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ABSTRACT 

Chemical synthesis routes for two Mn-based high Magnetocrystalline anisotropy energy 

density (Ku) nanoparticles (MnBi nanoparticles and MnAl nanoparticles) and other nanoparticles 

including BiClO nanorods, Bi nanoparticles, Mn nanoparticles, and Al nanoparticles were 

developed. The MnBi and MnAl nanoparticles have great potential for next generation ultrahigh 

density magnetic recording applications as well as high energy permanent magnets applications. 

Bi, Mn, and Al nanoparticles were studied as building blocks of the binary nanoparticle and also 

because of their own distinctive properties. 

Bi nanoparticles were synthesized by the reduction of BiCl3 by 1,2-hexadecanediol. In the 

presence of moisture, BiClO nanorods were formed. With trioctylphosphine surfactant, faceted 

Bi nanoparticles with large particle size variation were formed. With oleic acid surfactant, 

spherical Bi nanoparticles 4.7 nm ± 0.3 nm were synthesized. The reduction with n-butyllithium 

as a reducing agent instead of 1,2-hexadecanediol resulted in complete reduction of BiCl3 but 

large particle size variation. Mn nanoparticles were synthesized with two precursors, MnCl2 and 

Mn2(CO)10. The as-synthesized Mn nanoparticles were covered with a layer of low crystallinity 

MnO due to surface oxidation. Larger particles showed the metallic α-Mn core and low 

crystallinity MnO shell, while small particles only showed low crystallinity MnO. It was not 

clear if the smaller particles had an amorphous metal core. Coating the Mn nanoparticles with Au 

can form a Mn/Au core/shell structure and provided oxidation resistance to the Mn. Al 

nanoparticles was produced by decomposition of triisobutylaluminum. Binding of the 

perfluoroundecanoic acid surfactant to the nanoparticle surface was confirmed by FT-IR.  
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MnBi nanoparticles were synthesized in sequential reduction/decomposition method and 

seed mediated growth method. MnBi nanoparticles with pure Bi nanoparticles were formed in 

both methods. Magnetic measurements detected ferromagnetic or superparamagnetic phases in 

the products, indicating the formation of MnBi with small crystallite. 

MnAl nanoparticles were synthesized by co-reduction of MnCl2 and AlCl3 with strong 

reducing agent n-butyllithium. The as-synthesized nanoparticles were roughly monodisperse 

with a size of 4.6 nm ± 0.6 nm. The composition of the co-reduction method products was also in 

the range of the ferromagnetic τ-phase MnAl, with an average composition of Mn56Al44. 

However, τ-phase MnAl was not found in the sample both before and after annealing by XRD 

and magnetic measurement. Evaporation of Al and oxidation of Mn affected the stoichiometry of 

the nanoparticles and inhibited the formation of τ-phase MnAl. 
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CHAPTER 1 INTRODUCTION 

1.1. Motivation 

At this era of information technology, data are created and stored in a remarkable pace. A 

study conducted by Gantz and Reinsel [1] from the International Data Corporation (IDC) in 2010 

shows that currently the information created have far exceeded the available storage capacity. 

Statistics shows that in 2007 the total information created of 281 exabytes (10
18

 bytes) is 

approximately in the same range of the total available storage space of 264 exabytes. Since then 

the two figures have diverged greatly. The estimated total information creation in 2011 was 

nearly 1800 exabytes. Meanwhile the available storage space was only 800 exabytes. Certainly 

not all information created is worth storing. However, the increasing gap between created data 

and available storage space indicates that the demand for breakthrough in data storage 

technologies is both essential and urgent to accelerate the increase of available storage capacity.  

Magnetic recording is one of the most widely used storage techniques. In a magnetic 

recording device, one bit of binary information is stored in a magnetic domain as one of two 

magnetization direction. One magnetization direction represents “1” and the other represents “0”. 

The decrease of magnetic domain size drives the increase of information storage areal density. 

Recent development of magnetic recording media by Harasawa et al. from FUJIFILM and IBM 

demonstrated the ability to produce ultrafine BaFe magnetic nanoparticles with a volume of 1800 

nm
3
, equivalent to  12 nm size cubic particles.[2] This reduction of particle size could produce a 
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magnetic tape recording device with areal recording density as high as 20 Gbit/in
2 

(currently 

typical magnetic tape recording devices have areal recording density of around 2 Gbit/in
2
). 

However, the decrease of magnetic particle size has gradually reached its limit. When the 

particle size gets too small, the thermal fluctuation effect of magnetization will be more profound, 

a phenomenon known as superparamagnetism.[3] The thermal stability factor u BK V k T  is used 

to evaluate the influence of thermal fluctuation, where Ku is the uniaxial magnetocrystalline 

anisotropy energy density, V is the volume of the nanoparticle, kB is Boltzmann constant, and T 

is the absolute temperature. To consider a magnetic storage system to be stable under thermal 

fluctuation over time, the thermal stability factor u BK V k T  must be larger than 60. Decreasing 

the volume of the magnetic nanoparticles will decrease the thermal stability factor. When the 

value of u BK V k T  is less than 60, the probability for thermal induced switching is large enough 

that data storage is no long reliable. 

 To solve this problem, materials with high Ku can be utilized to stabilize the nanoparticles 

with small volume, so that the areal density of the magnetic storage system can be further 

increased. One of the emerging candidate magnetic materials with high Ku is the L10 phase of 

FePt alloy. The ordered L10 structure FePt alloy has a face centered tetragonal structure and the 

easy axis aligned with c-axis. It exhibits a Ku of up to 
7 7 36.6 10 10 10 erg cm    .[4] This value 

is of one to two orders of magnitude larger than current storage media material, the Co-based 

alloys. For this reason FePt have been extensively studied in the past decade for applications in 

magnetic recording. The new hard drive based on FePt media and heat assisted magnetic 
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recording technology could enable a 20% to 25% areal density increase. However, for magnetic 

tape recording devices, the usage of precious metal Pt will vastly increase the cost to an 

economically unacceptable price. The two Mn-based alloys, MnBi and MnAl, have been studied 

as alternative to FePt because of their relatively high Ku (
7 31.3 10 erg cm  for MnBi and 

7 31.7 10 erg cm for MnAl, respectively)[4], [5] and low cost. Extensive researches of MnBi and 

MnAl alloys have been conducted on the crystal structures[6], phase transformations[7–9],  and 

magnetism[10], [11]. However, these researches have been limited to bulk materials and thin 

films form. Synthesis of ferromagnetic MnBi and MnAl nanoparticles have seldom been 

reported other than mechanical grinding of bulk material.[12] The large particle size distribution 

of the nanoparticles produced by mechanical grinding renders them unfavorable as the media for 

magnetic tape recording devices. 

This research project aims to study the chemical synthesis routes towards ferromagnetic 

MnBi and MnAl nanoparticles. A fundamental understanding of various current magnetic 

recording technologies is essential to find the limitations the technologies. A broad spectrum 

overview of nanoparticles and their current synthesis methods will be discussed. This will help 

us to understand the special properties of nanoscale materials and also assist us to evaluate 

feasible methods to synthesis MnBi and MnAl nanoparticles. The binary systems of both MnBi 

and MnAl will be discussed in detail to understand the phase transformation behavior and 

methods to promote the transformation to the desired ferromagnetic phase. Incorporating 
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knowledge from each of these topics will assist us formulate a research plan for the synthesis of 

both MnBi nanoparticles and MnAl nanoparticles.  

1.2. Magnetic recording technologies and devices 

Three major information storage technologies are commonly used in modern information 

storage devices. They are semiconductor memory, optical recording, and magnetic recording. 

They have different characteristics and can be used in different areas. Semiconductor memories 

are consisted with large scale integration of transistors or capacitors. The characteristics of 

semiconductor memories are that they can be randomly accessed with high information 

throughput. They also have moderate capacity and high cost. The application that fits these 

characteristics is the primary storage unit in the computer for most frequently accessed 

information. Dynamic Random Accessed Memory (DRAM) is an example of the semiconductor 

memories that is volatile (data is lost when power is off). There are also nonvolatile 

semiconductor memory devices such as flash drive and solid-state drive. Optical recording 

devices store information in the different optical properties on the disk. They have comparably 

low capacity and poor ability for writing. The primary application for current optical recording 

devices is to deliver digital retail products such as software and movie, etc. Magnetic recording 

technologies have experienced large increase in capacity in the past few decades as shown in 

Figure 1.1. The areal density of magnetic have underwent an exponential growth from 1990 to 

2005. The growth rate is being slowed down by the thermal stability limitation (to be discussed). 
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Figure 1.1. The growth of storage areal density for magnetic hard drives.[13] 

Two types of magnetic recording devices are commonly used, magnetic thin film hard drive 

and magnetic tape. Although some characteristics such as accessibility, latency, and device 

design, are different, they share similar physical principle of storing the information in the 

direction of magnetization. Hard drives have dominated the mass storage applications in many 

areas including personal and enterprise computer systems. However, despite the popular 

conception that magnetic tape technology is outdated and not comparable to hard drive in 

personal use, it still plays a critical role in storing information that is not frequently accessed. 

Data back up and data archive are two applications with such requirements. Data backup 

increases data security by making copies of the data and store them in a tertiary storage device. 
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Data archive moves the data that’s not actively used but still important for future reference from 

the secondary storage to a tertiary storage device. Cloud storage is an emerging concept that 

allows users to store their data on data hosting centers through internet. The large size of data 

consolidated from users also requires the data hosting center to frequently archive data to release 

storage space for actively used data. Compared to hard drives, magnetic tapes have the 

advantages of low acquisition and operation cost, long storage life, and high transfer rate for 

large quantities of data.[14] They are ideal for the above mentioned tertiary storage applications. 

A study from the Enterprise Strategy Group predicted that by 2015, more than 20% percent of 

the available data archive capacity will be in the form of magnetic tape devices. Furthermore, 

magnetic tape systems are more energy efficient. Hard drives have to be spinning and consuming 

power, while disk motors are operating on demand. Study shows that a 53% drop in power 

consumption can be achieved by switching from hard disk drives to tape. This is an increasingly 

important consideration for data centers. 

It is important to understand the concept and limitations of current tape recording 

technology to ensure continuous increase of the areal density to meet the growing demand for 

high capacity magnetic tape recording device.  
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Figure 1.2 The cross section of a typical magnetic tape film.[15] 

A cross section of a typical magnetic tape is shown in Figure 1.2. The information storage 

unit is the magnetic nanoparticles embedded in the top coat layer. The the substrate provides 

required mechanical strength for the magnetic tape. The back coat and the binder also contain 

lubricant that can reduce friction for both sides of the film. The binder is used to fix the position 

of the magnetic nanoparticles with respect to the substrate to provide dimensional stability to the 

tape. Current linear tape technology uses multiple read/write sensors along the width of the tape 

to develop multiple recording channels on the tape. The dimensional stability ensures that the 

channels stay aligned relative to the tape and the sensors, so that the data can be effectively write 

on and read from the tape. 
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Writing on the tape is accomplished by applying an external magnetic field on the 

nanoparticles. The write head consists of a soft ferromagnetic material coupled with a few circles 

of conductive wire that can generate electromagnetic field when current is applied. The data to 

be stored is sent to the write head as pulses of current with different directions that correspond to 

binary information of “0” or “1”. The magnetic field generated by the write head then 

magnetizes the nanoparticles on the film to store the binary information. 

 

Figure 1.3. Density of states curves for a spin valve structure in the parallel aligned configuration 

(a) and the anti-parallel aligned configuration (b).[16] 

The read head on for the magnetic tape is a spin valve structure sensor based on giant 

magnetoresistance (GMR) effect. The spin valve structure sensor is a multilayer thin film device 
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consisted with two ferromagnetic layers and one normal metal layer in-between. One of the 

ferromagnetic layers (pinned layer) is coupled with an antiferromagnetic layer to fix the 

magnetization direction of the adjacent ferromagnetic layer. The other ferromagnetic layer (free 

layer) is located on the end of the sensor so that the magnetic field generated by the magnetic 

nanoparticles can change the magnetization of the free layer. Depending on the configuration of 

the magnetization direction of the two ferromagnetic layers, the spin valve structure can have 

two magnetoresistance states. [17] A typical density of states curve for the spin valve structure is 

shown in Figure 1.3. In Figure 1.3(a), the magnetization directions of the two ferromagnetic 

layers are aligned parallel to each other. When a current passes through the first ferromagnetic 

layer, more available spin up density of state will lead to less scattering for the spin up current. 

As a result, the current will be polarized, there will be more spin up current than spin down 

current.[18] When the current reaches the second ferromagnetic layer, because that there’s still 

more spin up density of states at the Fermi level for this layer, the overall resistance will be in a 

low resistance state compared the anti-parallel aligned configuration. In the anti-parallel aligned 

configuration, after the current passes through the first ferromagnetic layer, it will be again 

polarized with more spin up electrons. Now at the second ferromagnetic layer, there will be less 

spin up density of states than spin down density of states. The scattering of electrons will be 

larger since there’s less density of states for the majority carrier (spin up current), resulting in a 

higher resistance.[19], [20] By the GMR sensor, the information stored in the nanoparticles is 

transferred to electrical signal that can be decoded to the original binary information. 
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Three factors that influence the overall volumetric storage density of a tape cartridge are 

track density, linear density and overall tape length. To increase the areal density of the tape, it is 

necessary to decrease the size of the magnetic nanoparticles. As predicted in Figure 1.1, the 

decrease in particle size has gradually reached the thermal stability limited region where the 

thermal stability starts to significantly influence the stability of the magnetization. This 

phenomenon is known as “superparamagnetism”. 

 

Figure 1.4. (a) Calculated energy of an isolated particle versus magnetization direction and (b) 

signal loss versus time. 

The energy diagram of an isolated magnetic nanoparticle is shown in Figure 1.4(a). Two 

minimum energy states exist for the particle, corresponding to two magnetization directions 

along the easy axis of the magnetic nanoparticle. The binary data is recorded by aligning the 

magnetization direction of the magnetic particle to one of the two directions with minimum 

energy state. Writing on the magnetic nanoparticle is accomplished by applying a writing field to 
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overcome the energy barrier and switch the magnetization to the desired direction. Without the 

presence of external field and demagnetizing field, the energy barrier is characterized by KuV. 

When the size of the nanoparticle is decreased, the energy barrier to flip the magnetization also 

decreases. The magnetization can be flipped spontaneously when sufficient thermal energy is 

provided. The average time between two flips are given by the Arrhenius-Néel equation as 

shown in equation (1.1) 

0 exp u

B

K V

k T
 

 
  

 
 (1.1) 

Where τ is the time between two flips, 0  is the attempt time with typical value of 910 s, 

Bk  is the Boltzmann constant, and T is the absolute temperature. The thermal driven flip of 

magnetization causes the signal loss over time as shown in Figure 1.4(b). From the Arrhenius-

Néel equation, the relationship between fraction of retained magnetization x (0<x<1) and storage 

time tx can be expressed as: 

 0ln exp u
x

B

K V
t x

k T


 
  

       (1.2) 

For long term information storage applications, assuming that the required storage time is 

30 years (~10
9 
s) and the fraction of retained magnetization is 95%, the thermal stability factor is 

calculated to be =44u BK V k T . In fact the industry has much stricter standard on the 

magnetization loss that requires the thermal stability factor to be 60u BK V k T  [21], which 

correspond to neglectable loss of magnetization over the course of 30 years. For example, current 
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state of art magnetic tape media uses ultrafine BaFe particles with volume of individual particle 

to be 1800 nm
3
. Demonstration tape made with these BaFe nanoparticles have an areal recording 

density of 6.8 Gbit/in
2
 and thermal stability factor of =87u BK V k T . The limit of BaFe assuming 

that 60u BK V k T   is a particle volume of 1240 nm
3
, resembling nanoparticles of 10.7 nm. To 

increase the areal density beyond this limit, high Ku materials must be used. For MnBi and MnAl 

nanoparticles, the Ku values are 
7 31.3 10 erg cm  for MnBi and 

7 31.7 10 erg cm for MnAl, 

respectively. The thermal stability factor sets the limit of the two nanoparticles to be 5.8 nm for 

MnBi and 5.3 nm for MnAl nanoparticles. The reduction of particle size can lead to a 3 to 4 fold 

increase in areal density, theoretically. 

1.3. Nanoparticles and current synthesis methods 

Nanoscience, more specifically nanoparticle science, has long been studied before it gets its 

modern name, dating back to the early 1920s.[22] Colloid science studies the homogenous 

suspension of a substance in another substance[23]. A stable colloid system requires the 

dispersed substance to have a size between 1nm to 1000nm, so many colloids fall into the 

category of nanoparticle dispersions. In 1932, Nobel laureate Ernst Ruska built the first electron 

microscope that enabled the studies of materials in small scale. Transmission electron 

microscopes (TEMs) became widely available from numerous sources (Hitachi, JEOL, Philips, 

etc) after the conclusion of World War II.[24] It was not until the invention and development of 

TEMs that researchers started to have the ability to visualize the nanoparticles. Conventional 
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optical microscopes have a resolution limitation of ~0.2 µm[24], it is impossible to use an optical 

microscope to study nanoparticles. The evolution of electron microscopes has pushed the 

resolution to atomic level. Nowadays, a modern TEM has the ability to do crystal structure study, 

orientation determination, compositional analysis, high resolution imaging, in situ heat treatment 

study, etc. These possibilities have promoted the studies of various nanoparticles. 

 

Figure 1.5. The percentage of surface atoms changes with the diameter of the nanoparticles.[25] 

Nanoparticles have a broad series of applications including but not limited to, catalysis, 

magnetic recording, MRI contrast enhancement, drug delivery, renewable energies, etc[26–30]. 

The size dependent properties give rise to those merits of the nanoparticles. The percentage of 

atoms located on the surface of the nanoparticle is strongly related to the site of the nanoparticles. 

1.2 nm, 76% 

2.5 nm, 45% 

3.4 nm, 35% 

63 μm, 0% 
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An example is shown in Figure 1.5, a 1.2 nm nanoparticle has 76% of its atoms located on the 

surface. As the size increases, the surface atom percentage decreases, the 2.5 nm nanoparticle 

have 45% of atoms on the surface. For particles of 63 μm in diameter, the surface atoms are 

almost 0%. The activation sites of catalysts are often on the surface, so larger surface atoms 

percentage means more activation sites are in place to promote the reaction, higher catalyst 

activity can be achieved. In some cases, after special treatment of the nanoparticles, high index 

facets could be exposed to promote some reaction that requires high activation energy.[31] The 

small size of the nanoparticles also causes quantum confinements effects and give rise to many 

interesting optical and electrical properties.[32] The edges of the conducting band are often 

quantumized for small particles, as the size of the nanoparticles increases, the conducting bands 

starts to develop from the center to the edge. For metallic nanoparticles, the Fermi level lies in 

the center of the conducting band, the spacings between energy levels are narrow and most times 

appear to be continium. However, for semiconductor nanoparticles, the Fermi level lies between 

two conducting bands, the band structure of the edge of the conducting band will determine the 

properties. The conducting band edges for nanoparticles are more quantumized, thus quantum 

confinement is more profund in semiconductor nanoparticles. For example, by changing the size 

of the CdS nanoparticles, the band gap energy can be tuned between 4.5 eV to 2.5 eV.[33] Size 

confinement also leads to a noval surface plasmon phenomenon for metallic nanoparticles due to 

the size dependent dielectric function.[34] As a consequence the color of colloidal gold 

nanoparticles strongly depends on the particle size. 
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In the case of magnetic recording, the nanoparticles can act as a data storage unit for and the 

assembly of the nanoparticles can form a high areal density storage media. Ideally, an array of 

close packed nanoparticles can provide an extremely high recording density up to the magnitude 

of Tb/in
2
. For this application, as discussed in section 0, materials with high Ku such as LTP 

MnBi and τ-phase MnAl alloy are necessary to reach this recording density level. It is necessary 

to develop the synthesis routes for both MnBi and MnAl nanoparticles based on current methods 

of nanoparticle synthesis. Some widely used methods are discussed in the following section to 

evaluate if they are suitable for the synthesis of the Mn-based high Ku magnetic nanoparticles. 

1.3.1. Current synthesis methods for nanoparticles 

The nanoparticle synthesis methods can often be categorized into two types, top-down 

approaches and bottom-up approaches. By name, the top-down approach starts with bulk 

materials and utilizes mechanical, physical or chemical methods to break down the bulk material 

and reduce the size of the material, while bottom-up approach build up a nanoscale material atom 

by atom.  

The most common top-down approach of nanoparticle synthesis is ball milling. First, bulk 

materials were broken into small pieces by means of mechanical crushing, etc to prepare them 

for the grinding. The prepared material was transferred into a cylindrical container with the 

grinding media, often ceramic balls or stainless steel balls. During grinding, the container was 

rotated along its horizontal axis. The grinding media collided with the material to reduce the 

material’s dimension. A variation of the common ball mill is the planetary ball mill. The 
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grinding container is placed on a platform that’s rotating around an axis parallel to the axis of the 

container, while the container rotates around its own axis in the opposite direction. These two 

rotational movements combine to provide Coriolis force that can generate high grinding power. 

In the ball milling process, the size the material can be decreased to the range of tens of 

nanometers.[35] The drawbacks of ball milling process are that this method generates 

nanoparticles with large size and morphology variation, the bare surface produced by ball milling 

process is subject to oxidation and corrosion, and the resulting nanoparticles are subject to 

aggregation and agglomeration. 

Lithography is also a top-down technique that can be used to prepare nanoparticles. It is 

accomplished by transferring a pattern from the photomask to the substrate with microfabrication 

techniques. This begins by depositing a thin film of the material to be made into nanoparticles. A 

layer of photoresist is applied on the surface of the thin film. The photomask with the pattern is 

aligned with the thin film. A UV light irradiates the back of the photomask so that only a pattern 

of light is exposed to the photoresist. The UV light causes chemical changes of the photoresist so 

that the area exposed to UV light can be selectively etched away. The patterned thin film can be 

further selectively etched with reactive ion etch to generate pillars of the original thin film 

material. The pillars can be removed from the substrate as nanoparticles. An example of this 

method is the TiO2 nanoparticles produced by a similar method of nanosphere lithography.[36] 

The DeSimone group has developed an imprint lithographic technique called Particle Replication 

In Non-wetting Templates (PRINT
™

).[37] A low surface energy perfluoropolyether network was 
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used to produce a mold containing a series of shapes replicating the shapes on a master template. 

The nanoparticles formed inside the mold will assume the same shape of the master template. 

This technique enables the production of monodisperse nanoparticles with specific size, shape, 

surface functionality, and composition, etc.   

The feature size that can be achieved by photolithography is limited by the light source. 

State-of-the-art lithography instruments use deep UV light with a 193 nm wavelength and 

correspond to a smallest feature size of 50 nm. Developments in lithography technology drives 

the decrease of the feature size, nanoimprint lithography have the potential to push the feature 

size to sub 10 nm.[38] Overall, lithography approaches can produce identical features in the 

range of 10 nm to microns, but it will require expensive cleanroom environment and 

microfabrication tools. It is suitable for high value added nanoparticles.  

Bottom-up approaches use chemical or physical methods to assemble nanostructures from 

building blocks of atoms or cluster of atoms. Molecular beam epitaxy, chemical vapor deposition, 

pulsed laser deposition, sputtering, and electrodeposition are the bottom-up approaches that are 

commonly used for thin film preparation.[39] Physical methods with similar underlying 

operation principle, inert gas condensation and arc discharge technique, can also be employed to 

synthesis metallic nanoparticles. In both cases, pure metal precursor was evaporated in a vacuum 

chamber by heating or arc discharge. Inert gas was then introduced into the chamber to collide 

with the metal gas. The metal atoms lose their kinetic energy and condense in the chamber to 

form metal nanoparticles. The typical metallic nanoparticle synthesis by this method have a size 
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of 20 nm to 30 nm[40]. Similar to the ball mill method, the nanoparticles generated by inert gas 

condensation are also have bare metallic surfaces and a large particle size distribution. 

Solution phase chemical synthesis is another series of bottom-up approaches that can be 

used to prepare nanoparticles. The reverse micelle method uses a mixture of water, oil, and 

surfactant to form nano-reactors. The surfactant has a hydrophilic head on one end of its 

molecule and hydrophobic groups on the other end. When surfactants are mixed with water and 

oil, they will form droplets to encapsulate the water. The surface energy can be minimized by 

having the hydrophilic heads facing the inside of the droplets and the hydrophobic groups facing 

outside the droplets. The metal salt dissolved in the water phase inside the droplets can be 

reduced and form nanoparticles. The size of the particles is limited by the size of the micelle. As 

a pioneer in this field, Pileni used reverse micelle to synthesis nanoparticles with controlled size. 

The surfactant Aerosol OT (AOT) was mixed with water to form the water in oil droplet type 

reverse micelles. It was observed that the size of the reverse micelle is controlled by the water 

content, specifically the parameter w=[H2O]/[AOT]. The diameter was found to be having a 

linear relationship with w, usually D(nm)=0.3w. In a typical synthesis of Cu nanoparticles by 

reverse micelle method, a reverse micelle solution containing Cu(AOT)2 is was prepared 

followed by addition of a reducing agent  such as sodium borohydride. Inside the micelle, the 

ionic Cu solution was reduced to element state Cu to form particle clusters. The size of these 

particles is restricted by the size of the micelle, so controlling the size of the micelle effectively 

controlled the size of the nanoparticles. By varying the water to surfactant ratio w, Cu 
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nanoparticles from ~ 20 nm to ~ 100 nm were produced. This method is cost efficient because it 

does not require expensive equipment. But the nanoparticles synthesized in this method have a 

large particle size distribution. This method also requires a low reaction temperature (less than 

100 °C), for materials that need higher temperature to crystallize this method will yield poorly 

crystalline nanoparticles. 

Sonochemistry synthesis method utilizes the high acoustic energy brought in by the 

ultrasound to break the chemical bond in the precursors and form nanoparticles. The precursors 

are dissolved in a high boiling point organic solvent. An ultrasound probe was inserted inside the 

solution to initiate acoustic cavitation. When the bubbles caused by the cavitation collapse, huge 

local heating that is equivalent to thousands of degrees kelvin can be achieved.[41] The chemical 

bond of the precursor, often metal carbonyl, can be broken by this high introduced energy 

yielding metal atoms. The metal atoms can undergi nucleation and growth process in the 

presence of the surfactants to form nanoparticles. Due to the extremely high heating rate and 

cooling rate of the sonochemistry process, the generated nanoparticles are usually amorphous. 

The colloidal method has gain great success in the past decades in the synthesis of metal 

alloy nanoparticles, magnetic nanoparticles, and metal oxide nanoparticles.[42–44] It has the 

advantage that nanoparticles with controlled size, composition, and protected surface can be 

achieved by relatively simple procedure. In general, an organometallic or metal salt precursor 

was dissolved in a high boiling point organic solvent together with a surfactant. At a high 

reaction temperature (>200°C), the precursors were reduced by addition of reducing agent or 
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decomposed by thermolysis to release atoms of the intended nanoparticles. The surfactant act as 

a stabilizing agent that reduces the surface energy of the nanoparticle, impedes further growth, 

and protects the nanoparticles from agglomeration. The above mentioned advantages of the 

colloidal method made it promising for the synthesis of MnBi and MnAl nanoparticles. 
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CHAPTER 2 STANDARD NANOPARTICLE SYNTHESIS PROCEDURE 

Without any prior successful synthesis method reported for both MnBi and MnAl available, 

we base our method on other bimetallic magnetic alloy nanoparticle synthesis that have been 

demonstrated to be reproducible. The colloidal synthesis requires a few key component, 

precursor, solvent, surfactant, and reducing agent. A list of the chosen chemicals in each 

category is listed in Table 2.1. 

Table 2.1. Chemicals used in the colloidal synthesis of nanoparticles. 

Category Chemical 

Metal precursor 

Bismuth Chloride (BiCl3, 98%) 

Aluminum acetylacetonate (Al(acac)3, 99%) 

Aluminum chloride (AlCl3, 99%) 

Triisobutylaluminum (C12H27Al, 1.0 M in hexane) 

Manganese acetylacetonate (Mn(acac)3, technical grade) 

Manganese chloride (MnCl2, 99%) 

Dimanganese decacarbonyl (Mn2(CO)10, 98%) 

Solvent 

Diphenyl ether (C12H10O, 99%) 

Benzyl ether (C8H18O5, 98%) 

Dioctyl ether (C16H34O, 95%) 

Surfactant 

Oleic acid (C18H34O2, 90%） 

Oleylamine (C18H37N, 70%) 

Trioctylphosphine (C24H5P, 90%) 

Perfluoroundecanoic acid (C11F21O2H, 95%) 

Reducing agnet 

1,2-hexadecanediol (C16H34O2, 98%) 

N-butyllithium (2.5 M in hexane) 

Sodium (Cubes in mineral oil) 
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The choice of precursor had a very critical impact on the synthesis process. A good 

precursor for the nanoparticle synthesis should have good solubility in organic solvents and can 

be reduced or decomposed to elemental state. The organometallic compounds, including 

Al(acac)3, Mn(acac)3, and Mn2(CO)10 were chosen because the organic groups provided good 

solubility for the precursor in organic solvents. BiCl3, AlCl3, and MnCl2 were chosen as 

alternative precursors, they only have moderate solubility in the organic solvents. The solubility 

of the chlorides increases as temperature increases. All above mentioned precursors except 

Mn2(CO)10 needed a reducing agent to reduce them to 0 valence. The decomposition of 

Mn2(CO)10 is expected to yield Mn metal but in reality the reaction in solvent is different and 

will be discussed in detail in section 3.4. Triisobutylaluminum is a very reactive organometallic 

compound of Al that can be thermally decomposed to yield Al. 

The solvents served as the media for the colloidal synthesis of nanoparticles. Three ethers 

were selected because of their high boiling point (diphenyl ether BP 258 °C, benzyl ether BP 

298 °C, dioctyl ether BP 286 °C) and stability at high temperatures. The surfactants chosen for 

the colloidal synthesis included oleic acid, oleylamine, trioctylphosphine, and 

perfluoroundecanoic acid. The polar functional groups (carboxylic acid, amine or phosphine) 

were bonded to the particle surface. The alkyl groups extended away from the particle surface, 

providing a steric repulsive barrier that prevented particle aggregation. The alkyl or the 

perfluoroalkyl groups also allowed the particles to be dispersed in nonpolar solvents.Oleic acid 

and perfluoroundecanoic acid were considered to be a strong binding agent to the nanoparticle 
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surface because of the carboxylic groups. Oleylamine and trioctylphosphine were weaker 

binding agents. The weaker surfactants on the nanoparticles were in dynamic equilibrium with 

the surfactant dissolved in the solvent. 

Part of the challenge of synthesizing MnBi and MnAl nanoparticle was that Mn
2+

 and Al
3+

 

were very difficult to reduce. The standard reduction potential for Mn
2+

 and Al
3+

 was -1.18 V 

and -1.66 V, respectively. The strong reducing agents of sodium or n-butyllithium were used to 

reduce Mn and Al. Bi
3+

, with a standard reduction potential of +0.3, only required a weak 

reducing agent 1,2-hexadecanediol to be reduced to elemental state. 
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Figure 2.1. Reaction setup for a standard colloidal nanoparticle synthesis. 

The reaction setup for the standard colloidal nanoparticle synthesis in Figure 2.1 was built 

on a three neck round bottom flask as the reaction container. The middle neck was equipped with 

a water cooled condenser to cool the solvent vapor and circulate the solvent back to the reaction 

flask. A thermometer with adapter was installed on the left neck to monitor the temperature 
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during the reaction. The right neck was sealed with a rubber septum so that chemicals can be 

added to the reaction flask via syringe. A gas inlet adaptor with stopcock was installed on top of 

the condenser and connected to the nitrogen line so that the reaction can be carried out under 

inert atmosphere. The reactor was heated with the heating mantle placed on the bottom of the 

three neck flask. During the reaction the solvent was stirred by a magnetic stir bar and the 

stirring plate underneath the heating mantle. 

In the earlier stages of this project, the sensitivity of the reaction to air and moisture was not 

yet well understood. At that point, the reaction preparation was conducted in air. In a typical 

synthesis here after named the standard procedure, the precursors were measured and placed in 

a three neck round bottom flask, followed by addition of certain amount of solvent and surfactant, 

together with the magnetic stir bar. The reaction apparatus was assembled as shown in Figure 2.1 

except that the rubber septum was not yet placed on the right neck at this point. Nitrogen was 

turned on and the reaction apparatus was flushed with nitrogen for 30 min to roughly remove the 

air in the flask. The rubber septum was then installed to seal the reaction flask. The heating 

mantle and the magnetic stirring plate were turned on, heating rate was adjusted by the tuning the 

power supply of the heating mantle. The reaction mixture was heated up to the required 

temperature and reducing agent was added through the rubber septum via syringe. The reaction 

mixture was kept at high temperature for an additional period of time to allow the nanoparticles 

to grow and crystallize. The heat source was then removed to allow the reaction mixture to cool 
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down naturally. This completed the synthesis process and the nanoparticles were ready to be 

cleaned. 

Over time we discovered that due to the high reactivity of Mn and Al, and large surface area 

of nanoparticles, the synthesis for nanoparticles containing Mn and Al was extremely sensitive to 

air and moisture. We have developed a procedure to carefully handle all the chemicals and 

operations involved, hereafter mentioned as the standard airless procedure. Unless otherwise 

notified, all reactions that are carried out in the standard airless procedure follow the following 

steps. 

The airless procedure was achieved with two major instruments, a glovebox and a vacuum 

line with nitrogen source. All solid chemicals were packed under inert atmosphere when they 

were delivered from the manufacturer. They were transferred into the glovebox for future use. To 

prepare for a reaction, the glassware shown in Figure 2.1 was assembled in the glovebox. Proper 

amount of solid chemicals were measured and placed in the three neck flask together with a 

magnetic stir bar. The apparatus was assembled and sealed in the glovebox, then took out and 

connected to the nitrogen line. 

The liquid chemicals, including the solvent and surfactant, were degassed with freeze-

pump-thaw technique. First, a Schlenk flask was evacuated and back filled with nitrogen. Proper 

amounts of the solvent and surfactant were measured and placed in the Schlenk flask. The 

contents of the Schlenk flask were frozen by dipping the Schlenk flask into a liquid nitrogen bath. 

Once the liquid was frozen, the stopcock was opened to vacuum and pumped for 30 min. The 
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stopcock was then closed and the solid was melted by dipping the Schlenk flask into a tepid 

water bath (~40 °C). When the frozen liquid was melting, vigorous bubbling was observed, 

indicating that the dissolved gas was being removed from the liquid. When the frozen liquid 

melted completely, the Schlenk flask was again placed in the liquid nitrogen bath to freeze the 

liquid. This process is repeated for 3 times or until no bubble evolvement was observed during 

the thawing step. At this point, the liquid chemicals were fully degassed and transferred into the 

reaction flask via syringe. The rest of the reaction was carried out in the same procedure as the 

standard procedure. 

The nanoparticle products were mixed with solvent, excess surfactant and possible 

byproducts after the reaction. It was necessary to clean and isolate the nanoparticles from the 

product mixture. The standard cleaning procedure used a polar solvent (e.g. methanol or 

ethanol) and a nonpolar solvent (hexane) to dissolve the impurities and leave only the 

nanoparticle products. The nanoparticles, having hydrophobic capping agents, could be dispersed 

in hexane. When a polar solvent was added to the nanoparticles precipitated and could be 

isolated by centrifuging. In the case of Al nanoparticles, methanol and ethanol oxidized the Al. 

The aprotic polar solvent acetonitrile was used to isolate the Al particles. The acetonitrile did not 

react with the Al particles, but caused them to precipitate. This allowed the isolation of the 

particles without destroying Al particles. 

A 2 mL portion of the mixture was transferred from the three neck flask into a 10 mL 

centrifuge tube containing 8 mL of polar solvent and spun for 10 minutes in the centrifuge at 
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3000 RPM. After centrifuging, the supernant was discarded and the residual product at the base 

of the tube was mixed with non-polar solvent hexane and re-centrifuged. This cycle was repeated 

three times to thoroughly clean the nanoparticles. 

After cleaning, the nanoparticles were redispersed in hexane. Given that the reaction 

conditions and particle sizes were different, some of the nanoparticles may be unable to disperse 

well in hexane. The surfactant bonding to the nanoparticle surface is in a dynamic equilibrium, it 

is possible that the cleaning process removed too much surfactant from the nanoparticle surface 

and causing it unable to redisperse in hexane. This can often be reversed by addition of 

surfactant to the nanoparticles. e.g. if oleic acid is used as the surfactant, reattaching surfactant 

can be achieved by adding a drop of oleic acid to the centrifuge together with a 1:3 volume ratio 

of hexane/ethanol mixture.  

The dispersion of nanoparticles in hexane was then used to make the sample for different 

characterizations. 
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CHAPTER 3 THE MANGANESE BISMUTH SYSTEM 

3.1. Introduction 

MnBi alloys have been studied since 1952 by Adams et al. for their potential as high energy 

permanent magnets.[45] It was determined that the hot pressed MnBi alloys have a high max( )BH

of 4.3 MG Oe and a coercive force CH of 3400 Oe. The energy product max( )BH
 
was comparable 

with the Co or Ni based permanent magnets but with much higher coercivity. The MnBi alloys 

also possessed unusual positive temperature coefficient of coercivity, giving rise to the potential 

to be used for high temperature magnet applications.[46–48] Chen et al. discovered in 1968 that 

the MnBi thin films also possessed many unusual properties that made them suitable for memory 

applications, using laser Curie-point writing and magneto-optical readout.[48] The writing was 

achieved by heating the magnetic domain above the Curie temperature while applying a 

magnetic field. When the temperature decreased after heating was removed, the MnBi will 

regain its ferromagnetism and the magnetization will be aligned to the same direction as the 

writing field. The low Curie temperature of 633 K [45] for MnBi made it possible to heat the 

magnetic domain above the Curie temperature with a focused laser beam. The MnBi alloy also 

had a large Faraday rotation of 
55 10 deg/cm, which allowed the read out from the storage unit 

by magneto-optical Kerr effect with a high sensitivity. MnBi has also been investigated as an 

ultra-high density information storage media due to its high value of Ku, 
71.3 10 erg/cm

3
. 
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Ferromagnetic MnBi alloys have been synthesized in both bulk and thin film form. Bulk 

MnBi sample was prepared by melting pure Mn and pure Bi and casting into an ingot.[45] The 

ingot was subsequently annealed to obtain the LTP. The annealed sample was usually a mixture 

of MnBi and either excess Bi or Mn, depending on the composition. This was the case even with 

optimal process parameters, because that MnBi is a line element in the phase diagram. To get 

highly concentrated LTP MnBi, the process of mechanical milling and magnetic field separation 

was used. The resulting sample contained up to 90% LTP MnBi. Thin film samples were often 

prepared by sputtering of Mn and Bi on a substrate. By controlling the fraction of Mn and Bi 

deposited on the substrate, single crystalline MnBi thin films with LTP can could be synthesized 

directly.[49] 

Chemical synthesis of MnBi can combine the advantage of bulk MnBi processing and thin 

film preparation. Like thin film preparation, chemical synthesis route can control the 

composition of MnBi alloy by adjusting Mn:Bi ratio in the precursor. Because of the small 

crystalline size, the MnBi nanoparticles can be single crystalline too. Chemical synthesis can 

also be expanded to large scale production, similar to bulk processing, while thin films can only 

be prepared on substrate with nanometer thickness. Compared to bulk processing, chemical 

synthesis also have the advantage of low reaction temperature and low Mn and Bi content, 

making it possible to prepare pure MnBi directly. 
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3.2. The MnBi binary system 

The MnBi system consists of  with Bi, various phases of Mn, and two alloy phases, as 

shown in Figure 3.1. The two intermetallic phases denoted as βBiMn and αBiMn in the phase 

diagram are often regarded as high temperature phase (HTP) MnBi and low temperature phase 

(LTP) MnBi, respectively.  

 

Figure 3.1. Binary phase diagram of the MnBi system[50] 

The LTP MnBi is ferromagnetic with a hexagonal NiAs-type crystal structure, lattice 

parameter a=4.29 Å and c=6.12 Å. At 628 K, the LTP MnBi undergoes a first order phase 

transition to the stuffed Ni2In structure, paramagnetic HTP MnBi, following equation (3.1).[51]  
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  1.08MnBi Mn Bi Bi                (3.1) 

The phase transition is accompanied by a 3 percent reduction of the c axis and 1.5 percent 

increase of the a axis. A fraction of Mn atoms occupies the bipyramidal interstitial position in the 

HTP MnBi, causing the reduction of the c axis and also the decrease of Bi content in the alloy 

and thus the HTP phase is disordered. A small thermal hysteresis exists in the phase transition 

between LTP and HTP. The transition from Mn1.08Bi to MnBi takes place at 613, while the 

transition from MnBi to Mn1.08Bi takes place at 628 K. 

 

Figure 3.2. Temperature dependence of the MAE for both QHTP and LTP.[48] 

When the HTP MnBi is rapidly quenched, its crystal structure can be retained at room 

temperature, regarded as quenched high temperature phase (QHTP). The QHTP MnBi is also 
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ferromagnetic with a Curie temperature TC=460 K, lower than the Curie temperature for LTP 

MnBi, TC=633 K. The lower Curie temperature has a practical advantage that reduced the 

temperature required for Curie point writing for information storage applications. The 

temperature dependence of both QHTP and LTP MnBi is shown in Figure 3.2. The value of Ku 

for the QHTP MnBi is much larger than the LTP MnBi, ranging from 74.25 10uK   erg/cm
3
 at 

4 K to 73 10uK   erg/cm
3
 at room temperature. However, the QHTP MnBi is meta-stable and 

upon annealing will transform to LTP MnBi. Kinetic studies show that the transition from QHTP 

to LTP follows the equation    0 exp aT E kT  , the activation energy for this phase 

transition is measured to be Ea=1.08 eV.[49] At room temperature the transition time is 

approximately 2 years, indicating that the QHTP MnBi is stable at room temperature. As 

temperature increases the transition time decreases dramatically. At the Curie temperature, the 

transition time is less than ten seconds, compromising its ability to be used as information 

storage media.  

Given the unique properties of MnBi alloys, manufacturing single crystalline MnBi alloys 

in large quantities is difficult, because of the peritectic nature of the phase transition for both 

1.08L Mn Mn Bi   and 1.08L Mn Bi MnBi  . Mn tends to segregate from the Mn-Bi liquid 

when forming the HTP MnBi. Also the diffusion of Mn through MnBi is extremely slow, the 

formation of MnBi on the Mn-liquid interface actually will impede the further reaction.[51], [52] 

Regardless of the initial composition of Mn and Bi, the final product of solidification will always 

be MnBi and unreacted Mn in a matrix of Bi. Some process innovations have been made to 
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produce maximum amount of the LTP MnBi by either changing the solidification parameters or 

post solidification extraction. 

Adams et al. used conventional solidification process plus magnetic separation to get mostly 

pure MnBi.[45] In their study, finely pulverized Mn and Bi powders were mixed and heated to 

700 °C under helium. The temperature of the furnace was then lowered to 440 °C and held at the 

temperature for 16 hours. The HTP MnBi crystals were formed from the liquid at this stage. The 

temperature was again lowered to 320 °C to promote the HTP to LTP transition. The melt was 

kept at 320 °C for 8 hours and the crucible was rotated 180° to drain out the unreacted Bi liquid 

then cooled to room temperature. The two aging steps at 440 °C and 320 °C allowed MnBi to 

grow into crystals  as long as one cm. After removing the excess Bi, the product was a mixture of 

MnBi and unreacted Mn. To further purify the sample, the solidification product was pulverized 

by mechanical grinding, followed by passing the sample powder through a magnetic separator. 

The ferromagnetic powders were retained in the separator and the paramagnetic or non-magnetic 

powders were removed. The ferromagnetic powders were compacted into one piece under 

magnetic field to produce a concentrated LTP MnBi permanent magnet. 

Rama Rao et al. improved this process by incorporating vacuum annealing, low-energy ball 

milling, and vacuum hot compaction.[53] Vacuum annealing provided a better oxidation 

resistance for prolonged annealing process compared to the helium environment. Low energy 

ball milling technique produced fine particles with size ranging from 0.5 to 3 μm, superior 

compared to the high speed hammer mill. The hot compaction process was performed under a 
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1.8 T magnetic field, 593 K temperature, 
54 10  mbar vacuum, and 300 MPa applied pressure. 

The improved process conditions produced a MnBi with energy product max( )BH =9 MG Oe, 

more than double of the original sample prepared by Adams et al. 

A rapid solidification process was also utilized to produce almost pure LTP MnBi.[46], [54] 

A metallic glass of MnBi was produced by ejecting melt of MnBi on to a rotating copper wheel 

under argon atmosphere. The high cooling rate promoted the formation of amorphous MnBi. 

Subsequent annealing of the sample at 570 K formed the LTP phase MnBi nanoparticles. 

Thin films of MnBi were usually prepared by various deposition techniques. In Chen et al.’s 

procedure[49], [55], first a layer of Mn was deposited onto a glass substrate in vacuum, then a 

layer of Bi were deposited on the Mn film, followed by thermal annealing of the sample at 

temperatures ranging from 225 °C to 350 °C for 72 hours. The initial annealing results were not 

reproducible and difficult. Later they found that freshly cleaved mica substrate can induce 

epitaxial growth and concequently reproducible results. Kido et al. [56] found that after 

deposition of Mn and Bi layers, ion beam mixing with 400 keV Xe+ at temperatures from room 

temperature to 500K can also yield ferromagnetic hcp MnBi thin films.  

With these established procedures of preparing ferromagnetic MnBi alloys available, there 

are no available chemical synthesis routes for MnBi nanoparticles. For the application of ultra 

high density magnetic tape recording devices, MnBi nanoparticles with specific size, narrow size 

distribution, and controlled composition. Colloidal synthesis methods have the ability to meet the 

criteria. They are thus favored over the physical methods to produce MnBi nanoparticles. The 
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synthesis of Bi and Mn nanoparticles were studied as the building blocks for the MnBi 

nanoparticles. Two ways of incorporating the both Bi nanoparticle and Mn nanoparticle 

synthesis routes into the MnBi nanoparticle synthesis route was studied, the sequential 

nucleation method and the seed mediated growth method. The details of these synthesis routes 

will be discussed in detail in the following sections. 

3.3. Synthesis of Bi nanoparticles 

Bi is a material with many unique properties such as strong diamagnetism[57], semimetal 

electronic band structure[58], potential use for quantum spin-hall effect phase spin injection[59], 

and dynamic fluctuating band structures[60] etc. Bi nanoparticles have also became the most 

popular catalysts for the solution-liquid-solid growth of semiconductor quantum wires such as 

CdSe, CdTe, CdS, and PdSe.[61] They can also be used as building blocks towards other Bi 

containing compounds, such as thermoelectric Bi2Te3[62], and in our case MnBi. 

To date, most successful synthesis route for Bi nanoparticles is reported by Buhro’s 

group[61], [63], [64] and Yarema et al.[65]. The Bi precursors of 

tris[bis(trimethylsilyl)amide]bismuth (Bi[N(SiMe3)2]3), was used primarily for the synthesis of 

Bi nanoparticles because of the hemolytic cleavage of Bi-N bonds at ≥100 °C.[65] To generate 

nanoparticles, surface binding agents were usually used to reduce the surface energy and to 

provide oxidation resistance. Both polymeric and non-polymeric surfactants were investigated, 

including PHD-co-PVP, trioctylphosphine (TOP), hexadecylamine, and oleic acid. The  
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One of the limitations for this synthesis method was that the Bi precursor Bi[N(SiMe3)2]3 is 

very sensitive to air, light, and heat. The preparation and storage of the Bi precursor 

Bi[N(SiMe3)2]3 was very tedious and difficult. Other Bi precursors for Bi nanoparticles were also 

investigated to avoid using Bi[N(SiMe3)2]3, including BiCl3[66], [67] and Bi(NO3)3[68], [69]. 

These alternative Bi precursors were still moderately sensitive to moisture and air, but standard 

airless procedures were sufficient to maintain the Bi precursor adequately pure for the synthesis. 

The size distribution, morphology consistency, and dispersibility of the Bi nanoparticles 

synthesized with BiCl3 and Bi(NO3)3 were not as good as the Bi nanoparticles synthesized with  

Bi[N(SiMe3)2]3 precursor.  

To improve the Bi nanoparticles synthesized without using the sensitive precursor 

Bi[N(SiMe3)2]3, we have used the chemical synthesis of Bi nanoparticles by reduction of BiCl3 

precursor with 1,2-hexadecanediol reducing agent. Different reaction parameters including 

reaction temperature, surfactant, and alternative reducing agent were explored to optimize this 

reaction. 

3.3.1. Synthesis of BiClO nanorods with 1,2-hexadecanediol and oleylamine 

In the first attempt to synthesize Bi nanoparticles, we prepared single crystal BiClO 

nanorods. This was not our intention, but we found a very interesting result. The Bi precursor 

BiCl3, reducing agent 1,2-hexadecanediol, and surfactant oleylamine were used. The initial 

reaction preparation was conducted outside the glovebox. 0.4 mmol BiCl3 and 1.2 mmol 1,2-

hexadecanediol were measured and placed in a three neck round bottom flask with a magnetic 
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stir bar. The liquid reactants including 1.6 mmol oleylamine and 10 mL benzyl ether were also 

measured in air and added to the three neck round bottom flask. The reaction apparatus was then 

assembled by placing water cooled condenser on the center neck of the three neck flask, a 

thermometer with adapter on the left neck, and a rubber septum on the right neck. A nitrogen line 

was connected to the reaction apparatus and the reaction atmosphere was kept under nitrogen 

during the entire process. After the reaction set up, the reaction was heated up to 200 °C at a 

heating rate of approximately 15 °C/min and kept at 200 °C for 30 min. The solution mixture 

changed color to cloudy white to cloudy grey at 140 °C, indicating nucleation of small particles. 

After the reaction, the product mixture was removed from the heat source and cleaned in the 

standard cleaning process in air. The cleaned product nanoparticles were redispersed in hexane 

for TEM and XRD analysis. 

The X-ray diffraction (XRD) curve of the nanoparticles was shown in Figure 3.3. The 

diffraction peaks were all indexed to a tetragonal structure BiClO, packed with alternating layers 

of Bi, Cl, and O. The Miller indices of the peaks were marked on top of the peak. The peak 

broadening indicates that the crystalline size was very small. Scherrer equation was used to 

quantitatively calculate the crystalline size of nanoparticles with respect to peak broadening, as 

expressed in equation (3.2).  
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          (3.2) 

In the equation D is the average crystal diameter, K is a dimensionless shape factor, often 

taking a value of 0.9, λ is the wavelength of the x-ray source, β is the full width half maximum 

(FWHM) of the diffraction peak, θ is the diffraction angle of the peak, note that 2θ value is 

recorded in the XRD curve. Utilizing the Scherrer equation to evaluate the (101) diffraction peak, 

the average crystalline diameter was estimated to be 18 nm. 

 

Figure 3.3. XRD curve for Bi nanoparticle synthesized with 1,2-hexadecanediol and oleylamine. 

All peaks were indexed to tetragonal structure BiClO. 
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Figure 3.4. (a) TEM bright field image, (b) HRTEM image of the BiClO nanorods showing 

lattice spacing of (001) planes, (c) HRTEM image of the BiClO nanorods showing lattice 

spacing of (110) planes, (d) simulated BiClO nanorods with the crystallographic orientations. 

The TEM bright field image of the reaction products is shown in Figure 3.4(a). The 

majority of the particles had a rod like shape and thus here after named as nanorods. The average 
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size of the nanorods was measured to be 59.5 nm in length and 13.9 nm in width. The HRTEM 

images shows that the nanorods are single crystalline throughout the particle. Figure 3.4(b) 

shows one nanorod displacing the lattice fringe measured to be d=0.738 nm, matched perfectly 

with the d-spacing of (001) planes for tetragonal structure BiClO. Similarly, Figure 3.4(c) shows 

the lattice fringes that matched with the (110) plane. 

The formation of BiClO nanorods in the presence of a single surfactant showed that 

different crystallographic planes have different growth velocities. The shape anisotropy is 

attributed to the layered crystal structure of BiClO. In each unit cell, layers of atoms pack in the 

sequence of [O-Bi-Cl-Cl-Bi-O].[70] The interaction between layers was van der Waals force, 

giving rise to the highly anisotropic structural properties. Also, due to the weak van der Waals 

type interaction, the crystal growth in the [001] direction is the slowest. The [110] direction have 

the fastest growth rate, which is observed in our experiment and many other BiClO 

nanostructures.[71], [72] 

Even though the results were different from our expectation, the synthesis of BiClO 

nanorods was still interesting in both scientific aspect and practical aspect. BiClO has long been 

used as cosmetic component because of its pearl white color. Nanostructured BiClO crystals 

exhibit strong blue photoluminescence centered at 455 nm with high quantum yields.[73] The 

{001} facets of the BiClO were found to exhibit excellent photoactivity upon UV irradiation.[74], 

[75] The process used to produce single crystalline BiClO nanorods was a one step process that 
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was simpler than the processes in the literatures. High quality BiClO nanorods could be 

produced in this procedure for the above mentioned and potentially more applications. 

The fact that the Bi precursors were not reduced in this procedure suggested that the 

reaction process is sensitive to air and specifically the moisture in air. It was known that BiCl3 

reacts with water to form BiClO in the reaction 3 2 2BiCl H O BiClO HCl   . In the following 

experiments, the processes were all handled in airless conditions. 

3.3.2. Synthesis of Bi nanoparticles with 1,2-hexadecanediol and trioctylphosphine 

To further investigate the ability of BiCl3 precursor to synthesize Bi nanoparticles, the 

reduction of BiCl3 reduction experiment was conducted under the standard airless procedure. In 

the preliminary attempts to synthesize MnBi nanoparticles not listed here, the BiCl3 precursor 

was used together with Mn2(CO)10 Mn precursor, TOP surfactant, and 1,2-hexadecanediol 

reducing agent. This preliminary attempt was carried out at a reaction temperature of 240 °C. 

Results show that large Bi nanoparticles of micron size were produced. The reaction temperature 

determines the kinetics of the reaction, lower reaction temperature may result in smaller particles 

size. It was observed that a color change of the reaction mixture occurred at 140 °C, indicating 

the formation of nanoparticles. 

Guided by the information provided above, this reaction was carried out at 140 °C. In a 

standard airless process, 0.4 mmol BiCl3, 1.2 mmol 1,2-hexadecanediol, 0.8 mmol TOP, and 10 

mL octyl ether were mixed in the three neck flask and sealed under nitrogen. The reaction 

mixture was heated to 140 °C at a heating rate of approximately 15 °C/min. The color change 
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from white cloudy to dark was observed once the reaction temperature reached 140 °C. The 

reaction was kept at 140 °C for 30 min and then removed from heating source. The standard 

cleaning process was used to clean and isolate the nanoparticle products from the reaction 

mixture. Because of the sensitivity to air and moisture of the products, the cleaning process was 

also conducted under inert atmosphere. 

 

Figure 3.5. XRD curve for Bi nanoparticle synthesized with 1,2-hexadecanediol and TOP. The 

peaks were indexed to Bi and BiClO. The Miller indices were marked on the curve. 

XRD and TEM were used to characterize the as synthesized nanoparticles. The XRD curve 

is shown in Figure 3.5. The diffraction peaks were indexed and the corresponding crystal plane 
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for each peak was marked on the curve. Both Bi and BiClO diffraction peaks were found in the 

curve, peak broadening was also observed. Even with the airless process the BiClO peaks were 

still present. These attributed to two potential sources, in situ and ex situ hydrolysis of BiCl3. 

Internal hydrolysis can occur due to the presence of moisture in the reaction system, trace 

amount of water dissolved in the surfactant solvent. The reaction rate was expected to be slow 

because of the low reaction temperature. At the end of the reaction, it is possible that not all the 

BiCl3 was consumed. The reaction process was airless and moistureless until the products were 

taken out of the glovebox for characterization. Due to the high affinity of BiCl3 to react with 

water, if BiCl3 was still present in the product, it can react quickly with water and became BiClO 

when the characterizations were carried out. 
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Figure 3.6. TEM bright field image of Bi nanoparticles synthesized with 1,2-hexadecanediol and 

TOP. Features in the image show nanoparticles with a radius of approximately 18 nm, also show 

rod shape and irregular shape impurities. 

The TEM bright field image is shown in Figure 3.6, nanoparticles with approximately 36 

nm diameter were found with other features. Even after the cleaning process, there were still 

impurities observed in the TEM image, indicating that the impurities were inorganic and not 

soluble in both polar and nonpolar organic solvents. The needle shape morphology of the 

impurities in the upper left corner is consistent with the morphology of the BiClO nanorods 

observed in section 3.3.1. These BiClO impurities were a result of in situ hydrolysis. The high 

reaction temperature (compared to room temperature) and the solution phase reaction 

environment promoted the anisotropic growth of BiClO crystals. EDX analysis for the irregular 
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shaped impurities indicates that they contained mainly Bi, Cl, and O. It was reasonable to 

attribute these impurities to ex situ hydrolysis of the residual BiCl3, Since this process happens in 

air and in solid state, the BiClO crystal growth was limited by the atomic mobility and the shape 

of these BiClO crystals was irregular. 

In summary, the results of this set of reaction parameters showed that the reduction of BiCl3 

with TOP surfactant can successfully generate Bi nanoparticles with 36 nm diameter. The 

reaction temperature of 140 °C and reaction time of 30 min was not sufficient to reduce all the 

BiCl3, resulting in ex situ hydrolysis that results in BiClO. The presence of needle shaped BiClO 

was attributed to in situ hydrolysis of BiClO, due to moisture dissolved in the surfactant and 

solvent. This part of impurity can be eliminated by purifying the surfactant and solvent mixture. 

3.3.3. Synthesis of Bi nanoparticles with 1,2-hexadecanediol and Oleic Acid 

After demonstrating that BiCl3 precursor can successfully generate Bi nanoparticles under 

proper reaction conditions, it was necessary to improve the reaction process to control the 

particle size as well as eliminate the reaction by-product BiClO. The surfactant played a critical 

role in the formation of nanoparticles. A strong binding ability surfactant can reduce the surface 

energy of small particles. Changing the surfactant can result in change of growth rate of the 

nanoparticles and thus change the size of the nanoparticles. Oleic acid is a stronger binding agent 

to the nanoparticle surface. By using oleic acid instead of oleylamine as surfactant could result in 

reduction in particle size. To eliminate in situ hydrolysis of BiCl3, the liquid chemicals, including 

0.8 mmol oleic acid, and 10 mL octyl ether, were degassed by the freeze-pump-thaw method.  
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In a standard airless process, 0.4 mmol BiCl3 and 1.2 mmol 1,2-hexadecanediol were added 

in a 50 mL three neck round bottom flask and sealed under nitrogen. The solvent-surfactant 

mixture of 0.8 mmol oleic acid and 20 mL octyl ether were degassed and added to the three neck 

flask. The reaction mixture was heated to 200 °C at a heating rate of approximately 15 °C/min. 

The color change from white cloudy to dark was observed once the reaction temperature reached 

140 °C. The reaction was kept at 200 °C for 30 min and then removed from heating source, 

followed by standard cleaning and isolation process in protective atmosphere. 
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Figure 3.7. XRD curve of the Bi nanoparticles synthesized with oleic acid surfactant 

In the XRD curve Figure 3.7, the diffraction peaks for Bi and BiClO were observed and 

indexed. Compared to Figure 3.5, it was clear that the relative peak intensity for BiClO had 

decreased compared to Bi peaks. This indicated that the freeze-pump-thaw liquid degas process 

effectively reduced in situ hydrolysis of BiCl3. 

The TEM images for the resulting nanoparticles were shown in Figure 3.8. Highly dispersed 

nanoparticles were observed, the average particle radius was calculated to be 5.6 nm. In both 

TEM bright field image and the STEM-HAADF image, the nanoparticles present were purely Bi 
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nanoparticles. The needle shape impurities in Figure 3.5 were not observed even in a large area 

of interest. This result further confirms that the in situ hydrolysis of BiCl3 can be eliminated by 

careful degas process of the liquid reactants. 

 

Figure 3.8. (a) TEM bright field image of the Bi nanoparticles synthesized with oleic acid 

surfactant, (b) STEM-HAADF image of the same sample. 

A histogram of the particle size distribution in Figure 3.9 showed a lognormal distribution, 

as fitted by the red line. The curve fit gave a value of 4.72 nm ± 0.05 nm for the position 

parameter and 0.23 ±0.01 for the line width parameter. Numerical simulations indicate that the 

type of size distribution is indicative of the nanoparticle growth mechanism.[76] A normal 

distribution of nanoparticle sizes is indicative of a sequential growth mechanism, where atoms 

are added sequentially to the nanoparticle. A lognormal distribution is indicative of parallel 

growth mechanism, where small particles combine together to form larger particles. 
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Figure 3.9. Particle size distribution for Bi nanoparticles synthesized with oleic acid surfactant, 

red line suggested a particle size lognormal distribution 

In summary, the change of surfactant from oleylamine to oleic acid has reduced the particle 

radius from 18 nm to 5.6 nm. The significant reduction of particle size is due to the high binding 

strength between oleic acid and the nanoparticle surface. Compared to the nanoparticles with 

trioctylphosphine surfactant, the small nanoparticles bonded with oleic acid have lower surface 

energy, thus have less tendency to grow in size to reduce the surface energy. The size 

distribution of the nanoparticles also suggested a parallel growth mechanism. The XRD still 

showed the existence of BiClO, together with TEM images, the BiClO is determined to be due to 

ex situ hydrolysis of BiCl3. This result suggested that BiCl3 precursor was not fully consumed 

even when the reaction temperature was raised to 200 °C. 
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3.3.4. Synthesis of Bi nanoparticles with n-butyllithium and Oleic Acid 

Up until now we have demonstrated that the reduction of BiCl3 precursor by 1,2-

hexadecanediol with oleic acid surfactant can result in high quality Bi nanoparticles. However, 

even after careful degassing of the solvent, the BiClO was still present as evidenced by the XRD 

curve. We concluded that the formation of BiClO was due to ex situ hydrolysis of the residual 

BiCl3 that was not fully consumed in the reaction. If a stronger reducing agent were used, 

perhaps all the BiCl3 could be reduced, thereby avoiding the formation of BiClO. The standard 

reduction potential of n-butyllithium is -2.7 V, making it a very strong reducing agent.[77] In this 

experiment 1,2-hexadecanediol was replaced with n-butyllithium to eliminate the ex situ formed 

BiClO byproducts. 

The n-butyllithium reducing agent came in a 2.5 M solution in hexane. To incorporate n-

butyllithium into the synthesis process, the n-butyllithium was transferred to an octyl ether 

solvent. N-butyllithium is extremely sensitive to air and moisture, so the transfer was conducted 

in a Schlenk flask filled with nitrogen. In particular, 2 mL n-butyllithium 2.5 M in hexane 

solution was mixed with 5 mL degassed octyl ether in the Schlenk flask. The Schlenk flask was 

then opened to vacuum, the low boiling point solvent hexane started to bubble out of the mixture. 

The solvent mixture was kept under vacuum for 30 min to completely remove hexane, and the 

reducing agent solution for the reaction was ready to use. 

In a standard airless process, 0.4 mmol BiCl3 was mixed with the degassed 0.8 mmol oleic 

acid and 10 mL octyl ether mixture in a 25 mL three neck round bottom flask. The reaction 
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mixture was heated to 200 °C under stirring. The prepared reducing agent solution was 

withdrawn from the Schlenk flask with a syringe and injected into the reaction flask. The color 

change from clear to dark color was observed immediately, suggesting instant formation of 

nanoparticles. The reaction was kept at 200 °C for 30 min and then removed from heating source, 

followed by standard cleaning and isolation process in protective atmosphere. 

 

Figure 3.10. XRD Curve of Bi nanoparticles synthesized with n-butyllithium reducing agent. 

The XRD curve of the products is shown in Figure 3.10. As expected, by switching to the 

strong reducing agent n-butyllithium, the BiCl3 precursor was completely reduced to elemental 
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Bi. The peaks in the XRD curve were all indexed to rhombohedral Bi. The diffraction peaks 

were relatively sharp compared to the peaks in the XRD for Bi nanoparticles made using 1,2-

hexadecanediol. The use of Scherrer equation to estimate particle size is limited by the 

diffractometer and the linewidth of the X-ray source. For particle size exceeding 100 nm the 

Scherrer equation cannot provide a reliable estimate of the crystallite size.[78] Thus it was 

unable to determine the average particle size from these sharp XRD peaks. 

 

Figure 3.11. TEM bright field image of Bi nanoparticles synthesized with n-butyllithium 

reducing agent. 

The TEM bright field image of Bi nanoparticles synthesized with n-butyllithium reducing 

agent was shown in Figure 3.11. The features shown in the image were Bi nanoparticles with a 
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large variety of size and morphology. Other than the two large rod shaped feature, other particles 

were mostly large faceted particles in near triangular shape with a side length of 0.2 μm. The 

small nanoparticles in the lower right corner with the size of approximately 40 nm were spherical. 

The shape of the nanoparticles was mainly controlled by the surface energy of the nanoparticles. 

For the small particles, due to the high binding strength of oleic acid to the nanoparticles surface, 

the surface energy was mainly determined by the surface area. Spherical morphology was 

adopted to minimize the surface area. For larger nanoparticles, the surface energy was 

determined by which crystallographic planes were exposed. The increase of surface area was 

compensated by only exposing the low index planes, so that the total surface energy was 

decreased. 

The large variation of nanoparticles size and morphology was a direct result of the high 

reducing strength of n-butyllithium. The BiCl3 precursor was completely reduced in a short 

period of time after the addition of n-butyllithium. The Bi atom concentration quickly 

oversaturated and nucleation started to happen when the critical oversaturation of Bi atoms was 

reached. After the nucleation, the Bi atoms were quickly depleted due to the complete 

consumption of the precursors. The available nuclei can only grow at the expense of each other, 

known as the Ostwald ripening process. The larger particles are energetically favorable since 

they have lower surface energy than the total surface energy for a group of smaller particles with 

the same total volume as the larger particle. 
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3.4. Synthesis of Mn nanoparticles 

The synthesis of Mn nanoparticles has been a very challenging scientific subject due to the 

high reactivity of Mn in air. The limited amount of reports that successfully generated Mn 

nanoparticles are mostly through physical methods. Abdul-Razzaq et al. utilized ball milling of 

fine Mn powders to obtain Mn nanoparticles with average diameter of 20 nm.[79] Ward et al. 

produced Mn nanoparticles by inert gas condensation method.[80] The particle size ranged from 

2 nm to 100 nm. Si et al. used arc-discharge method to synthesize Mn nanoparticles with 

diameter ranging from several nanometers to 80 nm.[81], [82] A sputter deposition method was 

also used to produce Mn nanoparticles on an Al substrate.[83] The characteristics of the Mn 

nanoparticles synthesized through physical methods were large particle size distribution, high 

impurity content, and complex oxide formation. The ball milling method was a top down 

approach that used mechanical grinding to bring down the size of the nanoparticles. All other 

approaches were bottom up approaches that have similar physical principle. Mn atoms were 

evaporated by either arc melting or direct heating. The reaction chamber was filled with inert gas 

that can collide with the evaporated Mn atoms and reduce their velocity and temperature. The 

Mn atoms eventually cooled down and collapsed into each other to form the Mn nanoparticles. 

The Mn nanoparticles produced also have large unprotected surface area, which led to high 

affinity to post synthesis oxidation. 

As discussed in section 1.3.1, colloidal synthesis methods have the advantages that 

nanoparticles with controlled size, composition, and protected surface can be achieved by 
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relatively simple procedure. The standard reduction potential for  2 2Mn e Mn s    is 

relatively high, -1.185 V. The reduction of Mn
2+

 will require strong reducing agent. In one of the 

limited number of successful colloidal synthesis procedures reported, Bondi et al. used n-

butyllithium to reduce MnCl2 in diphenyl ether solution at 200 °C to get metallic α-Mn. [84] In 

their synthesis route, MnCl2 and oleic acid in diphenyl ether solution was heated to 200 °C, 

followed by addition of n-butyllithium solution that was previously processed to remove hexane. 

The solution was kept at 200 °C for an additional 20 min to allow the nanoparticles to grow. The 

resulting Mn nanoparticles had a complicated body centered cubic type structure that contains 58 

atoms in the unit cell. The particle size was measured to be 13.1 nm±3.3 nm. Oleic acid was used 

as a surfactant to protect the surface of the nanoparticles, as a result, the synthesized 

nanoparticles appeared to be air-stable. 

Other nanoparticles containing elemental Mn such as MnPt and MnPt3 were prepared using 

Mn2(CO)10 or Mn(acac)2 as the Mn source. In Lee et al.’s report[85] on colloidal MnPt3 

nanoparticles and Kang et al.’s report[86] on colloidal MnPt3 nanocubes, both Mn2(CO)10 and 

Mn(acac)2 were used as Mn source. It was found that the weak reducing agent 1,2-

hexadecanediol was able to reduce both Mn precursors and generate MnPt3 nanoparticles. Lee et 

al. also studied the behavior of Mn2(CO)10 decomposition without the Pt precursors, essentially a 

method to make Mn nanoparticles. The results showed that Mn2(CO)10 can thermally decompose 

without 1,2-hexadecanediol reducing agent, yielding Mn spherical nanoparticles. With the 

presence of 1,2-hexadecanediol, Mn nanoparticles were also obtained, but with irregular shape 
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and large particle size variation. Ono et al. obtained Mn52.5Pt47.5 nanoparticles with a similar 

procedure but substituted 1,2-hexadecanediol with 1,2-tetradecanediol.[87] Their as-synthesized 

nanoparticles were found to be face centered cubic structure by XRD. It is worth mentioning that 

no XRD, electron diffraction, or HRTEM was provided in the MnPt nanoparticle papers to 

support that crystalline Mn nanoparticles were produced with Mn2(CO)10 and Mn(acac)2 

precursor. It is thus worthwhile to evaluate the potential of the two Mn precursors to yield 

crystalline Mn nanoparticles. 

3.4.1. Synthesis of Mn nanoparticles with MnCl2 and n-butyllithium 

The initial attempts to synthesize Mn nanoparticles were based on the procedure reported by 

Bondi et al.[84] that successfully generated crystalline nanoparticles. In addition to the reported 

reaction procedure, we further determined the effects of several reaction parameters, including 

reaction temperature, solvent, surfactant, precursor to surfactant ratio. The reaction parameters 

were summarized in Table 3.1. 

In a typical synthesis procedure, 0.4 mmol MnCl2 was put in a 50 mL three neck round 

bottom flask with surfactant (amount used shown in Table 3.1) and 10 mL solvent. The standard 

procedure was used for all reactions unless otherwise noted. A separate Schlenk flask with 5 mL 

solvent inside was evacuated and refilled with nitrogen. 2 mL 2.5M n-butyllithium in hexane 

solution was added to the Schlenk flask through the rubber septum. Vacuum was then applied to 

remove hexane to prevent the violent evaporation that could occur when the n-butyllithium 

solution was added to the hot reaction mixture. The reaction mixture was heated to 200 °C and 
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the n-butyllithium in working solvent solution was added to the reaction mixture. A color change 

of the reaction mixture from clear to black was observed immediately after the addition of n-

butyllithium, indicating the onset of nanoparticle formation. The reaction mixture was kept at 

200 °C then removed from heat source. The standard cleaning procedure was used to clean the 

Mn nanoparticles, with methanol as the polar solvent and hexane as the nonpolar solvent. 

Table 3.1.  Summary of reaction parameters studied for synthesis of Mn nanoparticles by 

reduction of MnCl2, S:P ratio represents the mole ratio of surfactant to precursor 

Reaction Solvent Surfactant S:P ratio 

1 Diphenyl Ether Oleic Acid 1:1 

2 Diphenyl Ether Oleic Acid 1.5:1 

3 Diphenyl Ether Oleic Acid 2:1 

4 Diphenyl Ether Oleic Acid 2.5:1 

5 Benzyl Ether Oleic Acid 2:1 

6 Octyl Ether Oleic Acid 2:1  

7 Diphenyl Ether Trioctylphosphine 2:1 

In Figure 3.12(a) - (e) are TEM bright field images of various Mn particles. The particles 

were spherical in shape. Changes in the amount of oleic acid did not appear to cause any 

significant size variation. Previous studies in FePt nanoparticles have shown that variations of 

oleic acid concentrations caused significant particle size variations[88], from 2 nm to 9 nm. This 

was also seen in the synthesis of Pt nanoparticles, where the particle size decreased as the 

amount of surfactant used in the reaction increased.[89] When diphenyl ether was replaced with 

benzyl ether, a significant increase in particle size was observed as shown in Figure 3.12(f).  

It appears that the solvent used in the reaction have been controlling the size of the 

nanoparticles. Earlier reports showed that the surfactant-to-precursor ratio would not affect the 
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particle size after it surpasses a certain concentration[88]. Once the surfactant have saturated on 

the nanoparticle surface, further increase of surfactant concentration will not affect the 

nucleation and growth process of the nanoparticles. On the other hand, the solvent used in the 

reaction will affect the solubility of the Mn atoms and the surfactant, resulting in different critical 

supersaturation of nucleus and influencing the final particle size. 

 

Figure 3.12. Bright field image of reaction #1(a), reaction #2(b), reaction #3(c), reaction 4(d), 

reaction #5(e), evolution of nanoparticle size (e) as the reaction parameter changes, PE stands for 

diphenyl ether, BE stands for benzyl ether, OA stands for oleic acid. Particle size was measured 

in the bright field images, at least 50 nanoparticles were measured for each sample.  
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Figure 3.13. Electron diffraction pattern for Mn nanoparticles synthesized in reaction #4. The 

diffuse pattern was indexed to rock salt structure MnO. 

The crystal structures of the nanoparticles were characterized by electron diffraction. 

Similar diffraction patterns were obtained for all nanoparticles produced from reaction #1 to #5, 

an example is shown in Figure 3.13. Unlike the diffraction patterns reported by Bondi et al.[84], 

the electron diffraction of the Mn nanoparticles only showed a diffuse pattern that was indexed 

to rock salt structure MnO. There are two possible explanations for this result. The synthesized 

Mn nanoparticles can be amorphous elemental Mn nanoparticles with a low crystallinity MnO 

shell. As mentioned previously, α-Mn, the most stable phase of metallic Mn at room temperature, 

has a very complicated crystal structure. Crystallization of α-Mn may require a high activation 

energy and long period of time. The MnO can also be attributed to the oxidation of the entire Mn 

nanoparticle, since Mn is very active and the small nanoparticle provided a large surface area for 

the oxidation process to take place. 
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Figure 3.14.  EDX spectrum for (a) Mn nanoparticles as measured, (b) background spectrum 

averaged from 10 scans, (c) the Mn nanoparticle EDX spectrum with the background subtracted, 

(d) the oxygen peak from all other three spectra 

The composition of the nanoparticles was examined by EDX. Figure 3.14(a) shows the as-

acquired EDX spectrum for the Mn nanoparticles. In addition to the Mn peaks, Cu, Si, and C 

peaks were also observed. C and O peaks can be expected since they are component of the oleic 
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acid surfactant. The TEM grid was a carbon formvar on Cu grid, it contained Cu, C, and O. Si 

may have been brought in as artifacts during manufacturing of the TEM grid. To examine if the 

other elements except for Mn were from the Mn nanoparticle, EDX spectra were taken from the 

background. Figure 3.14(b) shows the resulting background spectrum from an average of 20 

background scans. The result indicated that the background clearly contained C, O, Cu, and Si. 

An EDX spectrum of the Mn nanoparticles with the background subtracted is shown in Figure 

3.14(c). The result shows only the characteristic x-ray peak for Mn. The intensity of oxygen 

peaks from the as-acquired spectrum and the background spectrum were summarized in Figure 

3.14(d). The oxygen peak in the as-acquired spectrum was identical with the oxygen peak in the 

background. Background subtraction of the as acquired spectrum left a straight baseline. The 

oxygen content in the Mn nanoparticles cannot be determined based on the EDX spectrum 

because of the high intensity background.  

In summary, the electron diffraction pattern and EDX spectra showed that the as-

synthesized Mn nanoparticles were consisted with mainly Mn. A low crystallinity MnO layer 

was present on the Mn nanoparticles. It was not clear if the Mn nanoparticle was completely 

oxidized or a nanoparticle with amorphous Mn core and oxide shell. Amorphous core/oxide shell 

structure nanoparticles were observed in the Fe nanoparticle synthesis by Peng et al.[90] Their 

results suggested that under fast nucleation conditions, similar to the reduction of MnCl2 by n-

butyllithium, the as-synthesized nanoparticles can be amorphous. When the reaction was slowed 

down, crystalline body centered cubic (BCC) Fe nanoparticles were obtained.[91] The Fe 
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nanoparticles had native oxide shells to provide oxidation resistance for the metallic core. Upon 

annealing, the amorphous Fe nanoparticles crystallized to form BCC Fe nanoparticles with 

crystalline Fe3O4 shell. The reduction of MnCl2 by n-butyllithium was also a fast nucleation 

process because of the high reducing power of n-butyllithium. It was possible that the formed 

Mn have the similar Mn/MnO structure as the Fe/Fe3O4 formed by fast nucleation of Fe 

nanoparticles. 

To promote crystallization of the Mn nanoparticles, octyl ether was used instead of diphenyl 

ether as the solvent of the reaction. Octyl ether has higher boiling point and allows the reaction to 

be carried out at higher temperature. In this synthesis route, all chemicals were prepared in the 

same method other than substituting diphenyl ether with the same amount of octyl ether. After 

addition of n-butyllithium in octyl ether solution to the reaction flask at 200 °C, additional 

heating was supplied to heat the reaction mixture to reflux point of octyl ether at 286 °C. The 

temperature was held at 286 °C for two hours and then cooled done for nanoparticle cleaning and 

isolation. 
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Figure 3.15. The TEM characterizations for Mn nanoparticles synthesized in octyl ether, 

including bright field images of large (a) and small particles (b), and electron diffraction patterns 

for large (c) and small particles (d) 

TEM bright field images are shown in Figure 3.15 (a) and (b). Two groups of nanoparticles 

were observed. The large particles shown in Figure 3.15(a) were approximately 20 nm in 

diameter with large size variation. The smaller particles were similar to the Mn nanoparticles 

synthesized with diphenyl ether in both morphology and crystal structure. Selected area electron 

diffraction showed that the larger particles were crystalline α-Mn and only low crystallinity MnO 

was observed in the smaller particles. 
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At high temperatures, Ostwald ripening took place. The larger particles grew at the cost of 

small particles. In the meantime, the high temperature provided kinetic energy and increased 

atom mobility for the Mn atoms so that they can crystallize and form the α-Mn. The diffuse ring 

corresponding to MnO can still be observed in Figure 3.15 (c) near the diffraction ring for (330) 

planes of Mn, indicating that the MnO layer was still present.  

The existence of α-Mn in the reaction products proved that the reduction of MnCl2 by n-

butyllithium was able to generate metallic Mn nanoparticles. But oleic acid surfactant alone did 

not provide sufficient oxidation resistance for the Mn nanoparticles. A MnO layer formed on the 

surface of the Mn nanoparticles once they were in contact with air. The thickness of the MnO 

layer was not known. The particle size of 20 nm was enough to provide a MnO layer thick 

enough to prevent further oxidation but still keep a metallic α-Mn core. The smaller particles 5 

nm in diameter could have been oxidized entirely. The possibility of amorphous core and oxide 

shell still cannot be ruled out. 

3.4.2. Synthesis of Mn nanoparticles by thermal decomposition of Mn2(CO)10 

The works done on synthesis of MnPt and MnPt3 nanoparticles suggested that the 

decomposition of Mn2(CO)10 at elevated temperatures can provide elemental Mn for the 

alloy.[85], [86] It was not clear whether this precursor can work alone to generate crystalline Mn 

nanoparticles. In the reaction process, 20 mL of octyl ether was mixed with 4 mmol of oleic acid 

and 4 mmol of oleylamine. In a separate flask, 0.5 mmol Mn2(CO)10 was mixed with 10 mL 

octyl ether.  The reaction flask was heated to 100 °C and the Mn2(CO)10 in octyl ether solution 
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was transferred to the reaction flask through the rubber septum. A light yellow color appeared in 

side of the condenser, because of the volatility of Mn2(CO)10 (sublimes at 60 °C). The 

temperature was raised to the boiling point of octyl ether at 286 °C at the ramping rate of 

5 °C/min. Shortly after reflux started, the solution changed color from clear yellow to black, 

indicating the formation of nanoparticles. A CO detector also detected CO on the gas outlet of 

the flask, showing that the decomposition of Mn2(CO)10 would result in releasing Mn and CO. It 

is unclear whether there were any intermediate steps. The reaction was kept at 286 °C for one 

hour then removed from the heat source and sent to particle cleaning and isolation. 

 

Figure 3.16. TEM bright field images for Mn nanoparticles synthesized by decomposition of 

Mn2(CO)10, two distinctively different group of nanoparticles were observed, the larger cubic 

nanoparticles (a) and the smaller spherical nanoparticles (b). 

TEM bright field images of the nanoparticle product were shown in Figure 3.16. Two 

different morphologies were observed. Some of the particles were faceted and larger in size, as 
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shown in Figure 3.16(a), the other particles were nearly monodisperse spherical nanoparticles, as 

shown in Figure 3.16(b). The smaller particles were Mn nanoparticles with morphology and 

structure similar to the nanoparticles obtained by reduction of MnCl2. The morphology of the 

larger particles indicated that they are crystalline and have a cubic system structure. The faceted 

particles were a result of cubic structure crystals exposing low index planes to minimize surface 

energy. Even though surface area was increased from the change from spherical morphology to 

cubic morphology, the total free energy of the particles was decreased by only exposing the (100) 

planes of the cubic system.  
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Figure 3.17. XRD curve for Mn nanoparticles synthesized by decomposition of Mn2(CO)10 

Both α-Mn and MnO have cubic system crystal structure.  XRD was used to determine 

which phase was present in the nanoparticles, as shown in Figure 3.17. The diffraction pattern 

showed the peaks of rock salt structure MnO. The previous Mn nanoparticles contained MnO but 

they were nearly amorphous and have very low diffraction intensity in the XRD. The relatively 

high diffraction intensity and broaden peaks in Figure 3.17 indicated that there was small 

crystalline MnO present. From these data, the faceted particles in Figure 3.16(a) were identified 
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as cubic MnO nanoparticles. Oxidation occurred during the synthesis procedure, the high 

temperature used in the synthesis also promoted crystallization of MnO nanoparticles.  

These results confirmed that the decomposition of Mn2(CO)10 can produce Mn 

nanoparticles similar to MnCl2 reduction. High temperature was necessary to decompose 

Mn2(CO)10. Oxidation could happen during the synthesis process, extra care should be taken for 

this reaction, including degassing of solvent and surfactants, and adopting the standard airless 

procedure to prevent oxidation. 

3.4.3. Synthesis of Mn/Au core/shell nanoparticles 

In all the synthesis procedures for Mn nanoparticles, surface oxidation appeared inevitably. 

It was thus worthwhile to study how the surface oxidation can be eliminated. Previous reports 

showed that coating the surface of reactive nanoparticle with a layer of noble metal can increase 

the oxidation resistance.[92] Au was chosen for the Mn nanoparticles because of the oxidation 

resistance of Au as well as the well established synthesize routes for Au. 

In the synthesis process, Mn nanoparticles were synthesized by reduction of MnCl2 in octyl 

ether in the process previously described. After the reaction, Mn was kept in the three neck flask. 

In a separate reaction flask, 0.4 mmol gold acetate (Au(O2CCH3)3), 1.2 mmol 1,2-

hexadecanediol, 2 mmol oleic acid, 2 mmol oleylamine, and 20 mL octyl ether was added. The 

Mn nanoparticles mixture was transferred into the reaction flask for Au. Heating was supplied to 

raise the temperature of the reaction to 180 °C at 5 °C/min. A purple tint was gradually observed 

during heating, which can be attributed to the reduction of Au(O2CCH3)3 by 1,2-hexadecanediol 
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and formation of Au nanoparticles. The reaction was kept at 180 °C for 30 min and removed 

from heat source for cleaning and isolation. 

 

Figure 3.18. Picture of nanoparticle suspensions showing different colors, the smaller particles in 

the supernant after first centrifugation are pink and the larger particles precipitated are purple. 

The centrifuge used in the cleaning process provided a force perpendicular to the rotation 

axis, which allows the separation of nanoparticles with different mass. In the cleaning process of 

the nanoparticles produced in this procedure, it was observed that in the hexane dispersion, some 

of the nanoparticles precipitated during the centrifugation while others stayed in the suspension. 

It can be understood that smaller centrifugal force was applied on smaller particles, also the 

smaller particles have larger surface that was covered with oleic acid, which provided better 

dispersibility in hexane. Thus smaller particles stayed in the dispersion and larger particles 
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precipitated. The larger particles were redispersed in hexane. Pictures of the two dispersions 

were shown in Figure 3.18. The smaller particles were pink and the larger particles were purple. 

Au nanoparticles were known to exhibit size related surface plasmon and UV-vis absorption 

spectrum.[93] Differences in color of the two groups of nanoparticles indicated difference in size 

and composition of the nanoparticles. 

 

Figure 3.19. TEM bright field image of (a) smaller particles and (b) larger particles. 

The TEM bright field images of the two groups of nanoparticles were shown in Figure 3.19. 

The smaller particles are mostly spherical and have a particle size of 4.7 nm. The morphologies 

of the larger particles are mostly faceted, contain triangular particles and octahedral particles. 

The morphology of the larger particles was in agreement with the morphologies of Au 

nanoparticles reported in literatures.[94], [95] The faceted surface of the larger particles 
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originated from the tendency of the gold (100) planes and (111) planes to appear on the surface 

of Au nanoparticles.  

 

 

Figure 3.20. EDX spectra of (a) larger particles showing a majority of Au and (b) smaller 

particles showing both Mn and Au. The inset were the location of the EDX spectra taken at. 

The formation mechanism for Au nanoparticles can be understood with Finke’s theory, 

which described the formation mechanism of transition metal nanoparticles in the presence of a 

weak reducing agent. The mechanism was explained as a slow continuous nucleation followed 

by a fast autocatalytic surface growth process.[96] A large particle size distribution was expected 

for nanoparticles formed in this mechanism, in agreement with results of the two groups of 
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nanoparticles with large particle size difference separated in the size selective product isolation 

process. The Mn nanoparticles in the reaction mixture can act as heterogeneous nucleation sites 

for the Au nanoparticles. Due to the lower energy barrier required to nucleate heterogeneously, 

Mn nanoparticles were preferred site for the nucleation. As the size of the Mn nanoparticles was 

reasonably monodisperse, the thickness of gold deposited on the Mn nanoparticles determined 

the composition. The compositions of the two groups of nanoparticles were determined by EDX, 

the spectra were shown in Figure 3.20. The smaller particles showed high concentration of Mn 

together with Au, while the larger particles showed a majority of Au and very small amount of 

Mn. The larger particles have such a thick Au layer, that Mn in the core could merely be detected. 



 

74 

 

 

Figure 3.21. Electron diffraction pattern for Mn@Au core-shell structure nanoparticles, redlines 

marked the diffraction rings for FCC Au, additional spots were found that correspond to α-Mn. 

Figure 3.21 shows the selected area electron diffraction pattern of the smaller Mn/Au 

core/shell structure nanoparticles. The majority of the peaks were indexed to be FCC Au, marked 

by the red circles. In addition to that, a few isolated diffraction spots were also observed that can 

be matched with the diffraction pattern for α-Mn. The diffuse MnO peaks observed in other Mn 

nanoparticles vanished in the diffraction pattern of Mn/Au core/shell nanoparticles, indicating 

that Au shell have successfully provided oxidation resistance for the Mn nanoparticles. This 
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method can also be used to provide surface passivation for the MnBi and MnAl nanoparticles in 

the future. 

3.5. Synthesis of MnBi nanoparticles 

With the synthesis routes for both Bi nanoparticles and Mn nanoparticles established, it was 

time to incorporate the two synthesis routes to a route for MnBi alloy nanoparticle. The synthesis 

of FePt nanoparticles was a classic example of how binary alloy nanoparticles can be synthesized 

with colloidal methods. Highly monodisperse FePt nanoparticles were synthesized by 

simultaneous reduction of Pt(acac)2 with 1,2-hexadecanediol and thermal decomposition of 

Fe(CO)5 with oleic acid and oleylamine surfactant. [42] The formation of alloy was stabilized by 

the decrease in Gibbs free energy as a result of atom mixing. The kinetics of decomposition and 

reduction of the precursors will also affect the formation mechanism. Srivastava et al.[97] 

reported that when FeCl2 and the very strong reducing agent, lithium triethylborohydride 

(superhydride) were used instead Fe(CO)5 as Fe source, the mechanism of FePt formation 

changed to nucleation of Pt rich particles followed by growth of Fe on the particles. In situ 

thermal annealing promoted the diffusion of Fe and Pt into each other and the homogeneous FePt 

nanoparticles were formed. The two reaction mechanisms can be used as reference to design the 

synthesis routes for MnBi nanoparticles and subsequently MnAl nanoparticles. The combination 

of different Mn, Bi precursors, surfactants, and reducing agents can be explored. 
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3.5.1. Synthesis of MnBi nanoparticles by sequential reduction of BiCl3 and decomposition 

of Mn2(CO)10 with trioctylphosphine 

In the first synthesis attempt for MnBi nanoparticles, the combination of BiCl3 and 

Mn2(CO)10 were used as precursors, trioctylphosphine was used as the surfactant. 1,2-

hexadecanediol was used as reducing agent for BiCl3. 0.24 mmol BiCl3, 0.24 mmol Mn2(CO)10, 

5.8mmol 1,2-hexadecanediol, 18 mmol trioctylphosphine, and 20 mL octyl ether were added to a 

50 mL three neck round bottom flask. Mn2(CO)10 was added in excess to compensate for 

sublimation. The standard reaction procedure was used for this reaction. The reaction mixture 

was heated to 250 °C and kept at this temperature for 120 min. After this the reaction was 

allowed to cool down naturally and the standard cleaning process was used to isolate the 

nanoparticles. 

 

Figure 3.22. XRD curve for as-synthesized MnBi nanoparticles 
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The XRD curve of the MnBi nanoparticles synthesized in this procedure (Figure 3.22) 

showed rhombohedral Bi with a low intensity unidentified peak at 2θ=37.2°. Both BiCl3 and 

Mn2(CO)10 have been proven to be able to release elemental Bi and Mn, respectively. In previous 

experiments, It was observed that the reduction of BiCl3 started at around 140 °C while the 

effective decomposition of Mn2(CO)10 required high temperature (reflux point of octyl ether, 

286 °C). The reaction temperature of 250 °C was sufficient for the Bi nanoparticles but not 

necessarily high enough for the decomposition of Mn2(CO)10. 

 

Figure 3.23. TEM bright field image of the (a) large faceted particles and (b) smaller spherical 

particles, and (c) EDX spectrum on a small particle with 10 nm diameter  

Figure 3.23 shows the TEM bright field images of the as-synthesized nanoparticles. The 

majority of the particles were very large (0.2 μm diameter) and faceted Bi particles. EDX 
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composition analysis showed only Bi was present in these particles. The selected area electron 

diffraction of an isolated particle shows that the Bi nanoparticles were single crystalline. 

Additionally, smaller particles 5 nm to 50 nm in diameter were also present, as shown in Figure 

3.23(b). EDX spectrum (Figure 3.23(c)) shows that the smaller particles contained Mn, Bi, P, C, 

and O. The Cu, Si peaks and part of C, O peaks were from the TEM grid.  

The smaller particles had a higher Mn concentration than larger particles. A few particles 

were selected to study the particle size-composition correlation, shown in Figure 3.24. As the 

particle size increased from 6 nm to 30 nm, the composition changed from Mn85Bi15 to Mn24Bi76. 

In this case, the reaction kinetics determined the formation mechanism of the MnBi nanoparticles. 

Assuming that the growth of nanoparticles is surface diffusion limited process, the kinetics 

of the nanoparticles growth can be described by Lifshitz−Slyozov−Wagner (LSW) Model. The 

average radius of the nanoparticles is a function of material properties, temperature, and time, as 

expressed in the following equation: 
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Where r is the average radius of the nanoparticle at time t, r0 is the radius of the nucleus 

after nucleation from supersaturated solution, γ is the surface energy of the nanoparticle,    is 

the solubility of the material,   is the molar volume of the material, D is the diffusion coefficient 

of the material, T is temperature, and t is time. After extracting the material related growth 

constant K, we can get the relationship between radius and growth time and growth temperature. 
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The growth kinetics is closely related to material properties such as surface energy, 

solubility and molar volume. Therefore Mn and Bi will have different growth velocity. The 

particle size, reaction temperature and reaction time from previous experiments of Bi 

nanoparticle synthesis and Mn nanoparticle synthesis were used to calculate the growth constants. 

The result suggested that the growth of Mn nanoparticles ( 272.83 10K   ) is a few orders of 

magnitude slower than Bi ( 245.09 10K   ). It can also be observed the reduction of BiCl3 was a 

slow process, leading to continuous nucleation and a large particle size variation, while the 

formation of Mn nanoparticles had separate nucleation and growth steps resulting in roughly 

monodisperse Mn nanoparticles.  

 

Figure 3.24. Particle composition evolution with particle size 

Based on these theories, the formation of MnBi nanoparticles can be understood as the 

following process. When the reaction mixture was heated, the reduction of BiCl3 first took place 

at 140 °C. The nucleation and growth of Bi nanoparticles lasted throughout the reaction process. 

At higher temperature (250 °C), Mn2(CO)10 decomposition started. The existing Bi nanoparticles 

can act as heterogeneous nucleation sites for the Mn to grow on. If we assume that the growth of 
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Mn nanoparticles followed LSW Model, constant amount of Mn will grow on the Bi 

nanoparticle seeds regardless of the size of Bi nanoparticle. When the Mn2(CO)10 decomposition 

started, the Bi nanoparticles had a large particle size distribution due to the continuous nucleation 

and the high growth of Bi nanoparticles. Large initial particle size distribution also led to large 

particle size variation after the growth of Mn. The particles with different size had the same 

amount of Mn and different amount of Bi, which also led to the particle size-composition 

relationship, as observed in Figure 3.24. Increasing the particle size is essentially increasing the 

amount of Bi used to mix with the fixed amount of Mn, resulting in increase in Bi concentration. 
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Figure 3.25. XRD curve for MnBi sample annealed at 340 °C for 120 min. 

 

Figure 3.26. Magnetic hysteresis loop measured for MnBi sample annealed at 340 °C for 120 

min. 
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XRD and selected area diffraction pattern did not show the diffraction peaks for LTP MnBi, 

even when MnBi was observed in TEM and EDX composition analysis. It is possible that the as-

synthesized MnBi were amorphous, needing further annealing to obtain the LTP. The dispersion 

of the MnBi nanoparticles were drop dried on a glass container and placed in a tube furnace for 

the annealing. A 5% mixture of H2 in Ar was supplied to the tube furnace to provide protective 

environment. The sample was heated to 340 °C at 20 °C/min and kept at this temperature for 120 

min. Then heating stopped and the sample was cooled down to room temperature under the 

protective gas. The product was examined by XRD (Figure 3.25) and AGM (Figure 3.26). The 

XRD curve of the annealed sample is identical with the as-synthesized MnBi nanoparticles, only 

rhombohedral Bi was observed. The intense diffraction peaks for Bi might have overshadowed 

any diffraction peaks from the few small MnBi nanoparticles. The magnetic hysteresis loops of 

the annealed sample are shown in Figure 3.26. Two magnetization measurements were 

performed with the sample parallel and perpendicular to the magnetic field. Since the MnBi 

nanoparticles were randomly aligned, the two measurements did not have much difference. The 

hysteresis loops show a positive magnetic susceptibility, even when the majority of the sample 

was Bi, one of the most diamagnetic elements with a magnetic susceptibility of 

4 3 12.8 10 cm mol   . This result indicated that the magnetization of Bi nanoparticles was 

overcame by species with positive susceptibility, presumably from Mn. The center of the loop is 

slightly open, suggesting the existence of some ferromagnetic component. It is possible that the 
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LTP MnBi was formed under thermal annealing, but the crystalline size was so small that 

rendered them superparamagnetic. 

3.5.2. Synthesis of MnBi nanoparticles by sequential reduction of BiCl3 and decomposition 

of Mn2(CO)10 with oleic acid 

It was shown previously that the surfactant can affect the morphology of the nanoparticles. 

The synthesis of Bi nanoparticles with oleic acid precursor generated 9 nm spherical 

nanoparticles. In this synthesis procedure for MnBi nanoparticles, oleic acid was used instead of 

trioctylphosphine as the surfactant. 

0.4 mmol BiCl3, 0.4 mmol Mn2(CO)10, 1.2 mmol 1,2-hexadecanediol, 1.6 mmol oleic acid, 

and 20 mL octyl ether were added to a three neck flask. The standard airless procedure was 

used for this reaction. The reaction mixture was heated to 250 °C and kept at this temperature for 

60 min. After this the reaction was allowed to cool down naturally and the standard cleaning 

process was used to isolate the nanoparticles. 

The XRD curve was shown in Figure 3.27, both BiClO and Bi diffraction peaks are 

indentified. As previously discussed, the unreacted BiCl3 tended to undergo hydrolysis and form 

BiClO. It was possible that Mn2(CO)10 have consumed a portion of the 1,2-hexadecanediol for 

the decomposition, the remaining reducing agent was not enough to reduce all BiCl3.  
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Figure 3.27. XRD curve for MnBi as-syntehsized nanoparticles by sequential reduction of BiCl3 

and Mn2(CO)10 with oleic acid surfactant. 

 

Figure 3.28. TEM bright field image (a) and high resolution image (b) of the as-synthesized 

nanoparticles. 
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The bright field TEM images in Figure 3.28 shows that the particles were mostly spherical, 

with particle size ranging from 5 nm to 30 nm. Oleic acid was a strong binding agent to the 

surface of nanoparticles, the surface energy of nanoparticles covered by oleic acid is usually 

determined by the total surface area. A spherical morphology was preferred since it had the 

lowest surface area among all morphologies with the same volume. The HRTEM image (Figure 

3.28(b)) showed the lattice fringe of the Bi (012) plane. EDX spectra of the nanoparticles 

showed that the majority of the particles had a low Mn content, averaging Mn15Bi85. At this 

composition, the MnBi nanoparticles were possibly solid solution of Mn in Bi. Mn and Bi also 

have similar atomic radii (less than 15% difference), the solution of Mn in Bi did not noticeably 

change the lattice parameter of the Bi, judging from the XRD and HRTEM. 

The magnetic measurement of the as-synthesized MnBi nanoparticles was shown in Figure 

3.29. Similar to previous result, a hysteresis loop with paramagnetic, ferromagnetic, and 

superparamagnetic component was observed. The negative magnetic susceptibility of Bi was 

overshadowed by the Mn species. This result suggests that small ferromagnetic species, 

presumably LTP MnBi, were synthesized directly, however the small particle size made them 

superparamagnetic with very small coercivity. 



 

86 

 

 

Figure 3.29. Magnetic hysteresis loop for the MnBi nanoparticles synthesized by sequential 

reduction of BiCl3 and Mn2(CO)10 with oleic acid surfactant. 

3.5.3. Synthesis of MnBi nanoparticles by seed mediated growth 

In the above two methods, Mn and Bi precursors were both present in the same reaction 

flask, the formation of MnBi nanoparticles was in competition with formation of Bi 

nanoparticles, Mn nanoparticles, and MnBi nanoparticles with composition away from the 

intended Mn50Bi50 composition. Mn nanoparticles synthesized with colloidal method were 

monodispersed with narrow size distribution, as discussed in section 3.4. The Mn nanoparticles 

can be used as seeds for the growth of MnBi binary nanoparticles. 

The standard airless procedure was used in the seed growth process. Mn precursor and Bi 

precursor were placed in two separate flasks. In one flask, 0.4 mmol Mn2(CO)10 was mixed with 
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0.8 mmol oleic acid and 10 mL octyl ether that was degassed previously. The mixture was heated 

to reflux (287 °C) under nitrogen. Unlike previous experiment of Mn2(CO)10 decomposition, the 

reaction mixture did not turn black when the reflux started. The Mn2(CO)10 decomposition might 

be a slow process, 5 mL n-butyllithium was added to the solution to assist the decomposition. 

The solution turned black immediately after the addition of n-butyllithium. The reaction was kept 

at 287 °C for 60 min, and cooled down naturally. 

0.4 mmol BiCl3, 0.8 mmol oleic acid, 1.2 mmol 1,2-hexadecanediol, 10 mL octyl ether was 

added to another three neck flask. The reaction mixture with Mn nanoparticles was transferred 

directly into the flask containing Bi precursors. The reaction mixture was heated to 160 °C for 

30min, then cooled down naturally and processed through the standard cleaning process. 

The XRD curve was shown in Figure 3.30, both BiClO and Bi diffraction peaks are 

indentified. The reaction temperature and time for BiCl3 reduction was shortened because of the 

concern that otherwise too much Bi could have grown on the Mn seeds. This led to incomplete 

reduction of BiCl3 and subsequent hydrolysis to form BiClO. MnBi diffraction peaks were still 

not present in the result. 
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Figure 3.30. XRD curve of MnBi nanoparticles synthesized by Seed mediated growth. 

 

Figure 3.31. TEM bright field image (a) and selected area electron diffraction (b) of MnBi 

nanoparticles synthesized by seed mediated growth. 
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TEM bright field image (Figure 3.31(a)) shows that the nanoparticles synthesized had 

irregular shapes, consistent with the results in Lee et al.’s report[85] that decomposition of 

Mn2(CO)10 with the presence of reducing agent resulted in irregular shaped Mn particles. EDX 

of the nanoparticles shows that majority of the particles were pure Bi nanoparticles, a small 

amount of Mn50Bi50 nanoparticles was also observed. In the selected area electron diffraction 

pattern , shown in Figure 3.31(b), diffraction pattern for Bi are marked in blue rings. Between the 

diffraction peaks of Bi (110) planes and Bi (015) planes, an additional diffraction spot was 

observed, corresponding to the (110) plane of LTP MnBi. 

The magnetic hysteresis loop for seed mediated growth method products were shown in 

Figure 3.32. The red curve represents the original curve as measured in the AGM. The negative 

slope together with the large open loop near zero field indicate that the sample was a mixture of 

diamagnetic Bi and ferromagnetic component from MnBi alloys. The ferromagnetic component 

of the hysteresis loop, shown as the blue curve, is extracted out by subtracting the linear 

component from the red curve. The resulting hysteresis loop is characteristic of a soft 

ferromagnetic material with a coercivity of 181 Oe. The result is similar to the MnBi alloys 

prepared by semi-solid process where the MnBi alloys are imbedded in the Bi matrix.[98] 
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Figure 3.32. Magnetic hysteresis loop of the as-synthesized MnBi nanoparticles, the as-acquired 

loop is shown in the bottom and the loop with dia/paramagnetic component subtracted is shown 

on the top. 

The growth of MnBi nanoparticles by deposition of Bi on the Mn seeds was in competition 

with the nucleation and growth of pure Bi nanoparticles. For the case of the MnBi nanoparticles, 

the composition of the MnBi nanoparticles was controlled by the size of the Mn seeds and the 

amount of Bi deposited. The change of Mn seeds size can be achieved by prolonged heating of 



 

91 

 

the Mn nanoparticle reaction mixture that promotes Ostwald ripening. The amount of Bi 

deposited can be tuned by changing the reaction time of Bi reduction.   
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CHAPTER 4 THE MANGANESE ALUMINUM SYSTEM 

4.1. Introduction 

The aluminum manganese binary system has a rather complicated phase diagram, as shown 

in Figure 4.1. It is composed of various intermetallic, amorphous, and quasi-crystal phases[99] 

on the aluminum rich side; while β-manganese, α-manganese compose the manganese rich 

side.[100] In the center of the phase diagram, where the Mn composition is from 48 at% to 58 

at%, a meta-stable τ-phase exists under special conditions.[6], [101], [102] This τ-phase has an 

L10 structure and superior magnetic properties, with saturation magnetization of          , 

coercivity of            , uniaxial magnetocrystalline anisotropy energy density of    

          , and                 .[6], [102] The high Ku of the τ-phase makes it an ideal 

candidate for the ultra-high density information storage applications. 

Past researches have focused on bulk AlMn alloys, sputter deposited thin films, and 

electrodeposited samples. It is important to learn the metallurgical knowledge from these studies 

to develop a method of forming AlMn nanoparticles. 
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Figure 4.1. The MnAl phase diagram.[100] 

The interest in AlMn system can be dated back to 1908 [103]. However, it was not until 

Kono [104] in 1958 that people started to study the details of the ferromagnetic τ-phase. His 

study focused on the AlMn system in the composition range of 49% to 63% atomic percent 

manganese. The results of his study indicated that the high temperature ε-phase, with an hcp 

structure, is the parent phase for the τ-phase AlMn. The phase transformation is introduced by an 

intermediate cooling rate of 10°C/s. By measuring the specific heat of the samples in this 

composition range, two latent heat releases were discovered, which was attributed to two 

eutectoid reactions. Another series of experiments with varying cooling rates suggested that 
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cooling rate at 800 °C has a significant influence on the magnetic property of the samples. 

Further X-ray analysis confirmed the cooling rate dependency of the phase transformation. At 

low cooling rate (~6 °C/s), the eutectoid reaction took place and the sample decomposed into γ2 

and β-Mn phases; at intermediate cooling rate (~6 °C/s - ~15 °C/s), the phase transformation of 

ε→τ occurred; at an high cooling rate (> 15 °C/s), the high temperature ε-phase was retained. 

Further studies also showed that annealing of the retained ε-phase can also introduce the phase 

transformation of ε→τ.[105] The lattice parameters for the ε-phase was determined as a=2.69 Å 

and c= 4.38 Å, the lattice parameter of τ-phase was determined to be a=3.94 Å and c=3.58 Å 

[104]. 

4.2. Synthesis of Al nanoparticles 

As a key building block towards the synthesis of MnAl nanoparticles, the study on the 

synthesis of Al nanoparticles is beneficial to understand the mechanism, kinetics, and surface 

passivation methods of Al precursor reduction or decomposition reaction. The Al nanoparticles 

alone are also of great importance because of their practical applications including high energy 

propellants [106], hydrogen storage devices[107], and clean energy[108] etc. The heat release 

from the exothermal oxidation of aluminum, ΔHf = -1669.8 kJ/mol[109] under standard 

conditions, is among the highest for metals and can exceed that of some conventional propellants. 

For hydrogen storage, aluminum nanoparticles can either directly react with active hydrogen 

species, such as water or ethanol, or form AlH3 compounds.  The ability to store and regenerate 
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hydrogen is a valuable source for renewable, clean energy. We have developed a new method of 

preparing Al nanoparticles by the thermal decomposition of triisobutylaluminum (TIBA) which 

were surface passivated with perfluoroundecanoic acid. Infrared spectroscopy revealed that 

perfluoroundecanoic acid was bound to the surface of aluminum nanoparticles in a bridge type 

binding mode. The thermal decomposition of TIBA in the presence of perfluoundecanoic acid 

also gave some aluminum fluoride and a complex mixture of organic molecules containing 

alkenes and fluorocarbons.  

4.2.1. Current synthesis methods for Al nanoparticles 

The chemical synthesis routes for aluminum nanoparticles can be categorized into either a 

decomposition reaction or a reduction reaction. Arguably, the most widely used synthesis route 

is the decomposition of alane-dimethylethyl amine (H3AlN[(CH3)2C2H5]) with titanium (IV) 

isopropoxide (Ti[OCH(CH3)2]4) as a catalyst. Once the titanium (IV) isopropoxide catalyst is 

added, the catalytic decomposition of alane-dimethylethyl amine occurs at a very high reaction 

rate. Consequently, the reaction is very difficult to control and sensitive to subtle variations of 

initial reaction conditions.[110] This causes batch-to-batch variation with typical aluminum 

nanoparticles sizes from ≈ 50 to ≈ 200 nm.  

In the chemical reduction reaction, aluminum particles are formed from AlCl3 precursors. 

One of the major challenges is the very negative reduction potential for Al
3+

 to Al.  Sodium 

potassium alloy (NaK) has been shown to be an adequate reducing agent for AlCl3.[111] Though 

successful, sodium potassium alloy is a liquid that is immiscible with the commonly used 
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organic solvents, e.g. heptane and toluene. Thus, the reduction reaction can only occur when the 

precursor is in contact with the sodium potassium liquid at the NaK-solvent interface. The lack 

of homogeneous solution results in heterogeneous nucleation of particles throughout the bath and 

contributes to variations as manifested in a range of particles sizes, ≈ 20 to ≈ 400 nm, formed.  

Yielding a monodispersion of aluminum nanoparticles is critical for optimization of the 

aforementioned applications. The size of the nanoparticles will be a governing characteristic for 

the rate of oxidation and subsequent energy release. For bulk materials, oxidation is typically 

limited by the rate of oxygen diffusion.[112] Since smaller particles have a higher surface area, 

the diffusion time is accordingly shorter leading to faster oxidation kinetics and higher energy 

release rates. Similarly, for hydrogen generation, smaller particles maximize reaction rates.  

Some efforts have been made to reduce the size of aluminum nanoparticles. Jouet et al.[113] 

used perfluoroalkyl carboxylic acids to capture aluminum nanoparticles obtained by the 

decomposition of alane-complex and the perfluoroalkyl carboxylic acid to prohibit further 

growth of the nanoparticles. These efforts yielded ≈ 20 nm to ≈ 150 nm size particles. Fernando 

et al.[114] decreased the size of the aluminum nanoparticles to ≈ 10 nm by the introduction of 

ultrasonic energy and using a passivation agent to stabilize the smaller particles. Pomfret et 

al.[115] reported an electrochemical template deposition method in ionic liquids to obtain 

aluminum nanowires 10 nm and 30 nm in diameter, demonstrating the feasibility to confine the 

size using a structured template. Similarly, Li et al.[116] used a template to limit aluminum 



 

97 

 

nanoparticle growth by having the particle form within small cavities. In this study, the 

nanoparticles were ≈ 11 nm.  

Beyond the size dispersion, another concern with decreasing particle size is the intrinsic 

native oxide scale formed on the surface of aluminum. In the bulk form, aluminum will form a 

few nanometer thick aluminum oxide scale that passivates the surface and prevents further 

oxidation.  When the particles are small, the oxide layer will occupy a large faction of the entire 

particle. For example, a 2 nm oxide scale on a 10 nm nanoparticle will account for ≈ 60% of the 

total mass. Additionally, surface oxidation of nanoparticles decreases the energy density and heat 

release rate, thereby decreasing the impact of the particle in its desired technical applications. 

Since surface passivation by oxidation is not desirable, alternative surface protection methods 

have been studied including long chain unsaturated carboxylic acids[114], long chain 

perfluorinated carboxylic acids[113], noble metal coatings[92], and epoxide polymers[117] on 

the aluminum surface. For the surfactants, it is assumed that they act as diffusion barriers to 

prevent oxidation. 

We have proposed a new synthesis route of aluminum nanoparticles by direct thermal 

decomposition of TIBA without a catalyst. The absence of a catalyst could possibly slow the 

reaction rate, as compared to the catalyzed decomposition of alane-dimethylethyl amine. The 

slower kinetics should allow for more process control of the particle formation.  
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4.2.2. Experiment methods 

Perfluoroundecanoic acid (PFUnDA, 95%, purchased from Aldrich), was received packed 

under argon and transferred into a Labconco glove box that had been flushed than held at slightly 

positive static nitrogen pressure. Triisobutylaluminum solution (1.0 M in hexane) was acquired 

in an Aldrich Sure/Seal™ bottle. Syringes were used to withdraw the TIBA solution from the 

bottle using a nitrogen flush to maintain the inert atmosphere inside the bottle. Diphenyl ether 

(99% purchased from Alfa Aesar), distilled using sodium and benzophenone as drying agents, 

was used immediately after withdrawal from the still. Acetonitrile (ACS grade, purchased from 

VWR) was degassed by a freeze-pump-thaw method and stored with 4 Å molecular sieves in the 

glove box before use.  

The reaction apparatus consisted of a 50 ml three-neck round bottom flask equipped with a 

reflux condenser, a thermometer, and a rubber septum. The reactor was placed in glove box 

where 0.4 mmol PFUnDA and a Teflon-coated magnetic stir bar were added into the flask.  The 

flask was closed, removed from the glove box and connected to a nitrogen line. Freshly distilled 

diphenyl ether (10 mL) was withdrawn from the continuous still and added to the flask through a 

syringe inserted in the rubber septum. The reaction mixture was then heated to reflux at ~258 °C. 

In a separate Schlenk flask, 5 mL diphenyl ether was pulled to vacuum and back-filled with 

nitrogen for three cycles at which time 2 mL TIBA solution (1 M hexane) was added to the 

Schlenk flask via a syringe. The Schlenk flask was again pulled to vacuum to remove the hexane 

from the 2 mL TIBA solution. The 2 mmol TIBA in 5 mL diphenyl ether solution was 
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withdrawn from the Schlenk flask and injected into the three neck flask under vigorous stirring. 

Bubbling was observed indicating formation of gaseous species. After a short interval, the color 

of the reaction changed from clear to a cloudy grey and eventually dark grey. The reaction 

mixture was kept at 258 °C for additional 20 minutes after which the mixture was allowed to 

cool to the ambient temperature.   

Table 4.1. Reaction parameters for the thermal decomposition of TIBA 

Reaction # 
TIBA 

(mmol) 
PFUnDA (mmol) 

Diphenyl Ether 

(mL) 

Temperature 

(°C) 

1 2 0.4 15 258 

2 2 0.4 15 230 

3 2 0.8 15 258 

4 2 0.8 15 230 

5 2 0.8 30 230 

6 2 0.4 (added 

after reaction) 

15 258 

 

Alternative reaction conditions were also explored to fully understand this decomposition 

reaction. The details are summarized in Table 3.1. Compared to the reaction described above, the 

surfactant-to-precursor ratio, reaction temperature, and the amount of solvent used were changed 

in reactions #2-5 in Table 3.1. In reaction #6, the decomposition reaction was conducted without 

PFUnDA in the initial reaction mixture. Similar to above, 10 mL diphenyl ether was in the three 

neck flask heated to its boiling point of ~258 °C. Under vigorous stirring, 2 mmol TIBA in 5 mL 

diphenyl ether solution was injected into the reaction flask from the Schlenk flask using a 

syringe. The solution changed to similar colors for all reaction, as noted above, and after 20 
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minutes at ~258 
o
C, allowed to cool to 100 °C. At which point 0.4 mmol PFUnDA surfactant 

dissolved in 10 mmol THF was added to the reaction mixture. The reaction mixture was kept 

under stirring for an additional 2 hours to ensure that the surfactant had ample opportunity to 

bond with the precipitated nanoparticles in the mixture.  

After each of the reactions, the flask was returned to the nitrogen glove box. A 2 mL portion 

of the mixture was transferred from the flask into a 10 mL centrifuge tube containing 8 mL of 

acetonitrile and spun for 10 minutes. After centrifuging, the supernant was discarded and the 

residual product at the base of the tube was mixed with non-polar solvent hexane and re-

centrifuged. These cycle was repeated three times and used to clean the nanoparticles.[118] The 

cleaned product was then dispersed in acetonitrile. A drop of the diluted dispersion was dried on 

a transmission electron microscopy (TEM) carbon foil copper grid. Similarly, a dilute drop dried 

sample was placed on a KBr crystal for FT-IR measurements. A more concentrated dispersion 

was drop dried on a glass slide for X-ray diffraction (XRD). . 

To characterize the reaction products, XRD data was obtained on a Bruker D8 Discover 

with General Area Diffraction Detector using with Co-Kα1 radiation at 40 keV, 40 mA. A FEI 

Tecnai F-20 (scanning) transmission electron microscope operated at 200 keV was used to obtain 

TEM images. The TEM analysis included bright field (BF) imaging, scanning transition electron 

microscope - high angle angular dark field (STEM-HAADF) imaging, selected area electron 

diffraction (SAED), and energy dispersive x-ray spectroscopy (EDX) to characterize the 
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nanoparticles. FT-IR spectra were obtained from a Bruker Vertex 70 spectrometer. Nuclear 

Magnetic Resonance (NMR) spectra were obtained from a Bruker Avance-360 spectrometer. 

4.2.3. Results and Discussion 

The XRD curves for all reaction products are shown in Figure 4.2. For reactions #1, #2, #4, 

and #6, the XRD curves were indexed to the face centered cubic (FCC) structure for aluminum 

(PDF 04-012-7848). For reaction #3, the XRD curve showed a mixture of FCC aluminum and 

rhombohedral AlF3 (PDF 01-080-1007). For reaction #5, Figure 4.2 (e), the XRD signal for FCC 

aluminum was weak and ambiguous. For the majority of the reactions, the decomposition of 

TIBA yielded FCC aluminum indicating TIBA as a viable precursor.  For reaction #3, Figure 4.2 

(c), an additional AlF3 phase is present. This was attributed to the higher surfactant-to-precursor 

ratio (2:5 vs. 1:5) and higher reaction temperature (258 
o
C). The surfactant is PFUnDA, which 

contains fluorine. This additional amount, as well as a higher reaction temperature, resulted in 

the undesirable byproduct reaction forming AlF3. It should be noted that for an equivalent 2:5 

ratio, but at a lower reaction temperature (230 
o
C), Figure 4.2 (d), clear indication for the 

formation of AlF3 does not appear. When the decomposition reaction was carried out without the 

PFUnDA surfactant during the initial stages of the reaction, but added later when the mixture 

was allowed to cool to 100 
o
C, the particles retained a FCC aluminum phase. This indicates that 

the surfactant does not necessarily have to be added during the high temperature solution 

treatments, which can inadvertently react and form AlF3, but be added at a later stage and still 

bind to the particle and prevent oxidation.  
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Figure 4.2. X-ray diffraction curves for Al nanoparticles under different reaction parameters, a to 

f correspond to reaction # 1-6, respectively. Peaks marked with triangle correspond to FCC 

aluminum, peaks marked with circles correspond to rhombohedral structure AlF3. The surfactant 

to precursor (S:P) ratio is also listed. 

(degree) 
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Figure 4.3. TEM Micrographs of the nanoparticles from a reaction #1, b reaction #2, c reaction 

#3, d reaction #4, e reaction #5, and f reaction #6.  STEM-HAADF was used for micrographs a, 

b, and f, where as TEM bright field imaging was used for c, d, and e. Two different 

morphologies exist in all reaction products, the spherical particles and the faceted particles 

The STEM-HAADF and TEM images of the reaction products are shown in Figure 4.3. For 

reactions #1 to #4, the products were a mixture of spherical particles, irregular shaped, 

aggregated particles, and some faceted particles. For reaction #5, Figure 4.3 (e), the particles 

appeared as spherical with little to no additional irregular or faceted particles in the dispersion. In 

contrast, reaction #6, shows the particles as a dispersion dominated by faceted particles. Recall 

this latter reaction route inserted the PFUnDA surfactant at a later stage.  
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Figure 4.4. STEM-HAADF image from reaction #3’s products that had (a) spherical morphology, 

(b) electron diffraction pattern from a confirming the AlF3 crystal structure. (c) STEM-HAADF 

image from reaction #3’s products that had a faceted morphology, (d) electron diffraction pattern 

from (c) confirming the Al crystal structure 

SAED and EDX was used to identify the phase and composition for each of the shaped 

particles. Figure 4.4 (a) and (b) is the image and electron diffraction pattern for the spherical 

nanoparticles.  On the image, the red circle indicates where the EDX signal was taken, with the 

accompanying spectra in Figure 4.5. The spherical nanoparticles were consistently indexed to the 

rhombohedral AlF3 phase. The EDX spectrum confirmed the presence of fluorine and aluminum 

in the particle. The oxygen and carbon peaks in this spectrum are associated with the surfactant 

and carbon support grid. For the faceted nanoparticle, Figure 4.4 (c), the SAED confirmed the 

FCC aluminum phase, Figure 4.4 (d), and the EDX indicated a very strong aluminum peak 
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relative to the carbon, oxygen and fluorine signals (which again originate from surfactant), 

Figure 4.5. Unlike the diffraction pattern in Figure 4.4 (b), which had diffused rings suggesting a 

low degree of crystallintiy for AlF3, the faceted FCC aluminum pattern, Figure 4.4 (d), had 

distinct spots suggestive of a high degree of crystallinity. The diffuse electron diffraction pattern 

of the AlF3 phase, and lack of FCC aluminum, is consistent with the XRD pattern of this reaction 

#5 in Figure 4.2 (e). The products of this reaction consist of two distinct groups of particles: 

faceted FCC aluminum particles and spherical AlF3 particles, which are controlled by the 

surfactant-to-precursor ratio and reaction temperature. Lowering the surfactant-to-precursor ratio 

from 1:5  results in pyrophoric particles.[117] These results show that a ratio of 1:5 is also 

sufficient to yield air stable aluminum particles. Higher PFUnDA concentration is undesirable as 

they form AlF3.  
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Figure 4.5. EDX spectrum from the spherical particle (top curve) and faceted particle (bottom 

curve) with clear differences in relative peak intensities of carbon, oxygen, fluorine, and 

aluminum 

The decomposition of TIBA has previously been proposed to be a two-step process 

following equations (4.1) and (4.2) [119] In the first step, one of the three aluminum-carbon 

bonds in TIBA begins to dissociate at 130
o
C yielding diisobutylaluminum hydride and 

isobutylene compounds. In the second stage, which occurs at 250 °C the other two aluminum-

carbon bonds dissociate simultaneously to form an AlH3 intermediate compound which then 

decomposes to give aluminum and H2 (gas). 
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     130

4 9 4 9 2 33 2 2

oCi C H Al i C H AlH CH C CH         (4.1) 

   250

4 9 2 2 32 2

3
2

2

oCi C H AlH Al H CH C CH        (4.2) 

This reaction mechanism is valid for the decomposition of pure TIBA, as done in reaction 

#6. In reactions #1-#5, the PFUnDA surfactant is present during the decomposition. One could 

expect PFUnDA to be nonreactive when present during the decomposition of TIBA. The C-F 

bond in perfluorinated carboxylic acids are very strong (bonding energy ~ 456 kJ/mol[120]). 

These C-F bond dissociations can only happen at 500 °C or higher because of this high C-F 

bonding strength. Hence these bonded elements would be less likely to react with other 

compounds.  However, in the presence of aluminum compounds, the C-F bonds can be activated. 

Al-F has a bond energy of 582 kJ/mol[121] therefore triakylaluminum reagents can now activate 

the C-F bond in the reaction. When PFUnDA was present, AlR3 attacks the C-F bonds and 

replaces fluorine with an isobutyl group. The AlF3 compound is formed as a byproduct of the 

aggressive reaction. Our XRD and SAED confirmed the presence of this phase, which was 

apparent when the ratio of the surfactant (2:5) and the reaction temperature (258 
o
C) increased.  
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Figure 4.6. (a) 
1
H NMR, (b) 

13
C NMR, and (c) 

19
F NMR of the spherical reaction byproducts. 

The NMR spectra confirm the existence of complex C-H bondings in the initially perfluorinated 

carboxylic acid 

The reaction #5 product, which contains only the spherical particles, were dried and then 

dissolved in CDCl3 for 
1
H NMR spectrum Figure 4.6 (a), 

13
C NMR spectrum Figure 4.6 (b), and 

19
F NMR spectrum Figure 4.6 (c). The spectra showed a complex mixture of hydrocarbons 

(alkanes and alkenes) and fluorinated hydrocarbons. The mixture was so complex in that it was 
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not possible to interpret the spectra and identify all of the components. Regardless, under the 

conditions in reaction #5 the isobutylene formed by the decomposition of TIBA and did not 

leave the reaction mixture as a gas. Rather it remained in the reaction mixture and underwent a 

series of reactions to give the organic byproducts. In order to understand the nature of these 

reactions, the organic mixture must be separated into its components and each component 

identifies. This task was not undertaken for this paper and will be the subject of future work.   

To confirm the bonding of the PFUnDA to the nanoparticles, infrared spectroscopy was 

used. Figure 4.7 shows the FT-IR spectra for both pure PFUnDA and PFUnDA bound to 

aluminum nanoparticles from reaction #1. The spectrum for PFUnDA shows two distinct peaks 

at 1210 cm
-1 

and 1151 cm
-1

, indicative of the asymmetric and symmetric C-F stretching modes. 

The sharp peak at 1758 cm
-1

 was the carboxylic acid carbonyl stretching mode, while the broad 

peak, centered about 3070 cm
-1 

and 2916 cm
-1

 are identified as the stretching mode for hydrogen-

bonded carboxylic acid carbonyl. This spectrum was then compared to one for PFUnDA bound 

to aluminum nanoparticles. The expected C-F stretching modes at 1155 and 1240 cm
-1

 for the 

PFUnDA ligands is still present in Figure 4.7 top spectrum. The peaks at 2854 cm
-1

, CH2 

symmetric stretch, and 2926 cm
-1

, CH2 asymmetric stretch, confirm the presence of the 

methylene groups. In addition these two signals confirm the reaction between aluminum 

precursor and perfluorinated surfactant, since pure perfluoroundecanoic acid don’t contain any 

C-H bonds. The carboxylate symmetric stretching mode at 1456 cm
-1

 and asymmetric 

carboxylate stretching mode at 1679 cm
-1

 suggested a bridging coordination mode between the 
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perfluoroundecanoate ion and the aluminum particle surface.[122] Clearly, from this spectrum, it 

can be confirmed that the PFUnDA was bound to the surface of the aluminum nanoparticles[123], 

[124] in a manner similar to that see for PFUnDA bound to aluminum particle made from an 

alane precursor.[113] The results of which prevented the particle from rapidly oxidizing. 
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Figure 4.7. FT-IR spectra for pure PFUnDA (bottom spectrum) and aluminum particle-PFUnDA 

composite (top spectrum). Comparison between the two spectra confirms the bridge type 

bonding of PFUnDA to Al particle surface 

4.3. Synthesis of MnAl nanoparticles 

Both Mn nanoparticles and Al nanoparticles have been successfully synthesized as the 

critical building blocks for the MnAl nanoparticles. It was now necessary to find the 

methodology to combine the two synthetic routes to form MnAl nanoparticles. The attempted 

synthetic routes can be categorized into co-reduction method and heterogeneous growth method. 
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In the co-reduction method experiments, a variety of precursors, surfactants, and reducing agents 

were explored. Heterogeneous growth methods were based on one of the successful synthesis 

method for Mn nanoparticles and Al nanoparticles. The single element nanoparticles were 

synthesized as seeds for the sequential growth of the other element on the particle. Hereafter a 

variety of methods will be discussed, not only to report the successful results, but also to report 

the efforts that did not effectively generate positive results, to avoid duplicate efforts in the future. 

4.3.1. Synthesis of MnAl nanoparticles with Na 

In our first attempt to synthesize MnAl nanoparticles, Mn(acac)2 and Al(acac)3 were used as 

the metal precursors. They are both organometallic coordination complexes derived from 

acetylacetonate anion and metal ions. The organic ligands attached to the metal ion provided 

good solubility for the metal salts to dissolve in the organic solvent used in our wet chemistry 

nanoparticle synthesis methods. Na is a very active metal with a standard reduction potential of 

E=-2.71 V. This reducing potential is sufficient to reduce Mn
2+

 and Al
3+

 to their elemental states. 

However, Na is a solid at room temperature, with melting point of 97 °C but immiscible with the 

solvent. The reduction can only occur at the limited sites at the Na/solvent interface, making it 

inefficient in the reduction of Mn and Al precursors. To solve this problem, Na was transformed 

into sodium naphthalenide, which had lower reduction potential (-2.5V), but was soluble in most 

organic solvents. It was obtained by mixing Na with naphthalene in THF, whereupon the deep 

green color appeared immediately after addition of Na. When sodium naphthalenide was used to 
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the reduce Mn(acac)2 and Al(acac)3 in diphenyl ether, no nanoparticles were formed. EDX 

analysis of the reaction products showed only Mn. 

Dr. David Nikles performed a simulation on the molecular orbits of the Al(acaca)3, it was 

discovered that the reducing agent is going to attack and reduce the (acac)
-
 ions before they can 

reduce Al
3+

. This made the metal acetylacetonate compounds not favorable for the synthesis of 

active metal nanoparticles. Also Na and sodium naphthalenide were not used in subsequent 

experiments because the insolubility of Na in organic solvents and the trouble to make fresh 

sodium naphthalenide for each reaction. 

4.3.2. Synthesis of MnAl nanoparticles by heterogeneous growth 

The decomposition of organometallic compound of Al complex, including 

triisobutylaluminum and various alane complexes, has been proven to be a facile way of 

synthesizing Al nanoparticles. The potential of the organometallic compound of Al to provide Al 

source for binary alloy nanoparticles were not yet evaluated. In this method, Mn seeds were 

formed first by reduction of MnCl2, followed by addition of alane N,N-dimethylethylamine and 

the catalyst titanium isopropoxide. After cleaning of the particles, no isolated particles were 

observed as shown in the TEM bright field image Figure 4.8. 
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Figure 4.8. TEM bright field image of MnAl heterogeneous growth products 

To our understanding, the decomposition of alane-dimethylethylamine complex approached 

extremely fast as soon as the catalyst was added to the reaction. The alane-dimethylethylamine 

complex decomposition can occur at room temperature. The heterogeneous growth method was 

carried out at high temperatures (200°C), which further increased the reaction rate of the alane 

decomposition reaction. The high reaction rate led to a high Al nucleation rate and the growth of 

Al on the Mn seeds was not favored. It was also observed that the decomposition of alane-

complex resulted in many reaction byproducts. These byproducts in the solution could also act as 

heterogeneous nucleation sites which further complicated the reaction. 

4.3.3. Synthesis of MnAl nanoparticles by co-reduction of MnCl2 and AlCl3  

Inspired by the synthesis of Mn nanoparticles reported by Bondi et al.[84], MnCl2 precursor 

and n-butyllithium reducing agent was used in combination of AlCl3 for the synthesis of MnAl 

nanoparticles. Since no previous attempt on the reduction of AlCl3 by n-butyllithium was 
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reported, first an experiment was conducted for the reduction of AlCl3. 0.5 mmol AlCl3 was 

mixed with 0.1 mmol perfluoroundecanoic acid and 10 mL diphenyl ether. The reaction mixture 

was heated to 200 °C and 5 mmol n-butyllithium was added. The reaction mixture was then 

heated to 240 °C and kept for 1 hour. The products were then cleaned in the standard cleaning 

procedure. 

 

Figure 4.9. Al nanoparticles synthesized by reduction of AlCl3 with n-butyllithium, the inset 

shows the electron diffraction pattern for FCC Al.  

TEM characterizations of the products from the reduction of AlCl3 were shown in Figure 

4.9. The bright field image shows 12 nm nanoparticles embedded in a solid matrix. The inset 

shows the selected area electron diffraction pattern that suggested the nanoparticles to be FCC Al. 

This result indicated that reduction of AlCl3 by n-butyllithium can produce metallic Al 

nanoparticles and AlCl3 can be used as the precursor in the co-reduction method to synthesize 

MnAl nanoparticles. 
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In the co-reduction procedure, 0.8 mmol AlCl3 and 0.8 mmol MnCl2 were added to a 100 

mL three neck flask with 1.6 mmol oleic acid, 1.6 mmol oleylamine, and 20 mL diphenyl ether. 

The reaction mixture was heated to 200 °C and 10 mmol n-butyllithium in diphenyl ether 

solution was added. The color of the reaction mixture changed to black immediately after the 

addition of reducing agent, indicating the onset of nanoparticle formation. The temperature of the 

reaction was raised to 250 °C and kept at this temperature for 120 min. After the completion of 

the reaction, the standard cleaning procedure was used to clean the nanoparticles. 

 

Figure 4.10. TEM characterizations for the co-reduction method products, including (a) bright 

field image, (b) STEM-HAADF image, and (c) particle size distribution 

The results from the co-reduction procedure products are shown in Figure 4.10. The bright 

field image (a) and STEM-HAADF image (b) shows that the nanoparticles synthesized in this 

procedure were generally monodisperse. Figure 4.10 (c) is a histogram showing the particle size 

distribution for 587 particles. This was fit to a normal distribution giving an average particle size 
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of 4.6 nm and a standard deviation of 0.6 nm. The distribution of particle sizes was relatively 

narrow. 

 

Figure 4.11. The composition distribution from results obtained in STEM-EDX (a), and SEM-

EDX (b), an EDX spectrum for individual particle is shown in (c) 

Both STEM-EDX and SEM-EDX were used to measure the composition of the particles. 

The difference of the two measurement methods was that the STEM-EDX had a smaller probe 

size to measure individual particle composition, while the SEM-EDX had a larger probe size and 

represented the average composition of the nanoparticles. The individual MnAl nanoparticles 

had Mn atomic content of 57%±9%, consistent with the average composition measured by SEM-
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EDX of 56%±4% Mn atom%. This composition was in the composition range of the desired 

ferromagnetic τ-phase MnAl alloys.  

  

Figure 4.12. Selected area electron diffraction pattern of the as-synthesized nanoparticles 

The crystal structure of the as-synthesized nanoparticles was characterized by electron 

diffraction, as shown in Figure 4.12. The diffraction pattern was indexed to a FCC structure, 

which can also be the rock salt structure that was based on FCC structure. As discussed 

previously, MnO have a rock salt structure and the Mn nanoparticles with an oxide shell have a 

similar diffraction pattern to the pattern shown in Figure 4.12. However, the theory of the 

diffraction pattern of the MnAl to be rock salt structure MnO is in contradiction with the EDX 

results, which showed the existence of Al in the nanoparticles. It is reasonable to suggest the 

MnAl nanoparticles have formed a metastable A1 structure (disordered FCC structure). Even 

though A1 structure does not exist in the phase diagram of MnAl, because of the small size and 
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fast nucleation rate of the nanoparticles, metastable A1 structure MnAl nanoparticles can be 

formed. 

Thermal annealing was used to transform the MnAl from A1 structure to τ-phase. Due to 

the high reactivity of both Mn and Al, a strictly inert atmosphere was required during annealing 

to avoid oxidation. Three methods were used to provide the inert atmosphere. The first method 

used a tube furnace with constant flow of a protective gas consisted with 95% Argon and 5% H2. 

In the other two methods, the samples were sealed in quartz glass capsules for the annealing. To 

make the quartz glass capsules, MnAl nanoparticles were drop dried on a Si slide and placed in a 

quartz glass tube. Vacuum was applied to remove the air inside the quartz glass tube. The 

samples were made by softening the quartz glass tube with an oxyacetylene torch and sealing the 

sample inside a portion of the tube by extruding the softened quartz glass. Two samples were 

made in this method, one with vacuum inside the capsule and the other with 0.5 atm Argon in the 

capsule. 

The same heating profiles were used for all three samples. They were heated to 700 °C with 

a ramping rate of 20 °C/min, kept at 700 °C for 120 min, then cooled down naturally to room 

temperature (average cooling rate 26 °C/min). It was observed that for the two quartz glass 

capsule samples, a mirror formed on the inside surface of the quartz tube, most likely due to the 

evaporation of Al since the annealing temperature is above the melting point of Al.  

The annealed samples were examined by XRD to determine the crystal structures, as shown 

in Figure 4.13. The as-synthesized MnAl nanoparticles had very low crystallinity, in agreement 
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with the electron diffraction data. MnO was observed in all annealed samples, its diffraction 

peaks were marked as hollow triangles on the XRD curves. The high temperature annealing has 

crystallized the MnO that was on the surface of the nanoparticles. There were also some other 

oxide present including Mn3O4 and Mn2AlO4, resulting from the annealing of MnO and 

interaction between MnO and Al. FCC Al was observed in the samples annealed in vacuum 

quartz capsule and under flow of Argon with 5% H2. The appearance of Al was due to the 

melting of Al from the nanoparticles. According to the phase diagram, MnAl alloys with 57 

atomic% will have melting point above 1000 °C. However, the as-synthesized MnAl particles 

had a A1 structure, the Mn and Al atoms were not homogeneously mixed, causing possible local 

enrichment of Al atoms and decrease in melting point. The large curvature on the nanoparticle 

surface will also decrease the melting point of the nanoparticles. No peaks corresponding to any 

of the MnAl alloy were observed in the XRD curves. 
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Figure 4.13. XRD curves for the MnAl nanoparticles, the black curve is for the as-synthesized 

nanoparticles, and the others are for the annealed MnAl nanoparticles, with the process noted on 

the graph 

In the previous case of MnBi nanoparticles, even though XRD did not reveal the existence 

of LTP MnBi, AGM showed the ferromagnetic component that corresponds to the LTP phase 

MnBi. AGM was more sensitive to detect small amount of magnetic materials. AGM was also 

carried out to examine the annealed MnAl nanoparticles, as shown in Figure 4.14. The curve 

shows paramagnetism, no ferromagnetic component was observed. 

(degree) 
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Figure 4.14. Magnetic measurement of the MnAl nanoparticles in tube furnace with constant 

flow of Argon mixed with 5% H2 

In the annealing process, loss of both Mn and Al atoms to evaporation and oxidation has 

destroyed the stoichiometry of the nanoparticles. The range of optimal composition for the τ-

phase MnAl is less than 10 atom%, slight change of the composition could have prevented the 

formation of the ferromagnetic τ-phase MnAl. A recent report by Hosoda et al.[125] on MnAl 

thin films revealed the relationship between the magnetic properties and alloy composition in 

nanoscale materials. The results showed that the formation of nanoscale MnAl alloys was even 

more sensitive to composition than what’s shown by bulk materials. In their studies, the change 

of target composition from Mn48Al52 to Mn50Al50 led to a dramatic decrease of Ms by 83% and 

the Ku value changed from 7 310 /erg cm  to merely measurable. This could also explain the non-

existence of the τ-phase MnAl in the annealed nanoparticles. 
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CHAPTER 5 CONCLUSIONS AND FUTURE WORK 

5.1. Conclusions 

The colloidal synthesis methods have successfully generated nanoparticles of Bi, BiClO, 

Mn, Al, MnBi, and MnAl nanoparticles. The synthesis of Bi, Mn, and Al nanoparticles has built 

a solid foundation for the synthesis of binary MnBi and MnAl nanoparticles. They also have high 

scientific importance and many practical applications including catalyst, solid propellant, 

hydrogen storage, etc. 

Bi nanoparticles can be synthesized using BiCl3 as the precursor. The BiCl3 precursor was 

very sensitive to moisture, tended to undergo the hydrolysis reaction to form BiClO, as observed 

in many reactions. The surfactant of oleylamine, trioctylphosphine, and oleic acid were used to 

synthesize Bi nanoparticles. Among them, oleic acid gave the best result with spherical 

nanoparticles and relatively narrow particle size distribution. The use of trioctylphosphine gave 

faceted Bi nanoparticles with large particle size variation. 1,2-hexadecanediol was used as a 

weak reducing agent to reduce BiCl3, resulting in continuous nucleation and residual unreacted 

BiCl3 that later became BiClO when it was in contact with air. The use of n-butyllithium as the 

reducing agent instead of 1,2-hexadecanediol resulted in pure Bi nanoparticles but with large 

particle size variation. The largest rod shape particle was 0.2 μm in length. This is because that 

all the BiCl3 precursors were consumed relatively fast and the subsequent Ostwald ripening led 

to large particle size distribution and irregular shape of the particles. 
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Mn nanoparticles can be synthesized with two precursors, MnCl2 and Mn2(CO)10. The 

reduction of MnCl2 by n-butyllithium resulted in small particles of approximately 5 nm diameter. 

The as-synthesized Mn nanoparticles were covered with a layer of low crystallinity MnO that 

was due to surface oxidation. When higher reaction temperature was used, Ostwald ripening 

occurred and large particles were obtained. The oxide shell on the larger particles was thick 

enough to inhibit further oxidation of the metallic Mn core, crystalline α-Mn was observed. 

Decomposition of Mn2(CO)10 resulted in monodisperse Mn nanoparticles and some cubic shape 

MnO nanoparticles. Coating the Mn nanoparticles with Au can form a Mn/Au core/shell 

structure and provided the Mn nanoparticles enough oxidation resistance to eliminate the MnO 

surface layers. 

Al nanoparticles were produced by decomposition of TIBA. A surface passivation agent 

perfluoroundecanoic acid (PFUnDA) was used to provide oxidation resistance. Bonding of the 

surfactant to the particles was confirmed by FT-IR. If the surfactant-to-precursor ratio was 

increased from 1:5 to 2:5, along with a higher reaction temperature, the nominally faceted Al 

metallic nanoparticles became spherical and adopted the AlF3 phase with a low degree of 

crystallinity.  This synthesis route provides a new means to fabricate Al nanoparticles without 

the requirement of a catalyst.  

MnBi nanoparticles have been synthesized based on the work the synthesis routes of Bi 

nanoparticles and Mn nanoparticles. Sequential reduction/decomposition of Bi and Mn 

precursors produced MnBi nanoparticles together with Bi nanoparticles. The Bi concentration in 
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the particles increases monotonically as the particle size increases. LTP MnBi phase were not 

observed in either XRD or selected area electron diffraction. The crystalline size may be too 

small, or the MnBi particles may be solid solution of Mn in the Bi nanoparticle. The magnetic 

measurements showed a combination of paramagnetism and ferromagnetism or 

superparamagnetism, suggesting that the presence of Mn in the particles have changed the 

magnetic susceptibility from the negative value for pure Bi to a positive value. The 

ferromagnetic component also suggested that some small crystalline LTP MnBi was formed. 

Seed mediated growth was used to synthesize MnBi nanoparticles with the intent to gain control 

over the composition of individual particles. This method produced a majority of Bi 

nanoparticles, with some small crystalline LTP MnBi nanoparticles. Hysteresis loop showed 

larger coercivity compared to the sequential reduction method products. The seed mediated 

growth may have greater potential to generate the LTP MnBi nanoparticles when the reaction 

conditions were tuned to favor the formation of MnBi instead of Bi nanoparticles. 

MnAl nanoparticles were synthesized by co-reduction of MnCl2 and AlCl3 with strong 

reducing agent n-butyllithium. The as-synthesized nanoparticles were roughly monodisperse 

with a size of 4.6 nm ± 0.6 nm. The composition of the co-reduction method products was also in 

the range of the τ-phase MnAl, with an average composition of Mn56Al44. However, τ-phase 

MnAl was not found in the sample both before and after annealing by XRD and magnetic 

measurement. Evaporation of Al and oxidation of Mn affected the stoichiometry of the 

nanoparticles and inhibited the formation of τ-phase MnAl. 
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5.2. Future work 

With the binary nanoparticles of MnBi and MnAl synthesized, the desired high Ku magnetic 

nanoparticles have not yet been produced in current reaction conditions and annealing 

parameters. The difficulty lies in the high reactivity of the nanoparticles that caused the oxidation, 

and in the case of MnAl system, the narrow composition range for the τ-phase MnAl alloys 

requires precise composition control. Future works can be done in the following three areas. 

5.2.1. Improving the colloidal chemistry to get binary nanoparticle with proper size and 

composition 

The sequential reduction/decomposition of Bi and Mn precursors has provided MnBi 

nanoparticles with a composition of Mn15Bi85. To obtain particles with composition close to the 

ferromagnetic phase, Mn50Bi50, it is necessary to tune the kinetics of Mn2(CO)10 decomposition 

and BiCl3 reduction. A reducing agent weaker than 1,2-hexadecanediol can be used to decrease 

the reaction rate for BiCl3 reduction. Different initial concentrations of Mn and Bi precursors can 

also be examined to determine their effect on the reaction kinetics. The seed mediated growth 

method has the ability to tune the composition of MnBi nanoparticle by adjusting the reaction 

parameters to get different Mn seed size and different Bi layer thickness. Different reaction 

parameters, including reaction time, temperature for formation of Mn seeds and reducing agent 

type, reaction time and temperature needs to be studied to get the Mn50Bi50 with seed mediated 

growth method. It was observed in both synthesis methods the MnBi nanoparticles were mixed 



 

127 

 

with pure Bi nanoparticles. Once ferromagnetic MnBi nanoparticles were obtained, magnetic 

separation can be used to isolate the MnBi nanoparticles from the pure Bi nanoparticles. 

The co-reduction synthesis of MnAl nanoparticles is promising because of its ability to 

synthesis MnAl nanoparticles with proper composition. This process can be improved by finding 

a viable method to increase the size of the MnAl nanoparticles, since smaller particles are more 

subject to oxidation. Growing large MnAl nanoparticle was difficult because of the strong 

reducing agent n-butyllithium depleted the Mn and Al precursors in a very short period of time. 

A seed mediated growth method can be used to grow the MnAl nanoparticles. Extra Mn and Al 

precursors can be added to the reaction mixture after initial precursors have been fully consumed. 

Followed by slow addition of n-butyllithium to the reaction mixture, so that the concentration of 

free Mn and Al atoms are below the critical concentration for nucleation and only growth will 

occur. 

5.2.2. Studying methods to provide sufficient oxidation resistance to the nanoparticles 

Improving oxidation resistance can be achieved be adding an oxidation barrier to the 

nanoparticle surface. This oxidation barrier can be native oxide[90], [91], noble metal 

coating[92], and polymer coating[126], etc. The oxides on the surface of nanoparticle can be a 

diffusion barrier for oxygen and considerably decrease the oxidation rate of the nanoparticle. The 

size of the nanoparticles need to be increased so that after the formation of oxidation layers there 

will still be a metallic core that can be transformed to the magnetic phase. Noble metal coating 

can be achieved in the same procedure used to coat Mn with Au as described in section 3.4.3. 
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Polymers can be attached to the surface of nanoparticles by ligand exchange and provide 

oxidation resistance, candidate polymers for the surface protection include polyethylene glycol 

(PEG)[127], poly(vinylpyrrolidone) (PVP)[128], etc. 

5.2.3. Finding the annealing parameters for phase transformation of the nanoparticles to 

the ferromagnetic phase 

The parameters for thermal annealing of MnBi nanoparticles can refer to the annealing 

process of MnBi thin films. Given the proper composition, MnBi LTP can be obtained by 

annealing the nanoparticles at 330 °C under vacuum or inert atmosphere. The agglomeration of 

nanoparticles can be a side effect of the annealing, due to detachment of the surfactants upon 

heating. If necessary, techniques such as salt annealing and rapid thermal annealing can be used 

to minimize agglomeration. 

The annealing of MnAl requires higher temperature, often from 600 °C to 700 °C, 

evaporation of Al and can occur at this temperature and damage the stoichiometry. Methods that 

avoid prolonged heating at high temperature can be used for annealing of MnAl nanoparticles, 

including rapid thermal annealing, pulsed laser annealing, etc. Oxidation prevention is also 

critical due to the high reactivity of Mn and Al. It is most favorable to select a core/shell 

structure to enclose the MnAl nanoparticles to minimize the oxidation. This shell can also 

prevent the loss of Al due to evaporation. A material with high melting point, high density, high 

oxidation resistance, and immiscible with Mn and Al will the best candidate, an example would 

be a high melting point ceramic.  



 

129 

 

REFERENCES 

[1] J. F. Gants, C. Chute, A. Manfrediz, S. Minton, D. Reinsel, W. Schlichting, and A. 

Toncheva, “The Diverse and Exploding Digital Universe,” 2008. 

[2] T. Harasawa, R. Suzuki, O. Shimizu, S. Olcer, and E. Eleftheriou, “Barium-Ferrite 

Particulate Media for High-Recording-Density Tape Storage Systems,” IEEE 

Transactions on Magnetics, vol. 46, no. 6, pp. 1894–1897, Jun. 2010. 

[3] D. Weller and A. Moser, “Thermal effect limits in ultrahigh-density magnetic recording,” 

IEEE Transactions on Magnetics, vol. 35, no. 6, pp. 4423–4439, 1999. 

[4] D. Weller, A. Moser, L. Folks, M. E. Best, M. F. Toney, M. Schwickert, J.-U. Thiele, and 

M. F. Doerner, “High K/sub u/ materials approach to 100 Gbits/in/sup 2/,” IEEE 

Transactions on Magnetics, vol. 36, no. 1, pp. 10–15, 2000. 

[5] P. M. Oppeneer, V. N. Antonov, T. Kraft, H. Eschrig, A. N. Yaresko, and A. Y. Perlov, 

“First-principles study of the giant magneto-optical Kerr effect in MnBi and related 

compounds,” Journal of Applied Physics, vol. 80, no. 2, p. 1099, Jul. 1996. 

[6] A. J. J. Koch, P. Hokkeling, M. G. v. d. Steeg, and K. J. de Vos, “New Material for 

Permanent Magnets on a Base of Mn and Al,” Journal of Applied Physics, vol. 31, no. 5, p. 

S75, May 1960. 

[7] J. M. K. Wiezorek, A. K. Kulovits, C. Yanar, and W. A. Soffa, “Grain Boundary 

Mediated Displacive–Diffusional Formation of τ-Phase MnAl,” Metallurgical and 

Materials Transactions A, vol. 42, no. 3, pp. 594–604, May 2010. 

[8] C. Yanar, V. Radmilovic, W. A. Soffa, and J. M. K. Wiezorek, “Evolution of 

microstructure and defect structure in L10-ordered manganese aluminide permanent 

magnet alloys,” Intermetallics, vol. 9, no. 10–11, pp. 949–954, Oct. 2001. 

[9] J. Reyes-Gasga, G. Mondragon-Galicia, and M. José-Yacamán, “In-situ transmission 

system,” Thin Solid Films, vol. 227, no. 1, pp. 24–31, May 1993. 

[10] Y. Kurtulus and R. Dronskowski, “Electronic structure, chemical bonding, and spin 

polarization in ferromagnetic MnAl,” Journal of Solid State Chemistry, vol. 176, no. 2, pp. 

390–399, Dec. 2003. 



 

130 

 

[11] A. Sakuma, “Electronic Structure and Magnetocrystalline Anisotropy Energy of MnAl,” 

Journal of the Physics Society Japan, vol. 63, no. 4, pp. 1422–1428, Apr. 1994. 

[12] J. H. Park, Y. K. Hong, S. Bae, J. J. Lee, J. Jalli, G. S. Abo, N. Neveu, S. G. Kim, C. J. 

Choi, and J. G. Lee, “Saturation magnetization and crystalline anisotropy calculations for 

MnAl permanent magnet,” Journal of Applied Physics, vol. 107, no. 9, p. 09A731, 2010. 

[13] Z. Z. Bandic and R. H. Victora, “Advances in Magnetic Data Storage Technologies,” 

Proceedings of the IEEE, vol. 96, no. 11, pp. 1749–1753, 2008. 

[14] INSIC, “International Magnetic Tape Storage Roadmap,” 2012. 

[15] J. W. C. Van Bogart, “Magnetic Tape Storage and Handling.” . 

[16] R. L. Comstock, “Review Modern magnetic materials in data storage,” Journal of 

Materials Science: Materials in Electronics, vol. 13, no. 9, pp. 509–523 LA  – English, 

2002. 

[17] Z. Jia and R. D. K. Misra, “Magnetic sensors for data storage: perspective and future 

outlook,” Materials Technology: Advanced Performance Materials, vol. 26, no. 4, pp. 

191–199, 2011. 

[18] G. Schmidt, D. Ferrand, L. W. Molenkamp, A. T. Filip, and B. J. van Wees, “Fundamental 

obstacle for electrical spin injection from a ferromagnetic metal into a diffusive 

semiconductor,” Phys. Rev. B, vol. 62, no. 8, pp. R4790–R4793, Aug. 2000. 

[19] N. . Mott, “The Basis of the Electron Theory of Metals, with Special Reference to the 

Transition Metals,” Proc. Phys. Soc. A, vol. 62, p. 416, 1949. 

[20] P. C. van Son, H. van Kempen, and P. Wyder, “Boundary Resistance of the 

Ferromagnetic-Nonferromagnetic Metal Interface,” Phys. Rev. Lett., vol. 58, no. 21, pp. 

2271–2273, May 1987. 

[21] A. Moser and D. Weller, “Thermal processes and stability of longitudinal magnetic 

recording media,” IEEE Transactions on Magnetics, vol. 35, no. 5, pp. 2808–2813, 1999. 

[22] R. ZSIGMONDY, Colloid chemistry. Spamer, Leipzig, 1927. 

[23] R. J. Hunter, Foundations of colloid science. Oxford ; New York : Oxford University 

Press, 2001., 2001. 



 

131 

 

[24] C. B. Carter and D. B. Williams, Transmission Electron Microscopy: A Textbook for 

Materials Science. 2009. 

[25] C. Nützenadel, A. Züttel, D. Chartouni, G. Schmid, and L. Schlapbach, “Critical size and 

surface effect of the hydrogen interaction of palladium clusters,” The European Physical 

Journal D - Atomic, Molecular and Optical Physics, vol. 8, no. 2, pp. 245–250, Jan. 2000. 

[26] A. Yella, H.-W. Lee, H. N. Tsao, C. Yi, A. K. Chandiran, M. K. Nazeeruddin, E. W.-G. 

Diau, C.-Y. Yeh, S. M. Zakeeruddin, and M. Grätzel, “Porphyrin-Sensitized Solar Cells 

with Cobalt (II/III)–Based Redox Electrolyte Exceed 12 Percent Efficiency,” Science, vol. 

334, no. 6056, pp. 629–634, 2011. 

[27] W. H. De Jong and P. J. a Borm, “Drug delivery and nanoparticles:applications and 

hazards.,” International journal of nanomedicine, vol. 3, no. 2, pp. 133–49, Jan. 2008. 

[28] H. Nakamura, N. Ito, F. Kotake, Y. Mizokami, and T. Matsuoka, “Tumor-detecting 

capacity and clinical usefulness of SPIO-MRI in patients with hepatocellular carcinoma,” 

Journal of Gastroenterology, vol. 35, no. 11, pp. 849–855, 2000. 

[29] N. A. Frey and S. Sun, “Magnetic Nanoparticle for Information Storage Application,” in 

Inorganic Nanoparticles: Synthesis, Applications, and Perspective, 2010, p. 33. 

[30] M.A. and V. Hove, “From surface science to nanotechnology,” Catalysis Today, vol. 113, 

no. 3–4, pp. 133–140, 2006. 

[31] H. Zhang, M. Jin, J. Wang, W. Li, P. H. C. Camargo, M. J. Kim, D. Yang, Z. Xie, and Y. 

Xia, “Synthesis of Pd-Pt bimetallic nanocrystals with a concave structure through a 

bromide-induced galvanic replacement reaction.,” Journal of the American Chemical 

Society, vol. 133, no. 15, pp. 6078–89, Apr. 2011. 

[32] A. P. Alivisatos, “Semiconductor Clusters, Nanocrystals, and Quantum Dots,” Science, 

vol. 271, no. 5251, pp. 933–937, Feb. 1996. 

[33] T. Vossmeyer, L. Katsikas, M. Giersig, I. G. Popovic, K. Diesner, A. Chemseddine, A. 

Eychmueller, and H. Weller, “CdS Nanoclusters: Synthesis, Characterization, Size 

Dependent Oscillator Strength, Temperature Shift of the Excitonic Transition Energy, and 

Reversible Absorbance Shift,” The Journal of Physical Chemistry, vol. 98, no. 31, pp. 

7665–7673, Aug. 1994. 



 

132 

 

[34] S. Link and M. A. El-Sayed, “Spectral Properties and Relaxation Dynamics of Surface 

Plasmon Electronic Oscillations in Gold and Silver Nanodots and Nanorods,” The Journal 

of Physical Chemistry B, vol. 103, no. 40, pp. 8410–8426, Oct. 1999. 

[35] B. Poudel, Q. Hao, Y. Ma, Y. Lan, A. Minnich, B. Yu, X. Yan, D. Wang, A. Muto, D. 

Vashaee, X. Chen, J. Liu, M. S. Dresselhaus, G. Chen, and Z. Ren, “High-thermoelectric 

performance of nanostructured bismuth antimony telluride bulk alloys.,” Science (New 

York, N.Y.), vol. 320, no. 5876, pp. 634–8, May 2008. 

[36] H. A. Bullen and S. J. Garrett, “TiO2 Nanoparticle Arrays Prepared Using a Nanosphere 

Lithography Technique,” Nano Letters, vol. 2, no. 7, pp. 739–745, Jul. 2002. 

[37] S. E. A. Gratton, P. D. Pohlhaus, J. Lee, J. Guo, M. J. Cho, and J. M. Desimone, 

“Nanofabricated particles for engineered drug therapies: a preliminary biodistribution 

study of PRINT nanoparticles.,” Journal of controlled release : official journal of the 

Controlled Release Society, vol. 121, no. 1–2, pp. 10–8, Aug. 2007. 

[38] S. Y. Chou, P. R. Krauss, and P. J. Renstrom, “Imprint Lithography with 25-Nanometer 

Resolution,” Science, vol. 272, no. 5258, pp. 85–87, Apr. 1996. 

[39] M. Ohring, Materials Science of Thin Films. 2001. 

[40] J. Löffler, J. Meier, B. Doudin, J.-P. Ansermet, and W. Wagner, “Random and exchange 

anisotropy in consolidated nanostructured Fe and Ni: Role of grain size and trace oxides 

on the magnetic properties,” Physical Review B, vol. 57, no. 5, pp. 2915–2924, Feb. 1998. 

[41] K. S. Suslick, “Sonochemistry.,” Science (New York, N.Y.), vol. 247, no. 4949, pp. 1439–

45, Mar. 1990. 

[42] S. Sun, “Monodisperse FePt Nanoparticles and Ferromagnetic FePt Nanocrystal 

Superlattices,” Science, vol. 287, no. 5460, pp. 1989–1992, Mar. 2000. 

[43] E. V. Shevchenko, D. V. Talapin, A. L. Rogach, A. Kornowski, M. Haase, and H. Weller, 

“Colloidal Synthesis and Self-Assembly of CoPt 3 Nanocrystals,” Journal of the 

American Chemical Society, vol. 124, no. 38, pp. 11480–11485, Sep. 2002. 

[44] S. Sun, H. Zeng, D. B. Robinson, S. Raoux, P. M. Rice, S. X. Wang, and G. Li, 

“Monodisperse MFe2O4 (M = Fe, Co, Mn) nanoparticles.,” Journal of the American 

Chemical Society, vol. 126, no. 1, pp. 273–9, Jan. 2004. 



 

133 

 

[45] E. Adams, W. M. Hubbard, and A. M. Syeles, “A New Permanent Magnet from Powdered 

Manganese Bismuthide,” Journal of Applied Physics, vol. 23, no. 11, p. 1207, 1952. 

[46] X. Guo, X. Chen, Z. Altounian, and J. Ström-Olsen, “Magnetic properties of MnBi 

prepared by rapid solidification,” Physical Review B, vol. 46, no. 22, pp. 14578–14582, 

Dec. 1992. 

[47] C. Guillaud, “Polymorphisme du composé défini Mn Bi aux températures de disparition et 

de réapparition de l’aimantation spontanée,” Journal de Physique et le Radium, vol. 12, no. 

2, pp. 143–143, 1951. 

[48] T. Chen and W. Stutius, “The phase transformation and physical properties of the MnBi 

and Mn1.08Bi compounds,” IEEE Transactions on Magnetics, vol. 10, no. 3, pp. 581–586, 

Sep. 1974. 

[49] D. Chen, “Preparation and Stability of MnBi Thin Films,” Journal of Applied Physics, vol. 

42, no. 9, p. 3625, 1971. 

[50] K. Oikawa, Y. Mitsui, K. Koyama, and K. Anzai, “Thermodynamic Assessment of the Bi-

Mn System,” MATERIALS TRANSACTIONS, vol. 52, no. 11, pp. 2032–2039, 2011. 

[51] B. Roberts, “Neutron Diffraction Study of the Structures and Magnetic Properties of 

Manganese Bismuthide,” Physical Review, vol. 104, no. 3, pp. 607–616, Nov. 1956. 

[52] A. F. Andresen, W. Hälg, P. Fischer, E. Stoll, G. Eriksson, R. Blinc, S. Paušak, L. 

Ehrenberg, and J. Dumanović, “The Magnetic and Crystallographic Properties of MnBi 

Studied by Neutron Diffraction.,” Acta Chemica Scandinavica, vol. 21, pp. 1543–1554, 

1967. 

[53] N. V Rama Rao, A. M. Gabay, and G. C. Hadjipanayis, “Anisotropic fully dense MnBi 

permanent magnet with high energy product and high coercivity at elevated temperatures,” 

Journal of Physics D: Applied Physics, vol. 46, no. 6, p. 062001, Feb. 2013. 

[54] X. Guo, A. Zaluska, Z. Altounian, and J. O. Ström-Olsen, “The formation of single-phase 

equiatomic MnBi by rapid solidification,” Journal of Materials Research, vol. 5, no. 11, 

pp. 2646–2651, Jan. 1990. 

[55] D. Chen, “MnBi Thin Films: Physical Properties and Memory Applications,” Journal of 

Applied Physics, vol. 39, no. 8, p. 3916, 1968. 



 

134 

 

[56] Y. Kido and M. Suzuki, “Direct formation of ferromagnetic MnBi layers with 

perpendicular magnetic anisotropy by ion beam mixing,” Materials Letters, vol. 7, no. 5–6, 

pp. 219–223, Nov. 1988. 

[57] F. A. Buot and J. W. McClure, “Theory of Diamagnetism of Bismuth,” Physical Review B, 

vol. 6, no. 12, pp. 4525–4533, Dec. 1972. 

[58] G. Jezequel, J. Thomas, and I. Pollini, “Experimental band structure of semimetal 

bismuth,” Physical Review B, vol. 56, no. 11, pp. 6620–6626, Sep. 1997. 

[59] S. Murakami, “Quantum Spin Hall Effect and Enhanced Magnetic Response by Spin-

Orbit Coupling,” Physical Review Letters, vol. 97, no. 23, p. 236805, Dec. 2006. 

[60] D. Marchak, D. Glozman, Y. Vinshtein, S. Jarby, Y. Lereah, O. Cheshnovsky, and Y. 

Selzer, “Large Anisotropic Conductance and Band Gap Fluctuations in Nearly Round-

Shape Bismuth Nanoparticles,” Nano Letters, vol. 12, no. 2, pp. 1087–1091, Jan. 2012. 

[61] F. Wang and W. E. Buhro, “An easy shortcut synthesis of size-controlled bismuth 

nanoparticles and their use in the SLS growth of high-quality colloidal cadmium selenide 

quantum wires.,” Small (Weinheim an der Bergstrasse, Germany), vol. 6, no. 4, pp. 573–

81, Feb. 2010. 

[62] M. Scheele, N. Oeschler, K. Meier, A. Kornowski, C. Klinke, and H. Weller, “Synthesis 

and Thermoelectric Characterization of Bi2Te3 Nanoparticles,” Advanced Functional 

Materials, vol. 19, no. 21, pp. 3476–3483, Nov. 2009. 

[63] H. Yu, P. C. Gibbons, K. F. Kelton, and W. E. Buhro, “Heterogeneous Seeded Growth: A 

Potentially General Synthesis of Monodisperse Metallic Nanoparticles,” Journal of the 

American Chemical Society, vol. 123, no. 37, pp. 9198–9199, Sep. 2001. 

[64] H. Yu, P. C. Gibbons, and W. E. Buhro, “Bismuth, tellurium, and bismuth telluride 

nanowires,” Journal of Materials Chemistry, vol. 14, no. 4, p. 595, 2004. 

[65] M. Yarema, M. V Kovalenko, G. Hesser, D. V Talapin, and W. Heiss, “Highly 

monodisperse bismuth nanoparticles and their three-dimensional superlattices.,” Journal 

of the American Chemical Society, vol. 132, no. 43, pp. 15158–9, Nov. 2010. 

[66] Y. W. Wang, B. H. Hong, and K. S. Kim, “Size control of semimetal bismuth 

nanoparticles and the UV-visible and IR absorption spectra.,” The journal of physical 

chemistry. B, vol. 109, no. 15, pp. 7067–72, Apr. 2005. 



 

135 

 

[67] S. H. Kim, Y.-S. Choi, K. Kang, and S. I. Yang, “Controlled growth of bismuth 

nanoparticles by electron beam irradiation in TEM,” Journal of Alloys and Compounds, 

vol. 427, no. 1–2, pp. 330–332, Jan. 2007. 

[68] D. Velasco-Arias, I. Zumeta-Dubé, D. Díaz, P. Santiago-Jacinto, V.-F. Ruiz-Ruiz, S.-E. 

Castillo-Blum, and L. Rendón, “Stabilization of Strong Quantum Confined Colloidal 

Bismuth Nanoparticles, One-Pot Synthesized at Room Conditions,” The Journal of 

Physical Chemistry C, vol. 116, no. 27, pp. 14717–14727, Jul. 2012. 

[69] R. Fu, S. Xu, Y.-N. Lu, and J.-J. Zhu, “Synthesis and Characterization of Triangular 

Bismuth Nanoplates,” Crystal Growth & Design, vol. 5, no. 4, pp. 1379–1385, Jul. 2005. 

[70] H. Peng, C. K. Chan, S. Meister, X. F. Zhang, and Y. Cui, “Shape Evolution of Layer-

Structured Bismuth Oxychloride Nanostructures via Low-Temperature Chemical Vapor 

Transport,” Chemistry of Materials, vol. 21, no. 2, pp. 247–252, Jan. 2009. 

[71] C. R. Michel, N. L. López Contreras, and A. H. Martínez-Preciado, “CO2 and CO gas 

sensing properties of nanostructured BiOCl ribbons doped with gold nanoparticles,” 

Sensors and Actuators B: Chemical, vol. 173, pp. 100–105, Oct. 2012. 

[72] K. Zhang, J. Liang, S. Wang, J. Liu, K. Ren, X. Zheng, H. Luo, Y. Peng, X. Zou, X. Bo, J. 

Li, and X. Yu, “BiOCl Sub-Microcrystals Induced by Citric Acid and Their High 

Photocatalytic Activities,” Crystal Growth & Design, vol. 12, no. 2, pp. 793–803, Feb. 

2012. 

[73] Z. Deng, F. Tang, and A. J. Muscat, “Strong blue photoluminescence from single-

crystalline bismuth oxychloride nanoplates.,” Nanotechnology, vol. 19, no. 29, p. 295705, 

Jul. 2008. 

[74] Y. Lei, G. Wang, S. Song, W. Fan, and H. Zhang, “Synthesis, characterization and 

assembly of BiOCl nanostructure and their photocatalytic properties,” CrystEngComm, 

vol. 11, no. 9, p. 1857, 2009. 

[75] L. Ye, L. Zan, L. Tian, T. Peng, and J. Zhang, “The {001} facets-dependent high 

photoactivity of BiOCl nanosheets,” Chemical Communications, vol. 47, no. 24, pp. 

6951–6953, 2011. 

[76] A. Y. Olenin, “Mechanisms of metal nanoparticle formation,” Nanotechnologies in Russia, 

vol. 7, no. 5–6, pp. 238–242, Jun. 2012. 



 

136 

 

[77] N. G. Connelly and W. E. Geiger, “Chemical Redox Agents for Organometallic 

Chemistry,” Chemical Reviews, vol. 96, no. 2, pp. 877–910, Jan. 1996. 

[78] B. D. Cullity and S. R. Stock, Elements of X-Ray Diffraction, 3rd ed. 2001. 

[79] W. Abdul-Razzaq and M. Wu, “Magnetic properties of ball-milled Mn nanoparticles,” 

Superlattices and Microstructures, vol. 29, no. 4, pp. 273–279, Apr. 2001. 

[80] M. B. Ward, R. Brydson, and R. F. Cochrane, “Mn nanoparticles produced by inert gas 

condensation,” Journal of Physics: Conference Series, vol. 26, pp. 296–299, Feb. 2006. 

[81] P. Z. Si, E. Brück, Z. D. Zhang, O. Tegus, W. S. Zhang, K. H. J. Buschow, and J. C. P. 

Klaasse, “Structural and magnetic properties of Mn nanoparticles prepared by arc-

discharge,” Materials Research Bulletin, vol. 40, no. 1, pp. 29–37, Jan. 2005. 

[82] P. Z. Si, D. Li, J. W. Lee, C. J. Choi, Z. D. Zhang, D. Y. Geng, and E. Br ck, 

“Unconventional exchange bias in oxide-coated manganese nanoparticles,” Applied 

Physics Letters, vol. 87, no. 13, p. 133122, 2005. 

[83] J. A. Christodoulides, N. B. Shevchenko, and G. C. Hadjipanayis, “Preparation of Dy and 

Mn nanoparticles,” Nanostructured Materials, vol. 12, no. 1–4, pp. 539–542, Jan. 1999. 

[84] J. F. Bondi, K. D. Oyler, X. Ke, P. Schiffer, and R. E. Schaak, “Chemical synthesis of air-

stable manganese nanoparticles.,” Journal of the American Chemical Society, vol. 131, no. 

26, pp. 9144–5, Jul. 2009. 

[85] D. C. Lee, A. Ghezelbash, C. A. Stowell, and B. A. Korgel, “Synthesis and magnetic 

properties of colloidal MnPt3 nanocrystals.,” The journal of physical chemistry. B, vol. 

110, no. 42, pp. 20906–11, Oct. 2006. 

[86] Y. Kang and C. B. Murray, “Synthesis and electrocatalytic properties of cubic Mn-Pt 

nanocrystals (nanocubes).,” Journal of the American Chemical Society, vol. 132, no. 22, 

pp. 7568–9, Jun. 2010. 

[87] K. Ono, R. Okuda, Y. Ishii, S. Kamimura, and M. Oshima, “Synthesis of Ferromagnetic 

Mn−Pt Nanoparticles from Organometallic Precursors,” The Journal of Physical 

Chemistry B, vol. 107, no. 9, pp. 1941–1942, Mar. 2003. 



 

137 

 

[88] V. Nandwana, K. E. Elkins, N. Poudyal, G. S. Chaubey, K. Yano, and J. P. Liu, “Size and 

Shape Control of Monodisperse FePt Nanoparticles,” The Journal of Physical Chemistry 

C, vol. 111, no. 11, pp. 4185–4189, Feb. 2007. 

[89] Z. Liu, M. Shamsuzzoha, E. T. Ada, W. M. Reichert, and D. E. Nikles, “Synthesis and 

activation of Pt nanoparticles with controlled size for fuel cell electrocatalysts,” Journal of 

Power Sources, vol. 164, no. 2, pp. 472–480, Feb. 2007. 

[90] S. Peng, C. Wang, J. Xie, and S. Sun, “Synthesis and stabilization of monodisperse Fe 

nanoparticles.,” Journal of the American Chemical Society, vol. 128, no. 33, pp. 10676–7, 

Aug. 2006. 

[91] L.-M. Lacroix, N. F. Huls, D. Ho, X. Sun, K. Cheng, and S. Sun, “Stable single-crystalline 

body centered cubic Fe nanoparticles.,” Nano letters, vol. 11, no. 4, pp. 1641–5, Apr. 2011. 

[92] T. J. Foley, C. E. Johnson, and K. T. Higa, “Inhibition of Oxide Formation on Aluminum 

Nanoparticles by Transition Metal Coating,” Chemistry of Materials, vol. 17, no. 16, pp. 

4086–4091, Aug. 2005. 

[93] N. R. Jana, L. Gearheart, and C. J. Murphy, “Seeding Growth for Size Control of 5−40 nm 

Diameter Gold Nanoparticles,” Langmuir, vol. 17, no. 22, pp. 6782–6786, Oct. 2001. 

[94] Y. Sun and Y. Xia, “Shape-controlled synthesis of gold and silver nanoparticles.,” Science 

(New York, N.Y.), vol. 298, no. 5601, pp. 2176–9, Dec. 2002. 

[95] M. F. Lengke, M. E. Fleet, and G. Southam, “Morphology of gold nanoparticles 

synthesized by filamentous cyanobacteria from gold(I)-thiosulfate and gold(III)--chloride 

complexes.,” Langmuir : the ACS journal of surfaces and colloids, vol. 22, no. 6, pp. 

2780–7, Mar. 2006. 

[96] M. A. Watzky and R. G. Finke, “Transition Metal Nanocluster Formation Kinetic and 

Mechanistic Studies. A New Mechanism When Hydrogen Is the Reductant: Slow, 

Continuous Nucleation and Fast Autocatalytic Surface Growth,” Journal of the American 

Chemical Society, vol. 119, no. 43, pp. 10382–10400, Oct. 1997. 

[97] C. Srivastava, J. Balasubramanian, C. H. Turner, J. M. Wiest, H. G. Bagaria, and G. B. 

Thompson, “Formation mechanism and composition distribution of FePt nanoparticles,” 

Journal of Applied Physics, vol. 102, no. 10, p. 104310, 2007. 



 

138 

 

[98] H. Yasuda, I. Ohnaka, Y. Yamamoto, K. Tokieda, and K. Kishio, “Formation of 

Crystallographically Aligned BiMn Grains by Semi-solid Processing of Rapidly Solidified 

Bi-Mn Alloys under a Magnetic Field,” MATERIALS TRANSACTIONS, vol. 44, no. 10, p. 

2207, 2003. 

[99] P. Guyot and M. Audier, “A quasicrystal structure model for AI-Mn,” Philosophical 

Magazine Part B, vol. 52, no. 1, pp. L15–L19, Jul. 1985. 

[100] A. J. McAlister and J. L. Murray, “The (Al−Mn) Aluminum-Manganese system,” Journal 

of Phase Equilibria, vol. 8, no. 5, pp. 438–447, Oct. 1987. 

[101] H. Kōno, “On the Ferromagnetic Phase in Manganese-Aluminum System,” Journal of the 

Physical Society of Japan, vol. 13, no. 12, pp. 1444–1451, Dec. 1958. 

[102] K. Kamino, T. Kawaguchi, and M. Nagakura, “Magnetic properties of MnAl system 

alloys,” IEEE Transactions on Magnetics, vol. 2, no. 3, pp. 506–510, Sep. 1966. 

[103] Z. Hendricks G, “N,” Anorg. Chem., vol. 59, p. 444, 1908. 

[104] H. Kono, “On the Ferromagnetic Phase in Manganese-Aluminum System,” Journal of the 

Physical Society of Japan, vol. 13, no. 12, p. 1444 LP – 1451, 1958. 

[105] O. Kubaschewski and G. Heymer, “Heats of formation of transition-metal aluminides,” 

Transactions of the Faraday Society, vol. 56, p. 473, 1960. 

[106] P. Brousseau and C. J. Anderson, “Nanometric Aluminum in Explosives,” Propellants, 

Explosives, Pyrotechnics, vol. 27, no. 5, pp. 300–306, Nov. 2002. 

[107] I. P. Jain, C. Lal, and A. Jain, “Hydrogen storage in Mg: A most promising material,” 

International Journal of Hydrogen Energy, vol. 35, no. 10, pp. 5133–5144, May 2010. 

[108] K. Mahmoodi and B. Alinejad, “Enhancement of hydrogen generation rate in reaction of 

aluminum with water,” International Journal of Hydrogen Energy, vol. 35, no. 11, pp. 

5227–5232, Jun. 2010. 

[109] D. R. Lide and H. V. Kehiaian, CRC handbook of thermophysical and thermochemical 

data. CRC Press, 1994. 



 

139 

 

[110] M. J. Meziani, C. E. Bunker, F. Lu, H. Li, W. Wang, E. A. Guliants, R. A. Quinn, and Y. 

Sun, “Formation and Properties of Stabilized Aluminum Nanoparticles,” Applied 

Materials & Interfaces, vol. 1, no. 3, pp. 703–709, 2009. 

[111] A. P. Purdy, J. B. Miller, R. M. Stroud, and K. A. Pettigrew, “Aluminum Nanoparticle 

Synthesis by Reduction of Halides with Na/K,” MRS Proceedings, vol. 1056, pp. 1056–

HH03–18, Feb. 2011. 

[112] A. Rai, K. Park, L. Zhou, and M. R. Zachariah, “Understanding the mechanism of 

aluminium nanoparticle oxidation,” Combustion Theory and Modelling, vol. 10, no. 5, pp. 

843–859, Oct. 2006. 

[113] R. J. Jouet, A. D. Warren, D. M. Rosenberg, V. J. Bellitto, K. Park, and M. R. Zachariah, 

“Surface Passivation of Bare Aluminum Nanoparticles Using Perfluoroalkyl Carboxylic 

Acids,” Chemistry of Materials, no. 7, pp. 2987–2996, 2005. 

[114] K. A. S. Fernando, M. J. Smith, B. A. Harruff, W. K. Lewis, E. A. Guliants, and C. E. 

Bunker, “Sonochemically Assisted Thermal Decomposition of Alane N,N-

Dimethylethylamine with Titanium (IV) Isopropoxide in the Presence of Oleic Acid to 

Yield Air-Stable and Size-Selective Aluminum Core−Shell Nanoparticles,” The Journal 

of Physical Chemistry C, vol. 113, no. 2, pp. 500–503, Dec. 2008. 

[115] M. B. Pomfret, D. J. Brown, A. Epshteyn, A. P. Purdy, and J. C. Owrutsky, 

“Electrochemical Template Deposition of Aluminum Nanorods Using Ionic Liquids,” 

Chemistry of Materials, vol. 20, no. 19, pp. 5945–5947, Sep. 2008. 

[116] H. Li, M. J. Meziani, F. Lu, C. E. Bunker, E. A. Guliants, and Y. Sun, “Templated 

Synthesis of Aluminum Nanoparticles - A New Route to Stable Energetic Materials,” The 

Journal of Physical Chemistry Letters C, no. Figure 1, pp. 20539–20542, 2009. 

[117] S. W. Chung, E. a Guliants, C. E. Bunker, D. W. Hammerstroem, Y. Deng, M. a Burgers, 

P. a Jelliss, and S. W. Buckner, “Capping and passivation of aluminum nanoparticles 

using alkyl-substituted epoxides.,” Langmuir : the ACS journal of surfaces and colloids, 

vol. 25, no. 16, pp. 8883–7, Aug. 2009. 

[118] S. Sun, S. Anders, T. Thomson, J. E. E. Baglin, M. F. Toney, H. F. Hamann, C. B. Murray, 

and B. D. Terris, “Controlled Synthesis and Assembly of FePt Nanoparticles,” The 

Journal of Physical Chemistry B, vol. 107, no. 23, pp. 5419–5425, Jun. 2003. 



 

140 

 

[119] W. L. Smith and T. Wartik, “Investigation of the thermal decomposition of 

triethylaluminium,” Journal of Inorganic and Nuclear Chemistry, vol. 29, no. 3, pp. 629–

645, Mar. 1967. 

[120] K. Uneyama, Organofluorine Chemistry. Wiley-Blackwell, 2004. 

[121] A. Earnshaw and N. Greenwood, Chemistry of the Elements, Second Edition. Butterworth-

Heinemann, 1998. 

[122] G. Deacon, “Relationships between the carbon-oxygen stretching frequencies of 

carboxylato complexes and the type of carboxylate coordination,” Coordination 

Chemistry Reviews, vol. 33, no. 3, pp. 227–250, Oct. 1980. 

[123] G. Masetti, F. Cabassi, G. Morelli, and G. Zerbi, “Conformational Order and Disorder in 

Poly(tetrafluoroethylene) from the Infrared Spectrum,” Macromolecules, vol. 6, no. 5, pp. 

700–707, Sep. 1973. 

[124] C. J. Peacock, P. J. Hendra, H. A. Willis, and M. E. A. Cudby, “Raman spectrum and 

vibrational assignment for poly(tetrafluoroethylene),” Journal of the Chemical Society A: 

Inorganic, Physical, Theoretical, p. 2943, 1970. 

[125] M. Hosoda, M. Oogane, M. Kubota, T. Kubota, H. Saruyama, S. Iihama, H. Naganuma, 

and Y. Ando, “Fabrication of L10-MnAl perpendicularly magnetized thin films for 

perpendicular magnetic tunnel junctions,” Journal of Applied Physics, vol. 111, no. 7, p. 

07A324, 2012. 

[126] R. B. Grubbs, “Roles of Polymer Ligands in Nanoparticle Stabilization,” Polymer Reviews, 

vol. 47, no. 2, pp. 197–215, Apr. 2007. 

[127] M. J. Bonder, Y. Zhang, K. L. Kiick, V. Papaefthymiou, and G. C. Hadjipanayis, 

“Controlling synthesis of Fe nanoparticles with polyethylene glycol,” Journal of 

Magnetism and Magnetic Materials, vol. 311, no. 2, pp. 658–664, Apr. 2007. 

[128] X. Lu, G. Zhang, W. Wang, and X. Li, “Superconducting and Oxidation-Resistant Coaxial 

Lead–Polymer Nanocables,” Angewandte Chemie, vol. 119, no. 30, pp. 5874–5876, Jul. 

2007.  

 


