qc) to 5, 2.5, and 1.3 

L/min, as described in Table 3.1. To collect the FeNi particles, a bag filter, which was 

maintained at 150 °C, was implemented. For making the powder core, the primary 

particles were Fe-Si-B type amorphous alloy powder with a magnetic saturation flux 

density (Bs) of 1.2 T. A press molding procedure was used to make the powder core, 

which had a ratio of 4:1 for the primary to secondary particles. 
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Table 3.1. Experimental conditions of synthesizing Fe(NO3)3.9H2O and Ni(NO3)2.6H2O solution in 25 
vol% ethanol at various temperature and carrier gas flow rates 

Sample 
Precursor 

concentration 
(Ct) [mol/L] 

Reactor 
temperature 

(T) [oC] 

Carrier gas flow 
rate (Qc) 
[L/min] 

S12-5.0 

0.2 

1200 

5 
S12-2.5 2.5 
S12-1.3 1.3 
S12-1.0 1.0 
S12-0.5 0.5 
S13-5.0 

1300 
5 

S13-2.5 2.5 
S13-1.3 1.3 
S14-5.0 

1400 
5 

S14-2.5 2.5 
S14-1.3 1.3 

 

3.2.2 Characterization 

The collected FeNi particles were characterized and continuously processed to be 

packed in a toroidal powder core as the secondary particles. The morphology of the FeNi 

particles was observed using field emission scanning electron microscopy (FE-SEM; S-5200, 

20 kV, Hitachi High-Tech. Corp., Tokyo, Japan) and transmission electron microscopy (TEM; 

JEM-2010, 200 kV, JEOL Ltd., Tokyo, Japan). The hollow particles percentage (HP) was 

determined by calculating the percentage from the number of hollow particles over the total 

number of particles based on the TEM images as shown in Figure B.S3. The crystal structure 

was identified using X-ray diffraction (XRD; D2 PHASER, Bruker Corp., Billerica, MA, 

USA). Rietveld analysis by TOPAS software was implemented to measure the crystallite size 

of the particles. The density of FeNi particles was assessed by the helium gas replacement 

method using a true density measuring apparatus (BELSORP-max, MicrotracBEL Corp., 

Osaka, Japan), which was controlled by a computer. By filling the cavity between the particles 

using helium gas, the volume of the FeNi particles was measured. The true density was 

determined by dividing the mass of FeNi particles by the effective volumetric capacity. 

The magnetic properties of the FeNi particles and the powder core were evaluated using 

vibrating sample magnetometry (VSM) across a field ±20 kOe using a High Sensitivity VSM 

System TM-VSM311483-HGC (Tamakawa Co., Ltd). The DC-bias performance for all 
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powder core specimens in a wire wounded toroidal shape were examined with the maximum 

applied field of 20 A and maximum magnetic field of 230 Oe using a Precision LCR Meter 

4284A (Keysight Technologies, Inc.). In addition, by embedding the powder core in epoxy 

resin and curing it, a cross-sectional SEM image of the distributed particles in the powder core 

was taken. After cutting the resin, sandpaper and buffing were used to polish it. The polished 

surface was examined using SEM after ion milling. 

 

3.3 Result and discussion 

3.3.1 Characteristics of the FeNi particles 

The particles morphology of all samples identified by TEM images is given in Figure 

3.1. As can be seen in Figure 3.1(d), decreasing the carrier gas flow rate and increasing 

the temperature led to fewer hollow particles. In the case of 1200 °C (Figure 3.1(c1-5)), 

decreasing the carrier gas flow rate from 5 L/min (S12-5.0) to 2.5 L/min (S12-2.5) 

reduced the number of hollow particles by a few percent according to the dense and 

hollow particles count in Figure B.S4. A further decrease of the carrier gas rate to 1.3 

L/min (S12-1.3) and 0.5 L/min (S12-0.5) reduced the hollow particle percentage (HP) 

by 10% and 5%, respectively. However, by increasing the temperature to 1300 °C, as 

shown in Figure 3.1(b1-3), the sample of S13-5.0 had a similar percentage of hollow 

particles as S12-5.0 whereas the samples of S13-2.5 and S13-1.3 showed a significant 

reduction in the percentage that was proportional to the carrier gas flow rate. Further 

increasing the temperature to 1400 °C, as shown in Figure 3.1(a1-3), the S14-5.0 

sample provided a hollow particle percentage of approximately one-third that of the 

S12-5.0 and S13-5.0 samples. Moreover, the alteration of the carrier gas flow rate for 

S14-2.5 and S14-1.3 reduced the percentage of hollow particles to below 5%. Although 

the percentage can be suppressed by raising the temperature and reducing carrier gas 

flow rate, carbon formation, as indicated by the blue arrow in TEM images, occurred 

with the inversely amount to the hollow particles. The carbon might be generated by 

ethanol decomposition in the system [123], which may result in CO gas (Figure B.S5) 

and then reacts with H2 gas on the surface of FeNi particles to form carbon nanoparticles, 

as shown by equation (3.1)[124].  

CO + H2 à C + H2O    (3.1) 

Based on these TEM images, lower carrier gas flow rates and higher temperatures 

resulted in larger amounts of carbon nanoparticles formation. Thus, we focused on a 
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temperature of 1200 °C and a carrier gas flow rate between 1.3 and 5.0 L/min for further 

investigation. 

 

 

Figure 3.1. TEM images of FeNi particles in various carrier gas flow rates with different temperatures: 
(a1-3) 1400 °C; (b1-3) 1300 °C; (c1-5) 1200 °C. HP is the percentage of the number of hollow particles. 
(d) The correlation of the carrier gas flow rate and temperature to the HP. 

 
The morphological change from densification could be confirmed by SEM 

images, as shown in Figure 3.2(a) and 3.2(b). The smaller particles size might indicate 

the formation of dense particles and vice versa [107]. The sample of S12-5.0 had a broad 
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particle size distribution with the geometric average diameter of 402 ± 2 nm. A longer 

residence time from the decreasing of the carrier gas flow rate caused narrowing of the 

particle size distribution and lessening of the geometric average diameter to 385 ± 2 nm 

and 371 ± 2 nm for the samples S12-2.5 and S12-1.3, respectively. The densification 

was also proven by the increased density of FeNi particles in accordance with the 

increased percentage of dense particles in the lower carrier gas flow rates, as presented 

in Figure 3.2(c). The density value of the FeNi particles increased proportionally with 

the reducing carrier gas flow rates, which were 7.38, 7.85, and 8.33 g/cm3 from the 

carrier gas flow rates of 5, 2.5, and 1.3 L/min, respectively. 

 

To confirm the crystal structure of the FeNi particles, Figure 3.2(d) exhibits a typical 

XRD pattern of face centered cubic (fcc) FeNi without the presence of the oxidated state 

of Fe and Ni. The sharp peaks represented the highly crystalline nature of the FeNi 

particles [78]. The slight broad hump peak at approximately 26° was attributed to the 

formation of carbon nanoparticles during the spray pyrolysis process[125][81]. 

Additionally, decreasing carrier gas flow rates led the gradual increase of the crystal 

size of the FeNi particles due to the increasing phase formation in a longer residence 

time[126]. An extensive investigation was also carried out using an XRD pattern at a 

low angle to confirm the L10 phase of FeNi particles, which must be avoided. Figure 

B.S6 shows a devoid of the L10 FeNi phase peak. This means that our FeNi particles do 

not have the hard magnetic properties of FeNi-based alloys. 
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Figure 3.2. FeNi particles in different carrier gas flow rates: (a) SEM images and (b) particle size 
distribution, where dg,av is the geometric mean diameter and σ is the geometric standard deviation. (c) 
Effects of carrier gas flow rate on the percentage of dense particles and density of FeNi particles. (d) 
XRD pattern of FeNi particles in different carrier gas flow rates. These samples are obtained at 1200 °C. 
 

The magnetic characteristic of the FeNi particles was evaluated by the hysteresis 

curve (B-H loop) as depicted in Figure B.S7. All the samples revealed ferromagnetic 

characteristics and had similar saturation magnetic flux density (Bs) values of 1.5 T. This 

Bs value was close to the theoretical Bs value for FeNi materials (1.5 T) [127], which 

proved that the FeNi particles generated by spray pyrolysis route exhibit high purity and 

crystallinity [88,128]. Furthermore, the coercivity of S12-5.0, S12-2.5, and S12-1.3 was 

0.01, 0.009, and 0.01 kOe (0.8, 0.7, and 0.8 kA/m), which is much lower than that of 

the FeNi powder with no L10 phase reported before (14.5 kA/m) [129]. Because the 
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hysteresis loss of the core is related to the coercivity value, this low result implies that 

the FeNi particles are unlikely to affect it [130]. Moreover, the particles from this 

method exhibited the best saturation magnetic characteristic among the nano- and 

submicron sized particles from the other methods summarized in Figure 3.3. In the 

range of submicron sized particles and high magnetic saturation value (> 1.4 T), thermal 

decomposition, sol gel, and spray pyrolysis methods have the potential for large-scale 

production. However, based on these previous works, the thermal decomposition and 

sol gel methods were unable to produce the perfect spherical particles and required 

several steps in fabricating the FeNi particles [131,132]. 

 

 

Figure 3.3. Comparison of the magnetic saturation value of FeNi particles in the range of nano- and 

sub-micrometer size to the other methods. [48,74,85,131–139] 
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3.3.2 Application of FeNi particles in the powder core 

The synthesized FeNi particles were applied as the secondary particles in the 

powder core. Figure 3.4 depicts the cross-sectional SEM image of the powder core. The 

spherical and submicron sized FeNi particles were reasonably compacted and well 

distributed among the micron-sized primary particles.  

 
Figure 3.4. Cross-sectional SEM images of the powder core with three types of FeNi particles at different 
magnifications: (a) S12-5.0; (b) S12-2.5; and (c) S12-1.3 as the secondary particles. Images with different 
magnification: 1, low magnification image with 1.0k; and 2, high magnification image with 10.0k. 
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The addition of FeNi particles as the secondary particles affected the powder core 

characteristic quantitatively. The relative packing density of all specimens shown in 

Table 3.2 showed higher packing percentages with the addition of the denser FeNi 

particles. This was attributed to the smaller size and the higher density of the spherical 

FeNi particles. 

 

Table 3.2. The effect of the additional secondary particles from different prepared carrier gas flow 
rate on the physical property of the powder core 

Sample 
Packing 

percentage (η) 
 [%] 

Saturation 
magnetic flux 
density (Bs) 

[T] 

Initial inductance  
(L(0A)) 

[μH] 

Saturation 
current (Isat) 

[A] 
S12-5.0 78.9 0.908 6.46  10.2 
S12-2.5 79.7 0.921 6.96  11.2 
S12-1.3 80.1 0.922 6.61  12.1 

 

The powder core performance was examined through the DC bias current 

characteristic. The powder core was able to gradually become saturated with the 

increasing applied current, which was indicated by a descending inductance. Figure 3.5 

represents the deteriorating inductance value of the samples by increasing the applied 

electric current. For this measurement, the deterioration of the inductance value was 

observed from the specimens with the same level of permeability value. The sample of 

S12-5.0 showed the fastest decrease of the inductance value from its initial value 

followed by S12-2.5 and S12-1.3. The powder core properties, summarized in Table 

3.2, exhibited Isat values of 10.2, 11.2, and 12.1 A for the S12-5.0, S12-2.5, and S12-1.3 

samples, respectively. 
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Figure 3.5. Diminishing inductance from its initial value for presenting DC bias performance of the 
powder core. 
 

The Isat value was taken when the initial inductance had decreased by 30% as the 

saturation point (ΔL/L(0A) = -30%). Although the Isat value could be generally related 

to the Bs value of the powder core, the powder core of all samples exhibited 

unremarkably different Bs values (see Table 3.2). Therefore, the morphology of the 

secondary particles was proposed to influence this performance the most. The presence 

of hollow particles allowed a magnetic flux path only in their shell so the particles will 

become saturated rapidly under high current. Furthermore, from Figure 3.4, the smaller 

diameter of the densified particles provided a more effective distributed adjacent non-

magnetic region among the particles. Quantitatively, the average distance between 

particles from the use of the S12-5.0, S12-2.5, and S12-1.3 samples were 122, 184, and 

196 nm, respectively. A closer distance in this range resulted in an easier magnetic 

domain shift during magnetizing, and thus decreased Isat value[32] as represented in 

Figure 3.6. 



Chapter 3 : DC bias characteristic enhancement of the powder core by using densified submicron sized FeNi 
particles through spray pyrolysis 
 
 

 71 

 
Figure 3.6. Magnetic flux path through submicron sized FeNi particles. 

3.4. Conclusion 

In summary, a novel approach to control the structure of spherical and submicron 

sized FeNi particles synthesis is successfully conducted with the high-quality 

characteristic similar to the theoretical value. This study is the first investigating the 

spherical and submicron sized FeNi particles as the secondary particle in a powder core. 

The process parameters, i.e., temperature and carrier gas flow rates, considerably 

influence the characteristic of the FeNi particles. The higher temperature and lower 

carrier gas flow rates lead to the densification of the FeNi particles. Consequently, the 

particle structure is altered from low-density to high-density FeNi particles (hollow to 

dense particles), although carbon formation on the surface of the particles also occurs. 

To prevent carbon formation, in this research, we focused on a temperature of 1200 °C. 

The lower carrier gas flow rate provides a higher percentage of dense particles and a 

smaller particle size distribution with an increasing crystallite diameter. It is noticeable 

that the densification is beneficial for the application of FeNi particles as the secondary 

material of the powder core. The denser and smaller FeNi particles exhibit better 

performance of the DC bias characteristic for the powder core owing to its characteristic 

and effectively adjacent non-magnetic region distribution. Having a comparatively high 

magnetic saturation and prominent DC bias characteristic, the densified FeNi particles 

promise an enhancement of the powder core performance for industrial purposes. 
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Chapter 4 
One-step aerosol synthesis of SiO2 coated FeNi particles by using swirler 

connector-assisted spray pyrolysis 
 
 
 
Abstract 

Silica-coated soft-magnetic particles are essential for some powder magnetic cores 

consisting of primary (coarse particles) and secondary (fine particles) soft-magnetic particles 

in the advancement of electric devices. Herein, we report the first investigation on the direct 

synthesis of submicron-sized silica-coated FeNi (FeNi@SiO2) particles as the secondary 

particle using connector-assisted spray pyrolysis route. Provided by computational fluid 

dynamics (CFD) calculation in applying different connector types, i.e. T-shaped and Swirler, 

we found that the mixing performance between FeNi and HMDSO vapor in the swirler 

connector played an important role in resulting heterogeneous nucleation, which is crucial for 

obtaining the higher coating ratio and fewer undesired nanoparticles than that of T-shaped 

connector. The as-prepared submicron-sized FeNi@SiO2 particles (353 nm) with the highest 

coating ratio (95.9%) demonstrated remarkable DC bias characteristic (Isat) and eddy current 

loss values on a powder magnetic core, promising the practical application in manufacturing 

soft-magnetic components. 
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4.1 Introduction 

The rapid revolution of electrical devices in the automotive and digitalization fields for 

sustainable development goals has urged the advancement of soft-magnetic components, such 

as powder magnetic core inductors [4]. A powder magnetic core is a vital component that serves 

as a power converter for a device’s components [140]. In some cases, a powder magnetic core 

consists of primary (coarse particles) and secondary (fine particles) soft-magnetic particles. 

Based on several reports, selecting secondary particles is critical for achieving a desirable 

powder magnetic core feature [118,120,141,142]. FeNi is preferred as a secondary material 

because of its high magnetic saturation and permeability [45]. In addition, submicron-sized 

particles are highly favored for increasing the packing density of a powder magnetic core due 

to the difficulties associated with handling nanoparticles [83]. Our group recently succeeded in 

producing the spherical and submicron-sized FeNi particles with a diameter of approximately 

400 nm, as well as high density and saturation magnetic flux density values. However, there is 

still remaining an issue in the practical use of the powder core owing to the eddy current loss. 

When the eddy current loss value is high, the inductor’s performance becomes less efficient 

because of the energy loss [143]. Therefore, to reduce the eddy current loss value, FeNi 

particles must be coated with an insulating material. 

  Based on its chemical stability, silica can be highly considered as the coating material 

[144–147]. Some studies revealed the stability improvement in silica-coated FeNi3 particles 

against oxidation [53] and decreasing permeability at higher frequencies [58]. These studies, 

however, conducted FeNi3 particle synthesis in the first step and silica coating in the liquid 

phase method in the second step, which is unfavorable because of the long process in the 

multiple steps. Alternatively, an aerosol process is desired to achieve the silica coating on the 

core particles in direct synthesis. Several studies have attempted the aerosol process in 

producing silica-coated particles so far. By using tetraethyl orthosilicate (TEOS) as the SiO2 

precursor, Post et al. successfully demonstrated controllable silica-coated TiO2 particles with 

good thermal stability properties via chemical vapor deposition using a dielectric barrier 

discharge with a plasma filament [148]. Furthermore, Teleki et al. used hexamethyldisiloxane 

(HMDSO) as the SiO2 precursor in the flame spray pyrolysis technique to exhibit hermetically 

coating of Fe2O3@SiO2 and TiO2@SiO2 with silica as the shell [70,149]. This gas-phase 

method resulted in a mostly homogeneous coating thickness of approximately 2–4 nm with 

good stability through the isopropanol chemisorption and photooxidation of isopropanol to 
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acetone analysis. Although these methods seem promising, they are likely to cause difficulties 

in the FeNi precursor reduction because they involve oxygen. Another study conducted by 

Nomoev et al. successfully produced submicron-sized Cu@SiO2 by using a tubular reactor 

with an electron beam evaporator in the absence of oxygen [67], but this method requires a 

pure ingot of Cu, which is less abundant than its metal salt. Furthermore, in a comparison of 

the metal transition from metal salt to its metal alloy in a gas phase, the spray pyrolysis method 

has advantages over the aforementioned methods such as low cost, versatility in maintaining a 

reduced atmosphere [100,104,122,150,151], ease in controlling the particle’s size, morphology 

[87,152,153], and chemical composition [88,128,154,155], as well as prevention of 

agglomerating particles [156].  Thereby, spray pyrolysis with a closed electric furnace system 

is highly considered. Until now, the synthesis of the silica-coated FeNi (FeNi@SiO2) particles 

in a one-step aerosol process has not been investigated. Since the reduction to obtain FeNi alloy 

and the coating processes in one step is complicated, the silica coating on the FeNi particles is 

quite challenging. Moreover, a uniform silica coating on the FeNi particles is highly desired to 

achieve a characteristic improvement of a powder magnetic core. 

To perform the direct synthesis of FeNi@SiO2 particles with a uniform coating, we 

proposed a new approach to the closed spray pyrolysis system assisted by a connector, which 

is called the connector-assisted spray pyrolysis method. This method employs two strategies 

for controlling coating performance, as elaborated in Scheme 4.1. The first strategy is 

introducing the HMDSO vapor as the SiO2 precursor on the intermediate product of FeNi 

aerosol synthesis. To achieve this, a preheating system before the connector-assisted spray 

pyrolysis reactor is required. Therefore, a connector is needed to join the preheater and spray 

pyrolysis reactor to introduce the HMDSO vapor. Because the connector geometry can 

determine the fluid flow and mixing quality between two aerosols, the selection of the 

connector geometry is important. Subsequently, the second strategy is evaluating various 

connector geometries, i.e. T-shaped, Swirler-3, and Swirler-6 (see the dashed box in Scheme 

4.1), to precisely adjust the mixing performance between the FeNi aerosol and HMDSO vapor. 

A prominent mixing performance must be achieved to perform heterogeneous nucleation, 

which prevents the generation of nanoparticles and improves coating quality. In these 

strategies, the carrier gas of the HMDSO vapor (Qs) and an additional gas (Qa) were used to 

control the amount of HMDSO vapor and maintain the homogeneous distribution among the 

aerosols, respectively. 
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Scheme 4.1. Schematic of the proposed system for synthesizing FeNi@SiO2 particles in a direct process. 

 
In this study, the SiO2 coating of FeNi particles was firstly investigated by determining 

the effect of connector geometry on the coating quality. To support this study, a numerical 

approach based on computational fluid dynamics (CFD) was conducted to perform the mixing 

performance of the aerosols and predict the SiO2 generation. In addition, the gas flow rate of 

Qa was tuned to optimize the coating quality in the most prominent connector geometry. The 

synthesized FeNi@SiO2 particles were characterized to select the most prominent product for 

the powder magnetic core application. Eventually, the eddy current loss and DC bias 

characteristic were examined to stipulate the silica coating effect on the powder magnetic core 

characteristic improvement. 

 

4.2 Experimental section 

4.2.1 Particles synthesis 

The FeNi@SiO2 particles were synthesized via connector-assisted spray pyrolysis route 

equipped with a preheater and different connector types for introducing the silica source 

(Figure 1). The droplets of FeNi precursor solution with a total concentration of 0.2 mol/L, 

consisting of Fe(NO3)3.9H2O and Ni(NO3)2.6H2O in a solvent of 25 vol% ethanol-water, were 

transported by 5 L/min carrier gas of 5%H2-Ar into a preheater made of a Pyrex glass, with 
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395-mm length and 36-mm diameter, before meeting hexamethyldisiloxane (HMDSO)-laden 

5%H2-Ar gases through the connector. HMDSO was used as the silica precursor in a precisely 

controlled amount. The following three types of connectors were used in this study, described 

in Figure 4.1: i) A 20-mm diameter T-shaped tube (T-shaped), ii) A 20-mm-diameter tube with 

two 3-mm-diameter tangential inlets (Swirler-3), iii) A 20-mm-diameter tube with two 6-mm-

diameter tangential inlets (Swirler-6) (see the dashed-lined box in Figure 4.1). 

In the connector part, FeNi aerosol and HMDSO vapor were mixed before entering the 

spray pyrolysis reactor with a tube length of 1300 mm and an inside diameter of 30 mm. The 

temperature of the preheater was maintained at 300ºC, whereas the temperature of the 

connector was maintained at 150ºC. The reactor temperature was adjusted by five enclosed 

furnaces, 1200 mm in length, at 1200ºC or 1400ºC. The HMDSO was kept in the bubbler at a 

temperature of 2ºC based on the Antoine equation calculation and transported by HMDSO 

vapor carrier gas (Qs) of 5%H2-Ar at 10 mL/min. It corresponds to 0.046 g/h of supplied SiO2 

and 7.5 wt% of SiO2 in the synthesized particles at a saturated condition. The additional carrier 

gas flow rate (Qa) of 5%H2-Ar was controlled to maintain the mixing performance of FeNi 

aerosol and generated SiO2 from HMDSO. The temperature of the Qa was at room temperature 

(approximately 25oC). Finally, the product of the FeNi@SiO2 particles was collected in a bag 

filter at a temperature of 100oC. 

 

Figure 4.1. Experimental set-up of the synthesis of FeNi@SiO2 via connector-assisted spray pyrolysis 
route using different connector types. i) T-shaped, ii) Swirler-3, iii) Swirler-6. 
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4.2.2 Particles characterization  

Field emission scanning electron microscopy (FE-SEM; S-5200, 20 kV, Hitachi High-

Tech. Corp., Tokyo, Japan) and transmission electron microscopy (TEM; JEM-2010, 200 kV, 

JEOL Ltd., Tokyo, Japan) were used to examine the morphology of FeNi@SiO2 particles. X-

ray diffraction was used to determine its crystal structure (XRD; D2 PHASER, Bruker Corp., 

Billerica, MA, USA). The cross-sectional image of the FeNi@SiO2 particles was observed by 

using a high-angle annular dark-field scanning TEM (HAADF-STEM) and energy-dispersive 

X-ray spectroscopy (EDS) mapping of elemental Fe, Ni, Si, and O. Regarding the powder 

magnetic core, FeNi@SiO2 particles were added to micron-sized Fe-Si-B particles to make a 

powder magnetic core with a ratio of 1:4 for FeNi@SiO2 to Fe-Si-B particles. A Precision LCR 

Meter 4284A shape (Keysight Technologies, Inc.) with a maximum-applied field of 20 A, and 

a maximum magnetic field of 320 Oe was used to investigate the DC bias performance of all 

powder core specimens in wire wounded toroidal. The core loss was measured by using the B-

H analyzer SY-8218 (IWATSU ELECTRIC Co., Ltd., Tokyo, Japan). First, the toroidal core 

was wound with primary and secondary windings. Then, an alternating current was applied to 

the primary winding as an excitation current, and the electromotive force induced in the 

secondary winding was measured. Subsequently, the eddy current loss was calculated based on 

the phase difference between the exciting current and the induced electromotive force. The 

smaller the difference phase, the smaller the loss. 

 

Table 4.1. Experimental conditions for various parameters: connector types, temperatures, and 
additional gas flow rates. 

Sample Connector 
type 

Silica source 
inlet diameter 

Reactor 
temperature (TR) 

Additional gas 
flow rate (Qa) 

    [mm] [oC] [L/min] 
Ts-12-3 

T-shaped 20 
1200 

3 

Ts-14-3 1400 
Sw3-12-3 

Swirler 3 
1200 

Sw3-14-3 1400 
Sw6-12-3 

Swirler 6 

1200 
Sw6-14-3 

1400 Sw6-14-5 5 
Sw6-14-7 7 
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4.2.3 Mixing performance simulation  

To better understand the coating quality, the mixing of FeNi aerosol and HMDSO vapor 

was simulated by using CFD. Ansys Fluent, which is embedded in Ansys Workbench 2021 R1, 

was used to perform three-dimensional (3D) calculations. The domain was divided into 

approximately 250,000 meshes of unstructured tetrahedra (Figure C.S1). The FeNi aerosol 

inlet was defined by Lagrangian model as uniform inert droplets with a diameter of 5 mm, 

while the HMDSO vapor was defined as an inert gas following its physical properties. The 

inlet velocity of the inlet sources corresponded to the experimental conditions. The velocity of 

the FeNi aerosol inlet is 0.365 m/s at 573 K, whereas the velocity of the HMDSO vapor is 

based on the size and geometry of the inlet on the connector part following the Qa. The species 

in this simulation were assumed to behave as an ideal gas. The turbulence Shear-Stress 

Transport (SST) k-w model was used to represent the fluid flow. The walls were set as adiabatic 

and smooth with no-slip conditions. The temperature distribution and the residence time from 

the particle tracking in the simulation were used to obtain the analytical value of the HMDSO 

oxidation following the first-order reaction as written in equation (4.1) [69].  

         (4.1) 

where C is the vapor number concentration of HMDSO [m-3] and kg is the gas-phase 

oxidation rate constant of 4x1017exp(-3.7 x 105/(8.314 x T)) s-1.[111] 

 

4.3 Results and discussion 

The coating quality was firstly examined by employing various connector types, i.e.  T-

shaped, Swirler-3, or Swirler-6, at different reactor temperatures of 1200ºC and 1400oC. The 

temperature effect was initially investigated because it affects the metal salt reduction process2 

and the HMDSO oxidation rate [69]. In the case of 1200oC, the particles morphologies using 

all connector types were observed in the SEM images (Figure 4.2(a1-c1)). The presence of 

particles with a separated phase between FeNi and its oxidation state (red circle) indicates an 

incomplete reduction process [122]. These particles were also visible in the TEM image, as 

shown in Figure 4.2(a2–c2). Several uncoated particles in the TEM images were also noticed. 

Thus, the temperature at 1200oC was inefficient for the synthesizing FeNi@SiO2. In contrast, 

spherical FeNi@SiO2 particles were observed in the SEM images (Figure 4.2(d1-f1)) when 

the reactor temperature was set to 1400oC in all connector cases. Spherical coated particles 

with a high amount of nanoparticle generation (red arrows) from the use of T-shaped connector 
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are denoted in Figure 4.2(d1). Meanwhile, in the case of the Swirler-3 connector, spherical 

coated particles with a significantly lower amount of the aggregation of nanoparticles are 

shown in Figure 4.2(e1). Furthermore, increasing the inlet diameter of the HMDSO vapor at 

the Swirler-6 resulted in the generation of spherical coated particles with barely detectable 

nanoparticles (Figure 4.2(f1)). The coating quality at this temperature was determined using 

TEM analysis. The images of the core-shell structured particles are shown in Figure 4.2(d2–

f2). The coating quality was quantified using the percentage value of the coating ratio (CR), 

which is based on the ratio of the number of perfectly coated particles to the number of total 

particles from the TEM images (see Supporting Information). Overall, all connector types 

provided a relatively efficient coating with a high CR value of more than 90%. However, the 

sample of Ts-14-3 had not only the lowest CR value but also the highest amount of nanoparticle 

generation (red arrows). Conversely, the use of the Swirler connector, especially the sample of 

Sw6-14-3, improved the CR value (94.8%) and significantly reduced nanoparticle generation. 

There are two possibilities to explain the improvement of the coating quality in the Swirler 

case. First, a heterogeneous nucleation tendency from a proper mixing provided by the swirling 

flow [70,157,158]. Heterogeneous nucleation is denoted by the initial step in the formation of 

new aerosol particles that deposit and evolve on the surface of pre-existing (seed) particles 

[159]. In our case, the seed particles are represented by the FeNi aerosol, while the deposited 

vapor is represented by HMDSO vapor. Second, the generated silica particles were deposited 

onto the core particles followed by sintering[61]. According to the smooth surface of the coated 

particles, we hypothesized that our case might follow the first possibility.  
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Figure 4.2. FeNi@SiO2 particle morphology using different types of connectors at reactor temperatures 
of 1200ºC (a–c) and 1400ºC (d–f). 1) SEM images; 2) TEM images of particles generated using (a,d) T-
shaped, (b,e) Swirler-3, (c,f) Swirler-6. CR is the coating ratio in percentage, we counted at least 150 
particles. Number of * indicate the level of nanoparticle generations. 

 
In order to understand the coating process efficiency, CFD analysis was used to 

examine the temperature distribution, particle residence time, and mixing performance between 

FeNi aerosol and HMDSO vapor. Overall, a similar temperature distribution of the T-shaped 

and Swirler-6 cases, in the range of 0 to 0.5 m from the connector inlet, is represented in Figure 

4.3(a1,a2). However, the Swirler-6 connector provided a shorter distance to achieve 



Chapter 4: One-step aerosol synthesis of SiO2 coated FeNi particles by using swirler connector-assisted 
spray pyrolysis 
 
 

 82 

homogeneous temperature than the T-shaped connector (indicated by the yellow color at the 

center in Figure 4.3(a1)). Furthermore, the particle tracking shown in Figure 4.3(b1,b2) 

revealed a remarkable distinction profile. The T-shaped case could not allow the FeNi aerosol 

(red line) to mix with the HMDSO vapor (blue line) immediately in the connector part. Even 

though the HMDSO vapor trajectory seemed to be spread fairly surrounding the FeNi aerosol 

in a few centimeters forward from the reactor inlet, the HMDSO vapor moved to the one-side 

of the reactor, which is shown by ununiform mixing (separated by the blue and red line at arrow 

1, as pointed in Figures 4.3(b1) and Figure 4.3(c1)). As a result, a region with a relatively 

high concentration of HMDSO vapor and low concentrations of FeNi aerosol formed, resulting 

in homogeneous nucleation. In contrast to heterogeneous nucleation, the homogeneous 

nucleation is defined by the formation of new particles from gaseous compounds in the absence 

of any surface.37 Moreover, another region was dominated by FeNi aerosol with a significantly 

low HMDSO concentration, which could explain the production of uncoated particles. It is 

supported by the previous work from Teleki et al and Gass et al, the poor mixing between 

HMDSO vapor and core particles led to the separate SiO2 particles with the presence of coated 

and uncoated particles due to homogeneous coating. On the other hand, the Swirler-6 case 

resulted in uniform mixing instantly at the HMDSO vapor introduction. Even dispersion of 

FeNi aerosol (red line) and HMDSO vapor (blue line) could be maintained alongside the axial 

reactor, as denoted by arrow 2 in Figure 4.3(b2) and Figure 4.3(c2), suppressing the 

homogeneous nucleation and allowing heterogeneous nucleation to dominate. Thus, the 

particles with a higher CR and fewer generated nanoparticles were achieved.  
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Figure 4.3. The CFD simulation results from different connectors: (a) Temperature distribution on cross-
sectional along the axis reactor, blue (bellow 573 K), red (1673 K). Particles trajectory (b) along the axis 
reactor and (c) near the reactor outlet. 1) T-shaped, 2) Swirler-6. (d) The centerline on the temperature 
distribution (blue), particle residence time (red), and degradation of the HMDSO concentration due to 
SiO2 generation (black) as a function of length. T-shaped (dashed-line), Swirler-6 (solid line). 

 
Furthermore, the HMDSO decomposition was calculated from the integration of the 

oxidation rate as a function of temperature over time. Figure 4.3(d) showed a centerline 
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temperature in connector and reactor sections (blue line) as well as the particle residence time 

(red line) based on the CFD calculation from two connectors, i.e. T-shaped and Swirler-6. This 

figure revealed relatively different values in temperature and residence time from those 

connectors in close-up image despite an overall similar trendline as seen in Figure C.S2. It is 

obvious that the use of T-shape connector provided a sudden increase of the temperature in a 

short residence time. Consequently, the SiO2 generation began as soon as the HMDSO entered 

the reactor with a length between 0.25 and 0.34 m, as described in the plot of HMDSO 

concentration as a function of length (dashed black line in Figure 4.3(d)). Thereby, the rapid 

increase in temperature may also cause homogeneous nucleation besides the poor mixing 

between aerosols (Figure 4.3(b1)).35 Meanwhile, the use of Swirler-6 led to gradual 

temperature and residence time increases, causing the degradation of HMDSO concentration 

to begin at 0.28 m, within a shorter distance than the T-shaped case. The combination of gentle 

heat up and effective mixing of FeNi and HMDSO vapor resulted in heterogeneous 

nucleation.18,35 Hence, the CR increased, while the nanoparticle amount decreased 

significantly. 

Apart from these two cases, the Swirler-3 case demonstrated a similar phenomenon to 

the T-shaped case. Although the mixing performance near the connector appeared to be 

rigorous, ununiform mixing in the subsequent reactor part (Figure C.S3) and a rapid increase 

in centerline temperature (Figure C.S4) were insufficient to significantly suppress 

homogeneous nucleation. As a result, the CR slightly improved and the number of the 

nanoparticles remained. Based on these observations, it is noticeable that besides the geometry 

of the Swirler-6 is the best candidate among the applied connectors, the more evenly distributed 

HMDSO vapor surrounding the FeNi aerosol, as well as the gentler temperature rise, would 

improve the CR and decrease nanoparticles generation. Therefore, further optimization was 

performed by controlling the additional gas flow rate (Qa) with Swirler-6.  

Figure 4.4(a1–a3) presented the successful production of FeNi@SiO2 particles in 

various Qa. FeNi@SiO2 particles with smooth surfaces produced at flow rates of 3 and 5 L/min. 

The generated nanoparticles were remarkably reduced by using higher Qa, i.e. 5 L/min, as 

revealed in the TEM images in Figure 4.4(b1,b2). It was noticed that raising Qa, resulted in a 

more fairly distributed HMDSO vapor.  However, a further increase in Qa to 7 L/min, resulted 

in a significant amount of nanoparticle generation (see Figure 4.4(b3)). The increase in Qa was 

most likely resulted by a lower concentration of the HMDSO in the gas flow, thereby 

expanding the space between the generated SiO2 and FeNi aerosols. In addition, a high flow 
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rate provided insufficient residence time, limiting the interaction between generated SiO2 and 

FeNi aerosols. Thus, the remaining generated SiO2 was obtained as generated nanoparticles. 

 
Figure 4.4. Effect of additional gas flow rates on the morphology of FeNi@SiO2 particles. (a) SEM images 
and (b) TEM images of the applied Qa: 1) 3 L/min, 2) 5 L/min, 3) 7 L/min, (Number of * indicate the level 
amount of nanoparticles). (c) Effect of the additional gas flow rates on the coating ratio (CR) and shell 
thickness (tc). (d) XRD pattern of the FeNi@SiO2 particles (Sw6-14-5). 

 
  By measuring the shell thickness and FeNi@SiO2 particle size distribution from 

approximately 400 particles in the TEM images, the shell thickness shown in Figure 4.4(c) 

confirms that the higher Qa allows for a thinner SiO2 shell due to the lower concentration of 

HMDSO in the fluid flow and shorter residence time in the reactor. The Qa variation at 3, 5, 

and 7 L/min resulted in shell diameters of 27, 25, and 22 nm, respectively. The shell thickness 

was also considered to proportionally affect the diameter of the FeNi@SiO2 particles. A slight 

difference in the geometric mean diameter of the particles and the geometric standard deviation 
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(dav,g/σd,g), which were 361 nm/1.54, 353 nm/1.49, and 350 nm/1.60 as Qa increased from 3 to 

7 L/min are described in Figure C.S5. Based on the CR calculation, the level amount of the 

nanoparticle generation was inversed relatively to the percentage of the CR. Hence, the sample 

of Sw6-14-5 was the best to obtain the highest CR of 95.9% compared with the sample of Sw6-

14-3 and Sw6-14-7 with CRs of 94.8% and 93.1%, in turn. 

 
Figure 4.5. HAADF-STEM image and elemental mapping of cross-sectional FeNi@SiO2 particles (Sw6-
14-5). 

 
The crystal structure analysis of the sample Sw6-14-5 also demonstrated the successful 

synthesis of FeNi as the core of the particle. The XRD pattern in Figure 4(d) revealed an FeNi 

crystal structure without oxidized iron or nickel peaks. It denoted that the reduction process 

proceeded completely. Cross-sectional HAADF-STEM analysis was used to further verify the 

structure of the synthesized particle. The core-shell FeNi@SiO2 particles without the 

composite FeNi/SiO2 formation are represented in Figure 5. The EDS mapping on the cross-

section of the particles revealed the FeNi core without its oxidation state and the shell of SiO2. 

The image was also dominated by the presence of FeNi@SiO2 particles with a few uncoated 

particles, corresponding to the coating ratio calculation from the TEM images (Figure 4 (b2)). 
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Figure 4.6. (a) Normalized eddy current loss in various packing densities, and (b) deterioration of the 
normalized permeability value of the applied FeNi and FeNi@SiO2 particles in a powder core. 

 
The effectiveness of the FeNi@SiO2 particles was revealed by incorporating the 

particles into a powder magnetic core.  The eddy current loss measurement was conducted by 

different packing density. Comparing the application of FeNi@SiO2 and FeNi particles in the 

powder core, the FeNi@SiO2 particles resulted in a lower eddy current loss at the same packing 

density (Figure 4.6(a)). It proved that the silica shell may suppress the inter-particle eddy 

current throughout the powder magnetic core.9 Critically, at the same level of eddy current loss 

value, the FeNi@SiO2 particles provided a higher packing density than that of the FeNi 

particles. The packing density is a crucial parameter in obtaining prominent DC bias 

characteristics6 which is described by the declination in the normalized permeability value in 

the powder cores along with the electric current improvement (Figure 4.6(b)). The DC bias 

characteristic was represented by the Isat value as the saturation point determined by 30% 

deteriorating value of the relative permeability. The use of FeNi@SiO2 particles could maintain 

the deterioration of relative permeability at higher DC bias currents than the use of FeNi 

particles. The Isat value obtained using FeNi@SiO2 particles was 17.0 A, whereas the value 

obtained using uncoated FeNi was 14.3 A. It can be concluded that FeNi@SiO2 particles were 

substantially more effective than FeNi particles, as the secondary particles in a powder 

magnetic core. 
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5.1 Conclusion 

A single-step production of FeNi@SiO2 particles was successfully performed using a 

connector-assisted spray pyrolysis method with different types of connectors. The effect of the 

connector geometries, i.e. T-shaped, Swirler-3, or Swirler-6 types, was firstly investigated by 

means of the particle characteristics. The TEM images demonstrated the coating quality of the 

FeNi@SiO2 particles by calculating the number of coated particles percentage as the CR and 

observing the level amount of the undesired nanoparticle generation. Notably, the connector 

geometry exhibited a crucial role in the coating quality. Swirler-6, a swirler connector, revealed 

the most prominent type for introducing HMDSO vapor to the FeNi aerosol with the highest 

CR value of 95.9% and the lowest level of nanoparticle generation. According to the CFD 

simulation, the uniform dispersion between FeNi aerosol and HMDSO vapor is critical for 

heterogeneous nucleation, resulting in a high coating ratio percentage and a small number of 

generated nanoparticles. Furthermore, the effect of additional gas flow rates (Qa) was 

investigated by varying the Qa of 3, 5, and 7 L/min. Although the increase in the Qa from 3 to 

5 L/min resulted in a more evenly distributed HMDSO vapor, which improved the coating 

quality, further increasing the Qa to 7 L/min resulted in a lower coating quality due to 

insufficient residence time and adjacent space among FeNi aerosol and generated SiO2. The 

efficiency of the produced FeNi@SiO2 particles from the most optimum condition in this 

experiment was then evaluated through magnetic characterization of the powder core. The use 

of the FeNi@SiO2 particles as the secondary particles exhibited a remarkable benefit in the DC 

bias characteristics and eddy current loss value compared with uncoated FeNi particles. 
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Chapter 5 
Conclusions and Future Perspective 

 

5.1 Conclusions 

The advanced soft-magnetic material such as FeNi particles has contributed to the 

development of power converter component for realizing sustainable development goals. The 

manufacturing spherical submicron-sized iron nickel (FeNi) and silica-coated iron nickel 

(FeNi@SiO2) particles in a direct, benign, and an effective process has been successfully 

conducted via spray pyrolysis method. Various harmless reduction agents, temperatures, and 

precursor carrier gas flow rates were investigated to obtain the FeNi particles with the spherical 

shape, dense structure, smooth surface, and absence of its oxide. It was found that these 

parameters are of importance for controlling the FeNi particles characteristics. In general, the 

higher reduction atmosphere provided by the reduction agents and the longer particles 

residence time owing to the lower carrier gas flow rates is favor of the targeted FeNi particles. 

In terms of FeNi@SiO2 particles production, it was pointed that the equipment design plays an 

important role in obtaining the particles with high coating quality because it mainly controls 

the mixing between FeNi core and SiO2 shell during coating process. Besides, a numerical 

approach based on computational fluid dynamics was conducted to propose a plausible 

particles formation. The highlighted conclusions in this thesis are listed as follows: 

1. Submicron-sized FeNi particles were prepared by utilizing ethanol, ethylene glycol, and 

formic acid as harmless and low-cost reduction agents. The effectiveness of reduction 

agents was evaluated across a concentration range of 0-30 vol%. It was found that the 

type and concentration of reduction agents play a crucial role in determining the 

characteristics of FeNi particles. Ethanol and ethylene glycol, at higher concentrations 

(25 vol%), yielded smooth and spherical FeNi particles of submicron size. On the other 

hand, formic acid resulted in irregularly shaped particles with a Janus structure, 

comprising FeNi and FeO. A plausible mechanism for the reduction of metal salts was 

proposed, indicating that the type of reduction agent not only affects the extent of 

reduction but also influences the morphology of the particles during the synthesis 

process. 
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2. For the first time, submicron-sized FeNi particles have been applied as the secondary 

particles of a powder core inductor. The characteristics of FeNi particles are 

significantly influenced by process parameters in spray pyrolysis method, specifically 

temperature and carrier gas flow rates. Higher temperatures and lower carrier gas flow 

rates result in denser FeNi particles, transforming them from low-density to high-

density structures. Whereas lower carrier gas flow rates yield a higher proportion of 

dense particles, a narrower particle size distribution, and an increased crystallite 

diameter. The densification process proves advantageous for incorporating FeNi 

particles as secondary materials in powder cores. The denser and smaller FeNi particles 

demonstrate improved performance in terms of DC bias characteristics and effectively 

distribute non-magnetic regions adjacent to them.  

3. The one-step synthesis of FeNi@SiO2 particles was carried out by using connector-

assisted spray pyrolysis as a new approach. It was revealed that the connector types 

significantly affected to the coating quality of FeNi@SiO2 particles. Swirler type 

connector, i.e., Swirler-6, resulted the highest coating ratio and the lowest free SiO2 

nanoparticles because this connector can maintain intense mixing between FeNi and 

SiO2 sources. Computational fluid dynamics (CFD) was performed to understand the 

plausible coating phenomenon. The resulted FeNi@SiO2 particles was applied for the 

secondary particle of a powder core. It showed that the FeNi@SiO2 particles enhanced 

the magnetic characteristic of the powder core inductor. 

It is noteworthy that the utilization of the FeNi and FeNi@SiO2 particles enhances the 

magnetic characteristic of a powder core inductor, which promises a better performance for the 

advancement digital and electric machines.  

 

5.2 Suggestion for further investigations 

1. A numerical approach based on population balance model should be conducted to 

understand the more plausible mechanism of FeNi@SiO2 particles formation. Other 

possibilities of the formation of FeNi@SiO2 particles such as the scavenging of SiO2 

particles onto FeNi particles during in-flight or the diffusion of SiO2 source into the 

FeNi source followed by the particles drying that starts from the formation of SiO2 shell 

to the FeNi core. 
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2. Controlling SiO2 shell thickness is critical for the wide application of the FeNi@SiO2 

particles. A precise control over the SiO2 shell thickness allows for optimization of the 

particle's magnetic and electrical properties. Thicker shells can provide better insulation 

and protection, minimizing interactions between the FeNi core and the surrounding 

environment. This is particularly important in applications where the particles are 

exposed to harsh conditions, such as high temperatures, humidity, or corrosive 

substances. 

3. In order to precisely control the silica shell thickness on the FeNi particles, it is strongly 

suggested to perform an experiment to get the number of precursor droplet provided by 

ultrasonic nebulizer since the number of core particles would determine the coating 

performance. There is a minimum number of droplet that could prevent the 

homogeneous nucleation. 

4. Direct synthesized silica-coated Fe particles (Fe@SiO2) can be considered by using 

spray pyrolysis for further powder core inductor development. To the best of my 

knowledge, there is no study that successfully produced Fe@SiO2 particles in one-step 

process and apply it for a power converter component. It is believed that the Fe@SiO2 

particles can provide a better magnetic characteristic on a powder core compared to 

FeNi@SiO2 particles owing to the higher magnetic saturation value of Fe over FeNi. 

 

 



 

 

Appendix. A 
Supporting Information: Direct synthesis of submicron FeNi particles via spray pyrolysis 
using various reduction agents 
 

A.1 Effect of the temperature on the crystallite structure of FeNi particles in the absence 

of reduction agents 

The synthesis of FeNi particles by spray pyrolysis was conducted using a controllable 

electric furnace at a constant temperature. The temperature is monitored using thermocouples 

inside the tube (see Figure A.S1). 

 

Figure A.S1. Temperature distribution inside spray pyrolysis reactor. 
 

To find the optimum temperature for producing FeNi particles, preliminary 

experiments were performed in the absence of reduction agents between 900 and 1300°C. The 

crystal structures of the products were analyzed using XRD, shown in Figure A.S2. This figure 

depicts iron nickel oxide (NixFe3-xO4) and nickel oxide (NiO) as the main product in the 
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samples of W100_9 and W100_10. This indicates that temperatures of 900 and 1000°C are 

insufficient to reduce the oxidation state of this metal. Slightly increasing the temperature to 

1100°C produces three main peaks of face centered cubic (fcc) suggesting FeNi crystals 

appearing in small amounts (sample W100_11). The FeNi crystal structure further increases at 

the applied temperatures of 1200 and 1300°C. However, it is noticeable that the crystal phases 

between W100_12 and W100_13 have little difference.  

 

Table A.S1. Experimental conditions of the preliminary experiments. 

Sample name 
Solvent- 

Reduction agent 

Reduction agent 

concentration (vol%) 
Temperature (°C) 

W100_9 

Water (W) 

 
900 

W100_10 
 

1000 

W100_11 0 1100 

W100_12 
 

1200 

W100_13 
 

1300 

ET25_11 Water-Ethanol (ET) 25 1100 

 

The increase of the intensity of FeNi as well as Fe3O4 and Fe1-xO crystals correspond to 

the increase in temperature. Inversely, the peak of the NixFe3-xO4 and NiO decrease with 

temperature. This phenomenon is in accordance with the following reaction of thermal 

decomposition and reduction [108–110,160,161]. 

   Fe(NO3)3.9H2O  → Fe(OH)2.NO3 + H2O + HNO3 → Fe2O3 + NO2 + O2 + H2O       (A.1) 

   Ni(NO3)2.6H2O → Ni(OH).NO3 + H2O + HNO3  → NiO + NO2 + O2 + H2O       (A.2) 

Fe2O3 + NiO → NixFe3-xO4                (A.3) 

  Fe2O3 → Fe3O4                    (A.4) 

NixFe3-xO4  → NiO + Fe3O4  → Ni + Fe3O4  →  Fe1-xO  + FeNi        (A.5) 

The XRD pattern between W100_12 and W100_13 proves that the conversion of FeNi cannot 

be completed because of the water adsorption at the iron oxide and FeNi interface of the 

particles [116]. Therefore, the FeNi particle synthesis in various reduction agents is conducted 

at the temperature of 1200°C. 
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Figure A.S2. XRD pattern of FeNi particles using water as a solvent at various temperatures.  
 

A.2 Effect of the reduction agent concentration on the crystallite structure of FeNi 

particles 

The crystal structure of the fabricated FeNi particles in the different reduction agents 

was confirmed using XRD (Figure A.S3). The crystal structure of FeNi and Fe1-xO were 

recognized at lower concentrations of ethanol and ethylene glycol (sample ET10, ET15, EG10, 

EG15). Meanwhile, increasing the concentration of these reduction agents yielded FeNi 

particles with no oxidation state in the samples of ET25, ET30, EG25, EG30. Conversely, 

formic acid produced samples of FA10 to FA30 with the presence of FeO (e.g., Fe3O4 and Fe1-

xO) at all tested concentrations. 

 

A.3 Effect of the temperature on the morphology of FeNi particles in the absence of 

reduction agents 

The morphology of the product in 100 vol% of water was confirmed using SEM at 

various temperatures shown in Figure A.S4. This figure reveals that the applied temperature 

significantly affects the morphology of the particles. At 900°C, rough and spherical particles 

were obtained. Particle formation becomes more spherical as the temperature is increased 
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1000°C (Figure A.S4(a), (b)). Meanwhile, heterostructure particles with whisker formation 

(fibrous iron metal growth over the iron oxide) occurred at 1100°C (Figure A.S4(c)). These 

whiskers are generally formed by the nucleation of iron on the iron oxide surface during 

reduction in a H2 gas atmosphere [162]. 

 

 

Figure A.S3. Crystal structure of FeNi particles synthesized using (a) Ethanol, (b) Formic acid, (c) Ethylene 
glycol. 
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Figure A.S4. SEM images of FeNi particles synthesized using water as a solvent in various temperatures 
(a) 900 oC, (b) 1000 oC, (c) 1100 oC, (d) 1200 oC, (e) 1300 oC. 

 

A further increase in temperature to 1200°C might encourage particle sintering [163] 

(Figure A.S4(d)) and the driving force of reduction by H2 gas thermodynamically and 

kinetically according to the Baur-Glassner diagram. Accordingly, dense formations of the Fe 

phase on the iron oxide surface were generated. However, increasing the temperature to 1300°C 

in Figure A.S4 (e) showed an insignificant difference to particle morphology and crystal 

structure (Figure A.S2). Although this temperature increases the reduction driving force, the 
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water vapor from the reduction reaction, and causes H2O partial pressure build up in the gas 

mixture. Consequently, these water molecules can be absorbed at the free reaction sites of iron 

and iron oxide, which blocks the further progress of reduction and decelerates the iron nuclei 

growth rate.  

The crystal structure of ET25_11 at 1100°C is shown in Figure A.S2, and iron oxide is 

still generated at this temperature because of insufficient energy. This result supports that the 

temperature should be 1200°C for this study of the effect of reduction agents on FeNi particle 

formation. 

 

A.4 Particle size distribution of the case of 25 vol% reduction agents 

The reduction agent types lead to the precursor properties such as density, viscosity, and 

surface tension which affected the particle size distribution as presented in the Table A.S2 and 

Figure A.S5, respectively. 

 

Table A.S2 Precursor properties in different solvents 

Property of Fe(NO3)3       

and Ni(NO3)2 solution 
in water 

in 25 vol% 

ethanol-water 

in 25 vol% 

formic acid-

water 

in25 vol%   

ethylene 

glycol-water 

surface tension (mN/m) 74.2 39.3 56.45 63.55 

density (kg/m3) 1134 1109.5 1218.5 1185.4 

viscosity (Pa.s) 0.0010 0.0020 0.0012 0.0022 
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Figure A.S5.  Effect of the solvent type on the FeNi particle size distribution: (a) 25 vol% ethanol, (b) 25 
vol% formic acid, (c) 25 vol% ethylene glycol, and (d) water. dav is the geometric mean diameter, σg is 
the geometric standard deviation. 

 

A.5 Atomic distribution of the particle with the spherical and Janus structure 

To confirm the atomic distribution and chemical composition in the particle, EDS 

analysis is conducted (Figure A.S6). The Janus structure resulted from formic acid showed 

that the particles comprise different chemical structures that belong to FeNi at position 2 and 

FeO (Fe3O4 and Fe1-xO) at position 1. Conversely, the spherical particles generated by ethanol 

indicate FeNi only (position 3). 
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Figure A.S6. EDS analysis of (a) the Janus structure (FA25) and (b) the spherical structure (ET25).  
 

 

A.6 Thermogravimetric analysis and thermal decomposition of the solid precursor 

Figure A.S7 shows thermal decomposition and metal salt reduction using 

thermogravimetric analysis (TGA) under 5% H2-N2 with a heating rate of 10 °C/min. Water 

evaporation is confirmed by the first mass loss. Then, further increases in temperature represent 

the precipitation of Fe(OH)2.NO3 and Ni(OH).NO2. Moreover, the precipitated solids are 

decomposed into Fe2O3 and NiO at 250°C [3]. Furthermore, the reaction between Fe2O3 and 

NiO occurs to generate NixFe3-xO4 following equation (1) – (3). Finally, the NixFe3-xO4 is 

reduced to FeNi, which is confirmed by 17 wt% of the remaining weight and the silver metallic 

color of the final product. 
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Figure A.S7. Thermogravimetric analysis of the solid precursor. 

 

 Additionally, to prove the polyol mechanism in the ethylene glycol case, a thermal 

decomposition test is performed by evaporating the four precursor solutions at 200°C in air. 

The separated color of the precipitated solid caused by the ethylene glycol is evidence of the 

different precipitation of Fe(OH)2.NO3 and Ni(OH).NO2 in comparison to the others (Figure 

A.S8).  

 

Figure A.S8. The precipitated solid of the precursor solutions at 200°C under the air. 
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A.7 Reduction agent decomposition by Computational Fluid Dynamics 

To better understand FeNi particle formation, a simulation of ethanol decomposition 

was conducted using a Computational Fluid Dynamics (CFD) approach. The simulation was 

conducted over the volume of the spray pyrolysis reactor. The domain was divided into 147,000 

mesh with an average skewness of 0.14 and the orthogonal quality of 0.98. The momentum 

transport was modelled by Reynold Average Navier Stokes (RANS), k-e model (equation (A.6) 

to (A.8)). Furthermore, the ethanol decomposition was assumed by the main reaction. It was 

described by the local mass transport model (equation (A.9)) from each species (Yi). 
!
!"
(𝜌𝑘) + !

!'!
(𝜌𝑘𝑢() =

!
!'"

;<𝜇 + )#
*$
> !+
!'"
? + 𝐺+ + 𝐺, − 𝜌𝜀 − 𝑌- + 𝑆+      (A.6) 

!
!"
(𝜌𝜀) + !

!'!
(𝜌𝜀𝑢() =

!
!'"

;<𝜇 + )#
*%
> !.
!'"
? + 𝐶/.

.
+
(𝐺+ + 𝐶0.𝐺,) − 𝐶1.𝜌

.&

+
+ 𝑆.    (A.7) 

𝐺+ = −𝜌𝑢23𝑢43DDDDDD !5"
!'!

          (A.8) 

!
!"
(𝜌𝑌() + ∇ ∙ (𝜌𝑣̅𝑌() = −∇ ∙ 𝐽(̅ + 𝑅( + 𝑆(        (A.9) 

Turbulent or eddy viscosity calculated by 𝜇" = 𝜌𝐶)
+&

.
𝜇".𝐶) is constant 0.09. 𝐶/. , 𝐶1. 

are 1.44, 1.92; 𝜎+ , 𝜎. are the Prantdl Numbers 1, 1.3; 𝑆. , 𝑆+	 are user defined sources. Ri is the 

net rate of production of species  by chemical reaction and Si is the rate of creation by addition 

from the dispersed phase plus any user-defined sources. An equation of this form will be solved 

for N−1 species where N is the total number of fluid phase chemical species present in the 

system. Because the mass fraction of the species must sum to unity, the Nth mass fraction is 

determined as one minus the sum of the N−1 solved mass fractions. To minimize numerical 

error, the Nth species should be selected as that species with the overall largest mass fraction, 

such as N2 when the oxidizer is air [9]. The activation energy of H2 gas generation from ethanol, 

formic acid, and ethylene glycol are 174 kJ/mol [10], 70.7 kJ/mol [11], 100 kJ/mol [12], 

respectively. The physical properties of all chemical components followed the Ansys Fluent 

database. Additionally, the density and the heat capacity of the ethylene glycol were defined at 

constant values of 2.1 kg/m3 and 156.4 J/mol K [13], in turn. Meanwhile, the density and the 

heat capacity of the formic acid were 1.6 kg/m3 and 97.91 J/mol K [14]. 

The simulation was validated by the temperature distribution at the center of the spray 

pyrolysis reactor and the characteristic of the ethanol decomposition product. Figure A.S9(a) 

describes that the simulation agrees with H2, CO2, and ethanol concentration [15]. Based on 

the simulation result of the ethanol case, the two stages are possible to be proposed in the FeNi 

particle formation. The first stage represents the mechanism on the evaporation and thermal 
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decomposition of the precursor solution into Fe2O3 and NiO for the first 250°C. It is supported 

by the relatively low H2 gas generated from ethanol decomposition at this temperature. 

Secondly, the reduction is the main mechanism producing FeNi particles during the second 

stage. It is confirmed by the relatively high concentration of H2 gas along with the decrease of 

ethanol concentration throughout the reactor. Figure A.S9 (b) and (c) represent the simulation 

of the formic acid and ethylene glycol decomposition, respectively. The temperature and the 

mol fraction of the chemical components in all cases show so similar characteristic that the 

particle formation can be generalized into (i) evaporation and chemical reaction as well as (ii) 

reduction stages. 

 
Figure A.S9. The reduction agent decomposition by Computational Fluid Dynamics simulation: (a) 
ethanol, (b) formic acid, (c) ethylene glycol



 

 

Appendix B 
Supporting Information: DC bias characteristic enhancement of the powder core by using 
densified submicron sized FeNi particles through spray pyrolysis 

 

B.1 Characteristics of FeNi particles in various precursor concentrations 

In our previous report, the use of 25 vol% ethanol was useful to produce the spherical and 

submicron sized FeNi particles from its metal salt form. To increase the production rate, a 

preliminary experiment was conducted by applying various concentrations of the precursor 

solution, i.e., 0.2, 0.3, 0.4, and 0.6 mol/L. An increase of the solution concentration resulted in 

an increase of the metal oxide phase owing to an insufficient reduction agent. Figure B.S1 

shows spherical particles with the Fe and Ni atoms distributed uniformly from the precursor 

concentration of 0.2 mol/L, while Janus particles occurred in the two phases of FeNi and FeO 

from the precursor concentration of 0.6 mol/L. Consequently, the magnetic saturation flux 

density (Bs) value plummeted from 1.5 T to 0.9 T for the concentrations of 0.2 mol/L to 0.6 

mol/L, as shown in Figure B.S2． 

 

B.2 Measurement of the hollow percentage by TEM image 

Particle count from TEM images was used to determine the hollow percentage of the 

resulting particles as presented in Figure B.S3. We calculated the number of particles at least 

400 particles. The amount of hollow and dense particles are summarized statistically in Figure 

B.S4. 

 

B.3 Gas chromatography analysis  

To confirm carbon formation as a side effect of the ethanol decomposition, gas 

chromatography analysis was conducted by using a Shimadzu GC-14B (Shimadzu, Japan) gas 

chromatograph equipped with a split/spitless injector. The chromatograms were recorded and 

calculated by using a Shimadzu C-R8A (Shimadzu, Japan) computing integrator. The gas 

chromatography analysis shown in Figure B.S5 depicts the gas composition in the flue gas 

from the fed solution droplet of 25 vol% ethanol into the spray pyrolysis reactor at 1200 °C. 
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Figure B.S1. Elemental mapping of FeNi particles in different concentrations: (a) 0.2 mol/L; b) 0.6 mol/L. 

 

 

Figure B.S2. Magnetization characteristic of FeNi particles in various precursor concentrations. 
 



B.Suppor(ng Informa(on: DC bias characteris6c enhancement of the powder core by using 
densified submicron sized FeNi par6cles through spray pyrolysis 
 

 105 

 

Figure B.S3. Calculating the hollow particle percentage from the TEM images. The blue arrow is 
indicating the hollow particles. 
 

 

 

Figure B.S4. The bar chart of the dense and hollow FeNi particles count 
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Figure B.S5. Gas chromatography analysis of the flue gas from 25 vol% ethanol–water. 
 
B.4 Confirmation of the L10 phase of FeNi particles 

An XRD pattern at a low angle was used to validate the presence of the hard magnetic 

material characteristic, which was most likely present in the FeNi based material. All of our 

samples were absent of the L10 phase of FeNi particles, as shown in Figure B.S6. 

 

Figure B.S6. XRD pattern at a low angle of the submicron FeNi particles. 
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Figure B.S7. Hysteresis loop of FeNi particles in various carrier gas flow rates at 1200 °C. 
 

 

B.5 Measurement of the adjacent non-magnetic region 

The adjacent non-magnetic region was determined by measuring the distance between 

particles. The distance of each particle was measured in at least 4 directions, as shown in Figure 

B.S8, and then the average distance was calculated as the quantitative particle distance. 
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Figure B.S8. Schematic distance measurement for individual particles. 

 

 

 

 

 

 

 



 

 

Appendix C 
Supporting Information: One-step synthesis of SiO2 coated FeNi particles by using swirler 
connector-assisted spray pyrolysis 
 

C.1 Simulation-based on Computational Fluid Dynamics (CFD) 

Because of the limitations in the experimental method, a CFD simulation was performed 

using Fluent, embedded in Workbench 2021 R1 (Student version). The calculation domain for 

each system, including the connector and reactor parts was made separately using Space claim 

and Meshing software. The meshing quality for each domain was maintained at approximately 

250,000 mesh with a skewness below 0.25 and an orthogonal quality of 0.98. After considering 

the range of Reynold number of each system, between 210 and 4776,  Shear-Stress Transport 

(SST) k-w model was cconsidered to model the momentum transport1 because it modified 

additional cross-diffusion terms in the w equation and blending function to appropriately model 

the near-wall and far-field zones as follows:2 
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Where, 𝐺+N	is the generation of turbulence kinetic energy due to mean velocity gradients, 

𝐺7N represents the w generation. г+, г7, 𝑌+, and 𝑌7 describe effective diffusivity of k and w as 

well as dissipation of k and w due to turbulence, respectively.  𝐷7 is the cross-diffusion term, 

while the 𝑆+ and 𝑆7 are user-defined source terms. Regarding the particle tracking model, it 

followed the Euler-Lagrangian approximation according to the low volume fraction of the 

dispersed second phase. The calculation of mass as well as heat exchange followed inert 

particle type as written in Eq. (3). 

 

𝑚8𝑐8
9:'
9"
= ℎ𝐴8 <𝑇∞ − 𝑇8>  (C.3) 

Where 𝑚8 is the mass of the particle (kg), 𝑐8 is the heat capacity of the particle (J/kg.K), 𝐴8 is 

the surface area of the particles (m2), 𝑇∞ is the local temperature of the continuous phase (K), 

and h is the convective heat transfer coefficient (W/m2.K). 
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Figure C.S1. Geometry and geometry meshing of the connector and reactor parts in the use of different 
connector types: (a) T-shaped, (b) Swirler-3, (c) Swirler-6 
 

 

C.2 CFD simulation results 

According to the CFD-calculated temperature and the degradation of the HMDSO 

concentration as a function of length from the HMDSO vapor inlet, as shown in Figure 

C.S2(a,b), the concentration of the HMDSO remained constant at the connector due to a low 

level of temperature. In a later, the HMDSO concentration declined as the temperature 

increased to approximately 900 K, indicating SiO2 generation (Figure C.S2). 
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Figure S2. Temperature distribution, FeNi aerosol and HMDSO vapor trajectory, the plot of HMDSO 
concentration, and the temperature at the center as a function of length: (a) T-shaped (Ts-14-3), (b) 
Swirler-6 (Sw6-14-3) 

 

Figure C.S3. FeNi aerosol and HMDSO vapor trajectory along with the connector and reactor in 
different types of connectors (a) from the horizontal view, and (b) from the axial view at the outlet 
position. 
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Figure C.S3(a) describes the trajectory of FeNi aerosol and HMDSO vapor alongside 

the connector-assisted spray pyrolysis reactor. Swirler-6 exhibited the most uniform 

distribution between FeNi aerosol (red line) and HMDSO vapor (blue line). The T-shaped and 

Swirler-3 connectors, on the other hand, showed the movement of the HMDSO vapor on one 

side of the reactor, which is also significant from the trajectory of the particles near the outlet 

of the reactor (Figure C.S3(b)). A sudden temperature raise that can result in homogeneous 

nucleation3 is shown in Figure C.S4. 

 
Figure C.S4. The plot of HMDSO concentration (black), residence time (red), and the temperature at 
the center (blue) as a function of length: T-shaped (dashed-line), Swirler-3 (dotted-line), Swirler-6 (solid-
line).  

 

C.3 FeNi@SiO2 particles size and shell thickness distribution 

The FeNi@SiO2 particle’s size and shell thickness distribution were determined by 

measuring approximately 400 particles from the TEM images using ruler software. An 
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increase in the additional gas flow rates (Qa) results in a decrease in the average particle 

diameter, as well as the average shell thickness (Figure C.S5). This is because of the low 

concentration of the HMDSO in the total volume of the gas flow. 

 
Figure C.S5. Effect of the additional gas flow rates on the particle size distribution of the FeNi@SiO2: a) 
3 L/min, b) 5 L/min, c) 7 L/min. ts,g is the geometric mean of the shell thickness, σt,g is the geometric 
standard deviation of the shell thickness, dav,g is the geometric mean of the FeNi@SiO2 particles, and 
σd,g is the geometric standard deviation of the FeNi@SiO2 particles. 
 

C.4 Determining the HMDSO vapor inlet location and the additional gas flow rate 

The position of the introduction of HMDSO affected to the synthesizing process. Therefore, 

we investigated two positions in Swirler-6, those with a/b ratios of 3 and 1, as shown in Figure 

C.S6(a). According to the simulation results, the position with a/b ratio of 3 resulted in a 

strongly swirling flow inside the reactor. The position with a/b ratio of 1, on the other hand, 

resulted in an axial flow due to decreasing of the swirling intensity inside the reactor. As a 

result, the a/b ratio of 3 produced agglomerated particles (red arrow), whereas the a/b ratio of 

1 produced individual particles (Figure C.S6(b)). Hence, the position of the connector is 

determined by the a/b ratio of 1 for the investigation of all connectors. 
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Figure C.S6. Effect of the connector position on the (a) FeNi aerosol and HMDSO vapor flows from the 
simulation results, (b) morphology of the FeNi@SiO2 particles from SEM analysis. 

 

In terms of additional gas flow rates (Qa), we considered Qa of 1, 3, 5, and 7 L/min. 

However, using Swirler-6 with a Qa of 1 L/min resulted in inhomogeneous coating, as shown 

in Figure C.S7. It could be caused by insufficient turbulent mixing of the FeNi aerosol and 

HMDSO vapor flows. Therefore, the Qa effect was carried out at 3, 5, and 7 L/min. 

 

Figure C.S7. The TEM image of the synthesized particles by applying Qa of 1 L/min. 
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C.5 Coating ratio calculation based on TEM image 

The coating ratio (CR) of the synthesized FeNi@SiO2 is determined by the TEM images 

of each sample. The CR is calculated by counting the number of coated particles divided by 

the total number of particles using a minimum of 150 particles from duple experiments. The 

coated particles are counted from fully coated particles, whereas the uncoated particles are 

counted from uncoated and partially coated particles, as depicted in Figure S8. 

 

Figure C.S8. TEM image of the coated and uncoated FeNi@SiO2 particles from the sample of Sw6-14-
3. 

Figure C.S9(a-c) showed the particles count to obtain the CR value from different 

samples. The average CR value of Sw6-14-3, Sw6-14-5, and Sw6-14-7 were 94.8%, 95.9%, 

and 93.1% with the standard deviation values of 0.3%, 0.9%, and 1%, respectively. 

 
Figure C.S9. The counting of coated and uncoated FeNi@SiO2 particles from the samples of (a) Sw6-
14-3, (b) Sw6-14-5, (c) Sw6-14-7. 

 

C.5 Intermediate product of FeNi aerosol after preheater 

To understand the intermediate product state, a paper filter is mounted at the preheater 

outlet as shown in Figure C.S10(a). During flowing the FeNi aerosol into the preheater, Figure 

C.S10(b) depicted fluid flow movement from a naked-eye view. Before passing through the 

paper filter, a clear fluid flow is captured, whereas after passing through the paper filter, a 
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cloudy fluid flow is seen. This indicated that the droplet was still maintained, reach its 

saturation point, and had not yet altered to the precipitated solid. It is supported by the FeNi 

precursor attached to the paper filter, as shown in Figure C.S10 (c). The FeNi precursor trace 

was visible even at the tube's outer cross-sectional circumference, which could be attributed to 

the radial capillary.4 

 

Figure C.S10. (a) Experimental set up to observe the intermediate product, (b) the fluid flow inside the 
tube before and after the paper filter, and (c) the paper filter condition after flowing FeNi aerosol. 
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