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ABSTRACT 

Chemical synthesis routes for hollow spherical BaFe12O19, hollow mesoporous spherical 

BaFe12O19, worm-shape BaFe12O19 and FeCo particles were developed. These structured parti-

cles have great potentials for the applications including magnetic recording medium, catalyst 

support, and energy storage. Magnetically exchange coupled hard/soft SrFe12O19/FeCo and 

MnBi/FeCo composites were synthesized through a newly proposed process of magnetic self-

assembly. These exchange coupled composites can be potentially used as rare-earth free perma-

nent magnets. 

Hollow spherical BaFe12O19 particles (shell thickness ~5 nm) were synthesized from eth-

ylene glycol assisted spray pyrolysis. Hollow mesoporous spherical BaFe12O19 particles (shell 

thickness ~100 nm) were synthesized from ethanol assisted spray pyrolysis, followed by alkaline 

ethylene glycol etching at 185 oC. An α-Fe2O3 and BaCO3 nanoparticle mixture was synthesized 

with reverse microemulsion, followed by annealing at 900 oC for 2 hours to get worm-shape 

BaFe12O19 particles, which consisted of 3-7 stacked hexagonal plates. FeCo nanoparticles were 

synthesized by reducing FeCl2 and CoCl2 in diphenyl ether with n-butyllithium at 200 oC in an 

inert gas environment. The surfactant of oleic acid was used in the synthesis to make particles 

well dispersed in nonpolar solvents (such as hexane). 

SrFe12O19/FeCo core/shell particles were prepared through a magnetic self-assembly pro-

cess. The as-synthesized soft FeCo nanoparticles were magnetically attracted by hard SrFe12O19 

particles, forming a SrFe12O19/FeCo core/shell structure. The magnetic self-assembly mechanism 
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was confirmed by applying alternating-current demagnetization to the core/shell particles, which 

resulted in a separation of SrFe12O19 and FeCo particles.  

MnBi/FeCo composites were synthesized, and the exchange coupling between MnBi and 

FeCo phases was demonstrated by smooth magnetic hysteresis loop of MnBi/FeCo composites. 

The thermal stability of MnBi/FeCo composites was investigated by annealing at 250 oC for 2 

hours in N2 environment. The results showed that FeCo nanoparticles were sintered and agglom-

erated during the annealing, and exchange coupling between MnBi and FeCo was destroyed. 

Future work was proposed in three aspects: chemical synthesis of MnBi particles; decreas-

ing the particle size of MnBi particles and maintaining their stability; improving the thermal sta-

bility of MnBi/FeCo composites. 
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CHAPTER 1 INTRODUCTION 

Rare-earth permanent magnets have been widely used for both power generation and con-

sumption in modern society. However, rare-earth elements have limited accessibility, relatively 

high cost, and serious environmental pollutions in the extraction processes. In response to these 

issues, this dissertation research focuses on magnetic exchange coupling between magnetically 

hard and soft phases, which makes use of high magnetization of magnetically soft phase and high 

coercivity of magnetically hard phase. Specifically, M-type hexagonal strontium ferrite 

(SrFe12O19) and manganese bismuth alloy (Mn-Bi) are used as magnetically hard phases, and 

iron cobalt alloy (Fe-Co) is used as magnetically soft phase. When the two magnetic phases ma-

terials are well distributed at nano scale and exchange coupled, the maximum energy product 

((BH)max) of the composites can be improved from the single hard phase. To make the concept 

and process clearer, this part will give a brief introduction about magnetic materials (both hard 

and soft) and exchange coupling. 

1.1. Classification of Magnetism 

Magnetism originates from the orbital and spin motions of electrons, and the interactions 

among electrons. Scientifically, all of the materials can be defined as magnetic materials, and the 

difference is that some materials behavior more magnetically than others. Based on the specific 

magnetic behaviors, magnetism can be classified into diamagnetism, paramagnetism, ferromag-

netism, antiferromagnetism, and ferrimagnetism [1]. The corresponding magnetization curves 

and spin configurations are shown in Fig. 1.1 and Fig. 1.2. 
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Figure 1.1 Magnetization curves and spin configurations of diamagnetism, paramagnetism and 

antiferromagnetism. 

 

Figure 1.2 Magnetization curves and spin configurations of ferromagnetism and ferrimagnetism. 

1.1.1. Diamagnetism 

Diamagnetism is a basic property of all materials. It is due to the non-cooperative behavior 

of orbiting electrons when materials are exposed to an external applied magnetic field. In these 

materials, all the orbital shells are filled without unpaired electrons. Therefore, the net magnetic 

moment is zero at zero applied field. If exposed to an external field, the field on a single electron 

orbit is to reduce the effective current of the orbit, resulting in a magnetic moment opposing the 

applied field, as shown in Fig. 1.1.  

1.1.2. Paramagnetism 

Paramagnetism originates from unpaired electrons in partially filled orbitals and produces a 

net magnetic moment. The individual spin does not behavior magnetically without an applied 
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field. However, in the presence of an applied field, the atomic magnetic moments are partially 

aligned along the direction of the field, and produce positive magnetization, as shown in Fig. 1.1. 

1.1.3. Ferromagnetism 

Ferromagnetism originates from strong atomic moment interactions inside the materials. 

These interactions are produced from electronic exchange forces, and lead to an antiparallel or 

parallel alignment of atomic moments. Ferromagnetic materials usually show a large net magnet-

ization even without an applied magnetic field, as shown in Fig. 1.2. The elements of Fe, Ni, Co 

and their alloys are typical ferromagnetic materials.  

1.1.4. Antiferromagnetism 

Different from ferromagnetism that all of the spin moments are aligned towards one direc-

tion, the spin moment alignment of neighboring atoms is in opposite directions in antiferromag-

netism. The opposite magnetic moment direction cancels with each other, and results in a zero 

magnetization, as shown in Fig. 1.1. Some typical examples are iron oxide (FeO) and manganese 

sulfide (MnS). 

1.1.5. Ferrimagnetism 

In ferromagnetic materials, the magnetic moment direction of adjacent atoms is in antipar-

allel, the net magnetic moment can not be cancelled, as the magnitude of magnetic moments 

from adjacent atoms is different, as shown in Fig. 1.2.  

1.2. Ferromagnetic Materials 

Most of magnetic materials with industrial and academic interests are ferromagenetic mate-

rials. Based on different coercivity of ferromagnetic materials, two categories can be defined. 

One is soft magnetic materials with low coercivity and the other is hard magnetic materials with 

high coercivity.  
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1.2.1. Soft magnetic materials 

Soft magnetic materials can be easily magnetized and demagnetized by a low magnetic 

field. When an applied field is removed, soft magnetic materials will return to a state of relative-

ly low residual magnetization. Soft magnetic materials are used primarily to enhance or channel 

the flux produced by an electric current. The main parameter, which is often used as a figure of 

merit for soft magnetic materials, is the relative permeability, which shows how fast the material 

responds to an applied magnetic field. The other main parameters of interest also include coer-

civity, saturation magnetization and electrical conductivity. Typical soft materials have very low 

intrinsic coercivity (Hc) (usually less than 1000 Oe), high saturation magnetization (Ms) and low 

ramanent magnetization (Mr), as shown in Fig. 1.3. The highest magnetization of soft material 

discovered so far is iron cobalt alloy with molar ratio of 65 to 35 (Fe65Co35), and the theoretical 

magnetization can be as high as 242 emu/g [1].  

 

Figure 1.3 A typical magnetic hysteresis loop of soft magnetic materials. 

Soft magnetic materials, especially nanoparticles, are widely used for the application of ca-

talysis, biotechnology and drug delivery [2,3]. To recycle catalysts from liquid-phase reaction 

with magnetic separation is much more effective than filtration or centrifugation, especially 

when the catalysts are in the size range of sub-micron to nano meters. Ge et al. synthesized 

Fe3O4/Au core/shell catalyst for liquid-phase reduction of 4-nitrophenol (4-NP) by NaBH4 reduc-
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tion [4]. Due to the high magnetization of Fe3O4, the Au catalysts are easily recycled by magnet-

ic separation after the reaction. 

In biotechnology and biomedicine, the capture of specific proteins or biomolecules can be 

more efficient by using magnetic separation. Most soft magnetic nanoparticles used for these ap-

plications are in nano size with superparamagnetism, which means they show magnetic behav-

iors with external magnetic field, and can be immediately redispersed as soon as the magnetic 

field is removed [5]. Xu et al. used dopamine grafted iron oxide nanoparticles for protein separa-

tion [6]. Another promising application of soft magnetic nanoparticles is used as drug carrier for 

drug delivery, which was proposed in 1970s by Widder and his coworkers [7]. The magnetic 

drug carriers can potentially carry a large dose of drug to a specific area, achieving large local 

concentration and avoiding toxicity or other side effects to other organisms [8]. The application 

of soft magnetic nanoparticles in biotechnology can also be extended to hyperthermia treatment, 

which can be potentially used for cancer therapy besides chemotherapy, radiotherapy and sur-

gery [9]. The mechanism of using magnetic induction hyperthermia is that when magnetic nano-

particles are exposed to a varying magnetic field, heat can be produced because of hysteresis loss, 

Brown-relaxation and Neel-relaxation [10].  

1.2.2. Hard magnetic materials 

Hard magnets, also called permanent magnets, are magnetic materials that can retain their 

magnetization after removing the external magnetic field. The term “hard” is used to describe the 

materials persisting sufficiently high resistance to resist demagnetization field. Coercivity is an 

important parameter to distinguish hard magnetic materials from and soft ones. Usually, the 

magnetic materials with Hc higher than 1000 Oe are called hard magnetic materials. As shown in 
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Fig. 1.4, hard magnetic materials have a high Hc, relatively high Mr and Ms. Such materials usu-

ally have large (BH)max, which is the figure of merit of permanent magnet. 

 

Figure 1.4 A typical magnetic hysteresis loop of hard magnetic materials. 

In the past century, several important permanent magnets were discovered, and the tech-

niques for large scale magnets manufacture were also established [11]. The (BH)max has been en-

hanced, from around 1 MGOe on steels discovered in the early 20th century, to around 3 MGOe 

on hexagonal ferrites in the middle of 20th century, and finally to around 57 MGOe on neodymi-

um iron boron magnets (Nd-Fe-B) nowadays. The historical evolution of permanent magnetic 

materials is shown in Fig. 1.5 [12]. The great development of permanent magnets in the second 

half of the 20th century is attributed to application of rare earth elements (mainly Nd and Sm). 

The most famous high performance permanent magnets at present are based on rare-earth 

(RE) and transition-metal (TM) intermetallic (Fe–Nd–B, Co–Sm) [13]. In RE-TM intermetallic, 

the high saturation magnetization and Curie temperature of the TM metals (Fe and Co) are com-

bined with the high anisotropy constant of the RE metals (Nd, Pr and Sm) to provide 

large(BH)max value of the magnets [13].  
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Figure 1.5 Development in the energy product (BH)max at room temperature of hard magnetic 

materials (each magnet is designed so that at a reference point 5 mm from the surface of the pole, 

a field of 100 mT is produced) [12]. 

1.3. Magnetic Exchange Coupling 

The large-scale applications of RE permanent magnets in electric vehicles and wind tur-

bines lead to a large consumption of RE elements, while RE elements are not sustainably sup-

plied. Therefore, to design and develop new types of permanent magnets containing no RE ele-

ments but with large (BH)max has become extremely important and urgent [14]. Different from 

the permanent magnets discovered in the 20th century that only containing single-phase magnetic 

alloy or compound, the new generation of permanent magnets may be a composite material con-

sisting of both hard and soft magnetic phases with required morphology at nano scale. This com-

posite will make use of high coercivity of the hard phase, and high magnetization of soft phase 

[15]. If these two phases are well magnetically exchange coupled with each other, the composites 

will behave like a single-phase magnet, and the (BH)max of composites can be improved from the 

pure hard phase. Therefore, exchange coupled magnets have the potentials to be the next genera-
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tion of permanent magnets [16]. A schematic of magnetic exchange coupling process is given in 

Fig. 1.6 [17]. A typical example could be that magnetically hard FePt (low Ms and high Hc) is 

exchange coupled with magnetically soft Fe3Pt (high Ms and low Hc). The (BH)max of exchange 

coupled FePt/Fe3Pt composites is improved from their either single phase [31]. 

 

Figure 1.6 Schematic of hysteresis loops of the exchange-coupled magnets [17]. 

1.3.1. Theory of magnetic exchange coupling 

The magnetic exchange coupling was firstly discovered by Coehoorn and his coworkers in 

1989 from their experiments in a nanostructured Nd-Fe-B magnet [18]. They found that there 

was an interphase exchange coupling between the hard phase of Nd2Fe14B and the soft phase of 

Fe3B, which resulted in an enhanced remanent magnetization of the system over the pure hard 

phase. Kneller et al. gave a detailed theoretic analysis and explanation on magnetic exchange 

coupling in 1991 [15]. Skomski and Coey further theoretically explained exchange coupling 

from the points of nucleation field, and the interactions between hard and soft regions [19]. The 

following is the derivation of the topological condition for the interphase exchange coupling in 

hard/soft phase composites [19-22]. A ferromagnetic system can be described by its energy state 

in equation 1.1: 

E = μ0M·H] dr       (1.1) 
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where H denotes the internal field, which is the sum of the externally applied field and the mag-

netostatic “demagnetizing” field. A(r) is the exchange stiffness, M(r) with |M(r)| = M0 is the lo-

cal magnetization, and K1(r) is the first anisotropy constant, and n is the unit vector in the easy-

axis direction. Inside the bracket, the first term is the energy of magnetic exchange interaction, 

the second term is the anisotropy energy, and the third term is the magnetostatic energy. Magnet-

ic moment configuration is determined by competition among these terms. Exchange interaction 

favors parallel spin alignment, whereas the random anisotropy, supported by random magneto-

static fields, tends to misalign the spins. If we consider an ideally aligned (n is parallel with easy 

direction) situation and only take mx into account (it is sufficient because of the degeneracy), and 

then minimize the energy with respect to the small magnetization component mx, the equation 

can be shown as 1.2: 

-A 2  +  =       (1.2) 

where Hn is a critical field. If the considered system is inhomogeneous in morphological struc-

ture, the magnetic reversal is caused by nucleation of opposite domains. In this case, the critical 

field is called nucleation field. 

Equation (1.2) has been solved for a number of cases. A simple example is a spherical soft 

inclusion of radius R0 in a hard matrix. Putting K1 = 0 inside the sphere and solving (1.2) for mx 

(R0) = 0 yields the nucleation field Hn = 2π2A/μ0MsR0
2. If this is written in terms of the anisotro-

py field Ha of the hard matrix, equation (1.3) can be obtained: 

Hn =                 (1.3) 

where δh is the domain-wall thickness of the magnetic hard phase. The validity of (1.3) is re-

stricted to Hn≪ Ha, because mx(R0) = 0 is only approximately true for finite Ha. If Hn is compa-

rable to Ha, equation (1.3) slightly overestimates the nucleation field. The R0 dependence of the 
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nucleation field is shown in Fig. 1.7. Note that boundary conditions have been applied. Smooth 

transitions between the hard and soft phases yield a 1/R0 rather than a 1/  dependence of Hn 

[22].Grain size of the soft phase in exchange coupled nanocomposites should not be bigger than 

twice domain wall thickness of the hard phase, as shown in Fig. 1.7.  

 

Figure 1.7 Nucleation fields of soft magnetic spherical inclusions in a hard matrix [19]. 

Sabiryanov et al. [23,24] obtained the theoretical values of energy products of fully ex-

change coupled FePt-Fe and SmCo-Co layered thin film systems with first principle calculations. 

They found that the energy products for these two composites can reach 90 MGOe and 65 

MGOe, respectively. Kronmüller et al. [25] had carried out a systematic study in simulating the 

exchange coupled nanocomposite systems.  

In a given hard/soft magnetically exchange coupled system, if the volume percent of the 

hard phase and soft phase is fixed, the magnetization and coercivity of the composites can be 

calculated based on the following equations [19].  

Mex =Mhfh + Msfs    (1.4) 

Hex = 2 =    (1.5) 

where 

Mex: magnetization of exchange coupled product Mh: magnetization of hard phase 
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Ms: magnetization of soft phase   Hs: coercivity of soft phase 

Hex: covercivity of exchange coupled product Hh: covercivity of hard phase 

fs: volume fraction of soft phase   fh: volume fraction of hard phase 

Ks: anisotropy constant of soft phase   Kh: anisotropy constant of hard phase  

1.3.2. Experimental development of exchange coupling 

Since Coehoorn and his coworkers experimentally discovered enhanced remanent magnet-

ization in exchange coupled hard/soft Nd2Fe14B/Fe3B composites over pure Nd2Fe14B in 1989 

[18], exchange coupling in NdFeB based system has been extensively investigated. Panag-

iotopoulos et al. [26] synthesized thin film Nd2Fe14B/α-Fe nanocomposites with sputtering from 

cast alloy targets and then annealed ex-situ in a high vacuum. Enhanced remanent magnetization 

in the hard/soft thin film indicated the exchange coupling between hard and soft phases. Su et al. 

[27] synthesized NdFeB/FeCo(Fe) composites by depositing soft magnetic FeCo(Fe) nanoparti-

cles on the melt spun NdFeB powders by a chemical reduction. The intergrain exchange cou-

pling between hard and soft phases was demonstrated by the smooth demagnetization curve and 

enhanced remanent magnetization, as shown in Fig. 1.8. The synthesis method for enhanced 

magnetic remanence bulk magnets was also extended to spark plasma sintering in this research. 

Sawatzki et al. [28] achieved the magnetic exchange coupling in the multilayer thin film 

system of SmCo5/Fe and enhanced its energy product to 39 MGOe, which is higher than the the-

oretical value (31MGOe) of anisotropic single phase SmCo5 magnet. Chaubey et al. [29] synthe-

sized exchange coupled SmCo5/Fe nanocomposite powders with controlled composition and 

grain size by polyol reduction of metal precursors and subsequent calcium reductive annealing. 

Room temperature hysteresis loops of the SmCo5 nanoparticles, SmCo5.5/Fe0.6 and SmCo6.5/Fe1.2 

nanocomposites are shown in Fig. 1.9. The energy products of SmCo5, SmCo5.5/Fe0.6 and 
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SmCo6.5/Fe1.2 were calculated to be 6.0, 7.1 and 7.8 MGOe, respectively. The smooth hysteresis 

loops, enhanced remanent magnetization and energy products indicate an effective exchange 

coupling between hard and soft phases. 

 

Figure 1.8 Magnetic hysteresis loops for NdFeB single phase and NdFeB/nano-Fe composite 

powers synthesized by two processes and tuning the concentrations of metal ions, where A and B 

indicate the process of adding FeSO4 solution to NaBH4 solution with NdFeB powders and add-

ing NaBH4 solution to FeSO4 solution with NdFeB powders, respectively [27]. 

 

Figure 1.9 Room temperature magnetic hysteresis loops of nanocrystalline SmCo5 and SmCo5/Fe 

nanocomposites [29]. 
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Hou et al.[30] synthesized nanocompoistes of SmCo5/Fex (x=0-2.9) by a simultaneous cal-

cium reduction of Sm-Co-O and Fe3O4 nanoparticles. The composites consisted of well crystal-

lized SmCo5 and Fe nanocrystal with average grain size of 29 nm and 8 nm, respectively, and 

both of them were well distributed with each other, as shown in Fig. 1.10. The magnetic proper-

ties of the composites can be tuned by regulating Fe mass percentage. SmCo5/Fe1.5 shows an en-

hanced remanent magnetization of 56 emu/g over 45 emu/g in pure hard phase of SmCo5.  

 

Figure 1.10 (a) Dark field TEM image of SmCo5/Fe nanocompposites (inset: SAED of the nano-

compistes); (b) HRTEM image of a single aggregate of the SmCo/Fe nanocomposites with the 

dashed lines circling the nanocystalline grains of either SmCo5 or Fe [30]. 

FePt nanoparticles synthesized by wet chemistry methods can be ideal building blocks for 

exchange-coupled nanocomposite bulk magnets [31-34]. The biggest challenge for the bottom-

up approach is how to produce bulk nanostructured magnets without losing the homogeneous 

nanoscale morphology. Zeng and his coworkers [31]used bottom-up approaches and synthesized 

exchange coupled nanocomposites magnets using magnetic nanoparticles as building blocks. 

They reduced FePt/Fe3O4 nanoparticle mixture in a H2/N2 environment at 650 oC. These nano-

particles were reduced and self-assembled into hard/soft FePt/Fe3Pt composites, with grain size 
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limited to a few nanometers, as shown in Fig. 1.11. Over 50% energy product enhancement was 

achieved in the exchange coupled composites.  

 

Figure 1.11 A typical HRTEM image for a sintered FePt–Fe3Pt particle. The FePt and Fe3Pt 

phases exist as different domains within the particle, with each domain having a dimension of 

about 5 nm, showing a modulated FePt–Fe3Pt spatial distribution [31]. 

1.3.3. Synthesis challenges of exchange coupled magnet 

Even though magnetic exchange coupling has been investigated for more than 20 years 

[15,18,19], challenges still remain in the synthesis of exchange coupled magnets. 

1.3.3.1. Size control of hard phase 

Effective exchange coupling requires the soft phase to be uniformly distributed within the 

hard phase at nano scale. This brings challenges to the materials synthesis. Mechanical milling 

[35-37] is one of popular methods to achieve a uniform distribution between hard and soft phases 

because of its low cost and easy operation. Ideally, the hard phase is preferred to be around sin-

gle domain size (~300-500 nm) for maximum coercivity [1], and the soft phase should be no 

larger than twice single domain wall thickness of hard phase (usually < 20 nm) [19]. In milling 

process, both hard and soft phases are strongly milled and well mixed at nanoscale, and effective 
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exchange coupling is achieved. However, to decrease the size of soft phase to less than 20 nm, 

the hard phase is inevitably over milled and shows low coercivity because of over reduced size.  

Poudyal et al. [35] synthesized exchange coupled Sm2Co7/Fe65Co35 composites with me-

chanical milling. The TEM image and EFTEM elemental mappings of as-synthesized composites 

are shown in Fig. 1.12. The mapping results show that the size of Fe65Co35 nanoparticles is less 

than 20 nm, and homogeneously mixed with hard phase. However, the size of Sm2Co7 is similar 

to FeCo, much less than single domain size of ~400 nm [38]. The low coercivity of ~8 kOe in 

Sm2Co7/40 wt% Fe65Co35 composites could be attributed to the small size of Sm2Co7, while the 

coercivity of single domain size Sm2Co7 is ~40 kOe [38]. 

 

Figure 1.12 (a) Bright field TEM image of Sm2Co7 + 40 wt% Fe65Co35 and EFTEM elemental 

mapping for the same areas showing the distribution of (b) Sm, (c) Fe and (d) Co [35]. 

1.3.3.2. Lattice mismatch between hard/soft phases 

Core/shell structured hard/soft particles provide a promising solution to achieve effective 

exchange coupling [39-41]. Compared with the method mentioned above, the size of hard and 
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soft phases can be separately controlled in core/shell particles synthesis processes. Epitaxial 

growth is a common method to synthesize core/shell structured particles. Generally, three types 

of modes are summarized for epitaxial growth of core/shell particles [42]. If the lattice mismatch 

between two materials is small, the shell material will precipitate on the surface of core by epi-

taxial growth and form a continuous and homogenous layer. This growth process is called Frank-

van der Merwe (FM) mode, as shown in Fig. 1.13. If the lattice mismatch between two materials 

is very large, the shell material will grow on those high energy sites of core particles to minimize 

strain energy, and finally a few islands are formed on the surface of core. This growth mode is 

called Volmer-Weber (VW), as shown in Fig. 1.14. If the lattice mismatch between two materi-

als is relatively large, growth of shell will change between layer-by-layer growth and island 

growth on the surface of core, to release strain energy. This growth process is called Stranski-

Krastanov (SK) mode, as shown in Fig. 1.15. These three growth modes can be used to under-

stand the formation of a hybrid nanostructures synthesis in wet chemistry, including core/shell, 

dumbbell and particle-on-particles structures [43-50], even though the surface capping agent and 

solvents polarization can significantly influence the energy of substrate surface, active sites and 

growth kinetics. 

 

Figure 1.13 Schematic illustration of Frank-van der Merwe mode [42]. 
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Figure 1.14 Schematic illustration of Volmer-Weber mode [42]. 

 

Figure 1.15 Schematic illustration of Stranski-Krastanov mode [42]. 

Large lattice mismatch is common between magnetically hard and soft magnets and this 

limits the application of epitaxial growth to synthesize hard/soft core/shell magnetic particles for 

exchange coupling [51-53]. The failure of epitaxial growth for core/shell structured materials has 

stimulated the discovery of other alternative methods, such as non-epitaxial growth [54] and ani-

on coordination [55]. However, there is still no general method reported for effective synthesis of 

core/shell structured materials. 

1.3.3.3. Hard and soft phase diffusion 

In most cases, high temperature is necessary to reduce the metal oxides and/or crystalize 

the materials during the synthesis of hard/soft exchange coupled nanocomposites. High tempera-

ture may lead to mass diffusion between hard and soft phases as nanomaterials show low thermal 

stability. The diffusion may result in crystal structure damage and magnetization and coercivity 

loss. According to theoretical model [19], the relationship between the volume of soft phase and 

coercivity and magnetization in an exchange coupling system can be described as Fig. 1.16. It 



18 

can be observed that both coercivity and magnetization response gradually with soft phase vol-

ume changing. However, if the mass diffusion happens between hard and soft phases, the results 

can be different. Liu et al. synthesized FePt/Co core/shell exchange coupled magnetic nanoparti-

cles [40]. The relationship between cobalt layer thickness and magnetization and coercivity in 

FePt/Co nanoparticles is shown in Fig. 1.17. It can be seen that when the cobalt shell thickness 

increases from 0 to 4 nm, the magnetization increases ~100%, however, the coercivity decreases 

~300%. This unbalanced magnetization increasing and coercivity decreasing could be attributed 

to the mass diffusion between FePt and Co during the high temperature (250 oC) synthesis. 

 

Figure 1.16 The relationship between volume percentage of soft phase (fh) and magnetization 

and coercivity of exchange coupled composites in an exchange coupling system. 

 

Figure 1.17 Co shell-thickness-dependent Ms and Hc for the FePt/Co core/shell nanoparticles 

[40]. 
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CHAPTER 2 EXPERIMENTAL 

2.1.  Chemical Synthesis Methods 

Most materials used in this dissertation research are synthesized with chemistry methods, 

in which materials’ size and morphology can be better controlled than physics methods. Specifi-

cally, four different kinds of chemistry methods are used for materials synthesis. They are reduc-

tion of metal-containing compounds, solid state synthesis, spray pyrolysis and reverse micro-

emulsion. The characteristics and details of these methods are discussed below. 

2.1.1.  Reduction of metal-containing compounds 

Fe-Co alloy nanoparticles are synthesized from iron and cobalt salts with strong reducing 

agents, such as NaBH4, ethylene glycol and n-butyllithium. The iron and cobalt salts can be ei-

ther organic (such as Fe(acac)3 and Co(acac)2) or inorganic (such as FeCl3 (or FeCl2) and CoCl2). 

Even though thermal decomposition of Fe(CO)5 and Co2(CO)8 is an effective method to synthe-

size FeCo nanoparticles with uniform size and high magnetization [1], it is not used in this re-

search, as metal-carbonyl is very flammable and toxic [2]. 

2.1.2.  Solid state synthesis 

Solid state synthesis technique involves annealing mixtures of two or more solids to form a 

solid phase product [3]. Different from gas phase or liquid phase reactions, the mass diffusion is 

important factor that limits the solid-solid reactions. The reaction rate is controlled by three fac-

tors: 1) contacting area between solid precursors; 2) diffusion rate during the reaction; 3) nuclea-

tion rate of product phase. Hexagonal strontium ferrite (SrFe12O19) is synthesized with solid state 

http://en.wikipedia.org/wiki/N-Butyllithium
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reaction by annealing Fe3O4 and SrCO3 nanoparticles at 900 oC for 4 hours at atmospheric envi-

ronment. 

2.1.3.  Spray pyrolysis 

Spray pyrolysis is a popular method to produce spherical metal oxide particles by thermal 

decomposition of precursors at high temperature [4-7]. Generally, there are three components in 

a spray pyrolysis system, as shown in Fig. 2.1, an ultrasonic nebulizer to generate droplets con-

taining precursors, a tubular furnace to thermally decompose precursors, and a particle collector 

to gather the products [4]. The droplets are flowed through the furnace with carried gas. Solid 

spherical particles can be obtained if the precursor solution does not contain organics. The hol-

lowness of products can be controlled by adding water soluble organics in precursor solutions 

[8,9]. Within a certain range, the shell thickness decreases with increasing organics concentration. 

However, if the concentration of organics is too high, it will lead to an over high pressure inside 

the particle during the combustion, and break the hollow structure, forming smaller crystal pieces.  

 

Figure 2.1 Schematic of spray pyrolysis system. 

2.1.4.  Reverse microemulsion 

The technique of chemical reactions in reverse microemulsion to produce nanoparticles has 

been developed for more than 20 years [10-14]. Microemulsions are thermodynamically stable 
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system composed of two immiscible liquids and a surfactant[15]. The surfactant is used to dis-

perse oil in water by dividing oil phase into small droplets. The opposite process of dispersing 

water in oil is called reverse microemulsion, as shown in Fig. 2.2. The droplet size can be con-

trolled by changing the molar ratio of water or oil to surfactant. These nanodroplets can be used 

as nanoreactors to carry out chemical reactions.  In this research, the nano size iron oxide and 

strontium carbonate are synthesized from reverse microemulsion, followed by annealing the na-

noparticle mixture to get worm-shape strontium ferrite. The experimental details will be shown 

in Chapter 3.3. 

 

Figure 2.2 Reverse micelles in a microemulsion [14]. 

2.2.  Characterization Techniques 

2.2.1.  X-ray Diffraction (XRD) 

Bruker D8X-ray diffractometers with Cu-Kα (wavelength λ=1.541 Å) and Co-Kα (wave-

length λ=1.789 Å) radiation were used to characterize materials’ crystalline structure. The range 

of 2θ was typically controlled to 20-90o. 

Theincident X-ray follows Bragg’s law as described in Fig. 2.3 and the following formu-

la[16]: 

nλ = 2d sinθ              (2.1) 
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where n is an integer, λ is the wavelength of incident wave, d is the spacing between the planes 

in the atomic lattice, and θ is the angle between the incident X-ray and the scattering planes. By 

changing the angle θ, the conditions of Bragg's Law can be satisfied by different d-spacing in 

materials. A pattern with sample characteristics can be produced by plotting the angular positions 

and intensities of the resultant diffracted peaks. If equation (2.1) is rearranged to the following 

form considering a first order reflection: 

θ = arcsin(λ/2d)   (2.2) 

The distance between lattice planes can be calculated using the following formula: 

d = a / (h2 + k2 + l2)1/2  (2.3) 

Since the lower order Miller indices result in a larger inter-planar spacing in equation (2.3), 

the diffraction angle in equation (2.2) will be lower. Therefore, as the Miller indices increase, the 

diffraction angles will also increase. 

 

Figure 2.3 Bragg’s law [16]. 

2.2.2.  Scanning Electron Microscopy (SEM) 

A JEOL 7000 of scanning electron microscope (SEM) was used to characterize samples in 

this research, and a schematic of SEM system is shown in Fig. 2.4. Different from Transmission 

Electron Microscope (TEM) that requires samples to be very thin for high resolution image, 

http://en.wikipedia.org/wiki/Wavelength
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SEM prefers larger samples. The sample information of morphology, surface topology, and 

composition can be obtained through this technique. 

A basic requirement for SEM samples is that samples, at least sample surface, should be 

electrically conductive to prevent the charge accumulation. Nonconductive samples tend to ac-

cumulate electrons on sample surface when scanned by the electron beam, leading to image 

shifting. To make nonconductive sample conductive, samples are usually coated with a thin layer 

of gold or carbon on surface by low-vacuum sputter coating or high vacuum evaporation.  

Different electron detectors can capture different types of scattered electrons and provide 

different information of the samples. For example, backscattered electron can be captured to ana-

lyze sample compositions, and secondary electrons can be captured to analyze topography. If an 

Energy Dispersive X-ray (EDX) detector is connected, elemental composition of samples can be 

analyzed in both quality and quantity.  

 

Figure 2.4 Schematic of Scanning Electron Microscope (SEM) system [17]. 

2.2.3.  Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) (in Fig. 2.5) is currently the only characteriza-

tion technique to directly visualize the nanoparticles for their particle size, size distribution and 
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morphology. The TEM used in this research is TECNAI FEI 20. TEM with an Energy-dispersive 

X-ray detector can also be used to determine the composition of samples. It requires samples to 

be thin enough so that electrons can transmit through them and arrive at detector.  

There are two modes of TEM image, bright field imaging and dark field imaging [18]. 

Bright field imaging mode is the most common TEM operation mode. In this mode, the image 

contrast is formed by electrons occlusion and absorption in the sample. For example, samples 

regions with thicker thickness or higher atomic number will show dark in the image, as the elec-

trons lose more energy when transmitting these areas, and show weak signal intensity when they 

reach the detector. A dark field image is formed with only diffraction beams. The crystallograph-

ic information can be obtained from this type of image. 

 

Figure 2.5 Schematic of Transmission Electron Microscope (TEM) system [19]. 

2.2.4.  Vibrating Sample Magnetometry (VSM) 

A vibrating sample magnetometer (VSM) is used to measure the M-H loops of the magnet-

ic particles, from which the saturation magnetization, remanent magnetization and coercivity can 

http://en.wikipedia.org/wiki/Vibrating_sample_magnetometer
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be determined [20-23]. The VSM used in this research is Microsense 3473-70, with applied field 

up to 2.0 T. This method of measurement is fast and accurate as it usually has a low noise level. 

In the measurement, the sample is loaded into a glass VSM sample holder, which is then mount-

ed on the tip of a vertical extension rod, as shown in Fig. 2.6. The gradient coils apply an AC 

gradient field which exerts an oscillatory force on the magnetized sample. This causes the bend-

ing of the transducer and produces a voltage proportional to the amplitude of the oscillation, 

which is proportional to the magnetic moment of the sample. The signal is optimized when the 

vibrating frequency of the sample reaches the resonance frequency of the cantilever system. The 

system needs to be periodically calibrated with a standard magnet with known magnetic moment 

for accurate measurements. We used a standard Nickel sample (0.0707 g) with a magnetic mo-

ment of 54.9 emu/g at 1000 Oe magnetic field for the calibration. 

 

Figure 2.6 Schematic of Vibrating Sample Magnetometer (VSM) system [20]. 
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CHAPTER 3 HARD MAGNETIC NANOPARTICLES 

3.1. Synthesis and Characterization of Hollow Mesoporous BaFe12O19 Spheres 

3.1.1.  Introduction 

It is well known that the morphology of inorganic particles is related to the physical and 

chemical properties of materials [1]. Micro/nano size hollow/porous materials have been of great 

interest because of their novel properties [2-4], such as low density, large surface area, and high 

permeability, compared with condensed materials. Therefore, they can be widely used for cata-

lyst supports, drug delivery, energy storage, gas sensors and environmental protection [5-9]. 

Three typical methods are proposed to synthesize this structured material: hard-templating [10-

13], soft-templating [14-16], and template-free [17,18] methods. Various porous/hollow optical, 

thermal, electrochemical, mechanical, biochemical and magnetic materials have been synthe-

sized by these methods [16,19-24].  

Among these different materials, porous structured ferrite materials are excellent candi-

dates for applications, such as catalysis, information storage, electronic device and energy stor-

age. Even though mesoporous spinel ferrite has been successfully synthesized with the hydro-

thermal method [25-30,32], the synthesis of mesoporous hexagonal ferrite (higher coercivity, 

chemical and physical stability than spinel ferrite) has never been reported. The porous structure 

can not sustain its high synthesis temperature (> 800 oC) because of sintering. 

In this part, we report a template-free chemical etching process to synthesize hollow meso-

porous hexagonal barium ferrite (BaFe12O19or BaM) spheres. Two steps are involved in the syn-

thesis process. First, hollow BaM spheres are synthesized by traditional spray pyrolysis. Second, 
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the as-synthesized particles are exposed to high temperature alkaline ethylene glycol (EG). 

Compared with the hydrothermal method in which product porosity can not be controlled, the 

porosity in this method can be regulated by controlling the reaction time of the EG etching pro-

cess. Its novel structure should bring novel applications of this material. For example, consider-

ing its high chemical and physical stability, it would be an excellent candidate as catalyst support 

in the high temperature reactions, and its high magnetization provides an effective way to recycle 

the catalyst after the reactions.  

3.1.2.  Experimental 

3.1.2.1.  The synthesis of hollow spherical BaFe12O19 spheres 

The synthesis of hollow BaM spheres is based on a typical spray pyrolysis [33] with little 

modification. The whole system is shown in Fig. 3.1. Specifically, Fe(NO3)3·9H2O (2.424 g) and 

Ba(NO3)2 (0.131 g) were dissolved in a solvent consisting of 80 mL deionized water (DI H2O) 

and 20 mL ethanol (99% vol.). The solution was then transferred to an ultrasonic nebulizer to 

generate fine and uniform liquid droplets. In air drawn by building vacuum at the end of the sys-

tem, the liquid droplets flowed through a tube furnace (Length: 1.0 m; Diameter: 0.08 m) at 1000 

oC to thermally decompose the precursors and produce hollow BaFe12O19 spheres. The mecha-

nism is well understood and described in references [33, 34]. The flow rate was controlled at 5 

L/min. The products were then cooled down by a heat exchanger, and finally collected by a fiber 

filter.  



34 

 

Figure 3.1 The reaction system of spray pryolysis. 

3.1.2.2.  The synthesis of hollow mesoporous BaFe12O19 spheres 

The hollow mesoporous BaM spheres were obtained by chemically etching the as-

synthesized hollow spherical BaM particles. Simply, the as-synthesized BaM particles were dis-

persed into 60 mL EG under ultrasonication for 30 mins. The as-obtained gel and 2.0 g NaOH 

were then transferred to a 100 mL three-neck flask. The flask was heated from room temperature, 

at a heating rate of 10 oC/min, to 185 oC and held fora few minutes. Different heating times lead 

to different porosities, and the details will be discussed below. After heating, the suspension was 

finally cooled down to room temperature by removing the heating source, washed with ethanol 

and dried for the following characterizations. 

3.1.2.3.  Characterization 

The powder X-ray diffraction patterns were recorded by a Bruker D8 diffractometer using 

Co-Kα radiation (λ= 1.789 Å). TEM (TECNAI FEI 20) and SEM (JEOL 7000) were used to ana-

lyze the particle size and morphology. Magnetic properties were checked atroom temperature 

with a VSM (Microsense 3473-70) in an applied field up to 2 T. 

Nitrogen (N2) physisorption TECHmeasurements were taken using a Quantachrome Nova 

2200e pore size analyzer (Boynton Beach, FL) at -197 °C in the He mode to determine surface 
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areas of both hollow and mesoporous hollow particles. Interpretation of the isotherms was car-

ried out with Quantachrome’s Nova Win software (version: 10.01). 

3.1.3. Results and discussion 

Figure 3.2 shows the SEM and TEM images of hollow BaM particles before and after EG 

etching. Figures3.2a and c show that the as-synthesized particles are spherical with a smooth sur-

face and in the size range of 200 - 500 nm. A broken BaM particle in the Fig. 3.2a inset illus-

trates the hollow structure. The shell thickness is too thick to be penetrated by a TEM electron 

beam. Therefore, the contrast on the TEM image of Fig. 3.2c is high, obscuring the hollow struc-

ture. We found that alkaline EG can dissolve BaM particles at elevated temperature. By control-

ling the solvent temperature and heating time, fine hollow mesoporous structured BaM spheres 

could be obtained. After alkaline EG etching at 185 oC for 7 min, the SEM image of Fig. 3.2b 

shows that the particle surface becomes rough and holes are detected. The different contrast in 

every individual particle in the TEM image of Fig. 3.2d shows that a hollow mesoporous struc-

ture is well formed after etching, and each spherical particle comprises many primary crystallites. 

N2 physisorption measurements show that the surface area of the particles before and after etch-

ing is 4.96 m²/g and 20.75 m²/g, respectively. The increased surface area after chemical etching 

further confirms its porous structure. 
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Figure 3.2 SEM and TEM images: (a) SEM image of as-synthesized hollow BaFe12O19 particles 

(inset: a broken hollow structured particle); (b) SEM image of hollow mesoporous BaFe12O19 

particles; (c) TEM image of as-synthesized hollow BaFe12O19 particles; (d) TEM image of hol-

low mesoporous BaFe12O19 particles. 

The lattice fringes corresponding to the crystallographic plane (110) (d = 2.98 Å) of the 

BaM phase in hollow mesoporous BaM spheres are shown in the high resolution TEM image of 

Fig. 3.3a. It is well established that crystalline nature is supported by the multiple spot in its dif-

fraction patterns. The corresponding selected area electron diffraction (SAED) pattern (Fig. 3.3b) 

of the ferrite is dominated by the discrete diffraction spots originating from the crystalline hex-

agonal BaM phase. 
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Figure 3.3 (a) High resolution TEM of hollow mesoporous BaFe12O19 spheres; (b) SAED pattern 

of hollow mesoporous BaFe12O19 spheres 

Figure 3.4 shows the VSM hysteresis loops of hollow BaM particles before and after EG 

etching. The samples were measured at room temperature under a magnetic field up to 2 T. The 

magnetization at 2T of hollow mesoporous BaM particles increases from 50.5 emu/g for the as-

synthesized state to 52.5 emu/g for the etched material. This difference could be attributed to 

balance (for mass weighting) and VSM error. The magnetic coercivity of etched particles de-

creased from 3800 Oe of before etching to 3600 Oe. These loops indicate that the chemical etch-

ing process had little effects on the particles’ magnetic properties. The reported magnetic proper-

ties match well with BaM synthesized using spray pyrolysis by Ren et al. [35]. 
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Figure 3.4 Magnetic properties characterization: (a) Magnetic hysteresis loop of as-synthesized 

hollow BaFe12O19 particles (before etching); (b) magnetic hysteresis loop of hollow mesoporous 

BaFe12O19 particles (after etching). 

Crystal structure properties before and after chemical etching were investigated by XRD 

and the results are shown in Fig. 3.5. There is negligible difference in the XRD patterns of as-

synthesized hollow BaM particles in Fig. 3.5a and EG etched hollow mesoporous BaM particles 

in Fig. 3.5b. Both present a clear pattern corresponding to standard hexagonal phase 

BaFe12O19listed in JCPDS card (NO. 39-1433). Therefore, EG etching has little effect on the 

crystal structure of the BaM particles. The broad peak widths confirm the crystallite has a small 

size. The mean primary crystallite size of both BaM particles before and after EG etching was 

calculated from the X-ray peak width of the (114) plane in 3 pairs of XRD patterns using the 

Scherrer Equation to be 43.2 nm. The crystallite size and its distribution are also counted and 

calculated based on TEM images. The corresponding results based on 200 crystallites are shown 

in Fig. 3.6. The average primary crystallite size is 47.6 nm, and the size distribution is relatively 

narrow. The average crystallite size from the TEM images accounting (47.6 nm) matches well 

with the XRD peak width calculation (43.2 nm). 
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Figure 3.5 Powder XRD patterns. (a) XRD patterns of as-synthesized hollow BaFe12O19 particles 

(before etching); (b) XRD patterns of hollow mesoporous BaFe12O19 particles (after etching). 

 

Figure 3.6 The size and size distribution of crystalline in hollow mesoporous BaM spheres. 

Based on these characterization results, a formation mechanism for synthesizing hollow 

mesoporous BaM spheres by alkaline EG etching is proposed. During spray pyrolysis, hollow 

spherical BaM particles are formed that consist of many small individual crystals [36] with inter-

faces of mismatched atomic arrangement and lower atomic density. This arrangement leads to a 



40 

less efficient atomic packing and less ordered structure, and reduces the stability of the grain 

boundaries [37]. At the same time, lower density at the atomic scale leads to bigger open space 

through which atoms can be easily removed by external force [37]. Therefore, when these parti-

cles are exposed to alkaline EG at elevated temperature, the grain boundary is etched and re-

moved at first, and small groove are left between grains. These grooves allow EG to diffuse in-

side to further etch grains. As the grain size gets smaller, gaps appear on the particle surfaces. If 

the etching process on grain boundaries and crystals is well controlled, hollow mesoporous struc-

ture can be formed, and at the same time the spherical shape can be maintained. Figs. 3.7a, b and 

c show an individual BaM particle after different etching time, and the process can be illustrated 

as shown in Fig. 3.7d. The particle heated for 7 min (Fig. 3.7c) has higher porosity than the par-

ticle heated for 5 min (Fig. 3.7b). Therefore, the particle porosity can be controlled by the heat-

ing time. Longer heating time leads to higher porosity. 

 

Figure 3.7 The step-by-step EG etching process on an individual hollow BaM sphere: (a) 0 min 

etching; (b) 5 min etching; (c) 7 min etching; d) a schematic of step etching. 
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Besides porosity, the particle size is another factor to determine the etching time. Larger 

particles require a longer etching time. Because of the wide size distribution, some smaller parti-

cles (< 200 nm) can be over-etched in this process, and the spherical shape could be destroyed, 

as shown in Fig. 3.2d. However, most of the particles are well etched with a hollow mesoporous 

structure.  

3.1.4. Conclusions 

In summary, this presented facile method has successfully demonstrated the fabrication of 

hollow mesoporous BaM spheres by a template-free chemical etching process. The hollow parti-

cles are synthesized by spray pyrolysis. The mesoporous structure is obtained by exposing hol-

low BaM spheres to alkaline EG at 185 oC. The porosity can be regulated by heating time, and 

the magnetic properties and crystal structure are little affected in the etching process. The mech-

anism is explained by grain boundary etching. The present method and mechanism may be also 

extended to synthesize a mesoporous structure of other metal ferrites.  

3.2.  EG Assisted Spray Pyrolysis for the Synthesis of Hollow BaFe12O19 Spheres 

3.2.1.  Introduction 

Hexagonal barium ferrite (BaFe12O19) has been of a great interest because of its high mag-

netic anisotropy, low cost, and high chemical and physical stability. Various preparation methods 

have been proposed to synthesize BaFe12O19 particles, such as ceramic [38-40], co-precipitation 

[41-43] and spray pyrolysis [33,34] methods. Compared with other synthesis techniques, spray 

pyrolysis has several advantages including simple operation, high purity, excellent control of 

chemical uniformity and stoichiometry in mixed oxide systems, and continuous operation [44]. 

The product properties are affected by factors such as carrier gas type and flow rate, pyrolysis 

temperature, concentration of the spray solution and types of organic additives [45].  
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An organic additive is well known to produce a large amount of gas inside the droplet 

while flowing through the high temperature reactor and makes the products hollow [45]. Citric 

acid, ethylene diaminetetraacetic acid (EDTA), ethylene glycol (EG), polyethylene glycol (PEG) 

and ethanol alone or in combination have been used in organic-assisted spray pyrolysis to syn-

thesize metal oxides, and different organics lead to different morphologies of the products 

[8,34,46-52]. EG-assisted spray pyrolysis has never been applied to BaM synthesis, and previous 

research of organic-assisted spray pyrolysis mainly focuses on different reaction temperatures 

[8,34,46-52]; the effects of organic concentration are rarely investigated. In this study, we ap-

plied EG-assisted spray pyrolysis to BaFe12O19 particle synthesis and studied the effects of EG 

concentration in the precursor solution on product morphology, crystallization and magnetic 

properties. 

3.2.2. Experimental 

3.2.2.1.   Synthesis of hollow BaFe12O19 spheres 

The synthesis of spherical BaFe12O19 particles is based on a previous report with little 

modification [53]. Generally, precursors of Fe(NO3)3·9H2O (4.84g) and Ba(NO3)2 (0.27 g) were 

dissolved in 100 mL solvent consisting of DI H2O and ethylene glycol (EG). The volume per-

centage of EG was controlled to 10, 20 and 30%. The solution was then transferred to an ultra-

sonic nebulizer (Intertek, 1.7 MHz) to generate fine and uniform liquid droplets. In air pulled by 

building vacuum at the end of the system, the droplets flowed through a tube furnace (Length: 

1.0 m; Inner diameter: 0.08 m) at 1000 oC to thermally decompose the precursors and produce 

BaFe12O19 particles. The flow rate was controlled to 5 L/min. The product was then cooled down 

by a heat exchanger, and finally collected by a fiber filter.  
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3.2.2.2.   Powder Characterization 

The measurement of X-ray diffraction (XRD) patterns was carried out by a Bruker D8 dif-

fractometer using Cu-Kα radiation (λ=1.541 Å). Transmission electron microscopy (TEM, 

TECNAI FEI 20) was used to analyze the particle size and morphology. Magnetic properties 

were checked at room temperature with a vibrating sample magnetometer (VSM, Microsense 

3473-70) in an applied field up to 2 T. 

3.2.3. Results and discussion 

Figure3.8 shows TEM images of BaFe12O19 particles synthesized from 10, 20 and 30 vol% 

EG solutions. The low contrast of the particle surface indicates that most of the TEM electron 

beam passed through the particles, and confirms their hollow structure with a thin shell. The 

formation of a hollow structure can be explained by the temperature and concentration gradient 

along the radial direction of spray droplets in the pyrolysis process. Higher temperature on the 

droplet surface results in evaporation of the solvent and precursor concentration increasing with-

in the droplet. Once the concentration is higher than the saturation concentration, the precursors 

precipitate on the droplet surface, thereby, forming a hollow structure [50]. Low magnification 

TEM images of Figs. 3.8a, d and f show that the particles are submicron size, and the size distri-

bution is wide. EG concentration does not have an obvious effect on particle size, however, it 

does have obvious effects on particle morphology. All of the particles are hollow spheres at 10 

vol% EG. When the concentration increases to 20 and 30 vol%, crystal pieces are mixed with 

hollow spheres in the products and higher EG concentration leads to a bigger amount of crystal 

pieces. During the pyrolysis process, high EG concentrations will burn and lead to too much 

pressure inside the droplet that we assume breaks the structure. Particles from different EG con-

centrations in Figs. 3.8b, e and h are spherical and hollow, and consist of many primary particles. 
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The primary particles bridge with each other and form condensed hollow structured particles, as 

shown in Figs. 3.8c, f and i. Furthermore, the primary particle size from 10 vol% EG (Fig. 3.8c, 

~ 20 nm) is smaller than those from 20 and 30 vol% EG (Figs. 3.8f and i, ~40 nm), and the rea-

son is still unknown. 

 

Figure 3.8 TEM images of hollow BaFe12O19 spheres. (a), (b), (c): synthesized from 10 vol% EG; 

(d), (e), (f): synthesized from 20 vol% EG; (g), (h), (i): synthesized from 30 vol% EG. 

Figure 3.9 shows the X-ray diffraction patterns of the hollow BaFe12O19 spheres synthe-

sized from different EG concentrations. All the samples present a clear pattern corresponding to 

standard hexagonal phase BaFe12O19listed in JCPDS card (NO. 39-1433). The mean primary 

crystallite size of these three samples was calculated from Figs. 3.9a, b and c using the Scherrer 

Equation to be 25.3 nm, 42.7 nm and 46.1 nm, matching well with the TEM images of Figs. 3.8c, 

f and i. It is known that post annealing is necessary to further crystallize the products from spray 
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pyrolysis, since the residence time inside the furnace is too short to achieve a complete crystalli-

zation [34,46,48]. Interestingly, the particles produced in this research are well crystallized, es-

pecially at higher EG concentration. This could be attributed to the heat produced from the com-

bustion of EG inside the furnace. At higher EG concentration, more heat is produced and the 

products are better crystallized. Therefore, the peak intensity becomes higher with increased EG 

concentration, as shown in XRD patterns in Fig. 2.  

 

Figure 3.9 X-ray diffraction patterns of hollow BaFe12O19 spheres synthesized from different 

concentrations of EG. 

The magnetic hysteresis loops of hollow BaFe12O19 spheres synthesized from different EG 

concentrations are shown in Fig. 3.10. The typical hard magnetic properties match well with pure 

hexagonal phase BaFe12O19 in XRD patterns of Fig. 3.9. The saturation magnetization is 62 

emu/g and coercivity is 3155 Oe when the EG is 10 vol%. With concentration increasing, the 

saturation magnetization decreases while the magnetic coercivity increases, arriving at 49 emu/g 

and 4284 Oe when the EG is 30 vol%. A short residence time usually leads to incomplete com-

bustion of organics, leaving carbon in the products [54]. Higher EG concentration also leaves a 
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larger amount of carbon in the products, contributing as a non-magnetic phase to the particles, 

leading to decreased magnetization. Figures. 3.11a, b and c show the SEM images of hollow 

BaFe12O19 spheres synthesized from different EG concentrations. The residual carbon and its 

quantity are confirmed by EDX spectroscopy, as shown in Figs. 3.11d, e and f, and the scanning 

time of all samples is controlled to one minute. The red dots confirm the existence of carbon, and 

the dot density represents the quantity. With increasing EG concentration, the density of the red 

dots increases, indicating a larger amount of residual carbon. The increased coercivity in Fig. 

3.10 is due to better crystallization, which is in good agreement with the increased XRD peak 

intensity Fig. 3.9. 

 

Figure 3.10 Magnetic hysteresis loops of hollow BaFe12O19 spheres synthesized from different 

concentration of EG. 
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Figure 3.11 SEM images (a, b, c) and their corresponding carbon EDX spectroscopy (d, e and f) 

of hollow BaFe12O19 spheres synthesized from 10 vol%, 20 vol% and 30 vol% EG. 

3.2.4. Conclusions 

Hollow spherical BaFe12O19 particles were synthesized by spray pyrolysis from different 

volume concentration of EG in DI H2O. Increasing EG concentration leads to bigger primary 

particle size and more broken particles. Also, the degree of crystallinity and coercivity increase, 

while the saturation magnetization decreases. 

3.3.  Synthesis and Characterization of Worm-shape BaFe12O19 Nanoparticles 

3.3.1.  Introduction 

Barium hexagonal ferrite (BaFe12O19 or BaM) is a popular hard magnetic material and has 

been widely used as permanent magnets, microwaves absorbers [55-57], recording mediums 

[58,59] and floppy disks [60,61]. These wide applications are not only because of its promising 

magnetic properties such as high Curie temperature (Tc), high coercive force(Hc) and high mag-

netic anisotropy constant (K), but also due to its low production cost and high chemical and 

physical stability.  

Several methods have been proposed and developed to synthesize BaM particles. The 

commonly used methods include sol-gel [62-66], coprecipitation [67-70], spray pyrolysis 
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[48,71,72], ceramic method [38,73,74], and reverse microemulsion [65,75,76]. Different shape 

of BaM particles can be obtained from different methods. For example, spherical shape of BaM 

particles can be synthesized from spray pyrolysis, and hexagonal shape can be synthesized from 

ceramic method. Irregular shape of BaM nanoparticles was synthesized through reverse micro-

emualsion by Xu et al. [77]. However, in this report, we used a similar method of reverse micro-

emualsion, and synthesize worm-shape BaM nanoparticles. To the best of our survey, this shape 

of BaM nanoparticles is never reported before. Considering their uniform size and shape, worm-

shape BaM nanoparticles show great potentials as a magnetic recording medium. 

3.3.2.  Experimental 

3.3.2.1.  Materials synthesis 

The synthesis procedures can be simplified as Fig. 3.12. In the microemulsion system, 

cetyltrimethylammonium bromide (CTAB) is used as surfactant, n-butanol is used as co-

surfactant, and cyclohexene as solvent. In a typical experiment, microemulsion I consisted of 10 

mL 1-butanol, 100 mL cyclohexane and 10 mL of 0.4 g/mL Fe(NO3)3 and 0.022 g/mL Ba(NO3)2 

with R= V(aqueous): V(oil) = 1:11. With the same value of R, microemulsion II contained 10 

mL 1-butanol, 100 mL cyclohexane and 10 mL of 0.15 g/mL NaOH and 0.016 g/mL NaCO3, 

stirring for 10 min to form a homogenous emulsion. Microemulsion I and II were then mixed and 

magnetically stirred for 2 hours. The products were separated with centrifuge and washed with 

ethanol for 3 times to remove the residual surfactant and solvents. The washed particles were 

dried in oven at 80 oC for 5 hours, followed by thoroughly grinding. These ground fine particles 

were pre-annealed at 400 oC for 2 hours, with heating rate of 5 oC/min, and finally annealed at 

760 oC for 2 hours with same heating rate. The annealing process was conducted in atmospheric 
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environment. The finally products were washed with diluted acid to remove secondary phases 

and dried for characterization. 

 

Figure 3.12 Preparation procedures for worm-shape BaM particles by reverse microemulsion 

technique. 

3.3.2.2.  Characterization 

The measurement of X-ray diffraction (XRD) patterns was carried out by Bruker D8 dif-

fractometer using Cu-Kα radiation (λ=1.5406 Å). Transmission electron microscopy (TEM, 

TECNAI FEI 20) was used to analyze the particle size and morphology. Magnetic properties 

were checked at room temperature with a vibrating sample magnetometer (VSM, Microsense 

3473-70) in an applied field up 2 T. 

3.3.3.  Results and discussion 

TEM images in Fig. 3.13 show worm-shape BaM nanoparticles under low and high magni-

fication. It can be observed from Fig. 3.13a that the shape of particles is uniform, and particles 

are agglomerated. Each single particle is consisted of a few smaller units, ranging from 3 to 7, 

with thickness of ~10 nm. These single units stack together and form a worm-shape particle, as 

shown in Fig. 3.13b. 
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Figure 3.13 TEM images of worm-shape BaM nanoparticles: (a) low magnification; (b) high 

magnification. 

 

Figure 3.14 Proposed self-assembly process for the formation of worm-shape BaM nanoparticles. 

To better explain the formation mechanism of worm-shape BaM nanoparticles, a self-

assembly process is proposed, as shown in Fig. 3.14. It is well known that the barium ferrite has 

hexagonal crystal structure with hexagonal shape as its thermally stable state. In a hexagonal 

shape BaM particle, the c axis is magnetically easy axis. When these single particles are formed, 

they tend to be stacked along the c axis. These stacks are further annealed at high temperature 

and form a worm-shape particle. 
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Figure 3.15 X-ray diffraction patterns of worm-shape BaM nanoparticles. 

 

Figure 3.16 Magnetic hysteresis loop of worm-shape BaM nanoparticles. 

Figure 3.15 shows the XRD patterns of worm-shape BaM nanoparticles. Hexagonal barium 

ferrite phase is well formed, and hematite (α-Fe2O3) phase mixed inside. Figure 3.16 shows the 

magnetic hysteresis loop of worm-shape BaM nanoparticles with the magnetization of 52 emu/g 

and coercivity of 4735 Oe. This magnetization is lower than typical hexagonal barium ferrite of 

60 emu/g, which could be attributed to α-Fe2O3 mixed in the BaM nanoparticles. 
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3.3.4.  Conclusions 

Worm-shape hexagonal barium ferrite is synthesized by a reverse microemulsion method 

and a posting annealing. Each single worm-shape particle is consisted of 3 to 7 small units. The 

formation mechanism is explained with self-assembly process. The magnetization is lower than 

normal case because of containing α-Fe2O3, which is confirmed by XRD patterns. This product 

can be potentially used for solid-state device applications [79-82]. 
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CHAPTER 4 FeCo NANOPARTICLES 

4.1. Introduction 

High magnetization nanoparticles are showing great potential applications for magnetic 

energy storage and data storage [1-3], as well as contrast agent for high sensitivity magnetic res-

onance imaging (MRI) [4-8]. FeCo (with molar ratio of Fe/Co =70/30 [19]) alloy with body cen-

tered cubic (BCC) crystal structure has the highest saturation magnetization (~240 emu/g) among 

all of the discovered magnetic materials except for Fe16N2 [9]. Several synthesis methods have 

been proposed so far, however, each method has their own limitations. 

Polyol reduction [10] and NaBH4 reduction [11] are two popular methods to synthesize 

FeCo nanoparticles because of their low cost and easy operation. However, these surfactant-free 

synthesis processes always produce agglomerated nanoparticles. Furthermore, impurity phases 

(FexB [12] and CoxB [13]) and amorphous products [11] may be formed in NaBH4 reduction 

method. Sun and his coworkers [14] successfully synthesized mono-dispersed and high magneti-

zation FeCo nanoparticles by using oleic acid as surfactant. Fe(CO)5 and Co2(CO)8, which are 

highly toxic [15], are used as iron and cobalt sources. Furthermore, the reaction temperature (250 

oC) is much higher than the boiling point (103 oC) of Fe(CO)5, which brings difficulty to control 

the composition of FeCo alloy. Liu and his coworkers [16] synthesized mono-dispersed FeCo 

nanoparticles by annealing CoFe2O4 nanoparticles dispersed salt-matrix (NaCl) in  a reducing 

gas (93% Ar + 7% H2) environment. The salt matrix is used as blocker to prevent CoFe2O4 na-

noparticles sintering during the high temperature reduction process. The mass ratio of nanoparti-
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cles to salt is controlled to 1:1000-1:2000. This brings much difficulty to separate products from 

the salt after reduction.  

To overcome these limitations, we proposed a new method to synthesize FeCo nanoparti-

cles. The FeCo nanoparticles were synthesized from oleic acid assisted reduction, a similar 

method as synthesis of air-stable Mn nanoparticles [17] by replacing the precursor of MnCl2 with 

FeCl2 and CoCl2,and the molar ratio of Fe to Co was controlled at 65/35. Specifically, 

FeCl2·4H2O and CoCl2·6H2O are used as metal precursors, diphenyl ether is solvent, n-

Butyllithium (n-BuLi) is reducing agent and oleic acid is surfactant.  

4.2. Experimental 

Iron(ii) chloride (FeCl2, 0.1 g) and cobalt (ii) chloride (CoCl2, 0.05 g) were transferred to a 

50 mL 3-neck bottle, followed by adding 20 mL diphenyl ether and 1.6 mmol of oleic acid. The 

3-neck bottle was refluxed at 260 oC for 2 hours with N2 protection to dissolve the metal salts, 

and then decreased to 200 oC. In an argon glove box, 10 mL of diphenyl ether and 5 mL of 2.5M 

n-BuLi (in hexane) was added to a 50 mL beaker. The hexane was removed by vacuum (glove 

box transition chamber) for 30 min to prevent overpressure during the injection. The n-

BuLi/diphenyl solution was transferred to a syringe, and the needle was sealed with rubber and 

transferred to outside of the glove box. The n-BuLi/diphenyl solution was then injected to Co2+ 

and Fe2+ dispersed diphenyl ether solution by syringe injection with N2 protection at 200 oC. The 

final mixture was heated for another 30 min at 200 oC, and finally the reaction was stopped by 

removing the heating source.  

After cooling down, the final solution was transferred to glove box for product washing. 

The product was washed with hexane for 3 times, and precipitated with ethanol and connected 

with a rare-earth magnet.  
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The measurement of X-ray diffraction (XRD) patterns was carried out by a Bruker D8 dif-

fractometer using Cu-Kα (λ= 0.154 nm) radiation, Transmission Electron Microscope (TEM, 

TECNAI FEI 20) was used to analyze the particle size and morphology. Magnetic properties 

were checked at room temperature with a Vibrating Sample Magnetometer (VSM, Microsense 

3473-70) in an applied field up to 2 T. 

4.3. Results and discussion 

Figure 4.1a shows the TEM image of as-synthesized FeCo nanoparticles. The TEM sample 

was prepared by dropping hexane dispersed FeCo nanoparticles onto a copper TEM sample grid 

with a carbon substrate. It can be seen that the particles are in quasi-spherical shape with mono-

dispersion. The surfactant of oleic acid used in the synthesis process can adhere to the surface of 

the fine ferromagnetic nanoparticles by electrostatic attraction [18], making them well dispersed 

in hexane. The size distribution in Fig. 4.1b shows that these particles are in a relatively large 

size distribution, and the average size of is 8.9 nm based on counting 140 nanoparticles. Com-

pared with the narrow size distribution of FeCo nanoparticles from the decomposition of 

Fe(CO)5 and Co2(CO)8 [14], the broad size distribution in this report could be attributed to the 

strong reducing agent of n-BuLi that the reaction rate is too fast to control the crystal growth. 

The magnetic hysteresis loop of FeCo nanoparticles is shown in Fig. 4.2. The magnetiza-

tion is 151 emu/g and the coercivity is 41 Oe, showing typical soft magnetic behaviors. The 

XRD patterns of FeCo nanoparticles are shown in Fig. 4.3. The XRD patterns match well with 

the BCC structure FeCo nanoparticles. The mean crystallite size of the as-synthesized FeCo par-

ticles was calculated from Fig. 4.3 using Scherrer Equation to be 11.2 nm, close to the average 

size of 8.9 nm counted in TEM image of Fig 4.1a.  
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Figure 4.1 (a) TEM image and (b) Particle size distribution, of FeCo nanoparticles. 

 

Figure 4.2 Magnetic hysteresis loop of FeCo nanoparticles. 
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Figure 4.3 Power XRD patterns of FeCo nanoparticles. 

4.4. Conclusions 

Mono-dispersed FeCo nanoparticles were synthesized by reducing FeCl2 and CoCl2 with n-

BuLi in diphenyl ether. The mono-dispersion is achieved by using oleic acid as surfactant. The 

crystal phases were confirmed by XRD, and the average size is 8.9 nm. The magnetization of 

FeCo nanoparticles is 151 emu/g and the coercivity is 41 Oe. 
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CHAPTER 5 SrFe12O19/FeCo CORE/SHELL PARTICLES 

5.1.  SrFe12O19/pSiO2/Co Particles 

5.1.1.  Introduction 

Rare-earth permanent magnets have wide applications in modern life, especially for power 

generation and consumption, such as power generators and electrical motors (except induction 

motors). However, the supply of rare-earth elements is facing a lot of crisis. For example, the 

current main supply country of China is not going to increase the export even though the interna-

tional consumption is increasing, and the refining processes of rare-earth elements usually bring 

serious environment pollutions. Therefore, to develop rare-earth-free permanent magnets has 

been a great interest of materials scientists [1-5]. Different from traditional permanent magnets 

that only contain one hard phase, one of the solutions of rare-earth-free permanent magnets may 

contain both hard and soft phases with magnetic exchange coupling between them. The exchange 

coupled hard/soft magnets make use of high magnetization of soft phase and high coercivity of 

hard phase, and their energy product can be increased from single phase hard magnet [6,7]. Even 

though the theory and experiment of exchange coupling have been developed for over 20 years, 

and some exchange coupled magnets with increased energy products have been successfully syn-

thesized, there are still a lot of challenges remaining.  

One of effective methods to synthesize exchange coupled magnets is to combine hard soft 

materials into core/shell structure. Epitaxial growth is a general way to synthesize core/shell ma-

terials. However, lattice mismatch between hard and soft materials has been a great technical 

barrier to prevent epitaxial growth [8-11]. The failure of epitaxial growth has stimulated discov-
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ery of other alternative methods, such as nonepitaxial growth [12] and anion coordination [13]. 

So far there is still no general method reported for the synthesis of core/shell-structured materials. 

We reported a wet chemistry synthesis method beyond epitaxial growth to synthesize 

spherical hexagonal strontium ferrite (S-SrFe12O19 or S-SrM)/porous silica (pSiO2)/cobalt (Co) 

core/shell particles, with magnetically hard S-SrM and soft Co exchange coupling with each oth-

er. The S-SrM was first coated with a layer of condensed SiO2 with Stöber process, and the SiO2 

layer was etched into porous structure with surface-protected etching. The porous SiO2 surface 

was further decorated with a monolayer of coupling agent of polyethyleneimine (PEI). Co2+ ions 

were then adsorbed onto SiO2 surface as the result of the strong chemical affinity between Co2+ 

and amines (-NH2) from PEI. The ions of Co2+ were further reduced into Co nanoparticles by 

NaBH4. The S-SrM/pSiO2/Co core/shell/shell structure is confirmed by TEM image, and the 

magnetic exchange coupling between SrM and Co particles is demonstrated by smooth magnetic 

hysteresis loop of SrM/pSiO2/Co particles. 

5.1.2.  Experimental 

S-SrFe12O19 particles synthesis: spherical SrM particles are synthesized with a spray pyrol-

ysis method, as described in Chapter 3.  

S-SrFe12O19/SiO2 core/shell particles: The S-SrM/SiO2 core/shell particles are synthesized  

throng a modified Stöber process [14].  Specifically, 0.1 g S-SrM was introduced to a solvent 

mixture of 80 mL ethanol and 20 mL DI H2O, and ultrasonicated for 10 min to disperse S-SrM in 

the solvent. Aqueous ammonia (28% VOL, 5 mL) was introduced to the system with vigorous 

mechanical stirring, followed by injecting tetraethylorthosilicate (TEOS, 0.5 mL) with a 1 mL 

syringe. After mechanical stirring for 2 hours, the particles were washed with ethanol and sepa-

rated with a rare-earth magnet.  
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S-SrFe12O19/porous SiO2 core/shell particles: S-SrM/porous SiO2 (pSiO2) core/shell parti-

cles were obtained by chemically etching the SiO2 layer of S-SrM/SiO2 core/shell particles. The 

etching process was based on a report [15] with little modification. Polyvinylpyrrolidone (PVP, 

Mw ~ 55000, 1 g) and S-SrM/SiO2 core/shell particles (0.05 g) were dissolved and dispersed into 

20 mL DI H2O by mechanical stirring. After refluxing at 100 oC for 3 hours, the solution was 

cooled down to room temperature by removing the heating source. NaOH solution (5 mL, 0.16 

g/mL) was added to the system with mechanical stirring to start SiO2 etching. The reaction was 

finished after 10 min stirring, and the products were washed with DI H2O and collected by a ra-

re-earth magnet. 

S-SrFe12O19/pSiO2/Co core/shell/shell particles: S-SrM/pSiO2 particles (0.05 g) and poly-

ethyleneimine (PEI) (1 g) were introduced to DI H2O (100 mL) and mechanically stirred for 1 

hour, to functionalize the silica surface with amino groups(-NH2) based on a report [16]. The -

NH2 terminated S-SrM/pSiO2 colloids were washed with isopropanol and then dispersed in 

CoCl2 solution (20 mL, 0.1 g/mL), and mechanically stirred for 30 min to make Co2+ adsorbed 

on -NH2 functionalized S-SrM/pSiO2 colloids. Co2+ decorated S-SrM/pSiO2 were washed with 

DI H2O one and then re-dispersed in 20 mL DI H2O with mechanical stirring. NaBH4 solution (5 

mL, 0.1g/mL) was injected into S-SrM/pSiO2/Co2+ dispersion with N2 protection and mechanical 

stirring. After 10 min stirring, the products were washed with DI H2O, and separated with a rare-

earth magnet. 

5.1.3.  Results and discussion 

Sol-gel derived silica is well-known for coating materials and forming a core/shell struc-

ture [14,17,18]. The surface of S-SrM was coated with a condensed layer of SiO2 through a 

Stöber process, and the corresponding surface conditions of S-SrM particle before and after SiO2 

http://en.wikipedia.org/wiki/St%C3%B6ber_process
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coating are shown in Fig. 5.1a and Fig. 5.1b. The thickness of SiO2 layer is ~ 20 nm. Co nano-

particles were chemically attached to SiO2 surface to achieve the exchange coupling between 

magnetically hard S-SrM and soft Co. To improve the amount of attached Co nanoparticles on 

SiO2 surface, the condensed SiO2 layer is converted into porous structure by a NaOH etching 

process, with PVP as surface protecting agent [19]. During the refluxing of PVP and SiO2 in 

aqueous solution, the strong hydrogen bonds can be readily formed between carbonyl group in 

PVP and hydroxyls on silica surface [20-23]. The presence of hydrogen bonds in the SiO2 sur-

face dramatically increases the stability of SiO2 shell against etching by NaOH solution [19], 

leading to a porous SiO2 layer, as shown in Fig. 5.1c. The processes of PVP adsorption and 

NaOH etching on SiO2 layer is simplified in Fig. 5.2. 

 

Figure 5.1 TEM of particle surface: (a) S-SrFe12O19 particle; (b) S-SrFe12O19/SiO2 particle; (c) S-

SrFe12O19/pSiO2 particle; (d) S-SrFe12O19/SiO2/Co particle.  

The porous SiO2 surface is functionalized with -NH2groups by immersing S-SrM/pSiO2 

particles in polyethyleneimine (PEI) aqueous solution. PEI is a typical water-soluble polyamine, 

and there are large quantities of -NH2 groups on the macromolecular chains[16].PEI was chemi-

cally grafted onto the surface of SiO2 via the chemical coupling effect of γ-chloropropyl tri-

methoxysilane [24-26].The strong chelation of PEI towards transition-metal ions was combined 
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with the high specific area of porous SiO2 [27-29]. Therefore, the novel chelating adsorption ma-

terial of SiO2/PEI was prepared. -NH2 groups process excellent adsorption properties for Co2+ 

[30]. When S-SrM/pSiO2/PEI particles are immersed into CoCl2aqueous solutions, large amount 

of Co2+ ions are attached to particles surface due to the porous structure of SiO2. These Co2+ ions 

are further reduced by NaBH4 into Co nanoparticles with N2 protection, and the TEM image of 

S-SrM/pSiO2/Co core/shell/shell particle is shown in Fig. 5.1d. The processes of PEI and Co2+ 

decoration on SiO2 surface and Co2+ reduction are simplified in Fig. 5.3. 

 

Figure 5.2 A schematic of PVP protected SiO2 surface etching [19]. 

 

Figure 5.3 A schematic of SiO2 surface decoration of PEI and Co2+ ions and Co2+ reduction. 

Figure 5.4 shows the VSM loops of S-SrM, S-SrM/pSiO2 core/shell and S-SrM/pSiO2/Co 

core/shell/shell particles. The magnetization of S-SrM/pSiO2 is reduced to 31.5 emu/g from 38.1 

emu/g of S-SrM, while the coercivity keeps almost constant. The decreased magnetization is at-

tributed to the introduction of non-magnetic phase of SiO2. After Co coating, the magnetization 

slightly increases to 33.2 emu/g, still lower than pure S-SrM particles of 38.1 emu/g. Even 

though porous structure of SiO2, the amount of attached Co nanoparticles is limited, leading to 

little increase in magnetization. The smooth magnetic hysteresis loop of S-SrM/pSiO2/Co 
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core/shell/shell particles indicates an exchange coupling between magnetically hard SrM and soft 

Co. 

 

Figure 5.4 The VSM loops of S-SrM, S-SrM/pSiO2 and S-SrM/pSiO2/Co particles. 

The XRD patterns of S-SrM, S-SrM/pSiO2 core/shell and S-SrM/pSiO2/Co 

core/shell/shell particles are shown in Fig. 5.5.  It shows that there is little difference among the 

XRD patterns of three samples. Neither diffraction peaks of SiO2 nor Co are shown in corre-

sponding XRD patterns. This could be attributed to amorphous phases of SiO2 layer and Co na-

noparticles formed from their synthesis methods [31,32].  

 

Figure 5.5 The XRD patterns of S-SrM, S-SrM/pSiO2 core/shell and S-SrM/pSiO2/Co 

core/shell/shell particles. 
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5.1.4.  Conclusions 

Spherical SrFe12O19/pSiO2/Co core/shell/shell particles were synthesized through wet 

chemistry methods. The condensed SiO2 layer was coated with a Stöber process and etched into 

porous structure with a PVP protected etching. PEI was chemically attached to porous SiO2 sur-

face to provide –NH2 sites for Co2+ ions adsorption. Co2+ ions were further reduced into Co, 

forming SrFe12O19/SiO2/Co core/shell/shell structured particles, which were confirmed by TEM 

images. The smooth hysteresis loop of SrFe12O19/SiO2/Co core/shell/shell particles confirmed the 

exchange coupling between SrFe12O19 and Co. 

5.2.  SrFe12O19/FeCo Core/shell Particles 

5.2.1.  Introduction 

Core/shell hetero-structured materials with modulated composition have been of great in-

terest because of their novel magnetic [33], catalytic [34], optical [35] and electronic properties 

[36]. Currently, most core/shell-structured materials are synthesized by epitaxial growth 

[8,11,37]. Unfortunately, differences in lattice constant, crystal structure and bonding between 

core and shell materials, limit the application of epitaxial growth [10,37,38]. The failure of epi-

taxial growth has stimulated discovery of other alternative methods, such as nonepitaxial growth 

[12] and anion coordination [13].So far there is still no general method reported for the synthesis 

of core/shell-structured materials.  

The above synthetic methods can be used to synthesize magnetically hard/soft core/shell 

materials. This structure combines the large coercivity of the magnetically hard core and the 

large magnetic moment of the magnetically soft shell by exchange coupling [6,7,39], giving ex-

cellent magnetic properties. These have potentials to replace rare-earth (RE) permanent magnets 

such as Nd2Fe12B and SmCo5 with common, inexpensive materials. RE elements have limited 
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accessibility, relatively high cost, and unacceptable environmental hazard in the extraction pro-

cesses [40]. Herein, we present a new coating concept of magnetic self-assembly and report a 

novel route to achieve magnetically hard/soft core/shell structured particles. The concept and ap-

proach are demonstrated through the synthesis of SrFe12O19/FeCo core/shell submicron particles.  

5.2.2.  Experimental 

Hexagonal strontium ferrite (SrFe12O19 or SrM) particles were synthesized by a traditional 

ceramic method [41] by firing a mixture of Fe3O4 [42] and SrCO3 [43] nanoparticles. SrFe12O19 

particles (0.1 g) were dispersed into 60 mL EG (ethylene glycol) under ultrasonication for 30 

min. Sodium acetate (NaOAc, 1 g), sodium hydroxide (NaOH, 4 g), iron (II) chloride tetrahy-

drate (FeCl2·4H2O, 0. 4 g) and cobalt chloride hexahydrate (CoCl2·6H2O, 0.1 g) were introduced 

into another 60 mL EG. The two aliquots of EG were mixed and vigorously stirred in a three-

neck flask with a magnetic stir bar. The reaction mixture was at first heated to 100 oC for 30 min 

to completely dissolve all of the chemicals,  then increased to 180 oC with average heating rate of 

2 oC/min, and finally kept for 30 min to reduce Fe and Co salts into FeCo alloy. After the reac-

tion, the heating source was removed and solution was cooled down to room temperature. The 

products were separated with a rare-earth magnet and washed with ethanol for 3 times. To pro-

tect the products from oxidation, the processes of chemicals introduction and mixing, chemical 

reaction, solvent cooling and products washing were conducted under a N2 atmosphere. 

5.2.3.  Results and discussion 

5.2.3.1.  SrFe12O19/FeCo core/shell and SrFe12O19/FeCo/SiO2 core/shell/shell particles 

Two steps are involved in the synthesis of SrM/FeCo core/shell particles: i) FeCo alloy 

nanoclusters are synthesized by wet chemical reduction of their chloride salts; ii) as-synthesized 

FeCo nanoclusters self-assemble on the SrM surface by magnetic attraction. However, SrM can 
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be reduced and decomposed by the reducing agent. The challenge here is to reduce iron and co-

balt salts into anFeCo alloy, and at the same time, protect SrM from reduction. EG was chosen as 

the solvent and reducing agent [44-46]. Typically, FeCo particle synthesis by EG reduction is 

conducted at its boiling point (~200 oC) [44-46]. However, our experiments showed that EG can 

also reduce SrM at the boiling temperature. The reduction potential of EG can be regulated by 

controlling the reaction temperature [47]. Therefore, after all the chemicals (NaOH, NaOAc, 

FeCl2 and CoCl2) were introduced into a dispersion of SrM particles in EG, the reaction tempera-

ture was kept at180 oC for 30 minutes. It was confirmed that an FeCo nanoparticle alloy was 

formed and less than 10% of SrM was lost under this reaction condition. 

It was reported that FeCo particles over 30 nm were formed without NaOAc [48]. As soon 

as the FeCo nucleus is formed in the solvent, NaOAc is assumed to adhere to the surface of FeCo 

nucleus, thereby inhibiting nucleus growth. This results in formation of FeCo nanoclusters of 2-3 

nm, which is a precondition for the formation of magnetically self-assembled SrM/FeCo 

core/shell particles. Our experimental results also showed that when the FeCo particle size was 

over 50 nm, the magnetic attraction was not strong enough for them to self-assemble on the SrM 

surface to form a shell. 

Figure 5.6a shows a TEM image of an as-prepared SrM particle. For effective exchange 

coupling to occur between hard and soft phases, the dimension of the soft phase should be small-

er than twice the domain wall thickness of the hard phase [6,7,39], less than 28 nm in the case of 

SrM [49]. A TEM image of a SrM/FeCo core/shell particle is shown in Fig. 5.6b. The surface of 

the SrM is decorated with FeCo nanoclusters with thickness of ~15 nm. A representative TEM 

image of several SrM/FeCo core/shell particles in lower magnification is also shown Fig. 5.7. 

The surface is not uniformly covered as confirmed by tilt-angle TEM images, as shown in Fig. 
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5.8 and may be a result of the uneven magnetic field distribution. Energy dispersive X-ray (EDX) 

spectrometry of SrM/FeCo core/shell particles was checked by TEM and the results were shown 

in Fig. 5.9. The line scan across a particle shows that the Sr signal was almost zero and the Fe 

and Co signals were relatively high at both ends of the selected particle. This result indicates the 

existence of FeCo nanoclusters on the surface of SrM. 

 

Figure 5.6 TEM images of SrM and SrM/FeCo core/shell and FeCo particle: (a) as-prepared SrM 

particle; (b) SrM/FeCo core/shell particle; (c) SrM particle (after demagnetization of core/shell 

particles); (d) FeCo nanoclusters (after demagnetization of core/shell particles).  

 

Figure 5.7 TEM image of SrM/FeCo core/shell nanoparticle. 
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Figure 5.8 Tilt-angle TEM images. (a) θ = 0o. (b) θ = 30o. (c) θ = 60o. 

 

Figure 5.9 The line scan of energy dispersive X-ray (EDX) spectrometry for SrM/FeCo 

core/shell particles: (a) Scanning transmission electron microscopy (STEM) image (the line 

shows the scanning area, and the square is located to prevent electron beam shifting); (b) Ele-

mental analysis for the EDX line scan. 

Alternating current (AC) demagnetization was applied to the core/shell particles using a 

vibrating sample magnetometer (VSM), and TEM images were taken after that. After demagnet-

ization, the SrM surface became bare as shown in Fig. 5.6c. Isolated FeCo nanoclusters, formerly 

attached to the SrM core particles, are shown in Fig. 5.6d. The demagnetization test confirms 

that the magnetic attraction between the magnetically hard SrM and soft FeCo is the origin for 

the formation of core/shell structured naoparticles, rather than epitaxial growth or some other 

process. To better explain the formation process of magnetically self-assembled core/shell struc-

tured particles, a schematic diagram is shown in Fig. 5.10. As soon as randomly distributed FeCo 

nanoclusters are formed in the solvent, they are magnetically attracted to nearby SrM particles. 

This interaction leads to the formation of core/shell structured particles.  It is unnecessary for the 

http://en.wikipedia.org/wiki/Scanning_transmission_electron_microscopy
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magnetically attracted soft phase to be a single layer of nanoclusters. The thickness of the at-

tracted soft phase is assumed to be determined by the remanent magnetization of the hard phase. 

A higher remanent magnetization of the hard phase will result in a thicker layer of the soft phase 

nanoclusters. 

 

Figure 5.10 The schematic of the formation process of SrFe12O19/FeCo core/shell nanoparticles 

by magnetic self-assembly. 

Powder X-ray diffraction (XRD) patterns were used to determine the phase of both core 

and core/shell particles. Figure 5.11a shows the XRD pattern of pure SrM core particles. The 

XRD pattern of SrM/FeCo core/shell particles is presented in Fig. 3.6b and the peaks for SrM in 

Fig. 5.11b match well with those in Fig. 5.11a. This indicates that the SrM phase is well main-

tained during the reduction reaction. At the same time, an FeCo peak was also detected in Fig. 

5.11b, which confirms the existence of the soft phase in the core/shell particles. The broader 

peak from FeCo compared to those from SrM  is attributed to the small FeCo particle size [50]. 
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Figure 5.11 Powder X-ray diffraction patterns of SrM core and SrM/FeCo core/shell particles: (a) 

XRD pattern of SrM particles; (b) XRD pattern of SrM/FeCo core/shell particles.  

Figure 5.12a shows magnetic hysteresis loops for SrM core and SrM/FeCo core/shell parti-

cles. The saturation magnetization of SrM/FeCo core/shell particles increased from 65.3 emu/g 

to 80.5 emu/g, while the coercivity decreased from 5.75 kOe to 3.81 kOe compared to the SrM 

core particles. The magnetic hysteresis loop of the core/shell particles shows a negligible kink, 

and generally follows the Stoner-Wohlfarth model [51] for uniaxial, isotropic, non-interacting 

particles, which suggests exchange coupling exists between the magnetically hard phase of SrM 

and soft phase of FeCo. The B-H curves of SrM core and SrM/FeCo core/shell particles are 

shown in Fig. 5.12b, and the corresponding (BH)max is 0.86 and 1.04 MGOe. The increased 

(BH)max in SrM/FeCo core/shell particles could be attributed to exchange coupling SrM and 

FeCo particles. 
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Figure 5.12 (a) M-H curves and (b) B-H curves of SrM core and SrM/FeCo core/shell particles.  

Nanoparticles of FeCo are unstable in air due to oxidation [52]. To improve their stability, 

the surface of SrM/FeCo core/shell particles is coated with a thin layer of SiO2 with stöber pro-

cess. The TEM of images of SrM/FeCo core/shell and SrM/FeCo/SiO2 core/shell/shell particles 

are shown in Fig. 5.13, and the thickness of the SiO2 shell is around 10 nm. Due to the introduc-

tion of non-magnetic phase of SiO2, the magnetization of SrM/FeCo/SiO2 core/shell/shell parti-

cles is decreased to 64.1 emu/g from 70.3 emu/g in SrM/FeCo core/shell particles, while still 

higher than 55.5 emu/g in SrM particles, as shown in Fig. 5.14a. Due to the amorphous state of 

coated SiO2 [31], there is no obvious difference between XRD patterns of SrM/FeCo core/shell 

and SrM/FeCo/SiO2 core/shell/shell particles, as shown in Fig. 5.14b. 

To investiage the stability of SrM/FeCo core/shell and SrM/FeCo/SiO2 core/shell/shell par-

ticles, both of them are exposed in air for 2 hours after synthesis. The magnetic hysteresis loops 

of particles of as-synthesized states and exposed in air for 2 hours are shown in Fig. 5.15. For 

uncoated particles, the magnetization is decreased to 66 emu/g from 71 emu/g after exposing in 

air for 2 hours, as shown in Fig. 5.15a. However, there is negligible change on magnetization for 

the SiO2 coated particles, as shown in Fig. 5.15b. The magnetization decrease in uncoated parti-
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cles could be attributed to the oxidation of FeCo nanoparticles exposed in air, while SiO2 coated 

particles are protected from oxidation and show higher stability. 

 

Figure 5.13 TEM images of (a) SrM/FeCo core/shell particles; (b) SrM/FeCo/SiO2 

core/shell/shell nanopartciles.  

 

Figure 5.14 (a) The VSM loops of SrM, SrM/FeCo core/shell and SrM/FeCo/SiO2 

core/shell/shell particles; (b) The XRD patterns of SrM/FeCo and SrM/FeCo/SiO2 particles. 

 



79 

 

Figure 5.15 (a) the VSM loops of SrM/FeCo core/shell particles in as-prepared state and exposed 

in air for 2 hours; (b) the VSM loops of SrM/FeCo/SiO2core/shell/shell particles in as-prepared 

state and exposed in air for 2 hours. 

5.2.3.2.  SrFe12O19/FeCo core/shell particles with various shell thickness 

Within the range of magnetic attraction, the shell thickness of SrM/FeCo core/shell parti-

cles can be regulated by controlling the concentrations of Fe and Co precursors. Four different 

concentrations of Fe and Co precursors are investigated in this section. The specific parameters 

are listed in Tab. 5.1, and the molar ratio of Fe to Co is controlled to 2. With concentration in-

creasing, samples are noted as SrM/FeCo-1, SrM/FeCo-2, SrM/FeCo-3 and SrM/FeCo-4, respec-

tively, and the pure SrM is noted as SrM-0. All the experimental operations and other parameters 

keep the same as described above in Experimental Part.  

Table 5.1 Four concentrations of Fe and Co precursors in synthesis of SrM/FeCo core/shell par-

ticles. 
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Figure 5.16 shows the TEM images of different shell thickness of SrM/FeCo core/shell 

particles originated from different concentrations of Fe and Co precursors. FeCo nanoparticles 

are not uniformly attracted on SrM surface, and this was explained by uneven distributed mag-

netic field of SrM particles in the part of 5.2.1 this chapter. With precursor concentration increas-

ing, the shell thickness increases in the samples of SrM/FeCo-1, SrM/FeCo-2 and SrM/FeCo-3, 

from ~5 nm, to ~10 nm and ~15 nm. This is because more FeCo particles are formed at with 

higher concentration. However, when the precursor concentration further increases in sample 

SrM/FeCo-4, the shell thickness keeps at ~ 15 nm, and extra FeCo nanoparticles are shown 

around core/shell nanoparticle. Due to the limited magnetization of SrM, there is a critical thick-

ness of FeCo layer in magnetically self-assembled SrM/FeCo core/shell particles. When the dis-

tance between SrM and FeCo particles is larger than the critical thickness, the magnetic attrac-

tion between them will be very weak, and FeCo nanoparticles can not be further attracted by 

SrM. Therefore, after the saturation of SrM surface attraction, FeCo nanoparticles agglomerate 

on SrM/FeCo core/shell nanoparticle surface, instead of forming a thicker FeCo shell. 

 
Figure 5.16 The TEM images of SrM/FeCo core/shell particles with different concentration of 

FeCo precursors: (1) FeCl2·4H2O: 0.5 mmol, CoCl2·6H2O: 0.25 mmol; (2) FeCl2·4H2O: 1 mmol, 

CoCl2·6H2O: 0.5 mmol; (3) FeCl2·4H2O: 1.5 mmol, CoCl2·6H2O: 0.75 mmol; (4) FeCl2·4H2O: 2 

mmol, CoCl2·6H2O: 1 mmol. 
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Figure 5.17 shows the VSM loops of SrM and four samples of SrM/FeCo particles with 

different concentrations of Fe and Co precursors. Single-phase SrM has the highest coercivity 

but lowest magnetization. With soft phase amount increasing, the magnetization increases and 

coercivity decreases step by step in SrM/FeCo particles, this matches well with exchange cou-

pling theory proposed by Skomski et al [7]. The hysteresis loops of SrM/FeCo-1, SrM/FeCo-2 

and SrM/FeCo-3 samples are smooth and kink-free, show single-phase-like magnetic behaviors, 

and indicate effective exchange coupling between magnetically hard SrM and soft FeCo particles. 

The exchange coupling can be further explained by their TEM images that all FeCo nanoparti-

cles are attracted on SrM surface, and their thickness is less than 20 nm, which is a critical thick-

ness of soft phase exchange coupled with SrM. However, there is an obvious kink in the sample 

of SrM/FeCo-4, showing two-phase magnetic behaviors and indicating the existence of unex-

change coupled soft phase. This could be confirmed by its TEM image in Fig. 5.16d that besides 

~ 15 nm shell of FeCo nanoparticles, extra FeCo nanoparticles agglomerate on SrM/FeCo 

core/shell nanoparticle surface. This makes the overall FeCo layer thickness larger than 20 nm, 

beyond the critical thickness soft phase that could be exchange coupled with SrM. 

 

Figure 5.17 The VSM loops of SrM particles and SrM/FeCo core/shell particles with different 

concentrations of Fe and Co precursors. 
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Figure 5.18 shows the XRD patterns of SrM and SrM/FeCo core/shell particles with differ-

ent concentrations. FeCo diffraction peak can not be found in the sample of SrM/FeCo-1, this 

could be attributed to the low concentration of FeCo precursors, and the amount of FeCo formed 

is beyond the detection limit of X-ray diffractometer. With concentrations of Fe and Co precur-

sors increasing in samples of SrM/FeCo-2, SrM/FeCo-3 and SrM/FeCo-4, more FeCo nanoparti-

cles form, leading to stronger peak intensity. 

 

Figure 5.18 The XRD patterns of SrM/FeCo core/shell particles with different concentration of 

FeCo precursors. 

5.2.3.3.  SrFe12O19/FeCo core/shell particles and SrFe12O19/FeCo particle mixture 

To further investigated the magnetic exchange coupling between SrM and FeCo particles, 

SrM/FeCo nanoparticle mixture is synthesized and its magnetic properties are compared with 

SrM/FeCo core/shell particles. The SrM/FeCo nanoparticle mixture is obtained by pestle grind-

ing SrM and FeCo particles in a mortar. FeCo nanoparticles synthesis process is the same as that 

in SrM/FeCo core/shell particles, but without adding SrM. The mass ratio of soft phase is con-
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trolled to be the same in both samples. The as-synthesized FeCo nanoparticles are characterized 

and the results are shown in Fig. 5.19. FeCo nanoparticles show typical soft magnetic behavior in 

Fig. 5.19a, with magnetization of 169 emu/g and coercivity of 83 Oe. The crystal structure is 

confirmed by XRD patterns in the inset of Fig. 5.19a, and only 110 peak is shown, as the intensi-

ty of other two peaks of 200 and 220 are too weak to be distinguished from noise. TEM image in 

Fig. 5.19b shows that FeCo nanoparticles agglomerate together and form secondary structure of 

clusters. 

 

Figure 5.19 FeCo nanoparticles: (a) VSM loop, inset: XRD patterns; (b) TEM image. 

The magnetic hysteresis loops of SrM particles, SrM/FeCo core/shell particles and 

SrM/FeCo nanoparticle mixture are shown in Fig. 5.20a. The magnetic hysteresis loop of 

SrM/FeCo core/shell particles is smooth, shows single-phase-like magnetic behaviors, and indi-

cates an effective exchange coupling between magnetically hard SrM and soft FeCo phases. 

However, there is a kink in the magnetic hysteresis loop of SrM/FeCo nanoparticle mixture. This 

two-phase magnetic behavior reveals a weak or no exchange coupling between hard and soft 

phases.  
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The smoothness of VSM loops can be further analyzed by their derivative curves, as shown 

in Fig. 5.20b. As a comparison, the derivative curve of single hard phase SrM magnetic hystere-

sis loop is also presented. There is a negligible kink in derivative curve of SrM/FeCo core/shell 

particles hysteresis loop, which is similar to single hard phase of SrM particles. However, there 

is an obvious peak in the hysteresis loop derivative curve of SrM/FeCo nanoparticle mixture at 

around 0 kOe. This could be attributed to the uneven distribution between FeCo and SrM parti-

cles, and there are unexchange coupled FeCo nanoparticles remaining in the mixture. 

 

Figure 5.20 (a) the VSM loops of SrM particles, SrM/FeCo core/shell particles and SrM/FeCo 

particles mixture; (b) derivative curve of SrM/FeCo core/shell particles and SrM/FeCo particles 

mixture.  

The TEM image of SrM/FeCo nanoparticle mixture is shown in Fig. 5.21. It shows that 

FeCo nanoparticles are self-agglomerated, the surface of SrM particles is clear, and FeCo and 

SrM particles are separated from each other. During the FeCo synthesis, as soon as nanoparticles 

are formed, they tend to agglomerate with each other, instead of attracted by SrM and forming 

core/shell structure in SrM/FeCo core/shell particles synthesis process. The grinding process on 

SrM and FeCo particles can not redisperse FeCo nanoparticles. The large size of FeCo nanopar-

ticle clusters leads to a low efficiency of exchange coupling between SrM and FeCo particles. 
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Figure 5.21 TEM image of SrFe12O19/FeCo nanoparticle mixture. 

5.2.4.  Conclusions 

We have reported a new method to synthesize core/shell structured particles by magnetic 

self-assembly. By combining two materials in this way, the lattice mismatch that prevents epitax-

ial growth can be overcome, the size of hard phase and soft phase can be separately controlled 

and the mass diffusion between two phases does not happen. These core/shell-structured parti-

cles have better magnetic properties because of exchange coupling [6,7,39], making them excel-

lent candidates for RE-free permanent magnets made from abundant and inexpensive elements. 

Moreover, this method might also be employed to fabricate completely new architectures for 

other applications [53-55]. The SiO2 coating on SrM/FeCo core/shell particles is proven to be 

effective to protect the particles from oxidation. Within the range of magnetic attraction, the shell 

thickness of SrM/FeCo particles can be controlled by regulating the concentration of Fe and Co 

precursors. Compared with SrM/FeCo core/shell particles, SrM/FeCo nanoparticle mixture is 

proven to be less effective on magnetic exchange coupling between SrM and FeCo particles.  
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CHAPTER 6 MnBi/FeCo COMPOSITES 

6.1.  MnBi/FeCo Composites 

6.1.1.  Introduction 

Rare-earth (RE) free permanent magnets have been of great research interest due to RE el-

ements’ restricted accessibility, relatively high cost, and their environmental hazard in extraction 

processes. Low temperature phase (LTP) MnBi has a high magnetocrystalline anisotropy 

(1.6×106 J/m3 at 300 K) [1], large coercivity (1.7 T at 300 K) [2] and a positive temperature coef-

ficient of coercivity (between 150 and 550 K) [3], making it a potential material for a RE free 

permanent magnet [4]. All of the MnBi used in this dissertation research is in LTP phase. Cui 

and his coworkers prepared MnBi powders by arc melting with a maximum energy product 

((BH)max) of 11.9 MGOe, and bulk MnBi of 7.8 MGOe at room temperature [5]. Exchange cou-

pled hard/soft magnetic materials can further improve the (BH)max, by taking advantage of high 

magnetization of the soft phase and large coercivity of the hard phase [6-8].  

High energy ball milling is a popular method to mix magnetically hard and soft phases for 

exchange coupling. The size of the soft phase can be effectively decreased to below twice the  

domain wall thickness of the hard phase (< 20 nm for MnBi) and exchange coupling between the 

hard and soft phases is demonstrated[9,10]. The hard phase is preferred to be of single domain 

size (~500 nm) for maximum coercivity [11]. However, the size of hard phase can be over re-

duced in the strong milling process, leading to a low coercivity, and therefore a low (BH)max of 

exchange coupled products. In this part, we report a synthesis of an exchange coupled MnBi 
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(hard)/FeCo (soft) composites, in which the size of the MnBi and FeCo phases can be controlled 

separately, preventing a size over reduction of MnBi. 

6.1.2.  Experimental 

The MnBi particles used for MnBi/FeCo composite synthesis were received from Pacific 

Northwest National Laboratory (PNNL). MnBi was prepared by arc melting followed by grind-

ing, annealing and ball milling to get raw particles (~50 microns) [5]. To further decrease the 

particle size and increase the coercivity, MnBi raw particles were mechanically ground in hexane. 

The FeCo nanoparticles were synthesized from oleic acid assisted reduction following reference 

[12] by replacing MnCl2 with FeCl2 and CoCl2 and the molar ratio of Fe to Co was controlled at 

65/35, and synthesis details were discussed in Chapter 4. As-synthesized FeCo nanoparticles 

were dispersed in hexane. MnBi raw particles were added to the dispersion and ground with pes-

tle and mortar inside an Ar atmosphere glove box. The mass of MnBi+FeCo was controlled at 

0.1 g, hexane volume was 20 mL, and grinding time was 5 min. The hexane evaporated during 

the grinding, leaving the MnBi/FeCo composites. There are two functions for the grinding: 1) 

decreasing the size of MnBi raw particles to increase their coercivity; 2) homogenously mixing 

FeCo and MnBi particles. The mass percentage of FeCo was controlled at 5% and 10%, respec-

tively. For comparison, pure MnBi raw particles were also ground under the same condition. 

6.1.3.  Results and discussion 

The XRD pattern of as-received MnBi in Fig. 6.1 confirms the LTP MnBi phase mixed 

with little Bi phase. The SEM image of as-received MnBi in Fig. 6.2a shows that the particle size 

ranges from around 10 to 50 μm. Because the particles are in random shape, and Sherrer Equa-

tion for calculating crystalline size does not work when the particle size is over 100 nm [13], it is 
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hard to statistically determine the particle size and size distribution from SEM image and XRD 

patterns.  

 

Figure 6.1 XRD patterns of as-received MnBi particles. 

Highest coercivity of magnetic particles is obtained when their size is of single domain 

[11]. Magnetic coercivity decreases as particle size increases if the particles are larger than single 

domain (multi-domain). The single domain size of LTP MnBi is around 500 nm [14]. Therefore, 

the size of as-received MnBi needs to be decreased to increase its coercivity. Mortar and pestle 

grinding of MnBi in hexane is applied inside an Ar environment glove box to decrease the parti-

cle size. The as-received MnBi particles were gently ground for 5 min, 7 min and 10 min, respec-

tively. These ground particles were characterized with VSM, TEM and SEM for magnetic prop-

erties and morphology. The SEM images in Fig. 6.2 show that, the particle size dramatically de-

creased to less than 10 μm after 5 min grinding, as shown in Fig. 6.2b. However, further extend-

ing the grinding time did not lead to an obvious size reduction, as shown in Figs. 6.2c and d. The 

magnetic hysteresis loops of ground MnBi particles are shown in Fig. 6.3. It can be seen that, 
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with increased grinding time, there is little difference in the magnetization, while coercivity con-

tinuously and dramatically increases.  

 

Figure 6.2 SEM images of (a) as received MnBi; (b) 5 min; (c) 7 min; (d) and 10 min grinding of 

the MnBi particles.  

 

Figure 6.3 Magnetic hysteresis loops of as-received MnBi, 5 min ground MnBi, 7 min ground 

MnBi and 10 min ground MnBi particles. These particles were aligned in a 16 kOe magnetic 

field before VSM characterization.  

The corresponding characterization results of as-synthesized FeCo nanoparticles are shown 

in Fig. 6.4. The magnetization is 151 emu/g and coercivity is 41 Oe, with typical soft magnetic 

behavior. The transmission electron microscopy (TEM) sample was prepared by dropping hex-
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ane dispersed FeCo nanoparticles onto a copper TEM sample grid with a carbon substrate. The 

surfactant oleic acid used in the synthesis adheres to the surface of the fine ferromagnetic nano-

particles by electrostatic attraction [15], making them well dispersed in hexane. The FeCo nano-

particles are around 10 nm and mono-dispersed, as shown in Fig. 6.4 top inset. The crystal phas-

es were confirmed by powder X-ray diffraction (XRD, Cu-Kα radiation) patterns shown in Fig. 

6.4 bottom inset.  

 

Figure 6.4 Hysteresis loopof the FeCo nanoparticles. The top inset shows TEM image, and bot-

tom inset shows XRD patterns.  

Figure 6.5 shows the magnetic hysteresis loops of MnBi particles and MnBi/FeCo (95/5 

wt% and 90/10 wt%) composites. These particles were aligned in a magnetic field of 16 kOe be-

fore characterization by vibrating sample magnetometry (VSM). Pure MnBi particles show high-

est coercivity (8189 Oe), but lowest magnetization (59 emu/g). With increasing FeCo percentage, 

the magnetization increases and coercivity decreases in both MnBi/FeCo composites, and their 

smooth magnetic hysteresis loops indicate single-phase-like magnetic behaviors. Compared with 

pure MnBi particles, the MnBi/FeCo (95/5 wt%) composites show an increased remanent mag-
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netization, indicating effective exchange coupling, while MnBi/FeCo (90/10 wt%) composites 

show a decreased remanent magnetization, indicating weak exchange coupling [7]. The corre-

sponding B-H curves of pure MnBi particles, the MnBi/FeCo (95/5 wt%) and MnBi/FeCo (90/10 

wt%) composites are showing in Fig. 6.5b. Their (BH)max was calculated to be 5.21, 4.47 and 

2.47 MGOe, respectively.  

 

Figure 6.5 (a) M-H curves and (b) B-H curves of MnBi particles and MnBi/FeCo (95/5 wt% and 

90/10 wt%) composites. 

One of the methods to understand the magnetic coupling between grains is so-called Delta 

M (ΔM) method. The ΔM is defined as ΔM = Md(H) – [1-2Mr(H)], where Md is the normalized 

demagnetization remanence, Mr is the normalized isothermal magnetization remanence, and H is 

the applied magnetic field[16,17].In this study, the ΔM curves for the three samples were meas-

ured in the field up to 20 kOe. The result is shown in Fig. 6.5. It is of interest to note that the ΔM 

curve for the MnBi is negative over the entire field range, whereas, that for the MnBi/FeCo 

(90/10 wt%)) is positive except for the high field region beyond 10 kOe. This result indicates 

that the magneto-static coupling among the grains is dominant for MnBi particles, whereas the 

exchange coupling for MnBi (90/5 wt%). The magnetic coupling between grains for MnBi/FeCo 

(90/10 wt%) is, on the other hand, rather complicated, since it depends largely on applied field. 
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The present results of ΔM measurements suggest that FeCo shell plays a key role for the magnet-

ic exchange coupling between the composite particles. 

 

Figure 6.6 ΔM curves of MnBi particles and MnBi/FeCo (95/5 wt% and 90/10 wt%) composites. 

XRD patterns of MnBi particles and MnBi/FeCo (95/5 wt% and 90/10 wt%) composites 

are shown in Fig. 6.7. It can be seen that the MnBi particles are mainly LTP MnBi phase mixed 

with a small amount of Bi phase. The FeCo peak presents in both samples of MnBi/FeCo (95/5 

wt% and 90/10 wt%) composites, and higher mass percentage leads to a higher peak intensity. 

 

Figure 6.7 Powder XRD patterns of MnBi particles and MnBi/FeCo(95/5 wt% and 90/10 wt%) 

composites. 
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The morphology and elemental distributions of MnBi/FeCo (95/5 wt%) composites were 

investigated by both TEM and SEM. The SEM image of the composites is shown in Fig. 6.8a 

and detail of its surface condition is shown in the TEM image in Fig. 6.8b. The surface of MnBi 

is decorated with a layer (~20 nm) of FeCo nanoparticles. To show the core/shell structure more 

distinctly, the hard/soft boundary is marked with a white line. The decoration by FeCo nanopar-

ticles is attributed to the magnetic attraction between FeCo and MnBi particles because the FeCo 

layer disappeared from the MnBi surface after the demagnetization of the MnBi/FeCo compo-

sites (not shown here, but similar to TEM images of demagnetized SrM/FeCo particles in Fig. 

5.6). The SEM elemental mappings of Fig. 6.8a for Bi, Mn, Co, and Fe are shown in the Figs. 

6.8c, d, e and f. It can be seen that FeCo are homogenously mixed with MnBi, which contributes 

to the effective exchange coupling. The homogenous mixing benefits from the hexane assisted 

grinding. When grinding MnBi together with the FeCo nanoparticles dispersed in hexane, the 

solvent gradually vaporized due to its low vapor pressure, and FeCo nanoparticles were magneti-

cally attracted to the surface of MnBi particles forming the core/shell structure seen in Fig. 6.8b, 

preventing the self-agglomeration of FeCo nanoparticles. 

These results show that the MnBi/FeCo composites with 5 wt% FeCo shows better ex-

change coupling effects than 10 wt%. It needs to be noted that the optimum amount of FeCo in 

MnBi/FeCo exchange coupled composites is determined by the size of MnBi. Smaller MnBi par-

ticles provide a bigger surface area to be exchange coupled with FeCo nanoparticles, therefore a 

larger amount of FeCo nanoparticles can be added with effective exchange coupling. However, 

the smaller size also leads to lower stability, making them easily oxidized with loss of magnetic 

properties. The single domain size of MnBi is ~500 nm with maximum coercivity of ~17 kOe [2]. 
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The size of MnBi under our experimental conditions remains in microns, as shown in Fig. 6.8a, 

with coercivity of ~8 kOe to balance stability with magnetic properties. 

 

Figure 6.8 (a) SEM and (b) TEM images, and elemental mappings of (c) Bi, (d) Mn, (e) Co and 

(f) Fe for MnBi/FeCo (95/5 wt%) composites. 

The virgin curves of MnBi particles and MnBi/FeCo (95/5 wt%) composites are shown in 

Fig. 6.9. It can be shown that the coercivity mechanism of both samples is nucleation effects [18], 

and the FeCo coating on MnBi particles does not change the coercivity mechanism.  
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Figure 6.9 Virgin curves of MnBi particles and MnBi/FeCo (95/5 wt%) composites. 

6.1.4.  Conclusions 

In summary, the synthesis and characterization of core/shell structured MnBi/FeCo compo-

sites are reported in this paper. The size of FeCo and MnBi is determined by oleic acid assisted 

wet chemistry synthesis and mechanical grinding process, respectively. The homogenous mixing 

of MnBi and FeCo is attributed to hexane dispersion of FeCo nanoparticles and magnetic attrac-

tion between MnBi and FeCo. It is found, based on the ΔM curves that the FeCo plays a key role 

in controlling the magnetic exchange coupling between the hard and soft particles. 

6.2.  Thermal Stability of MnBi/FeCo Composites 

6.2.1.  Introduction 

Rare-earth-free exchange coupled hard/soft magnet has attracted lots of attention as an al-

ternative for rare-earth permanent magnet [19-22]. The exchange coupled magnet requires the 

size of soft phase to be less than twice domain wall thickness of hard phase, usually no larger 

than 20 nm. It well known that the thermal stability of nanomaterials decreases dramatically 

from its bulk case. This brings new challenges to the exchange coupled hard/soft magnets, as 



100 

these exchange coupled magnets will be used inside electric motors, whose operating tempera-

ture can be as high as 200 oC [23]. 

The thermal stability of exchange coupled magnets, such as FePt/Fe were investigated and 

reported before [24,25]. However, the thermal stability of exchange coupled MnBi/FeCo compo-

sites has never been reported. In this part, the thermal stability of as-synthesized FeCo nanoparti-

cles and exchange coupled MnBi/FeCo composites is investigated by annealing them in a N2 en-

vironment. The morphology, magnetic properties and crystal phases of the annealed particles 

were characterized and compared with the particles before annealing. 

6.2.2.  Experimental 

FeCo nanoparticles were synthesized with the method described in Chapter 4. MnBi/FeCo 

(m(FeCo)/m(MnBi)=5/95) composites were synthesized with the method discussed in Chapter 

6.1. Both as-synthesized FeCo nanoparticles and MnBi/FeCo composites were annealed at 250 

oC for 2 hours, and then cooled down to room temperature. To prevent the oxidation, the whole 

process was protected with N2.  

The measurement of X-ray diffraction (XRD) patterns was carried out by a Bruker D8 dif-

fractometer using Cu-Kα radiation (λ= 1.54 Å). TEM (TECNAI FEI 20) and SEM (JEOL 7000) 

were used to analyze the particle size and morphology. Magnetic properties were checked at 

room temperature with a VSM (Microsense 3473-70) in an applied field up to 2 T. 

6.2.3.  Results and discussion 

Figures 6.10a and b show the morphology of as-synthesized and annealed FeCo particles. 

The as-synthesized FeCo nanoparticles are mono-dispersed, while the annealed ones are sintered 

and agglomerated. This could be attributed to the low thermal stability of FeCo nanoparticles, 
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and particles diffuse into each other at annealing temperature, and the mono-dispersion is de-

stroyed. 

 

Figure 6.10 TEM images of FeCo nanoparticles: (a) As synthesized; (b) Annealed at 250 oC for 2 

hours. 

 

Figure 6.11 Powder XRD patterns of FeCo nanoparticles: (a) as synthesized; (b) annealed at 250 
oC for 2 hours. 

The powder XRD patterns of as-synthesized and annealed FeCo particles are shown in Fig. 

6.11. After annealing, the XRD peak intensity increases and peak width decreases. The increased 

intensity could be attributed to particles’ further crystallization during the annealing process. Ac-
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cording to Sherrer Equation, the decreased peak width indicates an increased particle size, which 

could be attributed to particle sintering during annealing. The mean crystallite size of the as-

synthesized and annealed FeCo particles was calculated from Fig. 611 using the Scherrer Equa-

tion to be 11.2 nm and 83.6 nm, respectively. 

 

Figure 6.12 Magnetic hysteresis loops of FeCo nanoparticles: (a) as synthesized; (b) annealed at 

250 oC for 2 hours. 

The magnetic hysteresis loops of as-synthesized and annealed FeCo particles are shown in 

Fig. 6.12. It can be seen that after annealing, the magnetization is increased from 151 emu/g to 

167 emu/g and the coercivity is increased from 41 Oe to 253 Oe. The increased magnetization 

could be attributed to better crystallization, as shown in Fig. 6.11, and the increased coercivity 

could be attributed to increased particles, as shown in Fig. 6.11. 

TEM images of as-synthesized and annealed MnBi/FeCo (95/5 wt%) composites are 

shown in Fig. 6.13. MnBi surface is decorated with a thin layer of FeCo nanoparticles in as-

synthesized MnBi/FeCo composites. However, after annealing, FeCo nanoparticles disappeared 

from MnBi surface, shown in Fig. 6.13c, or sintered on MnBi surface, shown in Fig. 6.13d, and 

the size of sintered FeCo nanoparticles is over 100 nm. 
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Figure 6.13 TEM images of MnBi/FeCo composites: (a) as synthesized; (b) annealed at 250 oC 

for 2 hours. 

 

Figure 6.14 Powder XRD patterns of MnBi/FeCo composites: (a) as-synthesized; (b) annealed at 

250 oC for 2 hours. 

Powder XRD patterns of as-synthesized and annealed MnBi/FeCo (95/5 wt%) composites 

are shown in Fig. 6.14. It can be seen that there is little change in the MnBi peaks between as-

synthesized and annealed composites, while the FeCo peak intensity increases after annealing. 
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The increased intensity could be attributed to better crystallization, which is consistent with XRD 

patterns of annealed FeCo nanoparticles in Fig. 6.11. The XRD patterns also indicate that the sin-

tering and mass diffusion only happens among FeCo nanoparticles, and does not happen between 

FeCo and MnBi particles, nor among MnBi particles.  

 

Figure 6.15 Magnetic hysteresis loops of MnBi/FeCo composites: (a) as-synthesized; (b) an-

nealed at 250 oC for 2 hours. 

The magnetic hysteresis loops of as-synthesized and annealed MnBi/FeCo (95/5 wt%) 

composites are shown in Fig. 6.15. The shape of as-synthesized MnBi/FeCo composites is 

smooth while there are obvious kinks in the annealed composites. These kinks indicate a weak or 

no exchange coupling between MnBi and FeCo particles. This result can be further explained by 

TEM image in Fig 6.13d that the FeCo nanoparticles are sintered after annealing to be more than 

100 nm, far bigger than the critical size of soft phase (< 20 nm, twice domain wall thickness).  

6.2.4.  Conclusions 

In summary, the synthesis and characterization of core/shell structured MnBi/FeCo compo-

sites are reported in this paper. The size of FeCo and MnBi is determined by oleic acid assisted 
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wet chemistry synthesis and mechanical grinding process, respectively. The homogenous mixing 

of MnBi and FeCo is attributed to hexane dispersion of FeCo nanoparticles and magnetic attrac-

tion between MnBi and FeCo. It is found, based on the ΔM curves that the FeCo plays a key role 

in controlling the magnetic exchange coupling between the particles. 
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CHAPTER 7 UNDERSTANDING OF EXCHANGE COUPLING 

7. 1. Introduction 

Since the discovery of exchange coupling in 1989 by Coehoorn and his coworkers from 

experiments on nanostructured Nd-Fe-B/Fe-B magnets[1], this magnetic phenomena has been 

extensively investigated on both magnetic particles and thin films [2-10]. There are many chal-

lenges to achieve exchange coupling between magnetically hard and soft materials, as it requires 

that both phases are well distributed with each other at the nano scale, and the dimension of soft 

phase is no larger than twice of domain wall thickness of the hard phase [11]. Therefore, it is 

necessary to use effective characterization methods to determine the existence of exchange cou-

pling between hard and soft phases. 

Several methods have been proposed to characterize the exchange coupling between mag-

netically hard and soft phases. The “kink” method is the simplest way to check the inter-phase 

exchange coupling between hard and soft magnetic phases. If the two phases are not exchange 

coupled, there will be a kink in the magnetic hysteresis loop, indicating decoupling between the 

two phases. However, this method cannot distinguish the magnetic hysteresis loops between sin-

gle hard phase magnet and exchange coupled magnet. Low-temperature magnetic hysteresis loop 

measurement [12,13] is another method. When the temperature is lowered, the magnetocrystaline 

anisotropy of the hard magnet will be increased, and the exchange length will be decreased, 

which results in a decoupling between the hard and soft phases. Recoil loops are measured by 

removing and reapplying a demagnetizing field on a magnetic material. It is an important method 

to determine the exchange coupling in hard/soft magnets as recoil characteristics are sensitive to 
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inter-phase interactions. Open recoil loops will be observed if there is exchange coupling be-

tween hard and soft phases. Henkel plot (Delta M plot) can be used to determine the exchange 

coupling in a magnet. The positive values in the plot indicate magnetic exchange coupling, and 

the negative values indicate magnetic dipolar interactions. Element-specific measurements can 

also be used to characterize exchange coupling in hard/soft composites. In this technique, ele-

ment-specific magnetic hysteresis loops can be obtained from the hard/soft composites, and the 

exchange coupling effects between thin film layers or particle phases can be speculated by corre-

lating the results with a conventional hysteresis loop [14]. 

Among the above methods, the “kink” method is regarded as the simplest and most popular 

one to characterize the exchange coupling in hard/soft magnet because of its easy operation and 

low cost. The present work was conducted to better understand the phenomena of exchange cou-

pling behaviors by using a kink method. 

7. 2. Experimental 

FeCo was synthesized based on a previous report [15], and the synthesis details were dis-

cussed in Chapter 4. 

Synthesis of Composite A and Composite B: As-received MnBi particles (0.085 g, from 

PNNL) and as-synthesized FeCo nanoparticles (0.015 g) were introduced into a VSM sample 

holder and separated with a piece of paper between them. This sample is named as Composite A. 

As-received MnBi (0.085 g, from PNNL) particles and as-synthesized FeCo (0.015 g) particles 

were introduced to a mortar with hexane, gently ground for 10 min, and then dried to remove the 

residual hexane. This sample is named as Composite B. As a comparison, pure as-received MnBi 

was also ground in the same environment for 10 min. 
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7. 3. Results and discussion 

The as-synthesized FeCo particles were characterized with VSM and TEM, and the corre-

sponding results are shown in Fig. 7.1 The magnetization is 171 emu/g and the coercivity is 213 

Oe, and the particle size ranges from 50 nm to 100 nm. 

 

Figure 7.1 Magnetic hysteresis loop of as-synthesized FeCo particles. Inset: TEM image of FeCo 

particles. 

The magnetic hysteresis loops of as-received MnBi particles, as-synthesized FeCo particles 

and Composite A are shown in Fig. 7.2. The VSM sample with Composite A is shown in the in-

set of Fig. 7.2. It can be seen that the magnetic hysteresis loop of Composite A is smooth. How-

ever, there can be no exchange coupling between MnBi and FeCo particles in Composite A, be-

cause: 1) the size of the FeCo particles is larger than the twice domain wall thickness of MnBi (~ 

20 nm); 2) the distance between FeCo and MnBi (paper thickness) is larger than twice domain 

wall thickness of MnBi. Even though exchange coupling always leads to a smooth hysteresis 

loop, a smooth hysteresis loop is necessary but not sufficient to confirm the existence of ex-

change coupling in hard/soft composites. 
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The magnetic hysteresis loops of 10 min ground MnBi particles, as-synthesized FeCo par-

ticles and Composite B are shown in Fig. 7.3. The grinding process is applied to decrease the 

size of MnBi and achieve good mixing of MnBi and FeCo particles. There is an obvious kink in 

the magnetic hysteresis loop of Composite B, indicating a decoupling between MnBi and FeCo 

particles. This could be attributed to the large size of FeCo nanoparticles. 

 

Figure 7.2 The magnetic hysteresis loop of MnBi particles, FeCo particles and Composite A. In-

set: VSM sample of Composite A. 

Exchange coupling exists in neither samples of Composite A nor Composite B. However, 

the magnetic hysteresis loop in Composite A is smooth, and there are obvious kinks in Compo-

site B. Therefore, a smooth magnetic hysteresis loop of a hard/soft composites cannot indicate 

exchange coupling between hard and soft phases. Further investigation is needed to explore the 

reasons. 

The derivative curves of magnetic hysteresis loops in Fig. 7.2 are shown in Fig. 7.4. The 

peak position indicates the coercivity of particles. Because the coercivities of MnBi (2012 Oe) 

and FeCo (213 Oe) are similar, their derivative curves overlap. This results in a very small kink 

in the derivative curve of Composite A hysteresis loop. The small kink in derivative curve makes 

the hysteresis loop look “smooth”. 
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Figure 7.3 The magnetic hysteresis loop of MnBi particles, FeCo particles and Composite B. 

 

Figure 7.4 Derive curves of magnetic hysterics loops in Fig. 7.2. 

 

Figure 7.5 Derive curves of magnetic hysterics loops in Fig. 7.3. 
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The derivative curves of magnetic hysteresis loops in Fig. 7.3 are shown in Fig. 7.5. Be-

cause of the large difference on the covercivity of MnBi (10053 Oe) and FeCo (213 Oe), their 

peaks in hysteresis loop derivative curves are far away from each other. This results in two obvi-

ous peaks in the derivative curves of Composite B hysteresis loop, and big kinks in its hysteresis 

loop. 

7. 4. Conclusions 

This report demonstrates that a smooth magnetic hysteresis loop of hard/soft composites is 

not sufficient to indicate exchange coupling between hard and soft phases. When the coercivities 

of hard and soft phases are similar, a smooth hysteresis loop of hard/soft composites can be ob-

tained even though two phases are not exchange coupled with each other. The reasons are inves-

tigated through the derivative curves of hard phase, soft phase and hard/soft composite hysteresis 

loops.  
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CHAPTER 8 CONCLUSIONS AND FUTURE WORK 

8. 1. Conclusions 

Hollow spherical BaFe12O19 particles were synthesized by spray pyrolysis from different 

volume concentrations of EG in DI H2O. Increasing EG concentration leads to bigger primary 

particle size and more broken particles. Also, the degree of crystallinity and coercivity increase, 

while the saturation magnetization decreases. 

Hollow mesoporous spherical BaFe12O19 particles were synthesized by a template-free 

chemical etching process. The hollow particles are synthesized by spray pyrolysis. The mesopo-

rous structure is obtained by exposing hollow BaFe12O19 spheres to alkaline EG at 185 oC. The 

porosity can be regulated by heating time, and the magnetic properties and crystal structure are 

little affected in the etching process. The mechanism is explained by grain boundary etching. The 

present method and mechanism may be also extended to synthesize a mesoporous structure of 

other metal ferrites.  

Worm-shape BaFe12O19 is synthesized by a reverse microemulsion method and a post-

annealing. Each single worm-shape particle is consisted of 3 to 7 small units. The formation 

mechanism is explained by a self-assembly process. The magnetization is lower than normal case 

because of containing α-Fe2O3, which is confirmed by XRD patterns. 

Monodispersed FeCo nanoparticles were synthesized by reducing FeCl2 and CoCl2 with n-

n-butyllithium in diphenyl ether. The mono-dispersion is achieved by using oleic acid as surfac-

tant. The crystal phases were confirmed by XRD, and the average size is 8.9 nm. The magnetiza-

tion of FeCo nanoparticles is 151 emu/g and the coercivity is 41 Oe. 
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Core/shell structured SrFe12O19/FeCo nanoparticles were synthesized through a magnetic 

self-assembly process. By combining two materials in this way, the lattice mismatch that pre-

vents epitaxial growth can be overcome, the size of hard phase and soft phase can be separately 

controlled and the mass diffusion between two phases does not happen. These core/shell-

structured particles have significantly better magnetic properties because of exchange coupling, 

making them as excellent candidates for RE-free permanent magnets.The SiO2 coating on 

SrFe12O19/FeCo core/shell nanoparticles is proven to be effective to protect the particles from 

oxidation. Within the range of magnetic attraction, the shell thickness of SrFe12O19/FeCo nano-

particles can be controlled by regulating the concentration of Fe and Co precursors. Magnetic 

exchange coupling between SrFe12O19 and FeCo nanoparticles is proven to be less effective in 

SrFe12O19/FeCo nanoparticle mixture than that in SrFe12O19/FeCo core/shell nanoparticles. 

The synthesis and characterization of core/shell structured MnBi/FeCo composites are re-

ported. The size of FeCo and MnBi is determined by oleic acid assisted wet chemistry synthesis 

and mechanical grinding process, respectively. The homogenous mixing of MnBi and FeCo is 

attributed to hexane dispersion of FeCo nanoparticles and magnetic attraction between MnBi and 

FeCo particles. The exchange coupling is confirmed by single-phase-like magnetic hysteresis 

loops and positive values in ΔM curves. The coercivity mechanism of MnBi particles and 

MnBi/FeCo composite is confirmed to be nucleation effects by magnetic virgin curve. The ther-

mal stability of MnBi/FeCo composite was tested by annealing at 250 oC for 2 hours. The results 

show that the sintering of FeCo nanoparticles happens during the annealing, and the exchange 

coupling between MnBi and FeCo is destroyed after annealing. 
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8. 2. Future work 

MnBi is more promising than SrFe12O19 as a RE-free permanent magnet, because of its 

high magnetocrystalline anisotropy (1.6×106 J/m3 at 300 K) [1], large coercivity (1.7 T at 300 K) 

[2] and positive temperature coefficient of coercivity (between150 and 550 K) [3]. The energy 

product of MnBi can be further increased by exchange coupling with FeCo nanoparticles. How-

ever, there are still many challenges remaining for the synthesis and application of exchange 

coupled MnBi/FeCo composite: 

1. Chemical synthesis of MnBi particles: Currently, all reported MnBi synthesis methods 

are physical methods, and these methods are complex, mostly starting from arc melting, followed 

by grinding, sieving, annealing and reducing [1,4-6]. Furthermore, the morphology and size of 

MnBi particles are hard to be controlled in physical methods. Chemical synthesis is easier to op-

erate and more effective to control the size and morphology of MnBi particles. However, chemi-

cal synthesis of MnBi is never reported because of large reduction potential difference between 

Mn2+ and Bi3+, as well as the oxophilicity of Mn [7]. Nikles’ group [8] tried to synthesized MnBi 

particles with wet chemistry method, but the magnetic properties of the products are not good. A 

more reliable and effective wet chemistry method for MnBi synthesis needs to be explored in the 

further research. 

2. Decrease the particle size of MnBi particles and maintain their stability: The single do-

main size of MnBi is around 500 nm, with coercivity of 1.7 T. The size of MnBi in this research 

is ~5 μm with the coercivity of ~1T. Size of MnBi particles can be further reduced to increase 

the coercivity, as well as surface area, so that a larger amount of FeCo nanoparticles can be at-

tached to the surface. However, the smaller size also leads to lower stability, making them easily 

oxidized with loss of magnetic properties. To further increase the energy product of MnBi/FeCo 
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composites, it is necessary to explore new methods to further decrease the size MnBi particles to 

single domain size and at the same time maintain their stability in the future research. 

3. Improve the thermal stability of MnBi/FeCo composites: Current research shows that ex-

change coupled MnBi/FeCo composites has low thermal stability due to sintering of FeCo nano-

particles at high temperature. As a RE-free permanent magnet potentially used in electrical mo-

tors, it should show long-term thermal stability at temperature of ~200 oC. Therefore, further re-

search should solve this problem. 
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APPENDIX I: ΔM Calculation 

 

Appendix Figure 1. Normalized demagnetization remanence (Md) and isothermal magnetization 

remanence (Mr) curves of MnBi/FeCo: 95/5 wt% composites. 

ΔM = Md(H) – [1-2Mr(H)] 

 

Appendix Figure 2. ΔM curve of of MnBi/FeCo: 95/5 wt% composites. 
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APPENDIX II: The Composition of FeCo Nanoparticles 

 

Appendix Figure 3. Power XRD patterns of Fe-Co nanoparticles in Fig. 4.3. 

The error of XRD data can be larger at a larger θ angle. To make the results more accurate 

and reliable, the lattice constant (a) calculation in this part will be based on the peaks of (110) 

and (200). 

2θ (110) = 45.0o  2θ (200) = 65.0 o 

θ(110) = 22.5o   θ (200) = 32.5 o 

d = λ/2sinθ     

λ = 0.154 nm (Cu Kα radiation) 

d (110) =  2.01 Å   d (200) = 1.433 Å 

a = d  

a (110) = 2.842Å  a (200) = 2.866 Å 

ã = 2.854 Å 
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Appendix Figure 4. Fe-Co ally lattice constant [1]. 

Based on above graph, when lattice constant a = 2.854 Å, the atomic percentage of Co in 

Fe-Co alloy is 40%. Considering the errors in the measuring and calculating processes, the real 

atomic percentage of Co in Fe-Co alloy could be 40% ± 10%. 

                                                           

[1] Bozorth, R. M. Ferromagnetism. (Van Nostrand-Reinhold, New York, 1951),  P192. 
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APPENDIX III: The Prediction of the Size of Superparamagnetic FeCo Nanoparticles 

 

: superparamagnetic particle radius T: temperature 

κB: boltzmann constant   Ku: anisotropy constant 

κB = 1.38 × 10−16 erg/K   Ku (FeCo) = 5 x 105erg/cc 

T = 300 K 

  9.4 nm 

d0 = 18.8 nm 

 



122 

APPENDIX IV: The Prediction of the Size of Superparamagnetic SrFe12O19 and BaFe12O19 Na-

noparticles 

 

: superparamagnetic particle radius T: temperature 

κB: boltzmann constant   Ku: anisotropy constant 

κB = 1.38 × 10−16 erg/K    Ku (SrFe12O19) = 3.5 x 106erg/cc 

Ku (BaFe12O19) = 3.3 x 106erg/cc 

T = 300 K 

 (SrFe12O19)≈ 4.9 nm 

d0(SrFe12O19) = 9.8 nm 

 (BaFe12O19)≈ 5.0 nm 

d0(BaFe12O19) = 10.0 nm 
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APPENDIX V: The Repeatability of Experiments 

The synthesis of hollow mesoporous BaFe12O19 spheres (Chapter 3.1), hollow BaFe12O19 

spheres (Chapter 3.2), FeCo nanoparticles (Chapter 4.1), SrFe12O19/FeCo core/shell particles 

(Chapter 5) and MnBi/FeCo (Chapter 6) composites has a high repeatability. The morphology of 

these products can be well repeated. Due to the experiment conditions (temperature control, 

washing process, glove box environments and etc.) control, VSM and analytical balance errors, 

the magnetization and covercivity change within 10% in different batches. 

The synthesis of worm-shape BaFe12O19 nanoparticles was only achieved once, and the re-

sults are shown in Chapter 3.3. The results were never repeated after tens of times trails. The de-

tails are well recorded in Chapter 3.3, and dissertation readers may find ideas to repeat the results 

after reading the experiment details. 



124 

APPENDIX VI: List of Publications and Patents 

Journal Papers 

1. X. Xu, J. Park, Y. K. Hong, A. M. Lane. Synthesis and Characterization of Hollow Meso-

porous BaFe12O19 Spheres, J. Solid. State. Chem., 222, 84-89 (2015). 

2. X. Xu, J. Park, Y. K. Hong, A. M. Lane. Magnetically Self-assembled SrFe12O19/FeCo 

Core/shell Nanoparticles, Mater. Chem. Phys., 152, 9-12 (2015). 

3. X. Xu, J. Park, Y. K. Hong, A. M. Lane. Ethylene Glycol Assisted Spray Pyrolysis for the 

Synthesis of Hollow BaFe12O19 Spheres, Mater. Lett., 144, 119-122 (2015). 

4. X. Xu, Y. K. Hong, J. Park, A. M. Lane. Exchange Coupled SrFe12O19/FeCo Core/shell 

Composites with Different Shell Thickness, Electro. Mater. Lett., accepted, (2015). 

5. X. Xu, Y. K. Hong, J. Park, A. M. Lane. Magnetic Self-Assembly for the Synthesis of 

Magnetic Exchange Coupled MnBi/Fe-Co Composites, J. Solid. State. Chem., in revision, 

(2015) 

6. X. Xu, Y. K. Hong, J. Park, A. M. Lane. Thermal Stability of FeCo Nanoparticles and Ex-

change Coupled MnBi/FeCo Composites, Mater. Lett., in preparation, (2015). 

7. X. Xu, Y. K. Hong, J. Park, A. M. Lane. Derivative Curve Analysis of Magnetic Hysteresis 

Loops for Hard/soft Magnetic Composites, Electro. Mater. Lett., in preparation, (2015). 

8. X. Xu, Y. K. Hong, J. Park, A. M. Lane. Monodispersed FeCo Nanoparticles from n-Buti-

lithium reduction, in preparation, (2015). 

9. X. Xu, A. M. Lane. Water-treated Rh/γ-Al2O3 Catalyst for Methane Partial Oxidation, in 

preparation, (2015) 

10. Y. Luo, D. Zhang, X. Xu. Precise Cutting Micro Grooved Super-hydrophobic Surface, Surf. 

Eng, accepted, (2015) 

11. J. Park, Y. K. Hong, J. Lee, W. Lee, X. Xu, A. M. Lane. Magnetization and intrinsic coer-

civity for τ-phase Mn54Al46/α-phase Fe65Co35 composite, J. Mag. 19, 55 (2014). 

12. Y. Luo, X. Xu, D. Li, S. Wen. Recent Developments of Fabricating Drag Reduction Sur-

faces Covering Biological Sharkskin Morphology, Rev. Chem. Eng, under review (2015) 

Patents (Provisional) 

1. Y. K. Hong, X. Xu, J. Park, A. M. Lane. Manufacturing Method for Hard Magnetic Met-

al/Soft Magnetic Metal Alloy Composite (Exchange Coupled) Magnets. UAIPD14-0041, 

(2014). 

2. Y. K. Hong, X. Xu, A. M. Lane, J. Park. Remanent Magnetization Assisted Self-assembled 

Core-shell Magnets for Magnetic Exchange Coupling. UAIPD14-0002, (2013). 


