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Abstract 
 
A colloidal suspension of magne8c nanopar8cles can offer exci8ng and ever – expanding 

opportuni8es for applica8ons requiring hybrid par8cle/fluid phenomena. Ferrofluids are a 

classic example of this hybrid behaviour, whereby, radical changes in shape and magne8cally 

controlled transport can be easily observed and has poten8al in a variety of technical and 

biomedical applica8ons. It has been par8cularly challenging to make ferrofluids that are 

ferromagne8c in nature, such that they produce spontaneous, equilibrium magne8c 

ordering in the absence of an applied field. In contrast to conven8onal ferrofluids, this thesis 

focuses on ferrofluids based on barium hexaferrite nanopar8cles, which exhibit dis8nc8ve 

magne8c proper8es due to their anisotropic structure. The primary aim of this thesis is to 

synthesis barium hexaferrite nanopar8cles with op8mal structural proper8es to enable 

stable dispersion in a non – vola8le solvent, thereby producing a stable magne8c ferrofluid. 

The use of a non – vola8le, high boiling point solvent is a deliberate design choice, as it 

extends the opera8onal temperature range of the ferrofluid and opens the poten8al for 

explora8on of prac8cal applica8ons that would not be achievable with conven8onal vola8le 

carrier fluids. Some poten8al applica8ons include magne8c hyperthermia for cancer 

treatment, magne8c sealing, magne8cally directed drug delivery, sensors, actuators, and 

heat transfer applica8ons among many others.  

 

The first part of this thesis explores the op8mal hydrothermal synthesis condi8ons for 

producing magne8cally applicable barium hexaferrite nanopar8cles with a platelet 

morphology and narrow size distribu8on. The surface of the nanopar8cles is coated with a 

long – chain surfactant during the hydrothermal process which allows them to disperse in an 

appropriate carrier fluid. It has been shown that coa8ng the nanopar8cles with 

dodecylbenzenesulfonic acid (DBSA) surfactant allows an extremely successful dispersion in 

1-butanol with long – term stability and excellent magne8c proper8es. However, 1-butanol is 

an extremely vola8le solvent with limited miscibility in water. The experimental observa8ons 

presented in this thesis show that replacing DBSA with hexadecyltrimethylammonium 

bromide (CTAB) surfactant allows dispersion of the barium hexaferrite nanopar8cles in 

ethylene glycol which has a much higher boiling point than 1-butanol and is miscible in 

water. The resul8ng ethylene glycol ferrofluid shows long – term stability and comparable 
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magne8c proper8es to DBSA – coated barium hexaferrite nanopar8cles. In addi8on, 

replacing 1-butanol with ethylene glycol greatly improves the applicability of the ferrofluid. 

The second part of this thesis u8lises the ethylene glycol ferrofluid composing barium 

hexaferrite nanopar8cles by taking advantage of the low vola8lity and high boiling point of 

ethylene glycol as a carrier fluid. A condensa8on polymerisa8on reac8on between the 

ethylene glycol ferrofluid and succinic acid yields a novel polyethylene succinate (PES) based 

polymer matrix composite (PMC) with hard magne8c proper8es and a filler content much 

higher than previous studies.  
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Chapter 1: Introduc9on  

Chapter 1 begins with an introduction to the fundamental concepts of magnetism, including 

magnetic field strength, flux density, and magnetic moment. A clear understanding of these 

terms is essential for appreciating the different classes of magnetic behaviour, such as 

ferromagnetism and ferrimagnetism. The discussion then considers how these materials 

respond to an applied magnetic field and the key parameters that distinguish them, namely 

coercivity, magnetic saturation, remanence, and magnetocrystalline anisotropy. Further 

attention is given to shape anisotropy and size-dependent magnetic effects, which provide 

additional insights into the magnetic character of materials.  

1.1. Magne(c field of a solenoid  

Figure 1: electrical conductor carrying an electric current – I and exhibi:ng a magne:c field - B perpendicular to 

the current. Right – hand with thumb showing direc:on of current and direc:on of magne:c B field about a 

current. In the case of a solenoid, thumb showing direc:on of magne:c B field (a) and curled fingers around the 

solenoid in the direc:on of the current in the loops of the solenoid (b)1. 

The field of magne8sm encompasses the study of magne8c proper8es of maCer and their 

interac8on with magne8c fields. A magne8c field is generated as a current – I (A) (in the 

form of a con8nuous flow of electric charge) is passed through a length of wire. The 

direc8on of the posi8ve current I and the magne8c field can be explained using the right – 

hand rule, here the thumb indicates the direc8on of the posi8ve current while the fingers 

indicate the direc8on of the magne8c field lines B	(HA/m2	de<ined	as	Wb/m2	or	tesla)	

(Figure 1a). If a length of current – carrying wire is formed into a solenoid, a parallel 

magne8c field can be observed inside the solenoid. This 8me the direc8on of the fingers 

indicates the direc8on of current while the thumb gives the direc8on of the magne8c field 
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inside the solenoid (Figure 1b). The cons8tu8ve rela8ons are equa8ons that describe how a 

material responds to electric or magne8c fields. In terms of an electric conductor carrying a 

current, the magne8c field strength 𝐻(A/m) can be described as, H	=	I/L, where I is the 

current and L is the length of the wire (m)1.  

 
1.1.1. Magne8c field strength, H 

 

The H (A/m) field, also known as the magne8c field strength or the magne8sa8on force is an 

indispensable auxiliary field described for magne8c or superconduc8ng materials. Magne8c 

materials generally respond to an applied magne8c field H with a change in their magne8c 

dipole moment pm  (A/m2) and their magne8c moment M	(A/m) (intrinsic property of the 

magne8c material) reflects the local value of H1.  

 

1.1.2. Magne8c flux density, B 

 

The magne8c flux density B can be related to M and H by the permeability where, 𝜇 = 	𝜇"𝜇( 

with 𝜇( = 4𝜋	 ×	10)* henry/m. To consider a closed loop path as in Figure 1a again, where 

it can be assumed that B is circular and has a constant value at a distance – r [m] from the 

wire. Integra8ng around r follows: 

 

𝐵(𝑟) = +!,
-."
	 (1) 

 

Where	B has units Tesla. The above can also be described in terms of the magne8c field 

𝐻 = 𝐵/𝜇( (A/m) generated by the current: 

 

𝐻 = /
-."

 (2) 

 

The magne8c induc8on in maCer is dependent on H and the magne8sa8on M, as shown by 

the equa8on below: 

 

𝐵 = 	𝜇((𝐻 +𝑀) (3) 
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In free space, M= 0, B = 𝜇(H and B and H are indis8nguishable, apart from the constant 𝜇( 

which is very small. 

 

1.1.3. Magne8c moment, M 

 

To discuss the microscopic origin of magne8sm in materials, it is important to understand 

the atomic magne8c moment. The elementary quan8ty in solid – state magne8sm is the 

magne8c moment M	(A/m2), and the magne8sa8on M(r) is its mesoscopic volume average. 

The intrinsic magne8c moment of an atom is associated with the spin of each electron 

(electromagne8sm) and a further contribu8on is associated with its orbital mo8on around 

the nucleus (origin of magne8sm). M(r,t) is the local magne8sa8on at a specific point, r in 

space and at a par8cular 8me, t. M(r,t) is oeen described in literature as fluctua8ng 

significantly on a sub-nanometre scale as well as rapidly in 8me on a sub-nanosecond scale. 

However, for simplicity, it is more appropriately described as a mesoscopic average íM	(r,t)ý 

over a distance of order a few nanometres, and 8mes of order a few microseconds to reach 

a steady, homogenous, local magne8sa8on M(r). The 8me – averaged magne8c moment 

dm (A/m2) in a mesoscopic volume dV (m3) is: 

 

d𝑚	 = 𝑀d𝑉 (4) 

 

This magne8sa8on can be the satura8on magne8sa8on Ms (A/m) within a ferromagne8c 

domain or it may be the uniform magne8sa8on of a paramagnet or a diamagnet induced by 

an applied field2. Spontaneous magne8sa8on is usually associated with a hysteresis loop and 

is an eminent manifesta8on of magne8sa8on of ferromagne8c materials. The values of Ms	of 

some ferromagne8c elements such as Fe, Co, and Ni at 298 K are 1720, 1370 and 485 kA/m, 

respec8vely. For magne8te, the Ms  is 480 kA/m, while a large electromagnet can produce a 

field of 1000 kA/m.2  
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1.1.4. Magne8c moment per unit volume  

 

A magne8c solid is made up of a large number of atoms with magne8c moments. The 

magne8c moment per unit volume is a fundamental concept in magne8sm and provides a 

measure of the magne8c proper8es of a material at a microscopic or macroscopic level. The 

specific moment per unit volume is a standard measured value for solid magnets. However, 

when the par8cles are small or in powder form, the magne8c proper8es are significantly 

different to those in bulk. Therefore, when measuring the magne8c proper8es of a powder, 

the magne8c moment per unit volume cannot be measured reproducibly due to randomly 

orientated par8cles and the presence of air voids, hence a true sample volume is difficult to 

obtain. Instead, the magne8c moment per unit weight is measured by taking into account 

the density of the material, genera8ng the mass magne8sa8on. 

 

1.2. Magne(c suscep(bility and magne(c permeability  

 

Magne8c suscep8bility 𝜒! [-], is a dimensionless parameter describing the degree to which 

a material becomes magne8sed in response to an applied magne8c field H.  

 

𝑀 = 𝜒!𝐻 (5) 

 

Where M is the magne8sa8on induced within the material. Diamagne8c, and many 

paramagne8c materials exhibit small suscep8bili8es, typically in the range of about 

−10)0	to	10)1. In contrast, ferromagne8c materials can have much larger and strongly field 

– dependent suscep8bili8es, reaching values of 101 or higher. The magne8c flux density B is 

related to M and H by the permeability 𝜇 = 𝜇"𝜇( with 𝜇( = 4𝜋 × 10)*	henry/m and 𝜇"  [-] is 

rela8ve permeability.  

 

𝐵 = 𝜇((𝐻 +𝑀) = 𝜇((𝐻 + 𝜒!𝐻) = 𝜇((1 + 𝜒!)𝐻 = 𝜇𝐻 (6) 

 

𝐵 = 𝐻 + 4𝜋𝑀 = 𝐻 + 4𝜋𝜒!𝐻 = (1 + 4𝜋𝜒!)𝐻 (7) 
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Therefore, 𝜇" = 1 + 𝜒!. The parameters 𝜇" 	and 𝜒 are different ways of describing a 

material’s response to a magne8c field. Permeability and suscep8bility can be described as 

tensors as they relate two vector quan88es that are not parallel. Permeability is oeen 

discussed in rela8on to ferromagne8c materials where rela8ve permeability can be large in 

value, up to 102	or more1,3.  

 
1.3. Orbital angular momentum 

 

Magne8sm relates to angular momentum of elementary par8cles, i.e. protons, neutrons, 

and electrons, which all possess an intrinsic angular momentum /
-
ℏ (J s) known as spin, 

where ℏ is Planck’s constant h divided by 2p.	 

 

Figure 2: the Bohr atom, the electron moves in a circular orbit where its quan:sed angular momentum l and 

magne:c moment m are oppositely directed2. 

The orbital moment can be understood using the Bohr model (Figure 2) of the atom in which 

electrons revolve around a nucleus with charge Ze in circular orbits. An electron circula8ng 

in its orbit can be visualised as genera8ng a small current loop and producing a magne8c 

moment,	m (A m2). In quantum mechanics, the orbital angular momentum is quan8sed and 

described by the orbital quantum number l as shown below (where 𝑒 (C) is the charge and 

𝑚#  is the mass (kg))2.  

𝑚 = − #
-!"

𝑙	  (8) 

1.3.1. Spin angular moment 

 

Along with orbital moment, the electron also possesses intrinsic spin angular momentum 

with quantum number 𝑠. Electrons possess an intrinsic magne8c moment, independent of 

their orbital mo8on which can align in one of two discreet orienta8ons rela8ve to a 
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magne8c field. 𝑠 can be described in terms of spin magne8c moment, m as shown below 

(where 𝑒 (C) is the charge and 𝑚#  is the mass (kg))2.  

 

𝑚 = − #
!"
𝑠 (9) 

1.3.2. Spin – orbit coupling  

 

The magne8c proper8es of solid materials arise from the magne8c moments of their atomic 

electrons while the magne8c dipole moments are due to the orbital or spin angular 

momentum. The spin magne8c moment of a single electron is 𝜇% = ±𝑒ℏ/2𝑚 (where 𝑒 is 

elementary charge of electron, ℏ is Planck’s constant and 𝑚 is electron mass), which is called 

the Bohr magneton: 

𝜇$ =	
#ℏ
-#

 (10) 

 

= 0.927	 ×	10)-1	(	𝐴	. 𝑚-) 

 
Both orbital and spin moments contribute to the overall magne8sm of an atom, hence a 

weigh8ng factor is described to give their rela8ve contribu8ons. This weigh8ng factor is 

called the f factor: 𝑔 = 1 for orbital magne8sm only (𝑠 = 0) and 𝑔 = 2 for spin magne8sm 

only (𝑙 = 0).	The spin – orbit coupling is an extremely important interac8on for magne8c 

phenomena that are key to most applica8ons of magne8c materials. This coupling 

interac8on describes the effects of an electrons’ orbital mo8on on the orienta8on of its spin. 

The spin – orbit coupling interac8on is essen8al for magnetocrystalline anisotropy, 

magnetostric8on, magnetoop8c effects, anisotropic magnetoresistance1.  
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1.4. Ferromagne(sm and Ferrimagne(sm  

 
The main classes of magne8c materials are the ferromagnets, an8ferromagnets and 

ferrimagnets, these are defined in terms of the rela8ve orienta8ons and magnitude of the 

atomic or molecular magne8c moments. However, for brevity, only ferromagne8sm and 

ferrimagne8sm will be discussed in detail. 

Figure 3: A summary of ferromagne:sm, an:ferromagne:sm and, ferrimagne:sm. Including examples of each 

magne:c behaviour and atomic alignment in response to a magne:c field. 

Figure 3 shows a summary of ferromagne8sm, an8ferromagne8sm and, ferrimagne8sm with 

their corresponding atomic alignment to an applied magne8c field, 𝐻. Ferromagne8sm is a 

term derived from the magne8sm detected in Fe2+ or Fe as iron was the first element in 

which ferromagne8sm was observed4. Common elemental ferromagnets also include iron, 

nickel and cobalt. While all materials respond to a magne8c field to some degree, many of 

them are paramagne8c (e.g. aluminium and pla8num), or diamagne8c materials (e.g. copper 

and silver) which means they have a weak or undetectable magne8c property. 

Ferromagne8c materials are those most commonly known as “magne8c materials” and are 
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materials that can become a permanent magnet or strongly react to a magne8c field5. 

Ferromagne8sm in materials is only possible when the atoms are arranged in a lamce and 

the atomic magne8c moments can interact to align parallel to each other as shown in Figure 

3. Weiss presented the idea of magne8c domains within a material and the atomic magne8c 

moments align within these regions6. Ferromagne8c materials are oeen compared in terms 

of satura8on magne8sa8on i.e. when all domains are aligned.  

Figure 4: magne:sa:on of a strongly magne:c material (ferromagnet) verses field (𝐻)(a), and how Ms 

decreases with temperature up to Curie temperature Tc 
1. 

Ferromagne8c materials are dis8nguished by a long – range ordering of their atomic 

moments, even in the absence of an external field. This spontaneous long – range 

magne8sa8on of a ferromagnet disappears above a specific ordering temperature called the 

Curie temperature Tc. Figure 4a shows the dependence of magne8sa8on Ms on the applied 

magne8c field H at different temperatures. Figure 4b shows the temperature dependence of 

the spontaneous magne8sa8on M(T) in zero applied magne8c field. When heated above Tc, 

these ferromagne8c materials lose their magne8c proper8es and become weakly magne8c, 

i.e. paramagne8c. This is because the thermal energy above Tc is high enough to break the 

internal alignments of domains while below Tc, magne8sm can be permanently induced in 

these materials7. The rela8ve magne8c permeability 𝜇" = 𝜇/𝜇((= 1 + 𝜒!) is more 

commonly used to describe the magne8c response of a ferromagne8c material to H, as 

compared to suscep8bility. This is because ferromagnets are typically used in 

electromagne8c devices where	𝐵 or 𝜕𝐵/𝜕𝑡	is more important when producing a voltage is 

considered1.  

In contrast to ferromagnets, where atomic magne8c moments align parallel to produce a net 

magne8sa8on, some magne8cally ordered materials can exhibit an8parallel coupling of 

neighbouring moments such that the resultant magne8sa8on is zero. Materials with this 

arrangement are called an8ferromagnets (Figure 3). Similar to ferromagne8c materials 
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losing spontaneous magne8sa8on at a specific Tc, an8ferromagne8c materials lose their long 

range magne8c ordering above their corresponding Néel Temperature Tn. An8ferromagnets 

have limited applica8ons as their net magne8sa8on is zero, which means they produce no 

external field and the direc8on of the atomic moments is not easily affected by an external 

field1. The cancella8on of opposite magne8sa8on in two an8ferromagne8cally coupled 

sublamces is only possible for iden8cal magne8c moments. However, we can also consider 

the case of two sublamces in which the magne8c moments are unequal due to the magnet 

comprising atoms of different materials, or because the ions are not the same, e.g. Fe2+ in 

one lamce and Fe3+ in another. In this case, the an8ferromagne8c coupling between the two 

sublamces leads to a par8al cancella8on of the magne8c moment. Hence, the total 

magne8sa8on at low temperatures is the difference between that of the two sublamces 

which is not zero. Such materials are called ferrimagnets, an example of which is magne8te, 

Fe3O4, which has iron ions of different valence at sites of different coordina8on. The 

exchange interac8ons in these materials lead to parallel alignment of atoms in some of the 

crystal sites and an8 – parallel alignment of others. Like ferromagnets, the material consists 

of magne8c domains, but ferrimagnets usually have lower satura8on magne8sa8ons. Having 

said this, ferrimagnets (e.g. Fe3O4 and BaFe12O19)2 are very important due to their good high 

frequency proper8es8. 

 

1.5. Magnetosta(c energy  

 

Magnetosta8c energy is an effect that contributes to the energy of a ferromagne8c material. 

The magnetosta8c energy, also called stray field or dipolar energy is measured by the 

magne8c energy of a sample in its own magne8c field. This is the demagne8sa8on or 

demagne8zing field which is the field arising from the divergence of the magne8sa8on and 

is represented by the symbol Hd (A/m). It can be derived using Maxwell’s equa8on: 

 

𝑑𝑖𝑣	𝐵 = 𝑑𝑖𝑣	𝜇((𝐻 +𝑀) = 0 

 

𝑑𝑖𝑣	𝐻' = −𝑑𝑖𝑣	𝑀 (11) 
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The magnetosta8c energy 𝐸!% (J), is given by the energy of the magne8sa8on in the 

demagne8zing field as shown below: 

 

𝐸!% = − /
-
𝜇( ∫ 𝐻'

)
5 ∙ 𝑀𝑑𝑉 (12) 

 

Where the integral includes the volume – 𝑉 [m3] of the sample, 𝑉. The 
!
"
 factor is important 

as it accounts for the fact that the magnetosta8c energy arises from the interac8on of the 

magne8sa8on with the magne8c field that it creates, hence this energy term is also called 

the magne8c self – energy. The magnetosta8c energy of samples with a spherical shape can 

be easily determined as the magne8c field is the same at every point of the sample, this is 

also true for samples with a thin film of wire – like morphology9.  

 

1.6. Fundamentals of magne(c anisotropy  

 

Anisotropy in a material is present when one of its physical proper8es is a func8on of 

direc8on, likewise, magne8c anisotropy is the preference for the magne8sa8on to lie in a 

par8cular direc8on in a sample. Parameters such as permeability and suscep8bility can be 

used to describe the magne8sa8on process. Therefore, these parameters are func8ons of 

the direc8on in which the field is applied to the material. The energy of a magne8cally 

ordered sample depends on the rela8ve direc8on of the magne8sa8on and the structural 

axes, and hence the solid has a preferred axis along which the energy is at a minimum.  

Magne8c anisotropy can be a result of sample shape, crystal symmetry, stress, or directed 

atomic pair ordering.  
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Figure 5: Factors influencing the magne:sa:on states of nanopar:cles, the magne:c proper:es induced by size 

(I), crystallinity (II), shape (III), interfacial coupling (IV) and dynamic changes (V) (a). Also, how these factors 

influence the hysteresis loop (b), such that a decrease of size led to superparamagne:sm (I), the crystal 

structure determined the inherent magne:sa:on (II), shape anisotropy resul:ng in increased coercivity and 

remanence magne:sa:on (III), exchange coupling at interface between different magne:c materials causing 

curve shiTs (IV), and effect of dynamic changes in the magne:sa:on states (V)10. 

 

Figure 5 shows the variables influencing the magne8sa8on states of nanopar8cles, such as 

size, crystallinity, and shape (Figure 5 (a)) and how the anisotropy energy influences the 

hysteresis loop based on these factors (Figure 5 (b)). The magne8c proper8es induced by 

size, crystallinity, shape, interfacial coupling, and dynamic changes can be verified by the 

magne8c hysteresis loop, which is a characteris8c curve that shows how a magne8sa8on 

responds to an applied magne8c field. A decrease in the size of magne8c par8cles below the 

sub – nanometre scale (Figure 5 a(I)), reduces the magne8c anisotropy energy caused by 

crystal orienta8on across the en8re volume of the par8cle. When this energy falls below the 

thermal energy threshold, the magne8c orienta8on within the par8cle experiences thermal 

fluctua8ons, which are common in paramagne8c materials. This phenomenon is called 

superparamagne8sm and yields a narrow hysteresis loop with negligible coercivity (Figure 5 

b(I)). The crystal structure of a material (Figure 5a(II)) will also determine the inherent 

magne8sa8ons as an enhancement in the coercivity can be seen as crystallinity of a material 
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improves and magne8c anisotropy energy increases (Figure 5b(II)). Figure 5b(III) shows an 

increase in coercivity and remanent magne8sa8on as a func8on of shape anisotropy (Figure 

5a(III)). Figure 5b(IV) shows a shie in the hysteresis loop due to exchange anisotropy which 

describes the magne8c interac8on across the interface (Figure 5a(IV)) between two 

magne8c materials, one of which is typically an8ferromagne8c11. The parameters described 

in Figure 5(I – IV) describe the magne8c anisotropy in a sta8c state without considering 

poten8al dynamic states of a material, such as, applied mechanical stress, temperature 

changes, and the different strengths and direc8ons of stray fields. Figure 5a(V) illustrates 

how the dimensions of a material can vary in response to a change in its magne8sa8on 

orienta8on, this is a phenomenon called magnetostric8on. Magne8c materials exhibit strain 

of the satura8on magnetostric8on coefficient (𝛾%6) in the direc8on of the magne8c field 

during magne8sa8on. If (𝛾%6) is posi8ve, the material elongates during magne8sa8on which 

increases the remanent magne8sa8on (Figure 5b(V))10.  

 

1.6.1. Intrinsic Magnetocrystalline anisotropy 

 

Crystallographic orienta8ons in magne8c materials determine preferen8al direc8ons of 

magne8sa8on to minimise anisotropy energy, this is referred to as magnetocrystalline 

anisotropy. This is an intrinsic property origina8ng from the spin – orbit interac8on. The 

electron orbits are linked to the crystallographic structure and through their interac8on with 

the spins, they cause the preferred direc8on of alignment to be along the well – defined 

crystallographic axes. Therefore, certain direc8ons in space are easier to magne8ze a given 

crystal than other direc8ons. The simplest case is the uniaxial magne8c anisotropy. In the 

case of hexagonal cobalt, the uniaxial anisotropy has a preferred direc8on of spontaneous 

magne8sa8on parallel to the c – axis of the crystal at room temperature. As the 

magne8sa8on deviates away from the c – axis, the anisotropy energy increases with 𝜃 (°) 

which is the angle between the c – axis and the magne8sa8on vector. Aeer this ini8al 

increase, the anisotropic energy then reaches a maximum value at 𝜃 = 90°, and decreases 

to its original value at 𝜃 = 180°. The anisotropy energy is minimum when the magne8sa8on 

points in either the + or – direc8on along the c – axis.  The anisotropy energy (𝐸&) per unit 

volume can be shown as8:  
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7#
5
= 𝐾/𝑠𝑖𝑛-𝜃 + 𝐾-𝑠𝑖𝑛2𝜃 (13) 

 

The coefficients 𝐾/ and 𝐾- are called anisotropy constants and 𝜃 is the angle of 

magne8sa8on with the single axis. If these constants are posi8ve as in the case of cobalt, the 

anisotropy energy EA increases with increasing angle 𝜃, which makes EA minimum at 𝜃 = 0. 

In other words, the material has a stable spontaneous magne8sa8on when it is parallel to 

the c – axis. This stable magne8sa8on is oeen referred to as an axis of easy magne8sa8on or 

an easy axis. On the other hand, if these constants are nega8ve, EA is maximum at the c – 

axis, which makes it unstable, and this is called an axis of hard magne8sa8on or simply a 

hard axis. Addi8onally, depending on the magnitude of the constants, the sample can have 

an easy axis (for large |𝐾/|, 𝐾/> 0), easy plane (for large |𝐾/|, 𝐾/< 0), and conical for 

intermediate values of the constants. These anisotropy constants have dimension of energy 

per volume (measured in J/m)9.  

 

1.6.2. Magne8c domains and domain walls  

 

A ferromagne8c sample of macroscopic size has several regions called magne8c domains in 

its demagne8sed state. Spontaneous magne8sa8on of the sample occurs when all of the 

atomic moments within each domain are aligned in one of the easy direc8ons. A uniformly 

magne8sed sample is divided into these magne8c domains to balance the contribu8ons of 

the many different energy terms. These energy terms include the exchange energy, 

magnetocrystalline anisotropy and magnetosta8c energy. The exchange energy tries to align 

all magne8c moments in the same direc8on, while the magnetocrystalline anisotropy tries 

to orient magne8c moments along specific direc8ons (equa8on 13) and the magnetosta8c 

energy aims to eliminate the magne8sa8on in the material12.  
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Figure 6: ferromagne:c domain structures for single-crystal, polycrystalline, and subdomain samples. Crystal 

walls are shown solid, domain walls dashed5. 

 
Figure 6 shows an illustra8on of the domains in a single – crystal, polycrystalline and 

subdomain material. As the number of magne8c domains is increased, the magnetosta8c 

energy is reduced. However, an indefinite reduc8on of magnetosta8c energy is not possible 

as domain walls, which are the transi8on regions between the domains, also cause an 

increase in exchange and anisotropy energy. Single domain materials do not represent the 

ideal image of a region where the magne8sa8on is iden8cal at every point. This is because 

the demagne8zing field Hd varies from point to point in every sample that has a non – 

ellipsoidal shape. As a result, the equilibrium configura8on of the magne8c moments in 

these samples are not homogeneous. The sample is s8ll considered to be single – domain, 

including any magne8c object that does not have clearly defined domain walls. Two main 

types of domain walls exist, including Bloch walls and Néel walls and they differ in the way 

the atomic magne8c moments in the wall turn, which is perpendicular to the plane of the 

moments in adjacent domains for Bloch walls, or parallel to this plane for Néel walls9. The 

minimum par8cle or grain size which is magne8cally stable against ambient thermal 

demagne8sa8on can be described using equa8on 14. For a spherical par8cle with 𝐾8 = 109 

J/m3, the superparamagne8c radii for stability over 1 year and 1 second, respec8vely, is as 

follows. Where 𝑘$ is Boltzmann constant, 𝑟 is radii, and 𝑇 is temperature. 

 

𝑟(
/	;" ≈ m/(<$=

>%
n
//1

≈ 7.3	𝑛𝑚,  𝑟(/% ≈ m0<$=
>%

n
//1

≈ 6	𝑛𝑚  (14) 

 

In terms of a mul8domain sample, an applied magne8c field can induce a displacement of 

the magne8c domain walls. For example, a magne8c field applied in the z	direc8on will 

create a torque on the magne8c moments inside the walls which will generate a 
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magne8sa8on component perpendicular to the plane of the wall (the yz plane). This 

magne8sa8on component creates a demagne8sing field also perpendicular to the wall with 

a consequen8al torque that rotates the moments of the wall in such a way to increase the 

size of the domain with magne8sa8on in the+z	direc8on. This describes the mechanism 

that induces domain wall mo8on under an applied field. In addi8on, the magne8c domains 

and domain walls are significantly influenced by point defects and edges, point defects, such 

as vacancies, inters88al atoms, or impuri8es, create local stress fields in the crystal lamce, 

which can alter the energy landscape of the material. In reality, domain walls do not move 

reversibly and grain boundaries, precipitates, inclusions, surface roughness, and other 

defects lower the wall energy at a specific posi8on in the material. These defects can act as 

pinning centres that hinder the mo8on of domain walls, or they can place a barrier in front 

of the wall, preven8ng further wall mo8on. 

 
1.6.3. Shape anisotropy 

 

To understand the magne8c proper8es of a material, it is important to consider the several 

factors that affect the shape of its hysteresis loop. One such factor is magne8c anisotropy 

which implies that the magne8c proper8es of a material depend on the direc8on in which 

they are measured. Magnetocrystalline anisotropy is the only kind of anisotropy that is 

intrinsic to the material while the others are either extrinsic or induced. The focus of this 

sec8on is shape anisotropy and how it affects the magne8c proper8es of the material 

composed of anisotropic magne8c nanopar8cles (AMNP). A spherical magne8c nanopar8cle 

differs from an AMNP as it can be magne8sed homogenously in any direc8on while AMNPs 

are easily magne8sed along their long axis than along their short axis. In other words, a 

demagne8sing field, Hd that will demagne8se a sample composing AMNPs, is larger along 

the short axis than along the long axis13. This is represented in the following equa8on, 

 

𝐻' = −𝑁'𝑀 (15) 

 

Where 𝑁'  is a demagne8sing factor dependent on shape and direc8on of the magne8c 

nanopar8cles. 𝑁'  is the same in all direc8ons for a spherical par8cle but differs for different 

direc8ons in AMNPs such as elongated and plate – like par8cles14. 
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Figure 7: shows how the demagne:sa:on factor Nd changes with nanopar:cle orienta:on depending on 

direc:on of B0 for platelets, sphere, cube, ellipsoids and cylinder shapes. 

The geometry of par8cles can also have a significant effect on its magne8c behaviour. The 

demagne8sing factor is important here as Hd is strongly dependent on the shape and 

orienta8on of a ferromagne8c object in the external field. Different shapes of magne8c 

par8cles have different demagne8sing factor, Nd values. Generally, par8cles with a large 

rela8ve surface area facing the direc8on of the magne8sa8on field have a higher Nd value. 

For example, an idealised thin ver8cal plate perpendicular to the magne8sa8on field has a 

Nd value of 1.00 which is the highest possible value, whereas a plate parallel to the field has 

an Nd value of 0.00, as illustrated in Figure 7.  

 
1.7. B – H loops  
 
Ferromagne8c materials are known for their spontaneous magne8sa8on which is illustrated 

in their unique hysteresis loop, a phenomenon studied by James Ewing in 18812. 
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Figure 8: hysteresis loop of a ferromagne:c material, showing Ms, Mr and Hc
2 

 
The hysteresis loop of a ferromagne8c material shown in Figure 8, can be described as a 

closed curved of magne8sa8on verses magne8c field. This curve is observed by varying the 

field from 𝐻!@A, which is a field that saturates a ferromagne8c sample, to - 𝐻!@A	and back 

to 𝐻!@A. As the magne8c field is reduced from 𝐻!@A to zero, the magne8sa8on varies from 

Ms (A/m), which is the satura8on magne8sa8on to Mr (A/m), which is the magne8c 

remanence. The applica8on of a weak field produces mo8on of the domain walls, causing 

volume expansion of the domains which have the largest component of M along H. The 

ini8al magne8c induc8on B produced in response to the small field H, defines the ini8al 

permeability 𝜇6 = (𝐵/𝐻). At higher fields, B increases rapidly, and the permeability reached 

a maximum 𝜇!@A. When most domain wall mo8on is completed, some domains with 

nonzero components of magne8sa8on remain at right angles to the applied field direc8on. It 

is necessary to rotate the magne8sa8on of these domains into the field in order to minimize 

the poten8al energy. This process is energy cos8ng, more so than wall mo8on as it involves 

rota8ng the magne8sa8on away from an easy direc8on (which is fixed due to magneto 

crystallography, sample shape or stress).  

 

Magne8c satura8on Ms is reached when the applied field is of sufficiently high magnitude 

and when the wall mo8on and magne8sa8on rota8on is complete. As the magnitude of 

applied field is decreased, the magne8sa8on rotates back towards its easy direc8ons, 

without hysteresis. A further decrease in the field causes domain walls to move back across 

the sample. Energy is lost from sudden domain wall changes from one energy minimum to 

the next. This results in the B – H loop to become apparent, i.e. hysteresis loop is produced.  
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The induc8on and magne8sa8on remaining in the sample when the applied field is zero are 

called residual induc8on Br and remanence Mr, respec8vely. The materials start to become 

demagne8sed once the direc8on of the magne8c field is reversed, the reverse field needed 

to restore B to zero, i.e. demagne8se the material, is called coercivity or coercive field Hc 

(A/m). It can be thought of as a measure of how easy or difficult it is to magne8se a material. 

To conclude, a B – H loop is produced when a cyclic applica8on of increasing and decreasing 

magne8c field is applied. It should be noted that the concepts presented are discussed in 

rela8on to magnetosta8s8cs only which refer to situa8ons where there is no 8me 

dependence1. 

 

1.8. Hard and soE magne(c materials  

 

The measured value of coercivity is an indica8on of how magne8cally hard or soe a material 

is. Typically, soe magne8c materials exhibit 𝐻B < 101 A m-1, while magne8cally hard 

materials show 𝐻B > 102 A m-1. Soe materials such as Fe alloys and spinel ferrites based on 

MeFe2O4 (Me = bivalent transi8on metal) have low Hc and Mr values and exhibit a narrow, S - 

like magne8c hysteresis loops. In certain very soe magne8c materials such as some 

crystalline NiFe alloys or amorphous metallic alloys, the Hc can be as low as 1.0 A/m. These 

are temporary magnets which readily lose their magne8sa8on as soon as the external 

magne8c field is removed. On the other hand, hard magne8c materials are referred to as 

permanent magnets and are able to resist demagne8sa8on once magne8sed. This is the 

case when the material has strong defects that disrupt wall mo8on or if it consists of single 

domain par8cles with such high magne8c anisotropy that the direc8on of magne8sa8on can 

only be changed by extremely large fields. In contrast to the narrow B – H loops of a soe 

material, hard magne8c materials generally produce a broad, square – like hysteresis loop. 

Hexaferrites such as barium hexaferrite are an example of hard or permanent magnets1.  

 

1.9. Size and geometric dependent proper(es 

 

The magne8c proper8es of a material can be affected by many factors such as geometry, 

composi8on, and size. This sec8on focuses on the size dependent magne8c proper8es and 
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how they can be characterised. Nanopar8cles can be defined as par8cles with at least one 

dimension between approximately 1 and 100 nanometre (nm) and usually contain several 

hundreds to 105 atoms15. As the size of the par8cle decreases, the ra8o of the surface area 

to the volume of the par8cle increases. This ra8o is even more significant for nanopar8cles 

as a large por8on of the atoms will reside on the par8cle surface compared to the core of 

the par8cle. This large surface – to – volume ra8o of the nanopar8cles determines the novel 

physical, chemical and  mechanical proper8es as opposed to the corresponding bulk 

material16.  

 
Figure 9: nanopar:cle-size-dependent magne:sa:on and magne:c coercivity (Hc) for spherical (Fe3O4) 

par:cles14.  

 
The magne8c moment per atoms and magne8c anisotropy of nanopar8cles can be different 

to that of the bulk magne8c material. Other magne8c proper8es such as the Curie 

temperature, Nèel temperature and coercivity field for nanopar8cles are also found to be 

different from the bulk material. As discussed previously, a bulk ferromagne8c material 

composes small regions called magne8c domains. These magne8c domains exist due to a 

balance between several energy terms, which include, the exchange energy, 

magnetocrystalline anisotropy and the magnetosta8c (or dipolar) energy. The magne8c 

proper8es of a bulk material are determined by anisotropic and coherent coupling among 

free electrons within magne8c domains and domain – domain interac8ons. As the 
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dimensions of the material is reduced to nanometre size, the magne8c proper8es of the 

material change as mul8ple domains no longer exist within the material structure, this is 

illustrated in Figure 9. Hence, at a specific cri8cal diameter, the material can only support a 

single domain, and this specific diameter is called the single – domain diameter (Dsd). Dsd 

(nm) can be calculated using the equa8on below17: 

 

𝐷%' =
/C(&>&)&/(

+!E)(
 (16) 

 

Where A is the exchange s8ffness (in J/m) and K1 is the magnetocrystalline anisotropy (in 

J/m3). The cri8cal diameter (𝐷%F) at which a par8cle exhibits superparamagne8c proper8es 

can be defined as: 

 

𝐷%F = m2C<$=
<&

n
//1

 (17) 

 

Coercivity, Hc is an important parameter to consider when studying the rela8onship between 

size and magne8c proper8es. For par8cles with diameters well below Dsd, i.e. typically a few 

nanometres, the magne8c moment - Ms is not stable and hence their Hc = 0. For an 

intermediate diameter (typically 20 nm < D < 100 nm for a soe magne8c material), the 

moment is stable, and the par8cle is single domain. Single – domain par8cles prefer to be 

uniformly magne8sed along one anisotropic easy axis, which produces a large coercivity. 

However, below Dsd, the magne8c anisotropy energy (K1V (J/m3), where V (m3) is the volume 

of the par8cle) reduces and therefore the coercivity value also reduces. Nevertheless, 

coercivity for single domain par8cles will increase as their diameter increases. Depending on 

the magne8c hardness of the material, there may be a region where the coercivity falls due 

to vortex magne8c order. Finally, as the par8cle diameter con8nues to increase, par8cles 

with much larger diameters, typically above several micrometres, start to form a 

mul8domain regime and the coercivity decreases with increasing diameter. This can also be 

seen in Figure 9. 
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1.9.1. Different shapes of magne8c nanopar8cles 

 

The previous sec8on highlights the rela8onship between size and magne8c proper8es. In 

comparison, there are limited scien8fic reviews that collec8vely report the effect of shape 

on the magne8c proper8es of nanopar8cles having the same volume or relevant parameter. 

 
Table 1: shows different shapes of magne:c nanopar:cles with an example, typical diameter (nm) of these 

shapes, magne:c hard/soT proper:es, and aspect ra:o. 

 
 

Table 1 shows the many different shapes of magne8c par8cles known, including spheres, 

cubes, ellipsoids, platelets, and cylinders/rods. An ideal example of isotropic par8cle 

geometry are spherical nanopar8cles which are one of the most heavily researched in the 

field of magne8sm, specifically iron oxide spherical nanopar8cles as they are easily obtained 

according to reproducible experimental procedures23,24. When comparing spherical 

nanopar8cles with cubic nanopar8cles of the same composi8on and size, it has been 

reported that there is a large difference in coercivity between the two shapes25. This can be 

aCributed to surface pinning which occurs due to missing coordina8ng oxygen atoms. 

Researchers compared CoFe2O4 cubic and spherical nanopar8cles and hypothesised that 

cubic CoFe2O4 has fewer missing oxygen atoms and hence less surface pinning, possibly 

leading to lower coercivity for the cubic structures. On the other hand, cubic nanopar8cles 

are found to have a higher satura8on magne8sa8on than spherical nanopar8cles of the 

same volume26. This disparity is believed to be a result of lower disordered spins in cubes 

giving a higher satura8on, although this is not a universal observa8on27.  

Shape Example Size/diameter 
(nm) 

Hard/so_ Aspect raOo Nd (-) 
Perpendicular 

to field  
Sphere18 Fe3O4 10 – 100 Soe Low 0.33 
Cube19 MnFe2O4 10 – 50 Soe Low 0.33 

Ellipsoid20 𝜆-
Fe2O3/SiO

2 

200 - 300 Soe High 0.41 

Platelet21 BaFe12O19 30 – 150 Hard High 1.00 

Cylinders/rods22  Ni 10 – 100 Super 
paramagne8c 

High 0.48 
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Figure 10: Schema:c display of a bar magnet (a), and an elongated magne:c par:cle shown as an array of 

small magnets (b), as well as a magne:c nanochain (c)21.  

 

Interest in the synthesis routes of anisotropic nanopar8cles which differ from the isotropic 

spherical shape is prevalent. In contrast to spherical par8cles, materials with an anisotropic 

shape display direc8on – dependent proper8es, high surface – to – volume ra8o and 

par8cular crystal facets at the surface that can exhibit different reac8vity28. Magne8c 

nanopar8cles with a nanorod, nanowire, nanotube and ellipsoid geometry fall in the 

category of elongated anisotropic magne8c nanopar8cles. Nanorods have diameter in the 

order of few nanometres and length up to 100 nm, nanowires have similar diameter but are 

much longer, while nanotubes are hollow nanorods. The shape of these elongated par8cles 

is determined by the synthesis method and generally composes Fe and Co alloys, as well as 

some Fe oxides. Elongated magne8c nanopar8cles have several features which make them 

useful in the field such as, a strong shape anisotropy and being able to easily align when 

exposed to an external magne8c field29,30. Elongated magne8c nanopar8cles can be 

presented as a magne8c bar made up of an array of small magnets aligned along the long 

axis as shown in Figure 10. This configura8on is energe8cally most favourable as the 

magne8sa8on is parallel to the par8cle surface for the majority of its length8. The shape 

anisotropy of elongated nanopar8cles determines the direc8on of the magne8sa8on along 

their long axis and the demagne8sa8on factor increases with the shape anisotropy. 

However, elongated par8cles with a size aspect ra8o above 10,31 the demagne8sa8on factor 

already approaches the maximum value possible. As a result, the Ms value also significantly 

affects the demagne8sa8on field of the elongated magne8c nanopar8cles with a high aspect 

ra8o (>10). Due to the shape anisotropy, elongated magne8c nanopar8cles exhibit an 

anisotropic response to an applied field, i.e. a square – like hysteresis loop is observed when 
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magne8c field is applied parallel to the par8cle’s long axis with a large coercivity and Ms = 

Mr. Conversely, when a field is applied perpendicular to the par8cle’s long axis, an S – like 

response is observed with no hysteresis.  

 

Plate – like magne8c nanopar8cles in the form of thin disks or plates are also considered 

anisotropic. A well – known example of these are hexaferrites which crystallize and grow in a 

highly anisotropic structure. Otherwise, Co nanodiscs32, Fe3o4 nanopaltes@graphene33 and 

magne8c nanosheets composed of 2D ordered assemblies of superparamagne8c 

nanopar8cles34 are all examples of par8cles that can have a platelet geometry. The 

magne8sa8on of plate – like magne8c nanopar8cles in a soe magne8c material lies within 

the basal plane and easily realigns in the basal plane. However, a stronger magne8c field is 

needed for the realignment of their magne8sa8on out of the plane. In contrast, plate – like 

par8cles incorporated in materials exhibi8ng a strong uniaxial magnetocrystalline 

anisotropy, such as hexaferrites, have a magne8c easy axis perpendicular to the basal plane. 

This strong uniaxial magnetocrystalline anisotropy is dominate over the shape anisotropy 

effect on the par8cle’s magne8sa8on and hence a large magne8c field is required to realign 

the magne8sa8on in any other direc8on. The plate – like magne8c nanopar8cles with a 

strong uniaxial magnetocrystalline anisotropy behave in the opposite way to an elongated 

magne8c nanopar8cle or a typical soe – magne8c plate – like par8cle when exposed to a 

magne8c field. They show a square – like hysteresis loop when the applied magne8c field is 

perpendicular to the basal plane with the largest Hc, Mr and Ms in this orienta8on. The 

hysteresis of these plate – like magne8c nanopar8cles decreases as the angle between the 

nanopar8cle’s plane and the magne8c field decreases. Eventually, Hc, Mr and Ms become 

zero for a single plate – like nanopar8cle as the direc8on of the magne8c field is in the plane 

of the nanopar8cle21. 

 
1.9.2. Hard, anisotropic magne8c nanopar8cles  

 

Hard magne8c nanopar8cles and their specific response to a magne8c field is extremely 

relevant to the materials discussed in this thesis. Although soe magne8c materials excel in 

applica8ons where rapid magne8sa8on and demagne8sa8on with minimal energy loss is 

required, hard magne8c materials and their characteris8c response to an applied magne8c 



 24 

field are of par8cular relevance to the materials examined in this thesis. Typical applica8ons 

include permanent magnets used in data storage, magne8c sensors, and actuator systems. 

Once magne8sed by applying a field 𝐻 ≥ 𝑀% sufficient enough to saturate the 

magne8sa8on, a hard magne8c material will remain in a magne8sed state even aeer the 

field is removed. The high coercivity of hard materials compared to soe materials, makes 

them much more suitable for applica8ons where the ability to resist demagne8sa8on is 

required, such as permanent magnets. Addi8onally, anisotropic hard magne8c nanopar8cles 

are extremely unique in their magne8c behaviour in comparison to isotropic or spherical 

par8cles due to their direc8on – dependent chemical and physical proper8es. Intrinsic 

magne8c proper8es such as ferroelectricity, piezoelectricity, pyroelectricity, non – linear 

op8cal behaviour, circular dichroism, Faraday rota8on, electromagne8c non – reciprocity, 

magne8c anisotropy, anisotropic mechanical proper8es, and anisotropic crystal growth all 

originate from the structural anisotropy of specific materials.  

 

One such example of single – domain, anisotropic magne8c nanopar8cles with hard 

proper8es are barium hexaferrites (BHF). The research findings presented in this thesis 

centres around the synthesis and characterisa8on of BHF nanopar8cles due to their highly 

applicable anisotropic and hard magne8c proper8es. Their hexagonal platelet morphology 

and preferred growth in the 𝑎𝑏	direc8on provides a high aspect ra8o and high 

demagne8sa8on factor compared to other magne8c geometries, making them a stable 

magne8c state. BHF nanopar8cles exhibit a uniaxial magne8c anisotropy with the easy axis 

perpendicular to the platelet, which is a crucial property for the effec8ve alignment of the 

dispersed BHF nanopar8cles in an applied magne8c field. In comparison to spherical or rod-

shaped nanopar8cles which have a low aspect ra8o and low magnetocrystalline anisotropy, 

BHF nanopar8cles have a large magnetocrystalline anisotropy which is a prerequisite for a 

high coercivity, making it a very magne8cally hard material suitable for permanent magnets. 

Furthermore, the ability to subs8tute large ca8ons into the BHF unit cell makes BHF 

nanopar8cles flexible structures that can easily incorporate ions during the synthesis 

process. This also means the size and magne8c proper8es of BHF nanopar8cles can easily be 

controlled for many different applica8ons21. The geometry, unit cell and magne8c behaviour 

of BHF nanopar8cles is introduced in more detail in chapter 2.  
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To conclude chapter 1, it was important to firstly introduce basic parameters of magne8sm 

and magne8c terms to understand their contribu8on towards nanopar8cle behaviour. The 

central focus of this chapter is on the proper8es of dry magne8c par8cles and more 

importantly, the effect of par8cle anisotropies such as geometry and size. The concepts in 

this chapter establish a founda8on for chapter 2 which introduces the Barium hexaferrite 

magne8c nanopar8cles which are an integral part of the research described in the following 

chapters due to their unique anisotropic proper8es. Chapter 2 also describes the various 

synthesis methods commonly used to produce dry magne8c par8cles discussing the 

advantages of each technique and the factors that make some synthesis techniques more 

favourable.  

 

Chapter 2: Synthesis and Colloidal Dispersion of Barium Hexaferrite 

Nanopar9cles 

 

Chapter 2 provides a compara8ve analysis of different synthesis methods for magne8c 

par8cles, with par8cular emphasis on their suitability for producing dry barium hexaferrite 

par8cles. The choice of synthesis route has a decisive influence on par8cle size, morphology, 

and dispersibility in solvents, all of which govern the resul8ng colloidal stability. Selec8ng an 

appropriate method is therefore cri8cal to tailoring BHF par8cles for their intended 

applica8ons. 

 

2.1. Barium hexaferrites platelet magne(c nanopar(cles  

 

Hexaferrites are magne8c nanopar8cles which grow in a platelet morphology. These are 

complex oxides usually composing a large bivalent ca8on such as Ba or Sr, and a bivalent 

transi8on metal. Hexaferrites have a highly anisotropic structure based on the mineral 

magnetoplumbite and have recently gained a lot of interest in the nanomagne8c field. Their 

ferromagne8c/ferrimagne8c proper8es, excellent chemical stability, mechanical hardness, 

and corrosion resistant make them suitable for a range of different applica8ons35. Although 

the synthesis of numerous structural and chemical polytypes with different magne8c 
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behaviours is possible, the synthe8c process is extremely challenging for some types of 

complex hexaferrites.  

 
Table 2: shows some physical and thermal proper:es for SrM, BaM and PbM polycrystalline M ferrites. d is 

density, Tm is mel:ng point, the a and c axis are la_ce parameters and v = cell volume from XRD. Tc is Curie 

temperature from standard molar heat capacity35. 

 
 
The simplest type of hexaferrites are M – type hexaferrites and they can be differen8ated 

from other Y-, Z-, and Co-W types which have a planer magnetocrystalline anisotropy and 

require a large magne8c field to realign the magne8sa8on perpendicular to the basal plane, 

whereas the magne8sa8on of M – type hexaferrites lies perpendicular to the basal plane. 

The physical and thermal proper8es of some common polycrystalline M – type hexaferrites  

are compared in Table 2. It is important to note that both M – type stron8um hexaferrites 

(SrM), SrFe12O19 and barium hexaferrites (BHF), BaFe12O19 have similar proper8es due to 

their magnetoplumbite crystal structure and hexagonal platelet morphology. Addi8onally, 

both BHF and SrM possess high uniaxial magnetocrystalline anisotropy, however, SrM 

typically display a large shape anisotropy, i.e. larger aspect ra8o compared to BHF which can 

oeen result in a lowered coercivity as the two anisotropy fields oppose each other. For the 

purpose of this thesis, the discussion hereaeer is restricted to BHF par8cles39.  

 

 

Material d (g 
cm-3) 

Tm 

(K) 
a (Á) c (Á) v (Á3) Tc 

(K) 
Area of 

applica8on 
SrFe12O19

[36] 5.101 1692 5.8844 23.0632 691.6 732 Electric 
motors 

BaFe12O19
[37] 5.295 1611 5.8876 23.1885 696.2 725 Bioimaging 

Ca0.5Pb0.4Yb0.1Zn1.0Fe11O19
[38] 5.708 1538 5.8941 23.0984 694.9 718 Photocatalyst 
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Figure 11: 2D presenta:on of the BHF unit cell structure where the large empty circles represent O2-, large grey 

circles represent Ba2+ and small circles represent Fe3+. Arrows denote direc:ons of the magne:c moments of 

Fe3+ ions (a). A hexaferrite platelet par:cle with arrow showing magne:c easy axis (b)21.  

 
BHF anisotropic nanopar8cles have been widely used as hard magne8c materials for 

permanent magnets since the beginning of their introduc8on by Philips40. These are 

ferrimagne8c par8cles with the basic chemical formula BaFe12O19 and a hexagonal platelet 

morphology. The magne8c proper8es of BHF par8cles arise from the interac8ons between 

metallic ions occupying par8cular posi8ons rela8ve to the oxygen ions in its hexagonal 

crystalline structure. It is important to understand the unit cell structure of BHF par8cles 

which is made up of two S and two R blocks, RSR*S*, where * denotes a rota8on of 180° 

around the c – axis. The S block is a slice of a spinel structure in the [1 1 1] direc8on with two 

layers of cubic close – packed O2- ions and Fe3+ ions which occupy the tetrahedral and 

octahedral sites. The R block is composed of three close – packed O2- layers with the middle 

one containing Ba2+ in the place of one O2-. This subs8tu8on with Ba2+ makes the R block 

become hexagonally close packed. The Fe3+ in the chemical structure occupies three 

crystallographic sites in the R block, including a bi – pyramidal site, octahedral sites in the R 

block interior and octahedral sites at the R – S interface. This hexaferrite unit cell structure is 

illustrated in Figure 11.  

 

The BHF lamce structure is extremely flexible and allows for the incorpora8on of larger 

ca8ons as a means to control par8cle size, size distribu8on and hence their magne8c 

proper8es. Typically, a varia8on of lanthanide (Ln3+) ions are incorporated into the chemical 

structure for this purpose. For BHF nanopar8cles, the Fe3+ ions in the unit cell is par8ally 

subs8tuted for a larger ca8on, typically being In3+ or Sc3+. This has shown to significantly 

narrow down the size distribu8on in BHF nanopar8cles synthesised hydrothermally41 by 

blocking secondary re – crystallisa8on or Ostwald ripening effect. For the specific case of 

BHF nanopar8cles, it has been found that this chemical subs8tu8on of Sc3+ has the opposite 

effect on the magne8c proper8es of nanopar8cles compared to the bulk. Previously it was 

suggested that subs8tu8ng diamagne8c Sc3+ ions in BHF dilutes the magne8c Fe3+ ions, 

lowering the Ms
42. However, when the Sc3+ ions subs8tute the Fe3+ ions in thin platelet 

shaped hexaferrite nanopar8cles, the Ms value increases substan8ally. The Ms value was 
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shown to increase from 16 Am2/kg in unsubs8tuted nanoplatelets to over 38 Am2/kg in 

subs8tuted BHF nanopar8cles43. This subs8tu8on of large ca8ons into the BHF unit cell has 

proven to be more successful for controlling size and size distribu8on of BHF magne8c 

par8cles as compared to other methods such as ligand – exchange which substan8ally lower 

the synthesis yield.  

 

2.2. Coprecipita(on  
 
The synthe8c route represents the most important step in the design of a nanopar8cle used 

for a specific applica8on, as it will determine the par8cle size/shape, the size distribu8on, 

the surface chemistry of the par8cles, and consequently their unique proper8es44. There are 

many routes for the synthesis of magne8c nanopar8cles45, one commonly used method is 

coprecipita8on.  

Figure 12: TEM image of NiFe2O4 nanopar:cles prepared by co-precipita:on route annealed at 1000 °C for 

10 h46. 

Coprecipita8on is a simple and convenient method for synthesising magne8c nanopar8cles 

from aqueous salt solu8ons through the addi8on of a base as a precipita8ng agent at room 

temperature or at elevated temperatures. This method can be used to produce different 

shapes and composi8ons of magne8c par8cles. Coprecipita8on has been used to synthesise 

ferrites since the early 1960s47 such as nickel ferrite nanopar8cles using stable ferric and 

nickel salts with sodium hydroxide as the precipita8ng agent46. Figure 12 shows the 

Transmission Electron Microscopy - TEM image of NiFe2O4 nanopar8cles prepared by co-

precipita8on. Addi8onally, coprecipita8on is oeen used for the prepara8on of fine 

hexaferrite powders and can also be op8mised for large – scale produc8on. However, 
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powders produced using coprecipita8on usually present inhomogeneity in par8cle size and 

microstructure due to the concentra8on gradient during the coprecipita8on process and 

agglomera8on as precursors are precipitated. Researchers have tried to overcome this major 

disadvantage by inves8ga8ng the coprecipita8on of BHF nanopar8cles and the influence of 

varying parameters on its forma8on48. The process of BHF synthesis using coprecipita8on 

methods can be described by the equa8ons below. The A in these equa8ons can represent a 

chloride, acetate, or nitrate group, a denotes the amorphous state, while the other phases 

are crystalline, the temperature ranges between 500 – 800 °C depending on the reac8on 

condi8ons and, note that T1 < T2 < T3. The variables u, v, z, x, y are in the range of 0 – 1.  

 

𝐵𝑎𝐴- + 12𝐹𝑒𝐴1 	
G@HI,I(H,@KBLMLK{⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯} 𝐵𝑎(𝑂𝐻)-(𝑎) + 12𝐹𝑒𝑂A(𝑂𝐻);(𝑎) (18) 

𝐵𝑎(𝑂𝐻)-(𝑎)
@6"
{} 𝐵𝑎𝐶𝑂1 (19) 

(1 − 𝑣)𝐵𝑎(𝑂𝐻)-(𝑎) + 𝑣𝐵𝑎𝐶𝑂1 + 12𝐹𝑒𝑂A(𝑂𝐻);(𝑎)
=&,)I(H(N),)OH((N){⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯} 

5(1 − 𝑢)(1 − 𝑧)𝛼 − 𝐹𝑒-𝑂1 + 5𝑢(1 − 𝑧)𝛾 − 𝐹𝑒-𝑂1 + (1 − 𝑧)𝐵𝑎𝐹𝑒-𝑂2 + 𝑧𝐵𝑎𝐹𝑒/-𝑂/P		(20) 

5𝑢(1 − 𝑧)𝛾 − 𝐹𝑒-𝑂1
=(→ 5𝑢(1 − 𝑧)𝛼 − 𝐹𝑒-𝑂1 (21) 

5(1 − 𝑧)𝛼 − 𝐹𝑒-𝑂1 + (1 − 𝑧)𝐵𝑎𝐹𝑒-𝑂2
=*→ (1 − 𝑧)𝐵𝑎𝐹𝑒/-𝑂/P (22) 

 

Equa8ons (18) and (19) outline the product of BaCO3 by – product as well as the Ba and Fe 

precursors used to ini8ate equa8on (20). The variables in equa8on (20), x, y and z, depend 

on the reac8on condi8ons such as type of alcohol, type of reagent salts, coprecipita8on 

atmosphere, temperature and 8me of calcina8on. In general, z increases with the length of 

the alcohol chain and with the calcina8on temperature and 8me. It was found that if the 

coprecipita8on reac8on was carried out in argon or from chlorides, the intermediate phase, 

BaFe2O4 can be avoided (z = 1). Addi8onally, it was concluded that the major amount of 

BaFe12O19 (BHF) formed up to 600 °C, however, the forma8on of BHF is not complete even 

aeer 10 h at 600 °C. This confirms that the forma8on of BHF using this method involves two 

compe88ve mechanisms (equa8ons 20 and 22)49.  

 

The synthesis of BHF nanopar8cles has also been conducted under atmospheric oxygen to 

protect the oxida8on of certain nanopar8cles and hence the produc8on of by - products. 
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The main advantage of using this method over others is that the precipita8on process allows 

for a high yield of nanopar8cles to be synthesised reasonably fast and there is no need for 

extra mechanical or microwave heat treatment. However, a significant downside here is the 

lack of control on par8cle size distribu8on as only kine8c factors are controlling the par8cle 

growth50. The coprecipita8on reac8on also uses high temperature processes at long periods 

of 8me which can be more energy and 8me consuming compared to other methods. 

However, this issue is recognised by researchers that have studied a possible low 

temperature coprecipita8on synthesis of BHF nanopar8cles from ethanol solu8ons instead 

of water solu8ons51.  

 
2.3. Sol – gel synthesis  

 

Another route for the synthesis of magne8c nanopar8cles is a wet – chemical process called 

sol – gel based on hydrolysis and polycondensa8on methods52,53.  

Figure 13: Flowchart for the sol – gel synthesis of iron oxide nanopar:cles52.  

 

This process mixes precursors, which can be inorganic or metallo – organic, forming a 

colloidal solu8on of nanopar8cles (“sol”). The material is further dried (“gel” forma8on) 

removing the solvent and condensed to a gel subsequently producing fine-grained 

polycrystalline ferrites with a narrow size distribu8on. This method of magne8c nanopar8cle 

synthesis has been used for a range of different compounds and is a popular synthesis route 

in many areas of research. Figure 13 shows a flowchart for the synthesis of iron oxide 

nanopar8cles using sol – gel method. Sol – gel proves to be an advantageous method for the 

synthesis of magne8c nanopar8cles as the process is economically and environmentally 

friendly. The method allows for control over par8cle size by changing the annealing 

temperatures, a higher average mean par8cle size is reported as the annealing temperature 
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increases. Addi8onally, it is claimed that morphology of the magne8c par8cles can be 

controlled when synthesised at specific temperatures53. Sol – gel has also been used to 

produce hexagonal ferrites by Pullar et al. Researchers developed a novel aqueous sol – gel 

synthesis route for the prepara8on of hexagonal ferrites from stoichiometric precursors54. 

Ferrites composing Sr55 and Co56 are commonly produced using sol – gel method.  

 

Sol – gel method is commonly reported for the produc8on of BHF nanopar8cles, and it has 

been shown that the ra8o of precursors used in this method to make BHF is extremely 

important. To be specific, a ra8o of Fe:Ba of 10.5 produced BHF at 900 °C/1 h with grain size 

of only 200 nm57. The barium rich precursor yields pure BHF without any a-Fe2O3 as a 

second phase, however, a Fe:Ba ra8o of less than 9 produces BaFe2O4 as a second precursor 

instead58, indica8ng that there is a narrow composi8onal window for the forma8on of single 

phase BHF using this method. With a fixed Fe:Ba ra8o, the forma8on of BHF from either 

nitrate or hydroxide sol – gel precursors were also inves8gated. It was found that the 

presence of a nitrate anion was important for the forma8on of the intermediate phases, a-

Fe2O3 and BaFe2O4 over a wide range of temperatures. These non-magne8c phases can then 

be eliminated by prehea8ng the gel to 450 °C/5 h to remove any organic compounds. BHF 

subsequently forms at 750 °C but the op8mal magne8c proper8es were obtained at 950 °C 
59. Sol – gel method is a reasonably good choice for the synthesis of magne8c materials as it 

produces a monodisperse sample with control of microstructure, desired shape and size 

with high purity and good crystallinity of the products. However, the process involves 

prolonged reac8on 8mes, using toxic organic solvents and high chance of product 

contamina8on60. 

  

2.4. Hydrothermal synthesis  

 

Hydrothermal synthesis is another reliable route for producing magne8c par8cles. 

Hydrothermal synthesis is one of the most commonly used methods for the prepara8on of 

magne8c par8cles61. This synthesis process can be used to prepare nanostructures and 

single – crystal materials with well – defined size and morphology for their specific 

applica8ons. It can also be used for the crystalline growth of several inorganic compounds 
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and the synthesis of new phases or stabilisa8on of new complexes. It has been described as 

the most efficient method for the forma8on of nanocrystals as it exploits the solubility of 

some inorganic substances at specific reac8on condi8ons. This supports the crystallisa8on of 

the dissolved precursors within the medium as the reac8on condi8ons like temperature and 

pressure hugely affect and maintain the nuclea8on and distribu8on of par8cles62. The main 

process involves a precipita8on of par8cles in solu8on followed by hea8ng to ini8ate par8cle 

growth. The nanopar8cles can be grown in a wide temperature range from room 

temperature to extremely high temperatures. This technique typically makes use of an 

autoclave to reach high temperatures and pressures. Researchers have used hydrothermal 

synthesis extensively for the produc8on of par8cles such as Fe3O4 and even aCribute the 

narrow size distribu8on of the par8cles to the hydrothermal synthesis used63. This method 

has also been reported to allow more control on the par8cle diameters and as a result 

researchers are able to tune the par8cle magne8c proper8es64. One advantage of this 

synthesis method is that it has been reported to give beCer morphological results with 

various shapes of Fe3O4 nanopar8cles being made using hydrothermal synthesis, such as 

spheres, cubes and wires.  

 

Hydrothermal synthesis allows the morphology of the par8cles to be controlled by adjus8ng 

the reac8on temperature, solvent type, precursor salt, reducing agent or pressure condi8ons 

depending on the vapour pressure of the main composi8on in the reac8on mixture. Torres – 

Gomez et al61 presents a simple and efficient way to produce pure phase magne8te 

nanopar8cles using hydrothermal synthesis and subsequently tune the morphology of the 

nanopar8cles by changing the reac8on temperature. The end product was pure phase Fe3o4 

nanopar8cles with a high level of crystallinity and uniform morphology at each temperature. 

The resul8ng shapes of the nanopar8cles were shown to be quasi- sphere, octahedrons, and 

cubes with good satura8on magne8sa8on. Cursaru et al45 reported the physical – chemistry 

proper8es of magne8te par8cles produced using the hydrothermal method and found that 

crystallite size increases with increasing pressure and temperature with the hydrodynamic 

diameter only being affected by temperature. It is also important to note that the crystal 

forma8on depends heavily on the minerals in water, proper mixing of solvent and dura8on 

of mixing65. The majority of research into hydrothermal synthesis of hexagonal ferrites 

concentrated on M ferrites. It has been a par8cularly successful and popular method for BHF 
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nanopar8cles oeen pure phase BHF nanopar8cles are hydrothermally made from 

stoichiometric mixtures of iron and barium. Some researchers describe poor crystallinity of 

the product and include an addi8onal annealing step at approximately 900 °C to allow the 

Ba2+ ions to diffuse fully from the surface into the M lamce66. Oeen the forma8on of BaCO3 

side product is reported when ra8o below Fe:Ba = 10 is used during hydrothermal synthesis. 

This impurity forms as the barium reacts with CO2 in the air during the reac8on. Many 

factors and their effect on the BHF synthesis using this method have been studied to 

produce single phase BHF67. Factors such as the phase of Fe2O3 used in the process, ra8o of 

precipita8ng agents, ra8o of Fe to Ba, synthesis temperature and 8me are all considered. Liu 

et al67, has studied these effects in detail and report that a Fe:Ba ra8o, OH- : NO3- ra8o of 2 

and a reac8on temperature of 230 °C/48 h was required for the best quality single phase 

BHF par8cles. Having said this, researchers will oeen adjust the reac8on condi8ons to the 

feasibility of star8ng materials, size, and morphology of BHF par8cles needed.   

 

To conclude, hydrothermal synthesis is an economical simple method and produces par8cles 

with high crystallinity, consistent composi8on and has a good control on the par8cle size and 

shape offering magne8c tuning and easy dispersion of the par8cles. However, the main 

disadvantage of hydrothermal synthesis is the need for high temperatures and pressures 

which requires expensive facili8es. It is also more difficult to produce nanopar8cles smaller 

than 10 nm using this method with slow reac8on kine8cs at high temperatures.  

 

2.5. Chemical Reduc(on 

 

Chemical reduc8on is a nanopar8cle synthesis method which uses chemical – reducing 

agents. The substrates used in this method can be either natural compounds from plants or 

microorganisms or reagents/chemical reducing agents. The main chemical method used 

here for the synthesis of nanopar8cles is the reduc8on of metal ions in solu8on. The same 

approach was used in early 1857, to produce colloidal gold using chemical reduc8on68,69. The 

metal ions can be reduced in both aqueous and organic solvents, while organic solvents are 

preferred since metal nanopar8cles are par8cularly sensi8ve to oxida8on70. It is also possible 

to control the size, shape, and size distribu8on of the par8cles by altering reac8on 
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parameters71. The reduc8on of salts of a selected metal is done in the presence of a 

stabilizer72 which protects the metal nanopar8cles from assembling into larger aggregates. 

The first step of a chemical reduc8on process typically involves a redox reac8on, whereby, 

electrons from the reducing agent are transferred to the metal atoms (equa8on 23), 

resul8ng in the forma8on of free metal atoms: 

 

𝑀𝑒𝑡𝑎𝑙QR + 𝑛	𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠) = 𝑀𝑒𝑡𝑎𝑙(  (23) 

 

This is followed by a nuclea8on process where the free metal atoms collide with one 

another and form stable nuclei. And finally, stabilizers are added in the last stage to allow for 

dispersion. This is a cost – effec8ve, ecologically, and economically friendly method as the 

magne8c nanopar8cles can be produced without the need for high temperatures and can 

also be used for a variety of metals73. Although this is not a popular route for the synthesis 

of barium hexaferrite nanopar8cles, it is heavily used to manufacture iron based magne8c 

par8cles such as, FeCo which can be synthesised by simultaneous co – reduc8on of ferrous 

sulfate and cobalt chloride salts using sodium borohydride (equa8on 24)74: 

 

𝐹𝑒𝑆𝑂2 + 𝐶𝑜𝐶𝑙- + 2𝑁𝑎𝐵𝐻2 → 𝐹𝑒𝐶𝑜 + 2𝑁𝑎𝐶𝑙 + 𝑁𝑎-𝑆𝑂2 + 2𝐵 + 4𝐻- (24) 

 

In addi8on, monodisperse e-Co nanopar8cles have also been prepared via the reduc8on of 

cobalt chloride using this method75,76. 

 

2.6. Pulsed Laser Abla(on in Liquid (PLAL) 

 

Apart from the chemical methods men8oned above, physical methods of magne8c par8cle 

synthesis are also commonly reported in literature. Pulsed Laser Abla8on in Liquid (PLAL) is a 

physical synthesis method which is dis8nguished in terms of ease of par8cle produc8on, and 

effec8veness in controlling par8cle size distribu8on. The PLAL synthesis method starts by 

direc8ng a high – energy op8cal source (pulse laser radia8on) in the perpendicular direc8on 

towards the solid bulk metal target submerged in a liquid medium, the laser source can also 

be directed from the top of side. Once the laser interacts with the metal, a series of 
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thermodynamic reac8ons occur. As the nanopar8cles are synthesised in liquid, colloidal 

nanopar8cles can be obtained faster compared to other synthesis methods. Pulsed laser 

abla8on can also be performed in other mediums such as, air and vacuum77,78, however, the 

use of a liquid medium is much more popular and has shown a prominent effect on the 

structural forma8on of nanopar8cles79.  

 

 
Figure 14: SAED analysis of nanopar:cle ensembles generated in a) water, b) methanol, c) ethanol, d) acetone, 

and e) toluene.  

 
PLAL was ini8ally used to synthesise iron oxide nanopar8cles by Pa8l et al80 and, since then, 

it has been used for several different types of metallic nanopar8cles applied in various 

commercial industries such as food, biomedical, electronics and op8cal. Several researchers 

inves8gated the produc8on of iron based magne8c nanopar8cles in different solvents and 

found that a variety of nanomaterials can be created using PLAL given the laser parameters 

and liquid solvents used81. Figure 14 shows the Selected Area Electron Diffrac8on (SAED) 

analysis of iron – based nanopar8cles, the results show that the nanopar8cles become more 

amorphous as the carbon content of the liquid solvent increases. In addi8on, several reports 

of magne8c nanopar8cles synthesised using PLAL have been published including the 

abla8on of Co in water and ethanol82,83 as well as magne8c alloys (such as Sm – Co and Ni – 

Fe) in cyclopentanone84. The Meunier group reported the produc8on of core – shell 

structures with a diameter of 6.5 nm by irradia8ng a suspension of Au and Co 

nanopar8cles85, while Zeng et al86 were able to produce FeO nanopar8cles by abla8on of an 

iron target in a water/poly(vinylpyrrolidone) solu8on. All the above reports synthesised 

magne8c nanopar8cles which can be removed out of solu8on by a permanent magnet. 
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PLAL is a highly efficient method for the prepara8on of surfactant free stable nanofluids and 

has been recently explored for the synthesis of barium hexaferrite nanofluids. Although PLAL 

is an unpopular synthesis route for barium hexaferrite nanofluids, studies indicate that the 

nature of the solvent has a great influence on the nanopar8cle size and op8cal proper8es of 

the resul8ng nanofluid. Hence, further op8misa8on of the PLAL process allows greater 

control on the size, morphology and magne8c proper8es of the par8cles. PLAL has several 

advantages over other methods, such as, reduced reac8on 8me, absence of reducing agents, 

low toxicity, the process does not include a mul8step synthesis, and the ease of product 

extrac8on as the nanopar8cles are confined within a liquid zone. The process does not 

require any chemicals and thus eliminates the need for 8me – consuming purifica8on steps 

and is rela8vely safe compared to other wet chemistry methods. It is also a contamina8on – 

free technique unlike conven8onal chemical methods where surfactants, catalysts, by – 

products, and ions are involved87.  

 

2.7. Microwave Irradia(on 

 

Microwave irradia8on is a widely explored method for the synthesis of many different 

materials. The microwaves are electromagne8c waves with commercially used microwaves 

working at a frequency of 2.45 GHz. The microwave hea8ng provides a fast transfer of 

energy through radia8on rather than typical heat transfer methods or convec8on. This 

ensures a fast penetra8on of energy into the volume of materials transparent to microwave 

radia8on. The nanopar8cles are prepared in solvents such as water and organic solvents, 

polyols are especially popular due to their capability to act as both a reducing agent and 

solvent. The main advantage of this method is that it considerably reduces the reac8on 8me 

of organic synthesis as well as increase yields and decrease energy and reagent 

consump8on88. The use of microwaves for the produc8on of nanopar8cles is recently 

emerging and has many benefits, one of which is par8cularly important for nanopar8cle 

synthesis - homogenous hea8ng89. The use of microwaves ensures a uniform distribu8on of 

the heat in solu8on compared to tradi8onal hea8ng methods which tend to be more 

heterogenous and focused on the reac8on flask walls. Homogenous hea8ng of the solu8on 

allows for a narrow size distribu8on and controlled physiochemical proper8es in the 
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nanomaterial. This was shown by Seol et al90, who studied the microwave – assisted 

synthesis of Au colloidal nanopar8cles with diameters of 12 nm with a reac8on 8me of a few 

minutes. They found that using high microwave power to increase the temperature ramping 

rate enables homogenous nuclea8on and par8cle growth, which reduces nanopar8cle size 

and improves uniformity. Many have also synthesised Au nanopar8cles using microwave 

irradia8on method for biological applica8ons91,92. Addi8onally, materials composing other 

metallic nanopar8cles, such as Pt nanopar8cles in aqueous solu8on93, have been 

successfully produced by microwave irradia8on for their use catalysis. This synthesis method 

has been described as highly efficient, energy – saving, and environmentally friendly in many 

chemical processes. Microwave irradia8on methods have been used in conjunc8on with 

hydrothermal synthesis for the purpose of producing fine par8cles of barium ferrite94. The 

microwave – induced hydrothermal methods have been studied on various spinel ferrites, 

however, the mechanism for hexagonal barium hexaferrite is different from that of spinel 

ferrites as barium ferrite is formed through the intermediate phases of a-Fe2O3 and BaFe2O3. 

Using microwave irradia8on methods, the crystallisa8on of the barium ferrite par8cles is 

promoted within a short 8me and rapid forma8on also supresses par8cle agglomera8on. 

However, the thickness of the barium hexaferrite nanopar8cles were found to be unusually 

low, causing a larger aspect ra8o compared to conven8onal hydrothermal methods95. 

 

2.8. Summary of par(cle synthesis methods  

 

Table 3: Summary and comparison of different par:cle synthesis methods. 

ParOcle Synthesis 
Method 

Method summary  Advantages LimitaOons 

Co – precipita8on  Synthesis of 
magne8c 
nanopar8cles from 
aqueous salt 
solu8ons through 
the addi8on of a 
base as a 
precipita8ng 
agent. 

- Simple and 
convenient. 

- Can be 
op8mised for 
large – scale 
produc8on. 

- High yield of 
products. 

 

- Inhomogeneity 
in par8cle size 
and 
microstructure. 

- Lack of control 
on par8cle size 
distribu8on. 

- Use of high 
temperature. 

Sol – gel synthesis  Mixing of 
precursors forming 
a colloidal solu8on 

- Economically 
and 

- Prolonged 
reac8on 8mes. 



 38 

(“sol”) which is 
later dried (“gel”) 
producing fine-
grained 
polycrystalline 
ferrites. 

environmentally 
friendly 

- Monodisperse 
sample 
obtained. 

- Control of 
shape, and size. 

- High purity and 
good 
crystallinity of 
products. 

- Use of toxic 
organic 
solvents. 

- High chance of 
product 
contamina8on. 

Hydrothermal 
synthesis  

Precipita8on of 
par8cles in 
solu8on followed 
by hea8ng to 
ini8ate par8cle 
growth. 

- Economically 
friendly method 

- Produces 
par8cles with 
high 
crystallinity and 
consistent 
composi8on. 

- Control on the 
par8cle size and 
shape offering 
magne8c tuning 

- Need for high 
temperatures 
and pressures. 

- Difficult to 
produce 
nanopar8cles 
smaller than 
10 nm. 

Chemical 
reduc8on 

Reduc8on of 
metal ions in 
solu8on to 
produce 
nanopar8cles.  

- Control of 
par8cle size, 
shape, and size 
distribu8on.  

- Cost – effec8ve. 
- Ecologically, 

and 
economically 
friendly. 

- Mainly used 
for iron oxide 
par8cle 
synthesis, 
limited 
research on 
BHF par8cle 
produc8on.  

Pulsed Laser 
Abla8on in Liquid 
(PLAL) 

Physical synthesis 
method ini8ated 
by direc8ng a high 
– energy op8cal 
source towards a 
bulk metal target 
submerged in 
liquid which 
triggers 
thermodynamic 
reac8ons to occur.  
 

- Control of 
par8cle size and 
shape.  

- Can be 
performed in 
other mediums 
such as, air and 
vacuum. 

- Reduced 
reac8on 8me. 

- Low toxicity. 
- Ease of product 

extrac8on. 

- Limited 
research on 
BHF par8cle 
produc8on. 
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Microwave 
irradia8on 

The microwave 
hea8ng provides a 
fast transfer of 
energy through 
radia8on rather 
than typical heat 
transfer methods 
or convec8on. The 
nanopar8cles are 
prepared in 
solvents such as 
water and organic 
solvents. 
 

- Reduced 
reac8on 8me. 

- Increased yield. 
- Decreased 

energy and 
reagent 
consump8on. 

- Environmentally 
friendly. 

- Less on control 
on par8cle size 
and shape.  

 

Chapter 3: Colloidal Stability of Barium Hexaferrite Ferrofluids  

 

Chapter 3 introduces ferrofluids and magnetorheological fluids which are typically produced 

aeer dispersing dry magne8c nanopar8cles in an appropriate solvent or wet dispersed 

during the synthesis process. Colloidal stability is defined as the ability of suspended 

par8cles to remain uniformly dispersed over 8me without aggrega8on or sedimenta8on. For 

barium hexaferrite nanopar8cles, magne8c dipole–dipole interac8ons act in addi8on to van 

der Waals forces, both of which promote par8cle aCrac8on and aggrega8on. This chapter 

therefore examines how these interac8ons can be mi8gated through the use of stabilising 

agents, ensuring long-term stability and func8onality of BHF-based suspensions. 

 

3.1. Fundamentals of Stability in Colloidal Ferrofluids 

 

The content of Subchapter 3.1 is based on reference 97, namely “Ferrohydrodynamics” by 

R.E. Rosensweig.  

 

3.1.1. Colloidal ferrofluids 
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Ferrofluids are a group of colloidal magne8c fluids composing homogenously dispersed 

par8cles suspended in a carrier fluid. A colloidal system can consist of evenly suspended 

par8cles in a con8nuous medium as well as suspensions that seCle out slowly. However, a 

true ferrofluid does not seCle out despite a slight concentra8on gradient which is oeen 

established aeer long exposure to a force field (gravita8onal or magne8c).  

Figure 15: magne:c, single - domain par:cles with a surface coa:ng of surfactant molecules in a colloidal 

ferrofluid96.  

 

Ferrofluids are composed of small (up to a few nanometres) par8cles of solid, magne8c, 

single – domain par8cles which are typically coated with a molecular layer of a dispersant 

and suspended in a non – magne8c liquid carrier fluid (Figure 15). The molecular layer 

coa8ng is oeen a stabilising agent adsorbed onto the par8cle surface and has a principal role 

of preven8ng the par8cles from s8cking or aggrega8ng together. In addi8on, thermal 

agita8on keeps the magne8c par8cles suspended in the carrier fluid due to Brownian 

mo8on. These ferrofluids are vastly different from the ‘magne8c fluids’ for clutches and 

brakes introduced in the late 1940s which compose of micron – and larger sized iron 

par8cles slurried in an oil. These clutch fluids solidify in the presence of an applied magne8c 

field while colloidal ferrofluids retain liquid flowability even when exposed to intense 

magne8c fields. A typical ferrofluid contains 1023 par8cles per cubic meter and is opaque to 

visible light96. Ferrofluids also differ significantly from magnetorheological fluids (MRFs) in 

terms of composi8on, par8cle size, and rheological behaviour. MRFs typically compose of 

mul8domain par8cles, usually in the micrometre size range which are prone to 
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sedimenta8on. This difference in par8cle size leads to dis8nct magne8c and flow proper8es. 

When exposed to external magne8c field, MRFs undergo a reversible transi8on from a liquid 

to a semi – solid state, accompanied by a drama8c increase in viscosity which is not 

observed in ferrofluids97. 

 

3.1.2. Fundamentals of stability  

 

The proper8es of a ferrofluid are largely affected by the Brownian mo8on of the dispersed 

par8cles as well as the magne8sa8on of each sub – domain par8cle. Brownian mo8on is a 

thermal effect (above 0 K) that describes the random movement of par8cles suspended in a 

liquid or gas. A third essen8al component of a colloidal ferrofluid is a long – chain molecular 

species which is typically adsorbed onto the magne8c par8cle surface. This long – chain 

molecule prevents agglomera8on of the par8cles to each other by introducing repulsive 

interac8ons. It is essen8al to maintain the stability of colloidal systems like ferrofluids, as it 

ensures a well – defined material suitable for fluid applica8ons and scien8fic studies.  

 

It is useful to consider the simple physics of the mechanisms that are responsible for the 

stability of ferrofluids. To begin, the different energy contribu8ons ac8ng on an individual 

par8cle include: 

thermal energy = 𝑘𝑇 

magne8c energy = 𝜇(𝑀𝐻𝑉 

gravita8onal energy = ∆S𝑉𝑔𝐿 

 

where 𝑘 is Boltzmann’s constant and equals 1.38 × 10)-1 J K-1, 𝑇 is the absolute 

temperature in degrees Kelvin. 𝜇( is the permeability of free space and has the value 

4𝜋 × 10)* H m-1, Volume 𝑉 = 𝜋𝑑1/6𝑚1 for a spherical par8cle of diameter 𝑑, and 𝐿 is the 

eleva8on in the gravita8onal field. Differen8a8on in the ra8o of one term to another yields 

dimensionless quan88es that can alter the stability of the ferrofluid.  

 

3.1.3. Magne8c field effects on stability  
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To evaluate the stability of magne8c par8cles seCling in a field gradient due to an external 

magne8c source, it is important to consider the compe8ng influences ac8ng on each 

par8cle. Par8cles are aCracted to the regions of higher field intensity, while Brownian 

mo8on counteracts the par8cle tendency to accumulate at the high field regions. Brownian 

mo8on provides sta8s8cal mo8on that allows the par8cles to sample all por8ons of the fluid 

volume and remain uniformly dispersed. The magne8c energy term 𝜇(𝑀𝐻𝑉 represents the 

reversible work required to remove a magne8sed par8cle from a region within the fluid 

where the magne8c field strength is 𝐻 to a loca8on in the fluid that is outside the influence 

of the field: 

𝑊 =	−∫ m𝜇(𝑀
'I
'%
𝑉n𝑑𝑠 ≈ 𝜇(𝑀𝐻𝑉	

(
I  (25) 

 

If some part of the fluid volume is located in a field – free region, then stability of the 

par8cles in the fluid is favoured as opposed to par8cle segrega8on in the fluid due to a high 

ra8o of the thermal energy to the magne8c energy: 

 
TM#"!@K	#Q#"N;	
!@NQ#T6B	#Q#"N;

= <=
+!EI5

≥ 1 (26) 

 

To consider the volume of a sphere in the above equa8on gives an expression for the 

maximum par8cle size: 

𝑑 ≤ 	 (6𝑘𝑇/𝜋𝜇(𝑀𝐻)//1 (27) 

 

3.1.4. Dipole – dipole energy and gravita8onal field effects 

 

Magne8c par8cles dispersed in a carrier fluid are also subject to aggrega8on and seCling 

under a gravita8onal field similar to a magne8c force, as described above. Gravity constantly 

pulls an individual par8cle downward in a vessel, while Brownian mo8on tends to constantly 

keep the par8cles homogenously dispersed throughout the volume of the carrier fluid. The 

rela8ve influence of gravity to magne8sm is described by the ra8o: 

 
N"@U6T@T6LQ@K	#Q#"N;	
!@NQ#T6B	#Q#"N;

= ∆SNW
+!EI

 (28) 
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Collisions between par8cles in a magne8c fluid are frequent and if the par8cles adhere 

together, agglomera8on will be rapid. The maximum energy needed to separate a pair of 

aligned par8cles with permanent magne8sa8on and diameter d is given by the dipole – 

dipole pair energy, Edd: 

𝐸'' =
.
P
+!E('*

(KR-)*
 (29) 

  

Where 𝑙 = 2𝑠/𝑑, with 𝑠 being the surface – to – surface separa8on distance. Thus, when 

par8cles are in contact, the above equa8on reduces to the following form, giving the dipole 

– dipole contact energy: 

𝐸'' =
/
-
𝜇(𝑀-𝑉 (30) 

 

The effec8veness of Brownian mo8on disrup8ng the agglomera8on of par8cles in dispersion 

can be governed by the ra8o: 
TM#"!@K	#Q#"N;	

'6FLK#)'6FLK#	BLQT@BT	#Q#"N;
= /-<=

+!E(5
 (31) 

 

In order for par8cles to avoid agglomera8on, this ra8o must be greater than unity, so the 

par8cle size is given by: 

𝑑 ≤ (72𝑘𝑇/𝜋𝜇(𝑀-)//1 (32) 

 

For magne8te par8cles dispersed in a carrier liquid, the above equa8on requires 𝑑 ≤ 7.8 

nm. This es8mate indicates that a typical magne8c fluid with a par8cle diameter in the range 

up to 10 nm lie very close to the agglomera8on threshold but manage to stay sufficiently 

stabilised96.  
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3.2. DLVO theory  

 

The DLVO (Derjaguin-Landau-Verwey-Overbeek) theory describes the stability of any 

suspension that composes par8cles with a tendency to aggregate over 8me.  

 

Figure 16: Electrosta:c repulsion and van der Waals interac:on forces ac:ng between two approaching 

charged colloidal par:cles of radius a separated by a distance H98.  

 
The DLVO theory considers two fundamental interac8ons between approaching par8cles, 

these are electrosta8c Coulomb and van der Waals interac8ons (Figure 16). The electrosta8c 

repulsive force arise from like – charged par8cle surfaces or stabilising ionic layers on the 

par8cles, producing a long – range repulsion governed by Coulomb’s law. In contrast, the van 

der Waals aCrac8ve force arise between neutral par8cles because of the fluctua8ng electric 

dipole – dipole forces that are always present. Van der Waals are generally short – ranged 

and independent of par8cle surface charge96. It is also important to consider the effect of 

the surrounding solvent or carrier fluid on the interac8ons between two surfaces or par8cles 

approaching closer than a few nanometres. The DLVO theory does not take into account the 

interac8ons between two solid surfaces in a liquid medium, these are generically called non 

– DLVO forces. When two par8cle surfaces approach each other, one layer of liquid 

molecules aeer another is squeezed out of the closing gap. The geometric constraining 

effect of the approaching par8cle wall on these molecules as well as the aCrac8ve 

interac8ons between the surface and liquid molecules cause the solva8on forces between 

the two par8cle surfaces. When the solvent is water, this is referred to as hydra8on forces. 
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Hydra8on force is a strong, short – ranged force that decays exponen8ally with the distance 

between par8cles, D: 

𝐹XHW(𝐷) = 𝐾𝑒)Y/K  (33) 

 

Where K > 0 relates to the hydrophilic repulsion forces and K < 0 relates to the hydrophobic 

aCrac8on forces. l is the correla8on length of the orienta8onal ordering of water 

molecules99,100. 

 

The stability of a suspension is evaluated by the rate of par8cle aggrega8on. If the repulsive 

interac8ons between the par8cles are larger than the aCrac8ve interac8ons, the rate of 

aggrega8on will be slower and hence stability of the suspension is improved. It is important 

to note that the DLVO theory does not describe stable states in terms of thermodynamic 

stability but rather in the sense of aggrega8on rate being prac8cally zero98.  

Figure 17: schema:c representa:on of interac:on energy between approaching magne:c par:cles under the 

influence of a constant external magne:c field. The curve is plofed as a func:on of the surface to surface 

distance, d101.  

 

The stability of a colloidal suspension is strongly dependent on the total poten8al energy, 

WTotal. The total interac8on energy poten8al for two approaching magne8c par8cles in a 

suspension consist of a shallow secondary and a deep primary energy minimum that are 

separated by an energy barrier Ea of certain height. Figure 17 shows a schema8c plot of the 
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interac8on energies between magne8c par8cles against par8cle surface to surface distance 

(nm). Magne8c par8cles can possess three different states when a magne8c field is applied: 

(i) aggregated in the primary minimum (close contact), (ii) aggregated in the secondary 

minimum (short distance), and (iii) unlinked (large distance). np(t), ns(t), and nf(t) in Figure 17 

denote the number of primary, secondary, and open bonds (i.e. unestablished bonds). 

  

WDR represents the electrosta8c interac8on, while WvdW represents van der Waals 

interac8on between par8cles. The total poten8al energy, WTotal can be described as follows: 

 

𝑊YW5H = 𝑊YZ +𝑊U'[ (34) 

 

𝑊=LT@K = 𝑊YW5H + 𝑑𝑖𝑝𝑜𝑙𝑎𝑟 (35) 

 

Par8cle aggrega8on can occur in the primary minimum, where the distance between 

par8cles is very small, or in the secondary minimum, where the neighboring par8cles within 

an aggregate are a short distance apart from each other. The height of the Ea is mainly 

determined by the electrosta8c repulsion between the par8cles. In the case of a high Ea, 

par8cle aggrega8on is miniscule and the colloidal suspension remains stable. Whereas, a low 

Ea means that electrosta8c repulsion between par8cles is weak which leads to 

destabilisa8on. Secondary minimum aggrega8on is reversible as the aCrac8ve magne8c 

interac8on between the par8cles is reduced with elimina8on of the magne8c field. Hence, 

at large par8cle distances, the electrosta8c repulsion seperates the par8cles giving rise to a 

breakdown of aggregates and improving stability. Aggrega8on in the primary energy 

minimum is typically irreversible, due to the close contact between par8cles allowing van 

der Waals interac8ons to maintain par8cle aggrega8on even when the external field is 

removed101.  

 

3.3. Colloidal stability in magne(c suspensions  

 

In addi8on to the van der Waals aCrac8ve forces, magne8c nanopar8cles can also be 

affected by magne8c dipole – dipole aCrac8ve interac8ons poten8ally leading to 
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aggrega8on and colloidal instability. Par8cles below a certain size (i.e. below 15 nm for iron 

oxide nanopar8cles) can be considered superparamagne8c and do not display any remanent 

magne8sa8on. Hence there are no aCrac8ve magne8c interac8ons between the 

superparamagne8c nanopar8cles in the absence of an external field and magne8c 

aggrega8on does not take place102. In contrast, colloidal stability in larger par8cles displaying 

permanent magne8c moments is very challenging. This is due to the dipole – dipole 

magne8c interac8ons between magne8c par8cles which significantly affect the colloidal 

stability of a ferrofluid by increasing par8cle aggrega8on. Dipole – dipole aCrac8ve forces 

are longer ranged (tens of nm) in comparison to other interpar8cle interac8ons such as van 

der Waal’s which have a range of just a few nm103,104. The aCrac8ve interac8ons between 

two magne8c par8cles in a ferrofluid can addi8onally be affected by par8cle shape105,106. 

The centres of two adjacent plate – like par8cles are considerably closer than for two 

spherical or rod – like par8cles of the same volume, as a consequence the dipole- dipole 

magne8c interac8ons are stronger for a couple of plate – like par8cles21. 

 

The colloidal stability of a ferrofluid can be achieved by introducing sufficient repulsive 

interpar8cle interac8ons that counteract these aCrac8ve interac8ons. Electrosta8c, steric or 

a combina8on of the two, i.e. electrosteric repulsion mechanisms can be applied to prevent 

aggrega8on of nanopar8cles in the suspension107. To stabilise a ferrofluid via electrosta8c 

repulsion mechanisms, the surface charge of the magne8c par8cles is typically altered. This 

can be done through the adsorp8on of ions from the isotropic carrier liquid such as OH- from 

water, and/or by adsorp8on of specific charged species from the carrier liquid onto the 

par8cle surfaces. The electrosta8c interac8on energy depends on the par8cle surface 

poten8al (Y) the dielectric constant of the isotropic liquid, the presence of counter ions as 

well as ionic strength and pH. These factors will affect the Debye – Huckel parameter, which 

represents the distance to where the electrosta8c interac8on is significant between the 

par8cles108,109. Colloidal stability in ferrofluids can also be aCained through steric repulsion 

through the adsorp8on of macromolecule stabilising agents onto the magne8c par8cle 

surface. Steric repulsion is only affec8ve at a short distance and is short – ranged compared 

to electrosta8c and dipole – dipole magne8c interac8ons. To provide colloidal stability in a 

ferrofluid through a combina8on of steric and electrosta8c repulsive mechanisms, 

macromolecule stabilising agents carrying a charge can be adsorbed onto the magne8c 



 48 

par8cle surface. A combina8on of repulsive mechanisms may be required for larger par8cles 

due to the electrosta8c repulsion being insufficient as the par8cles get closer. The par8cle 

shape can also affect the electrosta8c and steric repulsive forces which are much stronger in 

anisotropic, plate – like par8cles which have a much larger interac8on surface than two 

spherical par8cles of the same volume. Therefore, to successfully stabilise a ferrofluid, the 

magne8c par8cle surface must be tuned according to par8cle size, shape, and carrier fluid.  

 

3.4. Electrosteric stabilisa(on of BHF nanopar(cles using dextran biopolymer 

Barium hexaferrite (BHF) nanopar8cles are a typical representa8on of anisotropic 

permanent magne8c nanopar8cles in ferrofluids. Colloidal stabilisa8on of BHF nanopar8cles 

is essen8al in ferrofluids due to their par8cle size, plate – like shape and permanent 

magne8c proper8es. As discussed above, colloidal stabilisa8on can be achieved through the 

modifica8on of par8cle surface and introducing repulsive interac8on mechanisms. The 

surface of par8cles can be modified using different methods to achieve colloidal stabilisa8on 

in ferrofluids. One such way is to func8onalise a magne8c par8cle’s surface with 

macromolecule stabilising agents such as charged surfactants, ligands or polymer brushes 

(such as cetyl trimethylammonium bromide (CTAB), stearic acid, linoleic acid, citric acid and 

dextran.)110,111,112. If these macromolecule stabilising agents are not irreversibly (covalently) 

bound to the nanoparticle surface, they can easily detach via adsorption/desorption 

mechanisms which can lead to particle aggregation and colloidal instability. However, an 

irreversible covalent attachment of the stabilising macromolecule to the nanoparticle 

surface ensures long - term colloidal stability as the covalent bond between the 

macromolecule stabilising agent and the particle surface is strong and not sensitive to 

changes in the environment (e.g. pH, ionic strength, temperature)113.   

In a previous study, hydrothermally synthesised BHF permanent magnetic nanoparticles 

were coated with a dextran polymer to produce a stable colloidal dispersion in complex 

biological media through electrostatic and steric repulsive mechanisms104. Dextran is one of 

the most widely used biopolymer for the coa8ng of magne8c nanopar8cles114 due to its 

biocompa8bility and low cytotoxicity115. Generally, a dextran coa8ng on magne8c 

nanopar8cles is achieved in – situ during the synthesis of the nanopar8cles or through a 



 49 

coa8ng process post – synthesis which involves adsorp8on via the forma8on of hydrogen 

bonds between the dextran – OH groups and the Fe – OH on the nanopar8cle surface. 

However, in – situ coa8ng of dextran is not aCainable with BHF nanopar8cles as they are 

hydrothermally synthesised and preliminary tests of post – synthesis dextran coa8ng onto 

BHF nanopar8cle surface also did not prevent aggrega8on104. A stable aqueous suspension 

of the BHF nanoparticles was initially prepared by adsorbing citric acid onto the particle 

surface, followed by coating the nanoparticles with a thin layer of silica to improve the 

chemical reactivity of the BHF nanoparticles. The Si – OH bonds from the silica molecules 

form stable Fe – O – Si covalent bonds with Fe3+ ions on the BHF nanoparticle surface113. A 

separate mixture of dextran and a coupling agent/linker called 

Glycidoxypropyltrimethoxysilane (GLYMO) is first prepared to allow the epoxide rings of the 

GLYMO molecules to react with the OH groups of the dextran polymer. The product of this 

mixture is then grafted onto the silica – coated BHF nanoparticles. The purpose of the 

GLYMO linker is hence to ensure a covalent bond is formed between dextran and the BHF 

nanoparticle surface.  

Figure 18: Schema:c presenta:on of the barium-hexaferrite nanoplatelets func:onalisa:on strategy with 

dextran104. 

The functionalisation of dextran onto BHF nanoparticles is illustrated in Figure 18. The 

dextran coated BHF nanoparticles were characterised using chemical, thermal and magnetic 

analytical techniques. The size and size distribution of the dextran coated BHF nanoparticles 

was compared with as – synthesised BHF nanoparticles and showed a general narrowing of 
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particle size distribution where the majority of as – synthesised BHF nanoparticles were on 

average 40 ± 18 nm wide, and the dextran coated BHF nanoparticles were on average 52 ± 

12 nm wide. The size selection can be a consequence of processing the nanoparticle 

suspensions. Generally, a narrow size distribution produces an easier dispersion of magnetic 

nanoparticles in a liquid medium, however, the average size of both the as – synthesised 

and dextran coated BHF nanoparticles synthesised in this study can be considered small. The 

dextran coated BHF nanoparticles were dispersed in different physiological buffers and 

complex biological media containing all the substances that ensure a physiological balance 

(plasma protein, polypeptide, fat, carbohydrate, growth factor, hormones, and inorganic 

mineral). The chosen coating materials, silica and dextran, are biocompatible and FDA 

approved. 10 wt% of the dextran adsorbed onto the BHF nanoparticle surface was replaced 

with a modified version of dextran called DEAE – dextran which possess a ternary amine. 

The ternary amine provides a positive charge to the BHF nanoparticle surface aiding in 

electrostatic and steric repulsion for colloidal stability in biological media. The colloidal 

stability of the dextran coated BHF nanoparticles was measured using zeta potential. 

Dextran coated BHF nanoparticles produced a zeta value of -10 mV while the BHF 

nanoparticles grafted with the modified DEAE – dextran produced a value of +10 mV at 

neutral pH. The low zeta potential values suggest that the colloidal stability is ensured by 

steric repulsion as opposed to electrostatic repulsive mechanisms. However, this study 

provides a unique and versatile functionalisation strategy as it demonstrates that the 

surface charge of the BHF nanoparticle surface can be modified according to the demands 

of specific applications by adsorbing different forms of the dextran polymer. The colloidal 

stability of the BHF nanoparticles in biological media was also evaluated by visual 

assessment as well as Dynamic Light Scattering (DLS). However, visual assessment is not an 

objective measurement and DLS analysis does not give an accurate result for non – spherical 

particles. The colloidal stability of the as – synthesised and dextran coated BHF 

nanoparticles was evaluated at a low concentration of 0.1 mg/ml and does not report how 

stability of the particles in the liquid media is affected at higher concentrations. 

Nevertheless, this study presented substantial advancement in the colloidal stabilisation of 

permanent magnetic BHF nanoparticles as opposed to traditionally considered 

superparamagnetic nanoparticles and paves the way towards some biomedical applications 

and treatments104. 
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3.5. Colloidal stabilisa(on of BHF magne(c nanopar(cles in ferrofluids using DBSA 

surfactant 

 

For the stability of any ferrofluid, it is crucial to tune the size, size distribu8on, and surface 

proper8es of the par8cles. Other than long chain polymers like dextran, surfactants are 

another type of macromolecules that can be used for colloidal stabilisa8on. Long – chain 

surfactants which provide for steric stabilisa8on of the suspension, can be used when the 

par8cle size and hence, the magne8c moments of the par8cles are rela8vely small. In the 

case of suspensions composing small par8cles, the average magne8c interac8on between 

the par8cles at contact is weaker than the thermal energy in the absence of an applied 

magne8c field. However, under an applied magne8c field the magne8c interac8on between 

par8cles becomes stronger than the thermal energy resul8ng in chain – like structures which 

causes an increased viscosity of the suspension116,117,118. Conversely, in the case of 

suspensions composing larger par8cles with larger magne8c moments, average contact 

magne8c interac8on between the par8cles exceeds thermal energy significantly. This results 

in long chain – like aggregates forming already in the absence of an applied magne8c field 

and electrosta8c in combina8on with steric stabilisa8on becomes necessary for colloidal 

stabilisa8on. Surfactants carrying a posi8ve or nega8ve ionic charge can be func8onalised 

onto the surface of magne8c par8cles to provide for electrosteric repulsion.  

 

 

Figure 19: shows illustra:on of surfactant – func:onalised par:cles with a single layer of surfactants (a) and a 

double – layer of surfactants (b)119. 

 
Figure 19 shows how surfactants arrange themselves in polar and non – polar solvents. If the 

nanopar8cles are dispersed in a non - polar carrier liquid, the surfactant forms an external 
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hydrophobic layer around the nanopar8cle surface. The polar head of the surfactant point 

towards the surface of the magne8c nanopar8cles, while the alkyl chains align towards the 

non – polar solvent. Conversely, If the par8cles are dispersed in a polar solvent, such as 

water, a double layer of surfactant is necessary to create an external hydrophilic layer. For 

polar colloidal dispersions, including aqueous magne8c liquids, it is assumed that an excess 

of surfactant molecules is needed to form the second layer of surfactant molecules on the 

magne8c nanopar8cle surface. The first (hydrophobic) layer is chemically adsorbed at the 

surface of the magne8c nanopar8cles and the second (hydrophilic) layer, is physically 

adsorbed at the first surfactant layer. Due to the low bonding energy of the physically 

adsorbed second layer, free surfactant molecules remain dissolved in some excess in the 

polar carrier liquid120,121. Also, the balance between the adsorbed and free excess surfactant 

molecules within the double layer is constantly changing, hence, the colloidal stability of 

polar – based ferrofluids changes dras8cally upon dilu8on122. Addi8onally, the par8cles can 

aggregate if a surfactant with the opposite charge to the surface charge of the par8cles in 

the aqueous solvent is used. For the adsorp8on of oppositely charged surfactants onto the 

par8cle surfaces, the electrosta8c and hydrophobic interac8ons between the surfactant 

molecules must be considered123. If the surfactant concentra8on is low, the par8cles will 

aggregate due to a strong hydrophobic force124, leading to colloidal instability. This can be 

avoided by increasing the surfactant concentra8on as the par8cles become hydrophilic again 

once a bilayer surfactant coa8ng is formed as shown in Figure 19. With a bilayer forma8on 

of the surfactants, the stability of the suspension improves due to electrosta8c and steric 

repulsions125. 

 

In the case of BHF magne8c nanopar8cles, the aggregates formed due to aCrac8ve van der 

Waals and magne8c dipolar interac8ons are usually columnar due to the magne8c easy axis 

being oriented perpendicular to the ab plane. Therefore, for the colloidal stability of BHF 

nanopar8cles in a liquid carrier, it is essen8al to induce repulsive interac8ons between the 

nanopar8cles. Long – chain surfactants with dielectric proper8es corresponding to the 

surrounding solvent can provide for electrosteric stabilisa8on126,109. A recent study has 

shown that surface modifica8on of BHF nanopar8cles with a double layer of 

dodecylbenzenesulfonic acid (DBSA) surfactant allows for the forma8on of stable colloidal 

suspensions in alcohols126. Ini8ally, the first prepared suspensions of DBSA – modified BHF 
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nanopar8cles in alcohol had short – term stability despite electrosteric repulsion provided 

by the DBSA. This was due to the diameter of the BHF nanopar8cles being a few hundred 

nanometres in size, leading to aggrega8on and eventually sedimenta8on of par8cles. 

However, aeer narrowing the par8cle diameter distribu8ons and elimina8ng large BHF 

nanopar8cles by par8al subs8tu8on of Fe3+ with Sc3+, the DBSA surfactant provided for 

sufficient electrosteric stabilisa8on in different alcohols41. The parameters that affect the 

electrosta8c interac8on between the BHF nanopar8cles in different alcohols including tert – 

butanol, 1 – hexanol, 1 – butanol, and 2 – propanol were studied109. 

 

Experimental findings showed that the first layer of the DBSA is adsorbed onto the posi8vely 

charged BHF nanopar8cle’s surface109. The posi8ve charge on the BHF nanopar8cle surface 

comes from the protonated DBSA sulfonic groups which are formed by a proton exchange 

between the BHF nanopar8cle surface and the DBSA molecule. Once the DBSA – coated BHF 

nanopar8cles are hydrothermally synthesised, they start to show hydrophobic behaviour 

and aggregate in a strongly polar medium like water. The exchange of the water with alcohol 

causes par8al desorp8on of the DBSA molecules from the surface of the BHF nanopar8cles 

and a double – layer of DBSA surfactant forms. There is a dynamic equilibrium between the 

DBSA molecules in the double layer and the system, such that part of the desorbed DBSA 

molecules form the double layer, while another part is dissolved and par8ally dissociated in 

the alcohol suspension. This dynamic equilibrium is affected by the total frac8on of the 

surfactant, the concentra8on of the nanopar8cles, and the proper8es of the alcohol. It was 

found that the amount of dissolved DBSA surfactant is lower in more polar alcohols like 2 – 

propanol and 1 – butanol suspensions compared to less polar alcohols such as 1 – hexanol 

and tert – butanol suspensions. A decrease in the suspension concentra8on caused 

addi8onal DBSA molecules to desorb from the BHF nanopar8cle surface and dissolve in the 

alcohol suspension. Conduc8vity measurements showed that the dissocia8on of the DBSA 

surfactant molecules is higher in more polar solvents like 1 – butanol and 2 – propanol.  

The dissociated DBSA molecules weakly shield the BHF nanopar8cle’s charge resul8ng in 

stronger electrosta8c repulsive forces and improved colloidal stability. Addi8onally, less 

polar solvents dissociate lower concentra8on of DBSA surfactant which makes the ionic 

strength of the suspension lower. Hence, more polar solvents may disperse DBSA – coated 

BHF nanopar8cles beCer than less polar solvents producing a stable ferrofluid.  
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Key findings from the experiments conducted on DBSA – coated BHF nanopar8cles have 

highlighted the importance of the total frac8on of DBSA surfactant in stabilising the 

suspension. This is due to the dynamic equilibrium between the dissolved and adsorbed 

DBSA molecules. If the concentra8on of dissolved DBSA molecules is too high, this causes 

the nanopar8cles to aggregate due to a high screening of the charge and the suspensions 

destabilises. The concentra8on of dissolved DBSA molecules affects the concentra8on of 

adsorbed DBSA to the BHF surface. If the laCer is too low, the system cannot ensure efficient 

surface coverage of the BHF nanopar8cles, leading to aggrega8on and colloidal 

destabilisa8on. DBSA has proven to be an extremely successful surfactant at stabilising BHF 

nanopar8cles with the highest colloidal stability found in 1 – butanol due to a combina8on 

of high enough surface charge and low enough dielectric constant. DBSA also allowed a 

higher concentra8on of BHF nanopar8cles to be dispersed in the alcohols including 1- 

butanol compared to previous studies exploring dextran as a stabilising agent for BHF 

nanopar8cles in suspension.  

 

Chapter 4: Experimental methods: Barium hexaferrite par9cle growth 

in response to temperature.  

 

Understanding the growth mechanism of barium hexaferrite nanopar8cles via hydrothermal 

synthesis is of great interest to op8mise the structural and magne8c proper8es which 

impacts par8cle dispersion. A previously reported hydrothermal synthesis method for BHF 

nanopar8cles was reproduced at varying temperatures following by a detailed analysis of 

par8cle size and morphology using Scanning Electron Microscopy (SEM) and Vibra8ng 

Sample Magnetometer (VSM). The purpose of this study was to iden8fy an op8mal 

hydrothermal synthesis temperature at a constant hea8ng rate which yields BHF with 

platelet morphology, narrow size distribu8on, and applicable magne8c proper8es.  
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4.1. Introduc(on  

 

Barium hexaferrite (BHF) nanopar8cles are tradi8onally prepared using a solid – state 

synthesis method including a high – temperature treatment of precursors usually Fe2O3 and 

BaCO3 at around 900 °C followed by milling127. Many different methods can be used for the 

precursor prepara8on, including chemical precipita8on in aqueous media128,129 reverse – 

micelle – based methods130 and low – temperature combus8on synthesis127. To decrease the 

forma8on temperature, the precursors containing a homogenous mixture of cons8tu8ng 

ions are calcined to synthesise smaller crystallites. However, the calcina8on of the 

precursors prepared by most synthesis methods yield a broad par8cle size distribu8on even 

when the forma8on temperature is reduced to 500 °C130. Other methods such as glass 

crystallisa8on have been reported to produce BHF in the superparamagne8c size range using 

high temperatures131,132, but these can be rela8vely complex, unsuitable for large – scale 

produc8on and very expensive. Alterna8vely, BHF nanopar8cles can be obtained at low – 

temperatures using an in – situ hydrothermal synthesis133,134 at a much lower cost than the 

above-men8oned methods. The low temperature is facilitated by strongly increasing the 

concentra8on of hydroxyl (OH-) ions rela8ve to the metal ion precursors (Ba2+ and Fe3+). The 

iron hydroxide (Fe(OH)3 is amphoteric and forms tetrahydroxoferrates (III) [Fe(OH)4]-, in an 

alkaline medium. The high concentra8on of hydroxyl ions favours the associa8on of 

[Fe(OH)4]- ions into iron – rich aggregates of [Fe(OH)2\
\)] 135. This aids in the forma8on of 

the hexaferrite as [Fe(OH)2\
\)] complexes easily combine with one Ba ion to form BaFe12O19 

(i.e. barium hexaferrite) compared to 12 individual [Fe(OH)4]- ions. Hence, the 

supersatura8on and consequently, the nuclea8on of hexaferrite is allowed at lower 

temperatures.  
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Figure 20: chemical reac:ons between Fe3+ and Ba2+ precursors to form BaFe12O19 using low temperature 

hydrothermal synthesis facilitated by an exceess of OH-. 

Figure 20 shows the chemical reac8ons involved between Fe3+ and Ba2+ precursors in the 

hydrothermal synthesis of BaFe12O19. In this chapter, experimental findings are presented on 

par8cle size and magne8c proper8es of Sc – subs8tuted BHF nanopar8cles coated with 

DBSA surfactant which were hydrothermally synthesised at varying temperatures in an 

excess of hydroxyl (OH-) ions rela8ve to metal ions. 

 
4.2. Experimental  

 

4.2.1. Materials 

 

Barium nitrate (99%) and nitric acid (70%) were obtained from Thermo-Fisher scien8fic. 1-

butanol (99%), scandium (III) nitrate hydrate (99%) and iron (III) nitrate nonhydrate (98%) 

were obtained from Alfa-Aesar. Sodium hydroxide (98%) and DBSA (95%) were obtained 

from Sigma-Aldrich.  

 

4.2.2. Synthesis of the nanopar(cles: 

 

Sc-subs8tuted BHF nanopar8cles were hydrothermally synthesised at varying temperatures 

following a previously reported “state of the art” procedure41,109. The previously reported 

hydrothermal synthesis produces Sc – subs8tuted BHF nanopar8cles with hard magne8c 

proper8es at a temperature of 240 °C with DBSA surfactant adsorbed onto the BHF par8cle 

surface. To assess how the size and shape of these Sc – subs8tuted BHF par8cles changes 

with temperature, the previously reported hydrothermal synthesis process was repeated at 

varying temperatures of 120 °C – 270 °C.  

For the prepara8on of BHF nanopar8cles, the barium (0.62 g), iron (III) (4.36 g) and 

scandium (III) (0.35 g) nitrates were dissolved in deionised water in a molar ra8o of 1:4.5:0.5. 

An excess of sodium hydroxide (26.2 g) was gradually added aeer which precipita8on occurs 

and the solu8on was allowed to cool to room temperature. A solu8on of DBSA (1.80 g) is 

then dissolved in 25 ml of acetone and gradually added to the reac8on mixture over a 
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period of 30 minutes, the mixture was subsequently allowed to s8r for 30 min. The 

suspension of precipitated precursors was sealed in an autoclave vessel and heated with a 

hea8ng rate of 3 °C /min to various synthesis temperatures including 120 °C (BHF-120°C), 

160 °C (BHF-160°C), 170 °C (BHF-170°C), 190 °C (BHF-190°C), 220 °C (BHF-220°C), 240 °C 

(BHF-240°C), 270 °C (BHF-270°C). Aeer reaching the desired synthesis temperature, the 

autoclave is immediately allowed to cool to 20 °C at 3 °C/min. The resultant nanopar8cles 

were centrifuged at 201 rcf for 5 min and washed with water. The nanopar8cles were 

dispersed in 60 ml of water and the pH was adjusted to 1.5 using nitric acid. The mixture was 

then heated to 100 °C for 2 h on s8rring. The nanopar8cles were centrifuged and washed 

with water and acetone to remove excess surfactant and dried at 60 °C. The dry 

nanopar8cles were then dispersed in 1-butanol to create a ferrofluid at a concentra8on of 

100 mg/ml using ultrasonica8on (Fisherbrand) at 35 W for 2 h.  

 

4.2.3. Characterisa(on of materials: 

 

The magne8c proper8es of dry DBSA – coated BHF nanopar8cles were measured using 

Vibra8ng-Sample Magnetometer – VSM (LakeShore 7400). VSM samples were prepped by 

measuring a few milligrams of BHF dry powder into a non – magne8c plas8c capsule. The 

powder is gently compacted into the capsule to avoid movement during measurement. It is 

important to ensure that the powder completely fills the sample holder to remove any air 

gaps.  

 

The structural proper8es of the BHF nanopar8cles were studied using Scanning Electron 

Microscopy – SEM (Carl Zeiss Gemini). SEM samples were prepared by drop – deposi8ng a 

1mg/ml ferrofluid onto a Cu – grid support, the carrier solvent was allowed to evaporate at 

200 °C on a magne8c plate for 24 h. The size of the BHF nanopar8cles were microscopically 

analysed for each hydrothermal synthesis temperature.  

 

4.3. Results and discussion  

 



 58 

Sc – subs8tuted BHF nanopar8cles coated with DBSA surfactant were hydrothermally 

synthesised at temperatures between 120 – 270 °C. The hydrothermal synthesis process 

starts with coprecipita8on of the dissolved ca8ons i.e., Ba2+, Fe3+ and Sc3+ at room 

temperature prior to the barium hexaferrite forma8on. Barium hexaferrite precursors are 

amorphous coprecipitates of the ca8ons and can precipitate as homogenous mixtures of 

hydroxides or form an intermediate phase. The precipita8on temperature is too low for the 

BHF nanopar8cles to form, and elevated synthesis temperatures are required for the BHF 

nanopar8cles to grow48,136. Many synthesis parameters can be adjusted to op8mise BHF 

par8cle size and size distribu8on, such as, synthesis temperature, synthesis 8me, precursor 

concentra8on and hydroxyl ion to metal precursor ion concentra8on ra8o which will 

ul8mately determine the long – term stability of the par8cles in dispersion. Synthesis 8me is 

not treated as a variable in the hydrothermal synthesis process, as the reac8on is cooled to 

room temperature immediately upon reaching the target peak temperature. Synthesis 

temperature is an extremely important factor for BHF par8cle growth and dispersion as it 

directly affects Par8cle Size Distribu8on (PSD) and enables secondary recrystallisa8on for 

larger par8cles to grow. Hence, it is important to iden8fy the op8mal synthesis temperature 

for Sc - subs8tuted BHF par8cles coated with DBSA surfactant.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a b 

c 



 59 

Figure 21: a) the applied Field – H against Moment – M of barium hexaferrite nanopar:cles synthesised 

between 120 – 270 °C, b) the magne:c satura:on and remanence for 120 – 270 °C, c) coercivity for 120 – 

270°C.  

 
Figure 21 shows the magne8c proper8es of Sc – subs8tuted BHF par8cles coated with DBSA 

surfactant hydrothermally synthesised at temperatures between 120 – 270 °C. BHF par8cles 

synthesised at 120 °C i.e. BHF-120 °C, showed a negligible magne8c response below 20 

emu/g measured at 2 T (Figure 21a). Ultrafine hexaferrite nanopar8cles form at 

temperatures below 100 °C and are around 10 nm wide and approximately 3 nm thick with a 

discoid shape137,127. When dispersed in a polar solvent like 1 – butanol, BHF-120 °C were 

stable for many months but a visual response to an external magnet was not observed due 

to the small par8cle size. The long – term stability of the par8cles can be explained due to 

insignificant magne8c dipole – dipole interac8ons between the par8cles. This is consistent 

with previous studies137 which state that BHF par8cles do not grow significantly with 

increased temperature un8l hydrothermally treated at temperatures above approximately 

150 °C. Aeer nuclea8on, the hexaferrite nanopar8cles experience limited growth due to the 

precursors being consumed by the hexaferrite forma8on reac8ons, in which case, elevated 

temperatures are needed for further par8cle growth138. At synthesis temperatures above 

150 °C, the BHF start to grow exaggeratedly through a mechanism of secondary 

recrystallisa8on called Ostwald ripening139,140.  Ostwald ripening is the process by which 

larger par8cles grow at the expense of smaller ones, i.e., smaller par8cles redissolve in 

solu8on while the larger par8cles keep growing. 
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Figure 22: SEM images of BHF synthesised at 170 °C (a), 190 °C (b), 220 °C (c), 240 °C (d), and 270 °C (e). 

BHF-160 °C and BHF-170 °C display a higher magne8c satura8on compared to BHF par8cles 

synthesised at 120 °C (Figure 21b). Both BHF-160 °C and BHF-170 °C display hysteresis loops 

reminiscent of a soe magne8c material which uncharacteris8c of BHF nanopar8cles. A 

significant difference between synthesis temperatures 160 °C and 170 °C was observed, 

whereby the remanence magne8sa8on remains almost constant, but both magne8c 

satura8on and coercivity are much higher for 170 °C than 160 °C despite only a 10 °C 

increase in temperature. This difference is not observed at higher temperatures (190 – 270 

°C). Figure 22 shows SEM images of BHF-170°C, BHF-190°C, BHF-220°C, BHF-240°C, BHF-

270°C. The SEM images of BHF-170 °C shows BHF nanopar8cles with an irregular, discoid 

shape which means that a much higher synthesis temperature is needed to produce 

homogenous hexagonal BHF nanopar8cles. The par8cle size of BHF-160 °C and BHF-170 °C 

was not measured using the SEM images obtained for both synthesis temperatures due to 

an overpopula8on of small discoid shaped par8cles. However, previous studies using 

d c 

e 
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advanced imaging techniques like HAADF STEM have suggested the presence of a two – size 

popula8on of BHF nanopar8cles hydrothermally synthesised at 160 °C containing small, 

discoid primary nanopar8cles and larger, exaggerated grown (secondary) nanopar8cles137 

which coincides with the rela8vely low satura8on magne8sa8on obtained for both 160 °C 

and 170 °C (Figure 21b). Low dipole – dipole magne8c interac8ons between the BHF 

par8cles synthesised at 160 °C and 170 °C allowed easy dispersion of these par8cles in 1 – 

butanol with long – term stability. When the temperature of the hydrothermal treatment is 

increased from 170 °C, the size of the exaggeratedly growing par8cles rapidly increased and 

the content of the small, primary discoid nanopar8cles decreased. This can be clearly 

observed in the SEM images of BHF-190 °C (Figure 22b) showing a majority of large par8cles 

compared to BHF-170 °C (Figure 22a). The hysteresis loop of BHF-190 °C, BHF-220 °C, and 

BHF-240 °C, represent a hard magne8c material which is typical of BHF par8cles, signifying 

much larger par8cles produced at 190 – 240 °C compared to 170 °C. As the hydrothermal 

synthesis temperature is increased above 170 °C, secondary growth via the Ostwald ripening 

effect is much more likely to occur. Temperatures studied above 170 °C i.e., 190 – 270 °C, 

produced a much higher magne8c moment in response to an external magne8c field with 

BHF nanopar8cles synthesised at 240 °C showing an unexpected drop in magne8c moment 

and coercivity.  

 

Figure 23: Par:cle size distribu:on for BHF-190 °C (orange), for BHF-220 °C (grey), for BHF-240 °C (yellow), and 

for BHF-270 °C (blue). 
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The par8cle diameters of BHF par8cles synthesised at 190 – 270 °C was manually measured 

using SEM images of approximately 200 – 300 par8cles and the par8cle size distribu8on at 

these temperatures is displayed in Figure 23. BHF-190 °C showed an average par8cle 

diameter of 116 nm while the average par8cle diameter for BHF-220 °C was 84 nm which is 

surprisingly smaller than BHF-190 °C. Similar to BHF-190 °C, BHF-240 °C produced an 

average par8cle diameter of 126 nm. When suspended in 1- butanol, BHF-190 °C, BHF-

220 °C and BHF-240 °C par8cles were easy to disperse and showed long – term stability over 

several months undisturbed. Ferromagne8c behaviour of BHF-190 °C, BHF-220 °C and BHF-

240 °C in 1-butanol can also be visually observed in the presence of an external magnet. In 

contrast, BHF-270 °C produced a much higher average par8cle diameter of 195 nm. The PSD 

of BHF-270 °C shown in Figure 23 is much wider than the other experimented synthesis 

temperatures with a par8cle size range of 1139 nm. The range of par8cle size for BHF-270 °C 

is much larger than BHF-190 °C, BHF-220 °C and BHF-240 °C which all produced a range 

between 123 – 145 nm. The subs8tu8on of Sc3+ for F3+ has also been shown to narrow down 

the size distribu8on of BHF par8cles41,43 by blocking Ostwald ripening. However, for 

hydrothermal synthesis temperatures as high as 270 °C, the Sc – subs8tu8on is ineffec8ve at 

preven8ng secondary recrystallisa8on and temperature dominates as a factor for par8cle 

growth. Figure 22(e) shows BHF-270 °C par8cles as big as 1.1 µm with smaller nanopar8cles 

deposited on top. The growth rate of these exaggerated par8cles is rela8vely fast which 

makes par8cle size harder to control. When dispersed in 1 – butanol, BHF-270 °C par8cles 

immediately aggregated when introduced into the solvent and showed no signs of visual 

colloidal stabilisa8on. From these results, an op8mal synthesis temperature for BHF 

nanopar8cles can be iden8fied between 190 – 220 °C at a rate of 3 °C /min as similar 

structural and magne8c proper8es are produced with a narrow size distribu8on to aid 

dispersion. Although a hydrothermal synthesis of BHF nanopar8cles at higher temperatures 

would be of interest, since at higher temperatures beCer structural order and consequently 

beCer magne8c proper8es can be expected. However, the mechanism of secondary re-

crystallisa8on must be suppressed in order to maintain a narrow, mono – modal size 

distribu8on of the synthesised par8cles.  
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4.4. Conclusions 

 

A study of the temperature dependent magne8c and structural proper8es of hydrothermally 

synthesised barium hexaferrite nanopar8cles is reported. The synthesis of Sc – subs8tuted 

BHF par8cles coated with dodecylbenzenesulfonic acid surfactant were synthesised at 

temperatures between 120 – 270 °C and characterised using Scanning Electron Microscopy 

and Vibra8ng-Sample Magnetometer techniques. The average size of the barium hexaferrite 

nanopar8cles were found to increase with increased synthesis temperature with a wider 

par8cle size distribu8on at higher temperatures. Specially, op8mal magne8c and structural 

proper8es were iden8fied between 190 – 220 °C while 240 °C shows an unexpected drop in 

magne8c satura8on and coercivity. Synthesis temperature 270 °C produced an extremely 

wide par8cle size distribu8on with par8cles as wide as 1.1 µm which largely compromises 

the dispersion of the barium hexaferrite nanopar8cles in a liquid medium.  

Chapter 5: Synthesis of barium hexaferrite nano-platelets for 

ethylene glycol ferrofluids 

 

5.1. Introduc(on 

 

This chapter describes a surfactant – assissted hydrothermal synthesis method of BHF 

nanopar8cles. Surfactants hexadecyltrimethylammonium bromide (CTAB) and sodium 

dodecyl sulfate (SDS) were both studied and compared in stabilising BHF nanopar8cles in 

varying non – magne8c solvents. The focus of this chapter is then shieed towards a CTAB – 

assissted hydrothermal manufacturing method and dispersion of BHF nanopar8cles in 

ethylene glycol to produce a ferrofluid characterised using magne8c, microscopic, and 

electrosta8c techniques. The proposed ethylene glycol based ferromagne8c-ferrofluid 

exhibits great stability and low vola8lity with excellent thermal proper8es, and therefore 

opens the way for commercial applica8ons.  
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5.2. Sodium Dodecyl Sulfate (SDS) surfactant  

 

For the stability of any ferrofluid, it is crucial to tune the size, size distribu8on, and surface 

proper8es of the BHF par8cles. In the case of par8cles with a rela8vely small magne8c 

moment, surfactants which provide for steric stabilisa8on of par8cles in suspension will 

suffice. However, par8cles in suspension with a larger magne8c moment for which average 

contact magne8c interac8on between the par8cles exceeds thermal energy significantly, 

both electrosta8c and steric repulsion is needed for colloidal stability. This is due to the long 

chain – like aggregates that form already in the absence of an external magne8c field. Long – 

chain ionic surfactants that exhibit a charge upon func8onal group dissocia8on can provide 

for both electrosta8c and steric, i.e. electrosteric repulsion between par8cles. In addi8on, 

long – chain ionic surfactants with dielectric proper8es corresponding to the surrounding 

solvent can successfully counteract aCrac8ve forces between par8cles109.  

 

Different combina8ons of surfactants were trialled for the func8onalisa8on and dispersion 

of BHF par8cles in a suitable solvent. The surfactants were trialled on the basis of chain – 

length, surfactant charge, and thermal stability, as these factors affect the efficiency of 

adsorp8on onto par8cle surface and hence, affect the long – term stability of the ferrofluid. 

The chemical and thermal proper8es of the carrier fluid were also considered, including 

boiling point, vola8lity, polarity, and dielectric constant. The poten8al func8onalisa8on of 

BHF par8cle’s surface with Sodium Dodecyl Sulfate (SDS) surfactant was inves8gated using a 

previously described hydrothermal synthesis method109. This was followed by tes8ng the 

dispersion of the resul8ng par8cles in a range of solvents with differing polari8es. SDS is a 

long – chain anionic surfactant with the formula C12H25NaO4S.  
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Table 4: shows the polarity and dielectric constant of solvents tested for homogenous dispersion of dry SDS 

treated BHF nanopar:cles. *A poor dispersion of nanopar:cles in a solvent can be deciphered by the an instant 

rejec:on of the nanopar:cles once introduced into the solvent, this can be observed through a clear separa:on 

between nanopar:cles and solvent which remains upon ultrasonica:on for ~2 hours. A moderate dispersion of 

nanopar:cles in a solvent is usually observed as a separa:on between the nanopar:cles and solvent aTer 

ultrasonica:on for ~2 hours. A successful dispersion can be observed as the nanopar:cles easily disperse within 

the solvent without the need for extended ultrasonica:on and without separa:on of nanoapr:cles and solvent, 

even in the presence of a magne:c field.  

 

Solvent Polarity [-] Dielectric constant [-] Successful 
dispersion?* 

Iso – hexane  1.89 Poor 
Heptane 1.92 Poor 
Decane 2.00 Poor 

Cyclohexane 2.02 Poor 
Benzene 2.27 Poor 
Toluene 2.38 Poor 

Diethyl ether 4.33 Poor 
Butanol 17.8 Moderate 

Propanol 20.1 Poor 
Ethanol 24.5 Poor 

Methanol 32.7 Poor 
Ethylene glycol 37.0 Poor  

Water 80.1 Poor 
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Figure 24: SEM of SDS – coated BHF nanopar:cles in butanol (top leT), propanol (top right), ethanol (middle 

leT), methanol (middle right), and ethylene glycol (bofom).  
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Hydrothermal synthesis of BHF nanopar8cles is ini8ated by precipita8ng barium nitrate (0.62 

g), iron nitrate (4.36 g), and scandium nitrate (0.35 g) in a molar ra8o of 1:4.5:0.5. 

Approximately 72 mg/ml of SDS surfactant is added into the reac8on mixture prior to 

hea8ng. Once the surfactant is mixed into the precipitated solu8on for 30 mins, the solu8on 

is placed in an autoclave and heated to 245 °C at 3°C/min. A temperature of 245 °C was 

used with a hea8ng rate of 3°C/min to replicate the experimental condi8ons in previously 

reported hydrothermal synthesis109.  Aeer reaching the desired synthesis temperature, the 

autoclave is immediately allowed to cool to 20 °C at 3 °C/min. The resultant nanopar8cles 

were centrifuged at 201 rcf for 5 min and washed with water. The nanopar8cles were 

dispersed in 60 ml of water and the pH was adjusted to 1.5 using nitric acid. The mixture was 

then heated to 100 °C for 2 h on s8rring. The nanopar8cles were centrifuged and washed 

with water and acetone to remove excess surfactant and dried at 60 °C. The dry 

nanopar8cles were then dispersed in a solvent to create a ferrofluid at a concentra8on of 

100 mg/ml using ultrasonica8on (Fisherbrand) at 35 W for 2 h. 

 

Table 4 shows the aCempted dispersion of BHF nanopar8cles treated with SDS surfactant in 

solvents with varying polari8es. Successful adsorp8on of the SDS surfactant molecules on 

the BHF nanopar8cle surface can only be assumed if dispersion is successful. Objec8ve 

colloidal stability analysis techniques such as zeta poten8al can subsequently be u8lised 

once the BHF nanopar8cles show visible signs of homogenous dispersion and show stability 

over a prolonged period. Visible signs of dispersion include magne8c manipula8on of the 

BHF nanopar8cles using an external magnet and an opaqueness of the ferrofluid to visible 

light. Table 4 shows no correla8on between increasing polarity an improved dispersion of 

the BHF nanopar8cles in the solvent. A poor dispersion is represented by an immediate 

collapse of the nanopar8cles as they are introduced into the solvent, even at low 

concentra8ons, with no visible benefit of sonica8on. This was aCributed to the low polarity 

of these solvents and low dielectric constants which as a result cannot effec8vely solvate the 

charged sulfate groups leading to colloidal instability. Figure 24 shows SEM results for SDS – 

treated BHF par8cles in polar solvents with a dielectric constant higher than 4.33, including, 

butanol, propanol, ethanol, methanol, and ethylene glycol. SEM results for all solvents show 

agglomerated par8cles, however, the nanopar8cles did not show visible signs of instability 



 68 

as soon as the par8cles were introduced into butanol analogous to the other solvents 

tested. In addi8on, sonica8on of the par8cles for a 1 h promoted dispersion of the par8cles 

to some extent in the laboratory. Long – term stability of the SDS treated BHF nanopar8cles 

was not observed in any of the trialled solvents which could be due to liCle to no coverage 

of the SDS surfactant molecules on the BHF nanopar8cles surface leading to insufficient 

electrosta8c and steric repulsion of the par8cles in the solvent.  

 

The func8onalisa8on of BHF par8cles and subsequent dispersion in a variety of solvents was 

concluded to be unsuccessful and SDS, hence no further experiments with SDS surfactant 

were performed. A ca8onic surfactant called Hexadecyltrimethylammonium bromide (CTAB) 

was studied for the stabilisa8on of BHF nanopar8cles. The experimental details for CTAB – 

coated BHF nanopar8cles and their colloidal stability results are described below.  

 

5.3. Experimental  

 

Barium hexaferrite – BHF (BaFe12O19) nano-platelets were manufactured via hydrothermal 

synthesis from: barium nitrate (99%), nitric acid (70%) and ethylene glycol (99%) were 

obtained from Thermo-Fisher scien8fic. 1-butanol (99%), scandium (III) nitrate hydrate (99%) 

and iron (III) nitrate nonhydrate (98%) were obtained from Alfa-Aesar. Sodium hydroxide 

(98%), DBSA (95%) and CTAB (98%) were obtained from Sigma-Aldrich. 

 

5.4. Synthesis and prepara(on of the ferrofluids:  

 

Sc-subs8tuted BHF nanopar8cles were hydrothermally synthesised at 190 °C at a hea8ng 

rate of 3 °C/min following a previously reported procedure41. A synthesis temperature of 

190 °C at a hea8ng rate of 3 °C/min was used following the results reported in chapter 4. 

The BHF nanopar8cles were func8onalised with either DBSA or CTAB (surfactant). For the 

prepara8on of BHF nanopar8cles, the barium (0.62 g), iron (III) (4.36 g) and scandium (III) 

(0.35 g) nitrates were dissolved in deionised water in a molar ra8o of 1:4.5:0.5. An excess of 

sodium hydroxide (26.2 g) was gradually added aeer which precipita8on occurs and the 

solu8on was allowed to cool to room temperature. Aeer precipita8on, a solu8on of DBSA 
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(1.80 g in 25 ml of acetone), or CTAB (1.80 g in 25 ml of water, due to imporved solubility of 

CTAB surfactant in water), was gradually added to the reac8on mixture. To produce DBSA – 

coated BHF nanopar8cles, this mixture is allowed to s8r for an addi8onal 30 minutes 

whereas for CTAB – coated BHF nanopar8cles, the mixture is s8rred overnight. This 

overnight s8rring of CTAB – coated BHF nanopar8cles is essen8al to reduce the viscosity of 

the mixture. The autoclave was heated to 190 °C at a hea8ng rate of 3 °C/min aeer which it 

was allowed to cool to 20 °C at 3 °C/min. Iden8cal growth condi8ons were maintained for 

both surfactants while maintaining a low synthesis temperature to prevent surfactant 

degrada8on. Subsequently, it was confirmed that a synthesis temperature of above 150 °C is 

required to produce magne8cally applicable BHF nanopar8cles137. The resultant 

nanopar8cles were centrifuged at 201 rcf for 5 min and washed with water. The 

nanopar8cles were dispersed in 60 ml of water and the pH was adjusted to 1.5 for DBSA - 

coated BHF nanopar8cles and 4.6 for CTAB - coated BHF nanopar8cles using nitric acid. A 

higher pH of 4.6 is maintained for CTAB – coated BHF nanopar8cles as the par8cles were 

observed to coagulate at a lower pH, possibly due to the ca8onic nature of the surfactant. 

The mixture was heated to 100 °C for 2 h on s8rring. The nanopar8cles were centrifuged, 

the DBSA coated nanopar8cles were washed with water and acetone while the CTAB coated 

nanopar8cles are only washed with water (due to reduced solubility of CTAB molecules in 

acetone). The DBSA coated nanopar8cles were dried at 60 °C and subsequently dispersed in 

1-butanol to create a ferrofluid which is herein referred to as DBSA/BHF. CTAB coated 

nanopar8cles were dispersed in ethylene glycol without prior drying to create a ferrofluid 

referred to as CTAB/BHF in this report. Ultrasonica8on (Fisherbrand) at 35 W for 2 hours was 

used to disperse the dry surfactant coated nanopar8cles and make up a concentra8on of 

100 mg/ml DBSA/BHF and CTAB/BHF ferrofluid. 
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5.5. Characterisa(on of CTAB – func(onalised BHF nanopar(cles: 

 
 

 
Figure 25: TEM images of the nanoplatelets coated with: (a) CTAB dried from ethylene gylcol and (b) DBSA dried 

form 1-butanol. Inser:on in panel (a) shows SAED with indices corresponding the barium hexaferrite structure, 

space group P63/mmc (194). 

 
Figure 25 shows the Transmission Electron Microscopy – TEM scans (TEM, Jeol2100) of the 

(a) CTAB dried from ethylene glycol and (b) DBSA dried form 1-butanol BHF samples. A drop 

of the diluted suspension was deposited on a Cu-coated TEM suppor8ng grid and lee to dry. 

Most of the nanoplatelets lie flat on the TEM grid showing a broad distribu8on. The BHF 

par8cle size is defined as the maximum, or equivalent, diameter of a hexagonal par8cle in 

this report and the size distribu8on was determined using DigitalMicrograph® soeware. 

More than 500 par8cles were accounted for sta8s8cs. The CTAB-coated BHF nanoplatelets 

dispersed in EG had a very broad distribu8on of their diameters (Figure 25). The largest 

CTAB-coated BHF nanoplatelets had diameters of few hundreds of nanometres while the 

smallest discoids had diameters of 10 nm or less. The hexaferrite structure and ferrimagne8c 

order is confirmed by the Selected Area Electron Diffrac8on – SAED inset in Figure 25a with 

indices corresponding to barium hexaferrite structure space group P63/mmc (194) for 

par8cles greater than 10 nm diameter while smaller par8cles do not evolve in the 

discoids141.  
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Figure 26: Diameter distribu:on of the nanoplatelets produced at 190 °C: CTAB/BHF dispersed in ethylene glycol 

and DBSA/BHF dispersed in 1-butanol. 

Figure 26 shows the par8cle size distribu8on of the BHF nanopar8cles DBSA/BHF and 

CTAB/BHF. The size distribu8on of DBSA coated nanopar8cles shows par8cle diameters of up 

to 100 nm compared to CTAB coated nanopar8cles with diameters of up to 180 nm. Samples 

with a broader size range were found to sediment in solvent much faster than samples with 

a narrow size distribu8on despite the electrosta8c repulsion provided by the surfactant. 

Subsequently, it has also been observed that nanopar8cles with diameters of a few hundred 

nanometers aggregate before sedimen8ng109. The DBSA-coated nanoplatelets dispersed in 

1-BuOH also had a thickness of few nanometres but smaller diameters than the CTAB-coated 

nanoplatelets. The resul8ng mean diameter was 32 nm with a standard devia8on of 26 nm 

for DBSA/BHF while CTAB/BHF had a mean diameter of 26 nm with a standard devia8on of 

52 nm.    
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Figure 27: Mass magne:sa:on – M against Applied Field – H of Barium Hexaferrite nanopar:cles coated with 

DBSA and CTAB. 

 
Figure 28: XRD paferns of DBSA/BHF and CTAB/BHF coated Barium Hexaferrite with labelled crystallographic 

planes corresponding to hexagonally crystal symmetry (space group P63/mmc) BHF nanopar:cles. 

The synthesised DBSA and CTAB-coated BHF nanopar8cles were magne8cally analysed using 

Vibra8ng-Sample Magnetometer – VSM (LakeShore 7400). The VSM samples were prepared 

into 3 mm wide tablets with an applied mechanical force of approximately 1000 N/mm2 for 

5 seconds. Figure 27 shows a dis8nct magne8c hysteresis loop at excita8on fields between -

1000 kA/m and +1000 kA/m for the DBSA/BHF and CTAB/BHF dry par8cles which is typical of 
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a hard ferrimagne8c material. The pressed tablets exhibit specific magne8c remanence Mr = 

10.4 Am2 kg-1, coercivity Hc = 72 [kA/m] and magne8c satura8on Ms = 32.8 Am2 kg-1. The 

reported values correspond with previous findings for Sc-doped BHF nanopar8cles for 

remancence, coercicity and satura8on 21. For comparison the crystallographic structure of 

dry DBSA and CTAB-coated BHF nanopar8cles was analysed using X-Ray Diffrac8on – XRD 

(Panaly8cal Xpert Pro XRD). Figure 28 shows the XRD diffrac8on paCerns of DBSA and CTAB 

– coated BHF nanopar8cles with labelled crystallographic planes. Both DBSA/BHF and 

CTAB/BHF show a similar diffrac8on paCern corresponding to hexagonally shaped BHF 

nanopar8cles. BHF has the magnetoplumbite crystal structure and is highly anisotropic with 

a = 0.589 nm and c = 2.32 nm, because of which they have a preferred growth in the ab-

plane with limited growth in the c-direc8on. The crystal structure is iden8fied by the 

stacking sequence RSR*S* of the basic blocks S and R, where the asterisk denotes the 

rota8on of the block by 180° around the hexagonal c-axis142. The Ba2+ ions within this 

sequence are located within the middle of the R block, while the Fe3+ ions occupy five 

different crystallographic sites within the R and S blocks. The (hk0) peaks (110) and (220) are 

rela8vely sharp which indicates the presence of large BHF nanopar8cles, whereas the broad 

(hkl where l≠0) relate to the thickness of the nanopar8cles127. The (hk0) peaks have a much 

larger intensity which agrees with the growth mechanism and TEM results in Figure 25 

showing the width of the nanopar8cles being larger than the thickness (10 nm). 

 

The Scherrer formula was used to calculate the average crystallize size of DBSA – coated BHF 

nanopar8cles and CTAB – coated BHF nanopar8cles using Figure 28: 

 

𝐷 = <]
^BL%_

  (36) 

 

Where, 𝐷 is the average crystallite size, 𝑘	is the Scherrer’s constant and equals to 0.89 for 

the hexaferrite, 𝜆	is the x – ray wavelength and equals to 1.5405 Å, 𝛽	is the width of the 

peak at half maximum and was extracted by direct linear interpola8on at he half – maximum 

intensity. 𝛽 is measured in radians. Finally 𝜃	is the posi8on of the peak on the XRD spectra. 

Using several peaks, the average crystallite size for DBSA – coated BHF nanoapr8cles was 

found to be 11.87 nm and the average crystallite size for CTAB – coated BHF nanoapr8cles 
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was found to be 11.20 nm. Figure 26, shows the mean par8cle diameter of DBSA – coated 

and CTAB – coated BHF nanopar8cles found to be 32 nm and 26 nm, respec8vely. In 

comparison, the crystallite size for both DBSA and CTAB – coated BHF nanopar8cles is 

smaller than the par8cle size sugges8ng a polycrystalline nature143. This is consistent with 

previous studies which also found a smaller crystalline size compared to par8cle size for BHF 

nanopar8cles144.  

 
Figure 29: XPS spectra of dry DBSA and CTAB coated BHF nanopar:cles 

 

Figure 30: Surface elemental composi:on of dry DBSA and CTAB coated BHF nanopar:cle powders 
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The func8onalisa8on of both DBSA and CTAB surfactant to the surface of BHF nanopar8cles 

can be studied using X-ray Photoelectron Spectroscopy – XPS (Kratos Axis Ultra DLD) 

measurements on dry nanopar8cles using monochroma8c AI Ka X-ray source (photon 

energy 1486.6 eV) opera8ng at 120 W (10 mA x 12 kV). All samples were pressed into 

recesses of a modified Kratos Axis Ultra standard sample bar and pressed flat with an iso-

propyl alcohol cleaned glass slides before inser8on into the spectrometer. Figure 29 shows 

the XPS data for both DBSA/BHF and CTAB/BHF with characteris8c peaks for Ba/3d (779 eV), 

Fe/2p (711 eV), O/1s (530 eV), Sc/2p (402 eV) (origina8ng from the BHF nanopar8cles) and 

C/1s (284 eV) which is considered a reference peak. For DBSA/BHF an extra peak for S/2p 

(168 eV) is observed and aCributed to the sulfur head group of the DBSA surfactant, this 

peak is not observed in the XPS data for pure BHF nanopar8cles or CTAB/BHF145,146. For 

CTAB/BHF, the C - NH2 peak corresponding to the CTAB surfactant head group occurs at 400 

eV near the Sc/2p peak. XPS data for pure BHF nanopar8cles generally show a carbon 

concentra8on of approximately 24%, this also increases as the surfactants adsorb onto the 

par8cle surface to 46% for DBSA/BHF and 35% for CTAB/BHF (Figure 30).  

 

Figure 31: Thermal decomposi:on (TGA) curves of DBSA/BHF and CTAB/BHF powder samples heated from 25 °C 

to 600 °C at 10°C/min in air.  

 

The thermal decomposi8on of DBSA/BHF and CTAB/BHF powder samples were analysed 

using thermogravimetric analysis – TGA (MeCler Toledo) shown in Figure 31. The samples 
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were heated from 25 °C to 600 °C at 10 °C/min under an inert atmosphere (air) with gas 

flow of 100 ml/min. According to Figure 31, the mass frac8on of surfactant molecules, i.e. 

the total molar concentra8on of surfactant molecules present around the par8cles (c-tot), is 

later used to calculate the amount of surfactant molecules adsorbed onto the nanopar8cle 

surface once dispersed in solvent. DBSA surfactant decomposed at approximately 265 °C 

with a mass frac8on of approximately 13% while CTAB decomposes at approximately 235 °C 

with a mass frac8on of 7% 104. According to 6, there is also a greater increase of surface 

carbon for DBSA/BHF which agrees with the TGA data showing a higher average adsorp8on 

of DBSA on the BHF surface than CTAB. The Ba/Fe atomic ra8o (0.05) was lower than the 

stoichiometric value (0.13 in BaFe12O19) which suggests that the surface of nanopar8cles is 

rich in Fe147. 

 
5.6. Results and Discussion  

 

Figure 32: Zeta poten:al data for the DBSA/BHF ferrofluid in butanol and CTAB/BHF in ethylene glycol with 

standard devia:on for zeta poten:al-measurements. 

Colloidal stability is crucial for a ferrofluid because long reaching magne8c forces between 

individual par8cles quickly lead to aggrega8on and sedimenta8on. In order to compare the 

manufactured suspension stability, and therefore determine the quality of the ferrofluid, 

electrophore8c mobility and zeta poten8al measurements were obtained for both 

DBSA/BHF and CTAB/BHF products 109. The zeta poten8al values of 1 mg/ml DBSA/BHF and 

CTAB/BHF suspensions in butanol and ethylene glycol respec8vely were measured on a 
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Malvern Nano-Z zeta analyser using a disposable capillary folding cell at an applied electric 

field of 20 V/mm. Equa8on 37 shows the Helmholtz-Smoluchowski equa8on used to 

calculate the zeta poten8al from electrophore8c mobility, where 𝜁 (mV) is the zeta poten8al 

and 𝜇#  (µmcm/Vs) is the electrophore8c mobility of the par8cles, 𝜂 (mPa.s) is the viscosity of 

the medium and 𝑓(𝜅𝑎) is the Debye func8on set to 1.5, as follows: 

 

𝜁 = 2.`
a
	𝑓(𝜅𝑎) ∙ 𝜇#  (37) 

 

100 mg/ml samples of DBSA/BHF in butanol and CTAB/BHF in ethylene glycol were diluted 

with pure solvent to make 10, 1 and 0.1 mg/ml nanopar8cle weight to volume 

concentra8ons for zeta poten8al measurements to be conducted at 25 °C. According to 

Figure 32, the zeta poten8al for DBSA/BHF was found to be 29.9 ± 4.4 mV and lower than 

the 38.3 ± 2.8 mV for CTAB/BHF ferrofluid using pure solvent permimvity and viscosity 

values from Table 5, which indicates a weaker electrosta8c repulsion for DBSA coated BHF 

nanopar8cles. The zeta poten8al values for both DBSA/BHF and CTAB/BHF suggest that the 

resul8ng ferrofluids are reasonably stable with the BHF nanopar8cles fully dispersed in their 

respec8ve carrier fluids148. The posi8ve zeta poten8al values for both ferrofluids are due to a 

protona8on of the surface groups at the par8cle - solvent interface. For the CTAB/BHF 

ferrofluid, the zeta poten8al stays constant from 1 – 10 mg/ml and significantly depletes at 

0.1 mg/ml (Figure 32). This deple8on could be due to an over-dilu8on of the ferrofluid 

leading to a lack of surfactant molecules on the surface of the BHF nanopar8cles. A similar 

zeta poten8al is observed at 0.1 mg/ml for DBSA/BHF ferrofluid while there is an expectedly 

low zeta poten8al observed at 10 mg/ml with the highest value measured at 1 mg/ml. 

 

Table 5: Electrophore:c mobility and zeta poten:al of the DBSA/BHF in butanol and CTAB/BHF in ethylene 

glycol. 

Ferrofluid Rela8ve 
permimvity of 
the solvent 
er [-] 

Viscosity  
h of the 
solvent 
(mPa.s) 

Conduc8vity 
(µS/cm) 

𝝁𝒆 (µm 
cm/Vs) 

𝜻 
(mV) 

DBSA/BHF 17.6 2.6 0.00108 ± 
0.001% 

0.221 29.9 ± 4.4 
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The surface modifica8on of the BHF nanopar8cles with a layer of surfactant allows for the 

forma8on of a stable colloidal suspension. The surfactant molecules are adsorbed onto the 

nanopar8cle surface which is created through dissocia8on of the surfactant head group 

counterion in water during the synthesis stage. To determine the quan8ty of the CTAB 

surfactant adsorbed onto the BHF nanopar8cle surface and the amount dissolved in the 

ethylene glycol liquid carrier, the molar concentra8on of dissolved CTAB surfactant (c-dis) 

was determined through electrical conduc8vity s (µS/cm) measurements (MeCler Toledo, 

LE703). The conduc8vity of CTAB/BHF in ethylene glycol and DBSA/BHF in butanol was 

measured at 10 and 100 mg/ml at room temperature. The amount of dissolved CTAB c-dis 

was determined through an addi8on method by gradually adding equal amounts of powder 

CTAB surfactant into the suspension while con8nuously s8rring the solu8on. The 

conduc8vity was measured aeer each addi8on of surfactant and found to linearly increase 

with the increase of c-dis. The linear equa8on s = a + (b x (Δc-dis)) was used to calculate c-

dis as a quo8ent of ‘a’ and ‘b’ (Table 6). The amount of CTAB surfactant adsorbed (c-ads) on 

the surface of the BHF nanopar8cles was calculated from the difference between the total 

molar concentra8on of CTAB (c-tot) and c-dis. The mass frac8on of CTAB in a known sample 

mass of dry BHF nanopar8cles was determined by TGA for adsorbed surfactant calcula8ons. 

Conduc8vity measurements (Table 6) for CTAB/BHF ferrofluid show that c-ads is unaffected 

by concentra8on and the ra8o of c-ads/c-tot remains 0.85 for 10 and 100 mg/ml. This is 

consistent with the zeta poten8al for CTAB/BHF ferrofluid being constant for 1 – 10 mg/ml, 

as the amount of CTAB surfactant on the BHF nanopar8cle surface remains the same. On the 

other hand, c-ads varies between concentra8ons for DBSA/BHF ferrofluid as the ra8o of c-

ads/c-tot at 100 mg/ ml was comparable with CTAB/BHF but significantly lower at 10 mg/ml. 

This indicates that the CTAB surfactant is more strongly bonded to the BHF nanopar8cle 

surface than DBSA as the dilu8on of ferrofluid does not increase c-dis. However, visual 

observa8ons of both DBSA/BHF and CTAB/BHF ferrofluids remain stable between 10 – 100 

mg/ml indica8ng other factors such as dielectric constant of solvent, par8cle size 

distribu8on, and an equilibrium between c-dis and c-ads ensure stability of ferrofluid.  

 

CTAB/BHF 37.0 16.2 0.00252 ± 
0.001%  

0.080 38.3 ± 2.8 
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Table 7 shows the surface area (nm2) covered by a single molecule of DBSA and CTAB 

surfactant on a BHF par8cle. The surface area per surfactant molecule (nm2) was calculated 

using equa8on 38 and equa8on 39 and the c-ads values (Table 6) for DBSA and CTAB 

surfactants. The dimensions of the BHF were assumed to be 100 nm diameter with a 10 nm 

thickness for simplicity and the par8cle surface area of a BHF par8cle was approximated as a 

cylinder. The calculated surface area covered by a single molecule of DBSA and CTAB (Table 

7) are much smaller than the expected molecular footprint of a long – chain surfactant like 

DBSA and CTAB149. This supports the idea that a likely mul8 – layer of the DBSA and CTAB 

surfactant exists around the BHF par8cles for their stabilisa8on in 1 – butanol and ethylene 

glycol, respec8vely.  

 

𝑠𝑢𝑟𝑓𝑎𝑐𝑒	𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = Q8!c#"	Ld	Y$X&	!LK#B8K#%	
TLT@K	%8"d@B#	@"#@	Ld	@	F@"T6BK#		

  (38) 

 

𝑎𝑟𝑒𝑎	𝑜𝑐𝑐𝑢𝑝𝑖𝑒𝑑	𝑏𝑦	𝑜𝑛𝑒	𝑠𝑢𝑟𝑓𝑎𝑐𝑡𝑎𝑛𝑡	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 = 	 /
%8"d@B#	BLU#"@N#	

  (39) 

 

 
Table 6: Concentra:ons of the dissolved (c-dis) and adsorbed (c-ads) DBSA/BHF in 1-butanol and CTAB/BHF in 

ethylene glycol suspensions at 10 and 100 mg/ml. 

 c-dis (mM) c-ads (mM) c-ads/c-tot 

Ferrofluid 
concentra8on 

(mg/ml) 

 
DBSA/BHF 

 
CTAB/BHF 

 
DBSA/BHF 

 
CTAB/BHF 

 
DBSA/BHF 

 
CTAB/BHF 

10 2.5 0.37 1.21 1.99 0.32 0.85 

100 6.1 3.57 26.2 19.6 0.81 0.85 

 
Table 7: surface area (nm2) covered by single molecule of DBSA and CTAB surfactant on BHF par:cle.   

Ferrofluid concentra8on 
(mg/ml) 

 

c-ads (mM) 
for DBSA  

Area per 
surfactant 
molecule 
(nm2) for 

DBSA 

c-ads (mM) 
for CTAB  

Area per 
surfactant 
molecule 
(nm2) for 

CTAB 
10 1.21  9.52 x 10-4 1.99 5.77 x 10-4 

100 26.2 4.41 x 10-4 19.6 5.88 x 10-4 
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Figure 33: Experimental destabilisa:on :mes of DBSA/BHF and CTAB/BHF ferrofluid (40 mg/ml) exposed to a 

permanent magne:c field (0.3 T).  

Figure 33 shows a simple visual experiment to compare the stability of both CTAB/BHF and 

DBSA/BHF ferrofluids which was conducted by exposing the ferrofluids to a strong 

permanent external magne8c field and inspec8ng the 8me it takes to separate magne8c 

nanopar8cles from the liquid carrier. The experiment was carried out by placing a 

permanent magnet (permanent external magne8c field = 0.3 T) against the side of each vial 

filled with the synthesised ferrofluid which aCracts most of the ferrofluid crea8ng a ver8cal 

sloped gradient perpendicular to gravity ac8ng downwards. A concentra8on of 40 mg/ml 

was selected where the magne8c energy is equal to the gravita8onal energy crea8ng a 

gradual slope. This slope shortens over8me while the volume of the carrier fluid rises at the 

boCom of the vial as the BHF nanopar8cles precipitate out of the medium. For an iden8cal 

volume of 1 ml and concentra8on of 40 mg/ml for DBSA/BHF – butanol and CTAB/BHF – 

ethylene glycol ferrofluid, the height of the carrier fluid remaining at the boCom of the vial 

aeer 1, 10, 100, and 1000 minutes were determined from photographs, and taken as a 

rela8ve indicator of destabilisa8on over 8me when exposed to an external magne8c field. 

Although both ferrofluids show destabilisa8on at each increment measured, it can be argued 

that despite difference in carrier fluid viscosity the DBSA/BHF ferrofluid is more stable as it 

showed a smaller rise in carrier fluid column from 1 – 100 minutes, compared to CTAB/BHF. 

Overall, both DBSA/BHF and CTAB/BHF showed a gradual destabilisa8on from 1 – 100 

minutes meaning that the BHF nanopar8cles retained some degree of dispersion within 

their carrier fluids. Aeer 1000 minutes, both ferrofluids were mostly destabilised only 

showing a shallow gradient compared to the image taken aeer 10 minutes but can be 

redispersed by sonica8on. Finally, the CTAB/BHF ferrofluid in ethylene glycol has a boiling 
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temperature of 197.35 °C exhibi8ng superior thermal proper8es compared to DBSA/BHF 

ferrofluid in butanol with a boiling temperature of 117.45 °C150. Since ethylene glycol is 

commonly used as a plas8cizing agent, automo8ve an8freeze, and other heat transfer 

applica8ons the proposed ferrofluid can be explored in various real world engineering 

applica8ons. Finally, ethylene glycol also has a low vapour pressure and low volumetric 

expansion coefficient poten8ally opening the way into new ferrofluid applica8ons.  

 

5.7. Conclusions 

 

A new barium hexaferrite (BHF) based ferrofluid was developed and stabilised using 

hexadecyltrimethylammonium bromide (CTAB) surfactant through electrosta8c and steric 

repulsion. Dry hexadecyltrimethylammonium bromide coated barium hexaferrite 

nanopar8cles with an average size up to 200 nm were characterised using powder X-ray 

diffrac8on (XRD), Transmission Electron Microscopy (TEM), Thermogravimetric Analysis 

(TGA), and Vibra8ng-Sample Magnetometer (VSM) techniques. Surface proper8es of the 

nanopar8cles was analysed through X-ray Photoelectron Spectroscopy (XPS). Despite 

differences in size distribu8on and surface proper8es, the synthesised nanopar8cles exhibit 

iden8cal magne8c proper8es compared to previously reported dodecyl benzene sulphonic 

acid (DBSA) coated nanopar8cles. Subsequently, the surfactant coated barium hexaferrite 

nanopar8cles were dispersed in ethylene glycol to create a ferrofluid and the colloidal 

stability was measured using zeta poten8al and compared with that of a butanol ferrofluid at 

different concentra8ons. Zeta poten8al for hexadecyltrimethylammonium bromide coated 

nanopar8cles was consistently higher than dodecylbenzenesulfonic acid coated barium 

hexaferrite nanopar8cles at the same concentra8on. Through conduc8vity measurements, 

hexadecyltrimethylammonium bromide was found to be more strongly bonded to the 

nanopar8cle surface than dodecylbenzenesulfonic acid as the amount of surfactant 

adsorbed stays consistent despite dilu8on of the ferrofluid. Colloidal stability is best 

observed in the laboratory through iden8fying signs of sedimenta8on and floccula8on of 

nanopar8cles with and without the presence of an external magne8c field. Both 

hexadecyltrimethylammonium bromide and dodecylbenzenesulfonic acid coated barium 

hexaferrite nanopar8cles produce ferrofluids that are stable for a sufficiently long period of 
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8me. The applicability of both ferrofluids can be compared with regards to their carrier fluid, 

as the proposed ethylene glycol solvent is much more useful than previously reported 

butanol because of its higher boiling point and miscibility in water, whereas butanol is an 

extremely vola8le solvent and has limited miscibility in water. This ensures the poten8al for 

a variety of applica8ons for barium hexaferrite ferrofluids stabilised with 

hexadecyltrimethylammonium bromide as opposed to dodecylbenzenesulfonic acid 

surfactant because of its stable dispersion in ethylene glycol. Since the exchange of carrier 

fluids also has rheological implica8ons, future work also includes rheological measurements 

for ethylene glycol based BHF ferrofluids. 

Chapter 6: In-Situ Polymerisa9on of Barium Hexaferrite Ferrofluids 

for Poly(Ethylene) Succinate Magne9c Nanopar9cle Composites 

 

Chapter 6 presents a magne8c polymer composite material manufactured from the 

CTAB/BHF ferrofluid in ethylene glycol presented in chapter 5. The novelty of the results 

obtained arise from the useful physical and thermal proper8es of ethylene glycol as a 

solvent.  The high boiling point of ethylene glycol allowed a condensa8on polymerisa8on of 

the CTAB/BHF ferrofluid to produce a Polyethylene succinate (PES) matrix with 

homogenously integrated BHF nanopar8cles. The biodegradable and biocompa8ble 

proper8es of the PES polyester combined with the hard magne8c proper8es of BHF 

nanopar8cles is extremely exci8ng for future inves8ga8ons. Addi8onally, the synthesised 

thermoplas8c polymer composite shows excellent magne8c proper8es, opening the way to 

advanced 3D magne8c prin8ng and biomedical applica8ons. 

 

6.1. Introduc(on 

 

Magne8c composite materials have magne8c par8cles embedded in a con8nuous polymer 

matrix and combine proper8es which are not possible in a single phase, such as a hard 

magne8c moment in a malleable and lightweight polymer structure151. Recent advances in 

magne8c par8cle and polymer synthesis enable a wider range of applica8ons including three 

dimensional (3D) prin8ng152, self-healing materials153, environmental and process 
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engineering154, and biology155. Magne8c nanocomposites, where at least one geometry 

dimension is in the nanometre range, are of par8cular interest due to the high level of 

dispersion leading to a homogeneous, or isotropic, composite material. The dispersion of 

magne8c par8cles within the matrix occurs by counterac8ng the aCrac8ve interac8ons 

between the par8cles through electrosta8c and steric repulsive forces through the 

incorpora8on of stabilising agents, such as surfactants, during the synthesis process. While 

the dispersed par8cles exhibit applica8on specific proper8es, the polymer matrix also 

contributes to the material processability and performance156. 

 

 

Figure 34: Cross – linking or strong covalent bonds between polymer chains (a), linear polymer chains without 

cross - linking (b), and branched polymer chains (c)157. 

 

Different types of polymer matrix composites (PMCs) are available such as thermosets, 

thermoplas8cs, or rubbers with thermosemng polymers being the most common. 

Thermosemng polymers readily form cross – links (Figure 34a), or strong covalent bonds 

between polymer chains, which restricts movement and consequently increases the glass 

transi8on temperature to above room temperature and prevents the remoulding of PMCs 

which can burn, or degrade, upon rehea8ng. Thermoplas8cs differ from thermosets by 
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forming linear (Figure 34b) or occasionally branched (Figure 34c) polymer chains (which do 

not cross-link and readily flow under stress at high temperatures. This property allows for 

remoulding of the PMC and retain the given shape upon cooling to room temperature158. 

Most thermoplas8c PMCs are iron oxides and iron – based materials due to their easy 

prepara8on and good stability. For iron oxide PMCs, the dispersion and polymer fabrica8on 

has been intensively researched for the purpose of improved stability and 

magnetorheological proper8es. Guo et al. reported improved Fe3O4 – PMMA stability 

through core shells in advanced magnetorheological materials159,160. This produced high 

magne8c suscep8bility and low – density iron oxide PMCs demonstra8ng a low level of 

toxicity. Further improvements on biocompa8ble PMCs was reported for polymer shell type 

hybrid par8cles which prevent a direct contact between the magne8c nanopar8cles and 

biomolecules, and can also be coated with bioac8ve targe8ng molecules161 for applica8ons 

in enzyme immobilisa8on162, magne8c resonance imaging163, and drug delivery cell 

separa8on164. In an effort to improve dispersion, magne8c fiber composites were 

homogeneously dispersed with Fe3O4 magne8c nanopar8cles in polyvinyl alcohol (PVA) with 

the help of polyacrylic acid (PAA) ac8ng as a polymer surfactant165. Tradi8onally, these 

magne8c fibers are produced by coa8ng magne8c nanopar8cles onto the surface of the 

fibers, however, this results in a low magne8c suscep8bility due to insufficient amounts of 

magne8c nanopar8cles as well as par8cle loss aeer treatment166. Similar approaches were 

reported by incorpora8ng the magne8c nanopar8cles directly into a polymeric fiber matrix 

by mixing, however, the challenge of obtaining well-dispersed nanopar8cles without 

aggrega8on s8ll remains167 due to the short-range van der Waals forces and long-range 

magne8c dipole – dipole interac8ons between the par8cles causing aggrega8on and 

effec8vely separa8on of the two phases109. In contrast, isotropic composites can be 

produced directly from colloidal suspensions through in-situ polymerisa8on. Fe₃O₄ magne8c 

nanopar8cles were homogeneously dispersed with a PAA polymer surfactant into Fe₃O₄/PVA 

composite materials. However, due to the superparamagne8c proper8es of Fe₃O₄, these 

composites have limited applicability. In contrast, ferrimagne8c Barium hexaferrites (BHF) 

exhibit a high uniaxial magnetocrystalline anisotropy (Ki = 3.3 x 104 J.m-3) with the magne8c 

easy axis parallel to the crystallographic c-axis, producing a high coercivity168 used for 

permanent magnets, magne8c-recording media, and microwave applica8ons169. Previous 

studies u8lising in-situ polymerisa8on with BHF reported a maximum filler content of 0.27 
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wt% in PMMA170. The filler content of BHF depends mainly on the stability of the colloidal 

suspension determined by the Brownian mo8on of the suspended nanopar8cles and their 

geometrical and magne8c-anisotropy21. BHF nanopar8cles exhibits a hexagonal shape 

shown by Went et al. and their diameter depends on the synthesis method used. When in 

suspension, BHF par8cles also exhibit interes8ng nema8c transi8ons and domain forma8ons 

in isotropic liquids171 and novel magneto-op8cal proper8es for magne8c field 

visualisa8on172, or op8cal coherence tomography36. In addi8on, these fluids poten8ally have 

a wide range of commercial applica8ons covering industrial coolants, sealants, light 

switches, hyperthermia, defect sensors, and drug targe8ng173. For this reason, ferrimagne8c 

scandium subs8tuted barium hexaferrite - BaFe12O19 (BHF) nanopar8cles were u8lised in 

order to produce a novel polymer matrix nanocomposite material with hard magne8c 

proper8es. In this work, BHF magne8c nanopar8cles were coated with 

hexadecyltrimethylammonium bromide (CTAB) surfactant which allows for a stable colloidal 

dispersion of BHF in ethylene glycol174. To take advantage of the high boiling point and 

func8onal groups of ethylene glycol solvent, a catalyst–free, direct in–situ condensa8on 

polymerisa8on reac8on of the ethylene glycol ferrofluid was conducted to produce 

poly(ethylene) succinate (PES) with embedded barium hexaferrite magne8c nanopar8cles. 

The PES synthesis for the barium hexaferrite PMC is developed and op8mised in this report 

followed by the chemical and magne8c characterisa8on of the product. Based on the here 

reported synthesis method, novel direct in-situ thermoplas8c hard magne8c PMCs are 

developed with poten8al applica8ons in three dimensional (3D) magne8c structures or 

advanced bioengineering applica8ons. 

 

6.2. Methodology 

 

Synthesis of magne)c nanopar)cles: Sc-subs8tuted BHF nanopar8cles were hydrothermally 

synthesised at 190 °C following a previously reported procedure41. The barium (0.62 g), iron 

(III) (4.36 g) and scandium (III) (0.35 g) nitrates were dissolved in deionised water in a molar 

ra8o of 1:4.5:0.5. An excess of sodium hydroxide (26.2 g) was gradually added aeer which 

precipita8on occurs and the solu8on was allowed to cool to room temperature. Aeer 

precipita8on, a solu8on of CTAB (1.80 g in 25 ml of water) was gradually added to the 
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reac8on mixture. The mixture was allowed to s8r overnight. This overnight s8rring of CTAB – 

coated BHF nanopar8cles is essen8al to reduce the viscosity of the mixture. The autoclave 

was heated to 190 °C at a hea8ng rate of 3 °C/min aeer which it was allowed to cool to 

20 °C at 3 °C/min. The resultant nanopar8cles were centrifuged at 201 rcf for 5 min and 

washed with water. The nanopar8cles were dispersed in 60 ml of water and the pH was 

adjusted to 4.6 using nitric acid. The mixture was heated to 100 °C for 2 h on s8rring. The 

nanopar8cles were centrifuged and then washed with water. The moist CTAB surfactant 

coated nanopar8cles were dispersed in ethylene glycol (99.8 %, Thermo Fisher Scien8fic) 

and sonicated for 2 hours at 35 W producing a concentrated (100 mg/ml) BHF ferrofluid. 

Polymerisa)on of CTAB – stabilised ferrofluid: CTAB-stabilised BHF ferrofluid was heated to 

170 °C in an oil bath with con8nuous s8rring, while succinic acid (99.9%, Thermo Fisher 

Scien8fic) was gradually added in a 1:2 molar ra8o (succinic acid to ferrofluid). The ferrofluid 

(65 mg/ml) mixture was maintained at 170 °C with s8rring for 10 hours, producing PES/BHF 

(93 mg/ml) and H₂O as follows: 

 

[−O−(CH2)2  −OOC−(CH2)2 −CO−] n (polyethylene succinate) + nH2O  (40) 

Figure 35: polycondensa:on reac:on between ethylene glycol and succinic acid to produce polyethylene 

succinate (PES) at a temperature of 184 °C for 10 h and a 1 : 1 monomer ra:o. 

 

Equa8on 40 shows the checimal bonds in the repea8ng unit of PES and Figure 35 shows the 

polycondensa8on reac8on mechanism between ethylene glycol and succinic acid to produce 

PES.  Aeer the product was cooled at room temperature it produced a solid polyethylene 

succinate polymer with hard magne8c proper8es. The condensa8on polymerisa8on reac8on 

between succinic acid monomers and ethylene glycol produces polyethylene succinate and 

requires the elimina8on of water to form covalent bonds between the monomers. This 

catalyst-free and direct in–situ condensa8on polymerisa8on reac8on creates a stable 
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thermoplas8c PMC while maintaining subsequent dispersion, molecular weight, and 

magne8c proper8es over several hea8ng and cooling cycles. The thermoplas8c PES is first 

op8mized for the synthesis method with a pure PES matrix followed by varying the 

nanopar8cles concentra8on of the PMC. The synthesis of the polyethylene succinate matrix 

was op8mised for synthesis 8me and synthesis temperature. For the op8misa8on of 

synthesis temperature, ethylene glycol was polymerised with succinic acid at 110, 130, 150 

and 170 °C. As previous studies175 have found, the mel8ng point of succinic acid is 184 °C, 

while the boiling point of ethylene glycol and succinic acid is 205 °C and 255 °C, respec8vely. 

For this reason, it is important to stay below the boiling temperature of ethylene glycol and 

succinic acid as well as above the boiling temperature of water. The ra8o of succinic acid and 

ethylene glycol is also paramount for the polymerisa8on reac8on. To determine a suitable 

molar ra8o of the monomers to use, findings from previous literature were u8lised which 

report the solubility of succinic acid with respect to temperature. These studies conclude 

that the solubility of succinic acid in all the studied solvents increases with an increase in 

temperature. Our preliminary studies following a similar protocol confirmed up to 50% of 

succinic acid solubility in ethylene glycol when heated to 80 °C (just below the boiling point 

of water)176. The pure PES matrix was characterised using Fourier Transform Infrared (FTIR) 

spectroscopy, Gel-Permea8on Chromatography (GPC), and Nuclear Magne8c Resonance 

(NMR) spectroscopy to analyse the molecular weight as well as the monomer to polymer 

conversion as the polycondensa8on 8me and temperature was increased. The polymer 

molecular weight (Mn) was determined using the following equa8on:  

 

𝑀Q =
åG+E+
åG+

 (41) 

 

where 𝑁6  is the number of molecules of species 𝑖, and 𝑀6  is the molecular weight of species 

𝑖177. In addi8on, surface hardness of the polymers, a key mechanical applica8on property, 

was also measured with reac8on 8me. Aeer op8mising the synthesis of the pure polymer 

matrix, the same method was followed for the polymerisa8on of magne8c barium 

hexaferrite based ferrofluids. Different concentra8on of bulk ferrofluid samples were 

polymerised and characterised using Thermogravimetric Analysis (TGA) and Vibra8ng 
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Sample Magnetometry (VSM) analysis while sliced microtome sliced samples were sliced for 

Transmission Electron Microscopy (TEM).  

 

It should be noted that the polymerisa8on of CTAB/BHF ethylene glycol ferrofluid was also 

inves8gated with succinic chloride as opposed to succinic acid. The same methodology 

described above was used, including molar ra8o, synthesis 8me and synthesis temperature. 

Succinic chloride has Cl atoms as opposed to OH on its outer carbons, hence a condensa8on 

polymerisa8on reac8on with succinic chloride would produce HCl as opposed to H20. This 

release of HCl is extremely damaging to the magne8c nanopar8cles and was found to 

physically break down the par8cles in the reac8on. Hence, succinic acid is a much more 

suitable monomer for the polymerisa8on of CTAB/BHF ferrofluid.  

 

6.3. Results and Discussion 

 

Figure 36: FTIR analysis of ethylene glycol, succinic acid, and pure polyethylene succinate (PES). 

According to Figure 36, FTIR analysis confirms for pure PES a successful polymerisa8on 

reac8on between the succinic acid and the ethylene glycol monomers. The main 

characteris8c peaks of succinic acid are 3200 –  2500 cm-1 which correspond to the broad 

stretching vibra8on of the O – H group, 2630 and 2530 cm-1 are due to the C – H stretching, 

while the peak at 1689 cm-1 corresponds to the C = O group stretching vibra8on and the 



 89 

peak at 895 cm-1 results from the out of place bending of the bonded -OH group of the 

carboxylic acid175. The peaks at 1411 and 1296 cm-1 were due to C – O – H in plane bending 

(dC-O-H) and C – O stretching vibra8on, respec8vely178. The FTIR results for ethylene glycol 

show the main characteris8c peaks which include, 3294 cm-1 due to the OH group stretching 

vibra8on and the peaks at 2939 and 2870 cm-1 which are assigned to the asymmetric and 

symmetric stretching of C – H bonds. The peak at 1388 cm-1 results from the CH2 bending 

while nearby peaks correspond to C – O – H bending. The peaks at 1080 and 1033 cm-1 are 

due to the C – O stretching and the peak at 864 cm-1 corresponds to the CH2 rocking179. Most 

importantly, the peak at 1720 cm-1 signifies the forma8on of the ester bond, which is absent 

in both monomers, specifically, C = O group stretching vibra8on. This is coupled with the 

disappearance of the C = O group stretching vibra8on of succinic acid and OH group 

stretching vibra8on of ethylene glycol which also confirms a successful condensa8on 

polymerisa8on reac8on. Addi8onally, for pure PES, peaks 1141 and 1211 cm-1 were 

aCributed to the stretching vibra8on of the (– C – O – C –) group in the ester bond of PES 

polymer. The peaks at 1033 and 918 cm-1 are due to the (– O – C – C –) stretching vibra8ons 

and (– C – OH) bending in the carboxylic acid groups of PES, respec8vely. Furthermore, the 

peaks at 2962 cm-1 correspond to the asymmetric stretching vibra8on while 1381 cm-1 

correspond to the symmetric deforma8onal vibra8ons of the – CH2 – groups present in the 

main carbon chain of PES polymer180. 

Figure 37: 1H NMR spectra of pure PES polymer synthesised at 170°C for 10h 
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In order to determine an op8mised synthesis temperature and 8me, pure PES products were 

characterised by 1H NMR spectroscopy at room temperature in DMSO – d6. Chemical shies 

are reported in ppm (d scale) rela8ve to tetramethylsilane (TMS). Approximately 1 – 5% w/v 

of pure PES polymer solu8ons were used for the 1H NMR measurements. The degree of 

polymerisa8on or number of units can be determined by comparing the rela8ve proton 

signal intensity of a known moiety (typically an end group (s) with a known number of 

protons), to the proton signal intensity of the repea8ng unit in the polymer chain. The 

molecular weight of pure PES was probed as a func8on of increasing polycondensa8on 8me. 

The op8mal polymerisa8on reac8on 8me was es8mated by semng up the polymerisa8on 

reac8on at 170 °C under magne8c s8rring with samples extracted every 5 hours for 60 

hours. The extracted samples were analysed using NMR and GPC. Figure 37 shows the 

par8al 1H NMR spectrum for pure PES produced under these condi8ons for 10 hours. The 1H 

NMR spectra shows signals assigned to the end group as well as the repea8ng units in the 

polymer chain. The singlet at 4.21 (dHc) ppm was assigned to the methylene protons on the 

ethylene glycol monomers in the repea8ng unit. The singlet at 2.58 (dHd) ppm was assigned 

to the methylene protons on the succinic acid monomers in the repea8ng unit. The triplet 

signals observed at 4.02 (dHe) and 3.55 (dHf) ppm can be assigned to the CH2 protons on the 

end group ethylene glycol monomers. Likewise, the methylene protons on the end group 

succinic acid monomers give overlapping signals (dHa and dHb) with that of the solvent 

between 2.46 and 2.53 ppm. 1H NMR of pure succinic acid and ethylene glycol monomers 

differ greatly from the 1H NMR of pure PES, indica8ng the forma8on of polymer bonds and 

repea8ng units. The 1H NMR spectra of pure succinic acid monomer in DMSO – d6 shows 

singlets at 12.2 ppm and 2.4 ppm represen8ng the carboxylic acid group and CH2 protons 

respec8vely. Addi8onally, the 1H NMR for pure ethylene glycol show two singlet peaks at 3.3 

ppm corresponding to the CH2 protons and 4.5 ppm assigned to the OH groups.  
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Figure 38: monomer conversion (equa:on 41) data obtained from NMR analysis changing with reac:on :me 

and molecular weight data obtained from NMR and GPC of pure PES polymer chains as a func:on of reac:on 

:me.  

 

To further analyse the polymerisa8on progression with reac8on 8me, the monomer to 

polymer conversion was calculated at each hour. This was determined by comparing specific 

monomer proton integrals with the corresponding proton integrals in the repea8ng unit. 

According to Figure 38, up to 91 % of ethylene glycol and succinic acid monomers are 

converted to polyethylene succinate as the synthesis 8me is increased. In addi8on, the NMR 

and GPC analysis demonstrates that the molecular weight gradually increases with synthesis 

8me due to the step-growth mechanism. The data indicates that the polycondensa8on 

method produced rela8vely low molecular weight polyester chains from ini8ally Mn = 275 to 

Mn = 1359 g mol-1 aeer 60 hours; low molecular weights are rou8nely observed for step-

growth polycondensa8on polymerisa8on unless very high conversions are aCained because 

the condensa8on leads to the forma8on of dimers, then trimers, oligomers, and eventually 

long-chain polymers. In our case, 1-8 repeat units are incorporated into the polymer chains. 

The number of repea8ng units in the polymer chain was calculated by dividing the rela8ve 

molecular mass of polymer obtained by the rela8ve molecular mass of 1 repea8ng unit. 

There is a general increase in molecular weight and monomer conversion as the 

polycondensa8on reac8on 8me increases, with a significant increase in monomer 

conversion and molecular weight aeer 10 hours. However, the monomer conversion aeer 60 

hours is only 15% higher than conversion aeer 10 hours leading to diminishing gains in 
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conversion efficiency. The molecular weight of the polyesters was also measured using GPC 

with respect to polycondensa8on reac8on 8me. Similar to NMR, the GPC data showed a 

gradual increase in molecular weight as the reac8on 8mes increases. The polymer Mn data 

obtained from GPC are comparable to the molecular weight data derived from NMR, with 

Mn ranging from 134 to 1399 g mol-1 corresponding to 1–8 repeat units. Aeer 50 hours of 

reac8on 8me, both GPC and NMR show negligible difference in the molecular weight 

despite further hea8ng. However, the molecular weight data obtained from GPC has a strong 

dependence on the calibrant (typically polystyrene) which can be a hinderance as it is 

assumed that the measured polymer and the standard have the same hydrodynamic radii at 

equivalent molecular weight. Hence, the underlying principle of the technique is separa8on 

on the basis of polymer hydrodynamic volume instead of molecular weight181,182. In 

comparison, 1H NMR spectroscopy is our primary quan8ta8ve method for analysis without 

the need for calibra8on183. 

Figure 39: Surface hardness of PES in response to reac:on :me of polymerisa:on. 

The pure PES synthesis produced a yellow/brown, waxy polymer from the transparent 

reactants which indicates the polycondensa8on of the ini8al monomers and the forma8on 

of the polyester molecules. Supplementary Informa8on 1 confirms a gradual yellow/brown 

change from the transparent reactants over 60 hours. The final pure PES product is a 

thermoplas8c which can be heated to become highly viscous and subsequently cooled to 

reshape. The mechanical proper8es of the pure PES polymer was measured using a shore A 

hardness probe on 25 mm thick PES samples that were cooled to room temperature. 

Ethylene glycol and succinic acid monomers were polymerised at 170 °C, and samples were 
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extracted from the batch every hour for 24 hours. The surface hardness of each extracted 

sample is shown in Figure 39. A significant peak was observed in surface hardness of the 

pure PES polymers at hour 10 which showed a value of 90 on the Shore A hardness scale. 

Below 10 hours of hea8ng, the co – polymers are not fully reacted, and the polymer is a soe, 

waxy material. Aeer 10 hours of reac8on 8me, the surface hardness of the PES material 

stays constant despite prolonged polymerisa8on 8me. Hence, 10 hours polymerisa8on 8me 

was considered op8mal for the synthesis of a polyethylene succinate matrix as it presents 

good monomer conversion and mechanically hard polyesters with sufficient molecular 

weights. In addi8on, extended hea8ng periods at high temperatures have the poten8al to 

destabilise the BHF suspension. Having said this, the polymers produced below 150 °C for a 

period of 10 hours have a briCle structure and can easily fracture. 

 

Figure 40: TGA analysis of PES/BHF polymer composite matrix at 10 mg/ml, 30 mg/ml and 60 mg/ml  
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Figure 41: mass magne:sa:on – M against applied field – H of BHF nanopar:cles embedded in a PES polymer 

matrix at concentra:ons of 10 mg/ml, 30 mg/ml and 60 mg/ml.  

 

Based on the iden8fied 10 hours and 170 °C synthesis condi8ons for the PES polymer matrix, 

the polycondensa8on reac8on was repeated with a barium hexaferrite based ferrofluid 

where the magne8c nanopar8cles are stabilised using CTAB surfactant and suspended in 

ethylene glycol. This ethylene glycol ferrofluid reacted with succinic acid to produce a 

PES/BHF polymer composite exhibi8ng magne8c proper8es from the suspended 

nanoplatelets. Here, the ethylene glycol suspended barium hexaferrite magne8c 

nanopar8cles reacts with the succinic acid to produce a polyethylene succinate polymer 

matrix. The BHF nanopar8cles are evenly dispersed within this polymer matrix once the 

polymer composite is allowed to cool. The thermal stability of the synthesised PES/BHF 

polymer composite was measured using Thermogravimetric Analysis – TGA (MeCler Toledo). 

This was done by hea8ng the PES/BHF samples from 25 °C to 600 °C at 10 °C min-1 in air 

with gas flow of 100 ml/min. The TGA analysis in Figure 40 shows the thermal degrada8on 

of synthesised PES/BHF polymer composites for varying barium hexaferrite nanopar8cle 

concentra8ons of 10 mg/ml, 30 mg/ml and 60 mg/ml. The TGA curves for the three 

concentra8ons of the PES/BHF polymer composites starts decomposing between 200 °C and 

330 °C with approximately 20% weight loss. Subsequently, a second decomposing step was 

between 320 °C and 420 °C with a weight loss of around 75% for 60 mg/ml and 
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approximately 85% for 30 mg/ml and 10 mg/ml. A third decomposi8on step can be 

iden8fied between 400 °C and 480 °C with a total weight loss of 95.50% for 60 mg/ml, 

98.62% for 30 mg/ml and 99.08% for 10 mg/ml. Therefore, a 60 mg/ml concentrated 

PES/BHF polymer composite is made up of approximately 4.50 wt% BHF nanopar8cles, a 30 

mg/ml PES/BHF composite contains 1.38 wt% BHF nanopar8cles, and a 10 mg/ml PES/BHF 

composite contains 0.92 wt% BHF nanopar8cles by weight. These results also confirm that a 

polymerisa8on temperature higher than 200 °C is unsuitable for this reac8on as it may lead 

to the decomposi8on of the polyester chains, decreasing the molecular weight by the 

thermal degrada8on process. Thermal analysis of the polymer composites confirms the 

incorpora8on of BHF nanopar8cles in the PES polymer matrix as constant mass is obtained 

aeer prolonged hea8ng at a temperature of 600 °C, indica8ng the presence of BHF 

nanopar8cles aeer complete polymer degrada8on. The ra8o of BHF to polymer matrix in a 

given mass and how this varies with ferrofluid concentra8on was iden8fied. Subsequently, 

magne8c proper8es of the PES/BHF product were measured using Vibra8ng Sample 

Magnetometry – VSM (LakeShore 7400) for the isotropically dispersed nanopar8cles. The 

VSM samples were prepared by cas8ng different concentra8ons of PES/BHF polymers at 

170 °C into a brass cylinder mould and allowing them to cool down to room temperature. 

The magne8c proper8es of the solid polymer composites were measured at excita8on fields 

between -1000 kA m-1 and 1000 kA m-1. Figure 41 shows the hysteresis loops of the PES/BHF 

polymer composites with a 60 mg/ml, 30 mg/ml and 10 mg/ml concentra8on of BHF 

nanopar8cles. The hysteresis loops of all three concentra8ons are typical of a hard 

ferrimagne8c material with a constant coercivity Hc = 120 kA m-1. Magne8c satura8on – Ms 

and remanence – Mr values of the three PES/BHF polymer composites vary with par8cle 

load in the polymer matrix. The satura8on and remanence values of the composites increase 

with increasing BHF par8cle concentra8ons, with 60 mg/ml showing magne8c satura8on Ms 

= 0.93 Am2 kg-1 and magne8c remanence Mr = 0.45 Am2 kg-1. On the other hand, 30 mg/ml 

concentrated PES/BHF polymer showed Mr = 0.48 Am2 kg-1 and Mr = 0.24 Am2 kg-1, while 10 

mg/ml PES/BHF polymer showed Ms = 0.32 Am2 kg-1 and Mr = 0.16 Am2 kg-1. The weight 

specific remanence and magne8c satura8on values are lower than pure powdered BHF 

nanopar8cles which have reported values of up to 10.4 mA.m2.g-1 for remanence and 32.8 

mA.m2.g-1 for satura8on. This is mainly reflec8ve of the rela8vely low nanopar8cle to 
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polymer ra8o in the PES/BHF composite as shown by the TGA results. However, the Mr/Ms 

ra8os and Hc is the same for all three samples, indica8ng the absence of a magne8c 

interac8on between the BHF nanopar8cles in the PES/BHF composites170. 

 
Figure 42: TEM image of isotropically dispersed BHF magne:c nanopar:cles embedded in a PES polymer matrix 

with MNP size distribu:on (inset).  

The synthesised PES/BHF composite was microscopically analysed using transmission 

electron spectroscopy (TEM). The composite was heated to 170 °C and casted into a cylinder 

mould upon cooling to room temperature. The casted polymer cylinders were sec8oned by 

ultramicrotomy to 70-200 nm thickness wedged slices and cooled on water droplets which 

enabled to overcome compression during sec8oning as well as improved adhesion to a 

carbon copper TEM grid support. Figure 42 shows the TEM results for the 60 mg/ml 

polymerised ferrofluid. The TEM shows BHF nanopar8cles embedded throughout the 

transparent PES polymer matrix with most of the BHF nanopar8cles laying flat as opposed to 

perpendicular to the TEM grid. However, the BHF nanopar8cles are prone to aggrega8on 

due to the strong magne8c dipole – dipole interac8ons between the BHF nanopar8cles109. 

On the other hand, the TEM scan also shows signs of aggregated BHF nanopar8cles, which 

could have occurred during the sliced sample prepara8on for which reason a size 

distribu8on was determined for the pure ethylene glycol batch in the Figure 41 inset. In 

order to determine par8cle concentra8on and iden8fy if the BHF nanopar8cles are 

dispersed homogenously within the matrix, the density of sliced cylindrically – casted 
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PES/BHF samples was measured across the cylinder length. The density of pure PES polymer 

was measured as 1.26 g/cm3, and increased to a density of 1.38 g/cm3 with a standard 

devia8on of 0.03 for PES/BH184. The density of the pure polymer increases by 0.12 g/cm3 as 

the embedded BHF nanopar8cles are introduced. Based on the characterised and op8mised 

PES/BHF, future work will iden8fy biodegradable proper8es which coupled with the 

controlled magne8c proper8es may prove beneficial in many fields such as drug delivery, 

8ssue engineering, and func8onal shielding materials. On the other hand, further 

improvements with respect to composite filler content are expected up to 50 wt%. 

 

6.4. Conclusion  

 

A new polyethylene succinate (PES) hard magne8c polymer matrix composite (PMC) was 

developed with a high filler content of up to 4.5 wt% embedded with barium hexaferrite 

(BHF) magne8c nanopar8cles, represen8ng a significant increase compared to previous 

reports on barium hexaferrite-based polymer composites. This report thoroughly discusses a 

catalyst-free polycondensa8on reac8on between ethylene glycol and succinic acid, along 

with the op8misa8on of synthesis 8me and temperature. These op8misa8ons ensure a 

complete and successful polycondensa8on reac8on between the monomers, producing a 

PES polymer matrix with robust mechanical and thermal proper8es. Fourier Transform 

Infrared (FTIR) spectroscopy, Nuclear Magne8c Resonance (NMR) spectroscopy, Gel 

Permea8on Chromatography (GPC), and surface hardness measurements were used to 

chemically and mechanically characterize the pure PES polymer matrix. This was followed by 

the polymerisa8on of a CTAB-stabilised, ethylene glycol-based ferrofluid with dispersed 

barium hexaferrite magne8c nanopar8cles. The ferrofluid was polymerised using the same 

catalyst-free polycondensa8on reac8on, producing a magne8c polymer composite with 

homogeneously embedded isotropic barium hexaferrite nanopar8cles throughout the PES 

matrix. The PMC was magne8cally characterised using a Vibra8ng-Sample Magnetometer 

(VSM) to observe a hysteresis loop indica8ve of the hard magne8c proper8es of BHF 

nanopar8cles, confirming the fully dispersed synthesis of a PMC with hard magne8c 

proper8es and poten8al biodegradability due to the PES matrix. The PMC’s high filler 

content and thermal stability were confirmed via Thermogravimetric Analysis (TGA), while 
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density measurements indicated the distribu8on of magne8c nanopar8cles. Transmission 

Electron Microscopy (TEM) was used to observe the BHF magne8c nanopar8cles embedded 

within the PES polymer matrix and to assess any aggrega8on that may have resulted from 

magne8c par8cle interac8ons. Although our density measurements indicate reasonably 

homogeneous dispersion of BHF nanopar8cles in the PES matrix, advanced methods to 

determine stability with greater accuracy are needed. Future work will examine the 

dispersion stability of higher ferrofluid concentra8ons and the rheological proper8es at high 

temperatures of PES/BHF samples with higher filler content. Addi8onally, three-dimensional 

(3D) manufacturing of magne8c structures will be pursued. 

Chapter 7: Conclusions and Future Work  

 

The presented research is primarily focused on Barium Hexaferrite (BHF) par8cles which 

have aCracted significant aCen8on due to their high magnetocrystalline anisotropy, large 

coercivity and chemical stability. Structurally BHF par8cles crystallise in the hexagonal 

magnetoplumbite structure, where magne8c moments of Fe3+ are distributed across 

inequivalent lamce sites, giving rise to its ferrimagne8c ordering. The high anisotropy field 

makes BHF par8cularly suitable for permanent magne8c applica8ons, such as high – 

frequency devices and microwave absorp8on technologies. At the nanoscale, BHF par8cles 

display size – dependent magne8c proper8es, where a change in par8cle size can influence 

coercivity, magne8c satura8on, and thermal stability. In addi8on to exploring the magne8c 

and structural proper8es of dry BHF par8cles, the dispersion of BHF in solvent to produce a 

ferrofluid material and in a polymer matrix to produce a polymer composite was also 

inves8gated.   

 

7.1. Barium hexaferrite magne(c nanopar(cles  

 

At the ini8al stage of the research, it is crucial to understand the growth mechanism of BHF 

par8cles using experimental findings as well as previously reported literature. The growth 

mechanism includes the precipita8on, nuclea8on and enhanced growth of the par8cles 

which ul8mately affect the par8cle size, size distribu8on and morphology. Chapter 4 

presents the results for the growth mechanism of hydrothermally synthesised BHF par8cles 
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at various temperatures followed by magne8c and op8cal characterisa8on. Hydrothermal 

synthesis offers significant advantages for the synthesis of magne8c par8cles including a 

control of par8cle size producing a narrow size distribu8on. In addi8on, the flexible BHF 

magnetoplumbite structure allows for the subs8tu8on of Fe3+ ions for large lanthanide 

ca8ons in its lamce structure as a means to control par8cle size, expanding the depth of 

poten8al magne8c applica8ons. The results presented in chapter 4 are essen8al for 

iden8fying the op8mal hydrothermal reac8on condi8ons for BHF par8cles as well as 

highligh8ng the rela8onship between par8cle size distribu8on and colloidal stability when 

dispersed in a solvent. Charged surfactants can also be u8lised as stabilising agents when 

adsorbed onto the par8cle surface and provide electrosta8c and steric repulsion between 

the par8cles for colloidal stability. Long – chain polymers such as dextran have been 

explored for the stabilisa8on of BHF in solvent, however, only a low loading of the par8cles 

in solvent was obtained with limited colloidal stability. In comparison, previous studies prove 

Dodecylbenzenesulfonic acid (DBSA) as a highly effec8ve surfactant for dispersing 

hydrothermally synthesised BHF par8cles in 1-butanol, enabling the prepara8on of a stable 

and highly concentrated ferrofluid. DBSA - coated BHF nanopar8cles exhibited long-term 

colloidal stability at concentra8ons up to 200 mg/ml, demonstra8ng the suitability of this 

surfactant for achieving dense suspensions. However, as 1-butanol is a highly vola8le solvent 

and has limited miscibility in water, it presents significant limita8ons for many applica8ons, 

thereby constraining the broader applicability of this system. 

 

7.2. Barium hexaferrite dispersed in ethylene glycol  

 

Having identified this gap in literature, this work aims was to develop a novel BHF ferrofluid 

stabilised in a non – volatile solvent with long – term colloidal stability. Chapter 5 presents 

my experimental findings on the stabilisation of BHF in ethylene glycol solvent using 

hexadecyltrimethylammonium bromide (CTAB) as a surfactant. Using my findings from 

chapter 4, dry CTAB – coated BHF particles were hydrothermally synthesised and 

characterised using magnetic, thermal and chemical analytical techniques. It was found that 

both CTAB - coated BHF in ethylene glycol and DBSA - coated BHF in 1-butanol produce 

ferrofluids that are stable for a sufficiently long period of time. However, the applicability of 
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both ferrofluids can be compared with regards to their carrier fluid. In essence, ethylene 

glycol as a solvent is much more useful than 1-butanol due to its high boiling point and 

miscibility in water which ensures the potential for a variety of applications for BHF 

ferrofluids. For future work, it is essential to investigate the rheological properties of the 

ethylene glycol–based ferrofluid, including its flow behaviour, viscosity, and shear response. 

Furthermore, the practical applications of BHF dispersed in ethylene glycol remain largely 

unexplored, and systematic evaluation will be necessary to fully assess the potential of this 

system within the broader field of magnetic liquids. 

 

7.3. Barium hexaferrite dispersed within a polymer matrix composite.  

 

The second part of my thesis involves an in – situ, catalyst – free polymerisa8on of CTAB – 

coated BHF par8cles stabilised in ethylene glycol. In chapter 6 presents a new polyethylene 

succinate (PES) polymer matrix composite (PMC) with hard magne8c proper8es. BHF 

par8cles were homogenously embedded in the PMC with an isotropic arrangement. The 

BHF/PES composite was characterised using magne8c, thermal and chemical analy8cal 

techniques. Previous studies u8lising in – situ polymerisa8on with BHF par8cles reports a 

maximum filler content of 0.27 wt% in Poly(methyl methacrylate) PMMA. Thermal 

characterisa8on of BHF/PES composite confirmed a high filler content of up to 4.5 wt%, 

while magne8c measurements produced a hysteresis loop indica8ve of the hard magne8c 

proper8es of BHF par8cles. The homogenous dispersion of BHF within the PES polymer 

matrix was observed using op8cal analysis and density measurements. The combina8on of 

the magne8c proper8es of BHF par8cles with the biodegradability of the PES polymer in the 

developed BHF/PES composite opens promising avenues for environmentally friendly 

magne8c materials, with poten8al applica8ons in biomedical devices, targeted delivery 

systems, and sustainable magne8c separa8on technologies. For future work, the anisotropic 

magne8c alignment of BHF within the PES polymer matrix would be interes8ng to explore 

and compare with the current isotropic alignment. Although the poten8al applica8ons 

described above for BHF/PES are possible, experimental work has not been conducted to 

inves8gate this. In addi8on, obtaining a higher filler content of the magne8c par8cles in the 

polymer matrix would be intriguing, especially for certain possible applica8ons.  
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Appendix – Supplementary Informa9on  
 

 
Supplementary Informa:on 1: Picture of yellow/brown, waxy PES polymer from the transparent reactants over 

60 hours. 
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