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Abstract

There is a growing demand to find new materials for flux guiding applications
in the inductive power transfer systems. The inductive power transfer system (IPT)
in electric vehicles has gained importance due to advantages including safety, ef-
ficiency, flexibility, and user-friendliness. The potential of IPT systems in dynamic
flux transfer on-road requires the flux concentrators to maximize flux transfer at
minimum power losses. Ferrite materials are the most commonly used materials
in the IPT cores for flux-transfer applications due to their reasonable susceptibility,
high resistivity, and semi-conducting nature. Their high resistivity is advantageous
to minimize eddy-current losses. However, there are certain drawbacks to their use,
for example, they can still result in some eddy-current losses as their resistivity is not
high enough, they are very brittle in nature and are difficult to be made in thin sheets
or in arbitrary shapes, and they are very heavy that increases the vehicle mass and
energy consumption. An ideal material for wireless charging applications should be
thin, and flexible that can be made in arbitrary shapes with a reasonable susceptibil-
ity and high resistivity for wireless charging applications.
This thesis aimed to investigate the preparation of bimetallic Ni1−xFex, semi-conducting
MnFe2O4, and Sm3+ doped semi-conducting MnFe2−xSmxO4 nanofibers made by an
electrospinning method for their potential applications in wireless charging. Ni1−xFex

was selected because the bulk material shows a high permeability which is useful for
flux-guiding, but it has a low resistivity. However, the preparation of thin Ni1−xFex

nanofiber sheets can result in high resistivities in nanodimensions. The parameter
x was studied by varying its value between 0.1-0.5 as Ni1−xFex show high suscepti-
bility at x∼0.2, and high magnetic moment at x∼0.5. The characterizations showed
the presence of Ni1−xFex nanoparticles formation within nanofibers for all the sam-
ples which can be advantageous to further increasing the resistivity and to reduce
eddy-current losses. A bimodal particle size distribution was observed at x∼0.1, that
became less bimodal at x∼0.2 and skewed with predominantly small nanoparticles
at x∼0.5. Superparamagnetic behaviour was observed at x∼0.5 due to the forma-
tion of smaller nanoparticles. There was a systematic increase in the differential
susceptibility with increasing x from 6 at x∼0.1 to 18 at x∼0.5. These results were
encouraging for potential applications in wireless charging.
Semiconducting MnFe2O4 nanofibers were made by electrospinning method be-
cause bulk material has high resistivity. The thermal processing of these nanofibers
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at 700◦C resulted in large polycrystalline nanoparticles whereas, the thermal pro-
cessing at lower temperature 620◦C resulted in a mixture of small nanoparticles
within these nanofibers. The presence of some single crystal nanorods was also
seen in both samples. The high field magnetization was largest for the sample pro-
cessed at higher temperature, i.e. 57% of the total magnetization value at 700◦C
as compared to 46% obtained at low temperatures at 620◦C. However, one sample
processed at 620◦C showed the complete formation of MnFe2O4 nanorods with a
highest saturation magnetization to 76% of the total magnetization. These results
are encouraging as the potential of nanorod synthesis can be useful in the flux guid-
ing applications. Electrospun MnFe2−xSmxO4 nanofibers with Sm3+(x) doping were
also made to observe the change in the structural and magnetic properties at x=0.06-
0.25. The results showed the successful incorporation of Sm3+ in the crystal struc-
ture of MnFe2O4 at x≤0.2. Polycrystalline nanoparticles were seen at low fractions
of x≤0.1 but more smaller nanoparticles were formed at x=0.2 and x=0.25. Super-
paramagnetic behaviour was observed at high fractions of x (x=0.2 and x=0.25). The
saturation magnetization for x≤0.2 was largest for x=0.06. This study has provided a
solid foundation for a more in-depth exploration of magnetic electrospun nanofiber
sheets for future applications in wireless charging systems.
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Chapter 1

Introduction

1.1 An overview

Inductive power transfer (IPT) is a safe and clean technology that allows contact-less
power transfer in various applications. It has been employed in modern electronics
including contact-less charging pads for mobile phones and laptops, biomedical de-
vices, and now in the wireless charging of electric vehicles (EVs).[1] This has been
advantageous to address the energy scarcity challenges and mitigate emissions for
a cleaner environment. The typical operation of IPT technology in EVs includes the
power transfer via two strongly coupled coils operating at a high frequency through
an air gap between the road and in EV.[2] This requires a soft magnetic material
in the cores of inductively coupled coils with high susceptibility and low coerciv-
ity for an efficient power transfer without significant power losses. Ferrites are the
most commonly used materials for such applications due to their high susceptibility
and low coercivity for maximum power transfer. However, there are certain limi-
tations involved with their use, including brittleness, thickness, and low resistivity
that cause eddy-current losses.[1] Other materials include Permalloy (Ni1−xFex), but
the low resistivity makes them unfavorable for high-frequency applications.[3] To
address these challenges a material with thin dimensions, high susceptibility, and
low coercivity is required.

Recently, one-dimensional nanofibers have gained interest due to their long di-
rections, and high shape anisotropy, which is favorable for flux-guiding applica-
tions. Their advantages include a large surface area and very thin diameters for
compact magnetic devices.[4, 5] The use of thin sheets of magnetic nanofibers in
IPT is advantageous because they can reduce power losses in comparison to their
bulk counterpart. If nanofibers contain magnetic nanoparticles, this can further re-
duce power losses due to higher resistivities from enhanced carrier scattering in non-
conducting polymers, as the characteristics of nanoparticles are different from their
bulk counterparts. For example, at extremely small dimensions of a nanoparticle,
the thermal energy exceeds the magnetocrystalline anisotropy. This leads to super-
paramagnetism with no hysteresis, while maintaining reasonable magnetic suscep-
tibility.[6]
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This Ph.D. dissertation has focused on the fabrication of polymer nanofibers con-
taining bimetallic Ni1−xFex nanoparticles and semiconductor MnFe2O4 nanoparti-
cles, as both of these soft magnetic materials show remarkable magnetic properties
in bulk. There is no report on the fabrication of bimetallic Ni1−xFex nanofibers, there-
fore the fabrication of bimetallic Ni1−xFex at various fractions of x is interesting to
investigate, for their structural and magnetic properties. There are some reports
available in the literature for the synthesis of MnFe2O4 nanofibers, however, the
results on the structural and magnetic properties are questionable at best. The syn-
thesis and detailed characterizations were performed on the MnFe2O4 nanofibers
that focus on their structural and magnetic analysis. The MnFe2O4 nanofibers have
also been doped with rare earth Sm3+ (x) for the first time at various fractions of
x in MnSmxFe2−xO4 nanofibers. The motivation behind this study is based on the
interesting results obtained in the previous reports when MnFe2O4 nanomaterials
were doped with other trivalent rare earth ions. It is believed that the trivalent
Sm3

+ doping in MnFe2O4 can give interesting structural and magnetic properties
for MnFe2−xSmxO4 nanofibers.

1.2 Key research questions

1. What is a suitable method to prepare Ni1−xFex and MnFe2O4 nanofibers?

2. How the structural and magnetic properties differ in Ni1−xFex nanofibers when
x is varied from x=0.1 to x=0.5?

3. How the structural and magnetic properties differ in MnFe2O4 nanofibers cal-
cined at two different temperatures?

4. What is the effect of rare earth ion Sm3+ doping on the magnetic and structural
properties of MnSmxFe1−xO4 nanofibers at varying fraction of x?
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Thesis structure

• Chapter 2 provides the background knowledge on the existing IPT technology,
its working procedure, the existing core materials, and the limitations involved
with the use of core materials. It also explains the concepts of magnetism, clas-
sification of magnetic materials, the magnetic interactions, and other important
concepts to understand the nature of core materials in the IPT cores. The lit-
erature supporting the importance of nanodimensions and the motivation for
the synthesis of magnetic nanofibers is also explained in this chapter.

• Chapter 3 explains the experimental procedure used for the preparation of
magnetic nanofibers. The solution preparation for electrospinning, parameters
on an electrospinning set-up, and thermal treatment profile has been discussed
in this chapter. Characterization techniques including, XRD, SEM, TEM, STEM
maps, SAED, and SQUID measurements that are used to analyse the structural
and magnetic properties also discussed in detail for nanofibers.

• Chapter 4 discusses the fabrication of Ni1−xFex nanofibers at two different
fractions of x from x∼0.1 to x∼0.2. The differences in structure and magnetic
properties for these fractions are compared. The magnetic results are also eval-
uated to find the details of Ni1−xFex at each fraction.

• Chapter 5 discusses the fabrication of Ni1−xFex nanofibers with x∼0.5. The
reasoning behind the modified method for the preparation of x∼0.5 nanofibers
is discussed in detail. These nanofibers are characterized and the difference in
structure as well as in the magnetic properties are discussed in detail.

• Chapter 6 discusses the fabrication of MnFe2O4 nanofibers at two different
annealing temperatures. The differences in the structure as well as in the mag-
netic properties at both temperatures are discussed in detail.

• Chapter 7 discusses the fabrication of Sm3+ doped MnSmxFe1−xO4 nanofibers
at x= 0.06, 0.1, 0.2, and 0.25. The effect of varying x on the structural and
magnetic properties at each fraction has been analysed. The results are also
compared with the undoped MnFe2O4 nanofibers.

• Chapter 8 summarises the findings of this research work.

• Chapter 9 discusses the future prospects of this research work.
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Chapter 2

Theory and background

2.1 Energy crisis and emissions in the transportation sector

The world is facing a serious crisis related to the use of unsustainable and non-
renewable energy sources to maintain both transportation and industrial sectors.
The depletion of the fossil fuel reserves and the growing demand in energy security
is a wake up call for the need to explore alternative, sustainable and renewable en-
ergy sources. It is also anticipated that the consumption of fossil fuels will increase
by 49% in OECD (Organization for Economic Co-operation and Development) coun-
tries whereas, the total energy demands of non-OECD countries will continue to in-
crease by 84% until the year 2035 (Figure 2.1). The transport sector utilizes 30% of
the total energy consumption, which is projected to increase by 54% until 2035. [7]
In addition to this, the cost of fuel is expected to increase substantially in the next
two decades. [7]

FIGURE 2.1: World marketed energy consumption by EIA (Energy Information Administra-
tion)[7]
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Energy consumption (in Btu) 1 by fossil fuels has played a significant role in the
increased air pollution due to greenhouse gas emissions. There is a constant increase
in the earths temperature by 2% each year which is related to the CO2 emissions in
the atmosphere. [8] The transportation sector is one of the main contributors to-
wards greenhouse gas emissions and resource depletion. Therefore, global attention
has now been focused towards the deployment of renewable energy sources to mit-
igate emissions and promote green transportation.

2.2 An era of electric vehicles

Recently, there has been an increased interest towards the replacement of internal
combustion engine vehicles (ICEV) with electric vehicles (EVs) in transition towards
the green technology. Unlike ICEVs, EVs emits no gases, and are considered to be an
eco-friendly alternative. EV transportation sector has additional benefits in the eco-
nomic growth along with the environmental benefits. Economic growth involves the
development of more technological industries that can have a potential to expand
the energy sanctuary with renewable energy sources.[9, 10] The electric motors in
EVs have greater efficiency (80-95%) than ICEV combustion engines, with only 20%
efficiency, this makes EVs a more adaptable alternative.

The growing demand from government, policy makers, industries, and environ-
mentalists has a significant contribution in the growing numbers of EVs on roads. In
2010 there were only few hundred EVs on the roads, which has grown to six million
in the first half of 2019, and is expected to rise to 85 million by 2035.[11, 12]

Another report has highlighted the growth in the EV sales in the year 2021 be-
tween China, USA, and Europe in Figure 2.2. It can be seen that China is leading
with EV adaptability and their EV market growth has increased up to 4-fold by the
end of the year.[13]

1Btu=British thermal unit (1 Btu ≈1 kJ)
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FIGURE 2.2: EV sales in the year 2021

2.2.1 History of EVs

The idea behind today’s EVs was pioneered by Robert Anderson, who founded the
first electric carriage. Later in 1884, the first electric car was created by Thomas
Parker.[14, 15] In 1897, the first electric taxi company was founded, that operated on
a battery facility. However, due to long recharging times and lack of a recharging
facility, the discharged batteries were replaced.[15] In the early 20th century, thou-
sands of electric taxis, trucks, and buses were produced by the single electric vehicle
company. The company later went bankrupt due to several disadvantages including
small charging stations, high manufacturing costs, small range, and high prices.[15]

These disadvantages have led to the production of ICEV as they were easier to
operate, lightweight, and used low-cost combustion oils. However, EVs regained
their importance in 1990 when California introduced regulations regarding low-
emissions cars to reduce greenhouse gas emissions. Later in 2008, the first electric
car was invented that allowed the user to cover 320 kilometers without charging.
After a year, a series of electric cars attracted consumers due to suitable prices and
satisfactory battery capacity.[15]

Nowadays, electric car production has improved significantly with a wide range
of EVs that are user-friendly, efficient, and low maintenance for better performance.
The EV market has grown significantly and is set to replace ICEVs in the near future.

2.2.2 Limitations of existing EVs operation

2.2.2.1 Long charging times

An increased number of EVs on roads requires robust, efficient, and effective charg-
ing. This has caused a significant burden on power stations. Most EVs use plug-in
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cables for recharging regardless to their location, at home, or on highways. This
limits the mobility of EVs on the roads. Moreover, plug-in charging requires long
exposure charging times and is not electrically safe. There are currently four types of
chargers available on the market including very slow chargers, fast chargers, rapid
chargers, and the Tesla supercharger. The power rating for these plug-in chargers
is between 3 to 6 kW for slow chargers, 7 to 22 kW for fast chargers and above 42
kW for rapid chargers. The battery recharging duration can also be categorized on
this basis, wherein slow chargers can take up to 10 hours for recharging a battery
that is suitable for at-home charging. The fast chargers may take up to 4 hours to
charge the battery of the car and are typically installed in parking lots and shopping
malls. The rapid chargers take around 30 minutes to an hour to charge the battery
and are installed at gas stations. The charging time for the fast charger is still high
when compared to gasoline refilling, and a high cost is required for the installation
of these chargers.[16, 17]

2.2.2.2 Battery life

Another drawback associated with the use of energy storage batteries is the impor-
tance of maintaining the operation of EVs on the roads. The state-of-the-art storage
material is Li-ion batteries. Although these batteries have a high energy density (200
Wh/kg) when compared with other commercially available batteries or petroleum
(1200 Wh/kg) their energy density is still very low. These batteries have high initial
costs, a high degradation limit associated with their charging and discharging, and
high-cost recyclability.[18] The average life cycle of an EV battery is between 8-10
years, and its efficiency can reduce by up to 80% over time.[19] Plug-in EVs require
heavy batteries for energy storage, and it is expected that the Li-ion share will in-
crease to 530 kilotons by the end of 2025. Due to which, there is an increased risk of
large volumes of battery waste in the future as recycling methods are very expensive
and limited.[16, 20]

2.2.2.3 Cost and affordability

The market price of EVs is very high compared to that of gasoline cars. However, it is
expected to reduce with adaptability and market expansion. There is good potential
for EVs due to their sustainability and government policies, however, still there is a
need for further improvement in this technology for integration into everyday life.

2.3 Wireless technology in EVs

Wireless technology was first developed in the late 19th century by Nicola Tesla,
with the invention of the wireless electric bulb. That bulb was powered by the in-
duction between two closely placed metal plates attached in an enclosed circuit.
Modern wireless technology is capable of power transfer up to two meters between
two strongly coupled coils. Wireless technology is classified into two categories.
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1. Capacitance power transfer (CPT)

2. Inductive power transfer (IPT)

CPT is the mode of power transfer through an electric field between two coupled
capacitors. The applications of CPT are in low-power energy transfer devices, as it
can transfer between two closely placed capacitors with a small air gap. The use of
CPT through large air gaps is a potential risk to the environment, as it involves the
leakage of electric fields through power losses.

IPT technology is preferred for power transfer at large air gaps with increased
output. This technology is beneficial to EVs with optimal air gaps between the road
and the vehicle, thereby preventing power losses to the surrounding environment.
[21]

2.3.1 Advantages of IPT in EVs

IPT can address the first two challenges of plug-in EVs by automation of the charging
process and can remove the range restrictions with potential benefits of mobility,
safety, environment, and infrastructure. There are currently three types of wireless
technology

1. Stationary power transfer

2. Semi-dynamic power transfer in waiting lanes and parking lots

3. Dynamic power transfer for highways

IPT is more advantageous than plug-in charging, as it provides a comparable re-
duction in greenhouse gas emissions and performance, but it facilitates the users in
various ways. Firstly, it saves the time that one must spend charging traditional EVs.
It is user-friendly and can also prevent lost charging opportunities, as, if someone
forgets to plug in the vehicle. Wireless technology is also beneficial in saving addi-
tional infrastructure space as the whole system is embedded underground. This can
also prevent the cluttering of several wires and electrical components that are asso-
ciated with the plug-in chargers. Thus, there is no need for independent charging
units for EVs, and more EVs can be served in charging lots. Semi-dynamic and dy-
namic wireless charging are greatly beneficial as there is no need to stop the vehicle
as it charges whilst moving.[10, 22]

In dynamic power transfer, IPT technology does not require heavy batteries as
compared to plugin EVs. As a result, lightweight EVs can be produced with reduced
volumes of battery waste. The energy consumption by the IPT EVs is also expected
to be less compared to the plugin EVs for equivalent charging efficiency.[22]
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2.3.2 Components of an IPT system in EVs

The schematic illustration below in Figure 2.3 shows the basic components of IPT
technology in EVs. The whole system is divided into two parts; half embedded in
the road and half at the base of an EV.

FIGURE 2.3: Schematic illustration of an IPT set-up

The primary source of energy in an IPT system is an accelerating current (AC)
source, which provides a low-frequency AC (50-60Hz). This frequency is very low
to drive the transmitter coil and consequently transfer energy to the collector coil.
Therefore, this incoming AC power is first converted to a single-step or two steps
high-frequency AC power. However, most electronic systems use two-step AC/D-
C/AC conversion inverters for high-frequency AC output applications. The inverter
converts the low-frequency AC power to the direct current (DC) with power factor
correction (compensation of the lagging currents with the help of capacitors). This
DC power is then converted back to a high-frequency AC (20-100 kHz) to radiate the
transmitter coil after passing through the primary compensation network (This pri-
mary compensation network is important to safely transfer the high-frequency AC
to the transmitter coil and to compensate the electric losses). The high-frequency
AC in the transmitter coil generates an electric field, which is responsible for the
production of an oscillating magnetic field in the collector coil. The oscillating mag-
netic field works on the principle of Faraday’s law and induces an AC voltage in the
collector coil. The produced AC voltage passes through the secondary compensa-
tion network and is rectified into a DC power. Finally, the DC power goes through a
filter to reduce ripple voltage (Figure 2.4) to charge the battery of an EV.[21, 23–25]
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FIGURE 2.4: Ripple free DC voltage after filtration

2.3.3 Core material for inductive power transfer

The role of inductively coupled coils is very significant in determining the power
transfer and leakage (power losses) during the wireless transfer between roads and
EVs. For example, loosely coupled coils due to misalignment can result in more
power losses than strongly coupled coils, and consequently emit hazardous elec-
tromagnetic radiation in the surrounding environment.[18] As a result of this, there
is not enough power transfer from the transmitter coil to the collector coil. There-
fore, to improve the tendency of power transfer and to reduce losses, soft magnetic
materials are used in the core of these two coils.[26]

To further understand the types and properties of such magnetic materials, the
fundamentals of magnetism are briefly explained below.

2.4 Concept of magnetism and magnetic materials

2.4.1 Magnetic susceptibility and magnetic permeability

The response of a material under an applied magnetic field (H) is determined by a
quantity known as magnetic susceptibility (χ). The relationship of magnetic suscep-
tibility to the induced magnetization (M) at an applied magnetic field is given in the
equation (2.1).[27]

M = χH (2.1)

or

χ =
dM
dH

(2.2)

M is the magnetization of the material under an applied magnetic field (H). The
SI unit for both magnetization (M) and applied magnetic field is Ampere/meter
(A/m). (For comparison with the literature, other cgs units (emu/g or emu/cm3)
are also in use for magnetization). Another rearranged equation. (2.2) provides a
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more clear understanding of χ, which is the dimensionless proportionality factor at
equal units of M and H, and hence provides the degree of induced magnetization in
a material under applied magnetic field.

Another important term is the magnetic flux density (B) or magnetic induction
which is defined as the magnetic flux per unit area (magnetic flux is the concen-
tration of flux lines at one point). It is the amount of induced magnetic force on a
material when placed in an external magnetic field (H). The SI unit for B is Tesla.
Both B and H represent the strength of the magnetic field, but H is the extrinsic mag-
netic force applied on a material, whereas B represents how effectively that material
utilizes that magnetic force to induce a magnetic field inside the material. The re-
lationship between magnetization, magnetic induction, and the applied magnetic
field is shown by the equation (2.3) below. [27, 28]

B⃗ = µo H⃗ + µo M⃗ (2.3)

Where µo ≈ 4π × 10−7 N/A2.
A similar term to magnetic susceptibility (χ) is magnetic permeability (µ), which

represents the degree of penetration of the magnetic field inside a material to in-
crease magnetic induction. The SI unit of µ is newton per ampere squared (N/A2).
This is shown by the equation (2.4) given below.[27]

B = µH (2.4)

The proportionality factor µ is called the permeability, which is a scalar quantity
for an isotropic material but can be a tensor for an anisotropic material. Another im-
portant term is the relative permeability (µr), which is given by the ratio between the
permeability of a material to the permeability of free space (µo). (equation (2.5)[27,
28]

µr =
µ

µo
(2.5)

The relationship between the relative permeability to the magnetic susceptibility
can be derived from the equation (2.3). Now if we add the value of M from (2.1) and
rearrange the equation, the new equation becomes as (2.6) given below.

B = µo H(1 + χ) (2.6)

Adding the value of B from equation (2.4) and rearranging, the equation becomes
(2.7).

µ

µo
= 1 + χ (2.7)

From (2.5) the relation between the relative permeability to the susceptibility is
given as (2.8) or (2.9)
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µr = 1 + χ (2.8)

or

χ = µr − 1 (2.9)

The value of χ increases from 10−5 to 105 from very weak to strong magnetic ma-
terials and is a parameter to classify materials on various types of magnetization.[29]

2.5 Classification of magnetic materials

2.5.1 Diamagnetic materials

Diamagnetic materials show a negative response or a very weak response in the
presence of an external applied field. These materials will create an induced mag-
netic field in the opposite direction to the external field, thus causing a repulsive
effect. The applied magnetic field will interact with a diamagnetic material in such
a way that it alters the orbital velocity of the electron around the nucleus. Therefore,
due to the inner shielding of the material, the induced magnetic dipole moment will
be in opposite direction to the applied field. This induced dipole moment will dis-
appear quickly after the removal of an external magnetic field. The diamagnetic
materials have paired electrons in their valence shell.[30, 31]

Figure 2.5 (a) shows a diamagnetic material where there is no induced magnetic
dipole in the absence of an external magnetic field. When an external field is applied
to the system, the induced magnetic dipoles are arranged in the opposite direction
to the external field as shown in Figure 2.5 (b). The value of the relative permeability
of such materials is less than one or the magnetic susceptibility value will be close to
zero as per shown in Figure 2.5 (c). The magnetic susceptibility remains unchanged
at varying temperatures for diamagnetic materials as shown in Figure 2.5 (d).
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FIGURE 2.5: Diamagnetic material (a) in the absence of magnetic field (H), (b) in the presence
of (H), (c) Susceptibility in the presence of (H), and (d) Effect of temperature on the magnetic

susceptibility of a diamagnetic material

2.5.2 Paramagnetic materials

Paramagnetic materials are materials that are magnetized easily in the presence of
an external magnetic field, however, show no magnetism in the absence of a mag-
netic field. These materials have unpaired electrons that are influenced by the exter-
nal magnetic field, resulting in the formation of polarized atomic orbitals and a net
positive magnetic moment. Figure 2.6 (a) shows a paramagnetic material at room
temperature without an external magnetic field. It can be seen that the magnetic
spins (spin of an electron responsible for magnetization in a material) are randomly
oriented in the material and net magnetization is zero. When a magnetic field is
applied to this system in Figure 2.6 (b), the magnetic spins tend to line up in the
direction of the applied field, giving a net magnet moment in the same direction as
the applied magnetic field. The relative permeability of these materials is greater
than one as per shown in Figure 2.6 (c) and the susceptibility is in inverse relation-
ship with temperature. When the temperature increases, the thermal energy of the
magnetic moments increases, this breaks their alignment due to the thermal vibra-
tions of magnetic moments, thus decreasing the overall magnetic dipole moment.
This can be explained by the Curie-law for non-interacting magnetic moments or
isolated magnetic moments as given below in (2.10), (Figure 2.6 (d)).[32]

χ =
C

T − θ
(2.10)
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Where C is the Curie constant which is directly related to the number of local-
ized electrons and θ is the Curie-Weiss temperature that reflects the strength of the
magnetic pathway. When θ is equal to zero, the solid will stay paramagnetic at all
the probed temperatures.

FIGURE 2.6: Paramagnetic materials (a) in the absence of (H), (b) in the presence of (H) at
low temperature, (c) Susceptibility in the presence of H at high temperature and (d) Effect of

temperature on susceptibility of a paramagnetic material by Curie-law

2.5.3 Ferromagnetic materials

Ferromagnetic materials are strongly influenced by the applied magnetic fields and
become polarized in the direction of an applied magnetic field. These materials show
spontaneous magnetization as they possess multiple magnetic domains where each
domain contains many atoms with individual magnetic moments aligned parallel
to each other. This gives a net magnetic moment to that domain. In these materials,
the domains are oriented in different directions to each other in the absence of an ap-
plied magnetic field. However, when an external magnetic is applied to the material,
the domains start moving to arrange their magnetic moments in the direction of the
external field. Ferromagnetic materials show high permeability depending on the
strength of the applied magnetic field due to exchange interactions in long-range or-
der of magnetic dipoles. These materials are strongly influenced by the temperature
and lose their magnetic ordering when Curie temperature (Tc) is reached (Figure
2.7). Tc is intrinsic to different for different ferromagnetic materials, For example,
the Tc for iron (Fe) is 1043 K while for nickel (Ni) is 1388 K.
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FIGURE 2.7: (a) Ferromagnetic material in absence of magnetic field, (b) in presence of the
magnetic field, (c) Effect of temperature on susceptibility by Curie-Weiss law

The susceptibility for ferromagnetic materials above Tc can be calculated by the
following expression (equation (2.11)).[33]

χ =
C

T − TC
(2.11)

The equation (2.11) is known as Curie-Weiss Law, where C is the curie constant
and T is the absolute temperature. The susceptibility of ferromagnetic materials is
highest as compared to the other classes and it can go up to the order of 106 for
strong ferromagnets. [34]

Hysteresis curve of a ferromagnetic material

The relationship of magnetic induction in a material in response to the applied
magnetic field is studied by plotting magnetic field density against the applied mag-
netic field. This plot is known as the hysteresis curve or BH loop. A similar curve
is obtained where magnetization replaces B and is called the MH loop. However, in
both cases, H is increased from zero to a high value as shown in Figure 2.8.

It can be seen from Figure 2.8, that by increasing the applied magnetic field,
the magnetization increases linearly to reach the saturation point (where a further
increase in the H has a small or no effect on magnetization). At this point, almost all
the magnetic domains in the materials align with the external magnetic field. When
the applied magnetic field is reduced to zero, the original curve is not retraced. This
shows that the material has attained the magnetic history where the magnetization
does not follow the same path on the initial curve. On a symmetrical MH loop, this
extra distance covered by the magnetization from point a to b shown on the MH
loop is known as remnant magnetization or remanence (Mr). At this point, an equal
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but reverse H is applied to the material to reduce M to zero. In response to this,
the curve moves to point c, where the M becomes zero. This is known as coercivity
(Hc) or coercive field. (where the strength of the applied magnetic field is enough to
flip enough domains in the opposite direction that the total magnetization becomes
zero).

As H increases in the negative direction, the material becomes saturated again
in the opposite direction (point d). Again when H is reduced to zero, a remnant
magnetization or Mr is obtained in a negative direction that becomes zero when the
field H is revered back to a positive direction to remove residual magnetization. The
MH loop is characteristic of magnetic materials and is used to describe the magnetic
response of a material under an applied magnetic field.[35]

FIGURE 2.8: Hystersis loop (MH loop) showing the initial magnetization curve, remanent
magnetization (Mr), and coercivity (Hc) in a ferromagnetic material

2.5.4 Antiferromagnetic materials

Antiferromagnetic materials are materials that have an ordered arrangement of their
magnetic spins anti-parallel on different sub-lattices of a material. The magnetic mo-
ments arising from the spins will cancel each other out and give an overall zero mag-
netization at room temperature. These materials have small permeabilities, and, are
often classified as paramagnetic materials above Néel temperature (TN). The value
of susceptibility has a unique temperature dependence that increases first by increas-
ing the temperature until a certain limit is reached, known as Néel temperature (TN).
Beyond this temperature, the value of susceptibility decreases as thermal vibrations
increase, and the material behaves like a paramagnet. (Figure 2.9)[27]

The susceptibility of an antiferromagnetic material far above the TN is given by
the following expression in equation (2.12),

χ =
C

(T + TN)
(2.12)
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FIGURE 2.9: Antiferromagnetic material in the absence of magnetic field. (b) Effect of tem-
perature on susceptibility far above the TN

2.5.5 Ferrimagnetic materials

Ferrimagnetic materials are classified between ferromagnetic materials and antifer-
romagnetic materials. As in antiferromagnetic materials, the magnetic spins in fer-
rimagnetic materials are placed in parallel directions on different sub-lattices, but
the magnitude of magnetization on these sub-lattices is not equal. That makes the
net magnetization non-zero for the material (Figure 2.10). Since antiferromagnetic
materials are not strongly magnetic and do not give rise to spontaneous magne-
tization, ferrimagnets are often compared to ferromagnetic materials due to their
spontaneous magnetization at room temperature. Their spontaneous magnetiza-
tion disappears above Tc, after which they become a paramagnet due to thermal
disruptions in the magnetic spins. Ferrites are common examples of ferrimagnetic
materials. The general formula for these ferrites is MO.Fe2O3, where M= zinc, cad-
mium, iron, nickel, manganese, or magnesium. There are generally two sub-lattice
sites known as tetrahedral and octahedral sites in the crystal structure of these spinel
ferrites or inverse spinel ferrites (MnFe2O4). In the case of magnetite Fe3O4 (inverse
spinel), there are two ionic states for iron Fe2+ and Fe3+. These ions are arranged
in a sub-lattice in a way that out of sixteen, eight octahedral sites are occupied by
the Fe3+ while the rest are occupied by Fe2+. The other eight tetrahedral sites are
occupied by Fe3+ ions (2.10 (b)). The opposing magnetic moments at tetrahedral
and octahedral sites (Fe3+ interact through superexchange interactions, and couple
antiferromagnetically that cancels their magnetic moments (5µB). It leaves the eight
Fe2+ ions on the octahedral sites that couple ferromagnetically through double ex-
change interactions via oxygen atoms with Fe3+ ions at octahedral sites.[36] These
ions are responsible for the magnetization in magnetite (4µB).[33] The magnetic in-
teractions in Fe3O4 are shown in Figure 2.11. In Figure 2.10 (c) cubic spinel structure
of zinc ferrite ZnFe2O4 is shown where Fe3+ ions couple antiferromagnetically on
the octahedral sites via superexchange interactions. Whereas, zinc ions Zn2+ are
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non-magnetic in nature and arranged on the tetrahedral sites. The value of the Néel
temperature (TN) is ∼11K (below which it shows antiferromagnetic ordering).[37–
39] The crystal structure of bulk manganese ferrite is partially inverse spinel that can
be written as (Mn1−xFex)A[MnxFe2−x]BO4. Where A and B show the tetrahedral and
octahedral sites. The value of the inversion parameter x can be up to 20% which is
important to determine the magnetic moment of the MnFe2O4. It can be between
3µB-5µB depending on the degree of inversion.[40] Figure. 2.10 shows the complete
spinel structure of MnFe2O4 that can have the highest magnetic moment 5µB due to
the absence of inversion.

FIGURE 2.10: (a) Ferrimagnetic material in absence of magnetic field, (b) Magnetite sub-
lattices showing magnetic moments of both Fe3+ and Fe2+ ions due to ferrimagnetic cou-
pling in an inverse spinel structure, (c) Zinc ferrite sub-lattices showing antiferromagnetic
coupling at octahedral sites and tetrahedral sites containing non-magnetic Zn2+ ions, and
(d) Manganese ferrite sub-lattices showing ferromagnetic coupling between Fe3+ ions at the
octahedral sites and antiferromagnetic coupling between Fe3+ at octahedral sites and Mn2+

ions at the tetrahedral sites in a spinel structure

FIGURE 2.11: Magnetic interaction in magnetite
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2.5.6 Superparamagnetic materials

Superparamagnetism is observed in small ferro or ferrimagnetic nanoparticles when
the size of the nanoparticle is decreased to the single domain range. The magnetiza-
tion of these nanoparticles is considered to be a single giant magnetic moment or su-
per moment, that comes from the sum of individual moments of atoms within a par-
ticle. The magnetic response is characterized above the characteristic temperature
known as blocking temperature (TB) that originates from the magnetic anisotropy
of nanoparticles that aligns the moments in the preferred orientation. In a non-
interacting spherical nanoparticles system, the magnetic anisotropy energy (EA) is
proportional to the particle volume as shown by the equation (2.13) given below.

EA = KV (2.13)

Where K is the magnetic anisotropy of nanoparticles, and V is the volume of the
nanoparticles. The whole expression KV represents the magnetic anisotropy barrier
for a magnetic superparamagnetic nanoparticle system.

The thermal fluctuations in magnetic moments with increasing temperature play
a very important role to understand the magnetic properties of superparamagnetic
nanoparticles. At high temperatures, when the thermal energy is larger than the
magnetic anisotropy energy (kBT»EA) the magnetic moments can randomly flip their
direction showing paramagnetic-like behavior or superparamagnetic behavior. But,
if the thermal energy is much lower than the magnetic anisotropy energy (kB«EA),
the magnetic moments are believed to be in a block state in their anisotropic axis
without switching the orientation. At finite temperature, the magnetic moments flip
and reverse their direction and the time observed between two flips is known as
Néel relaxation time (τN).[41] It follows the Arrhenius law and the expression for τN

is shown in the following equation (2.14)

τN = τ0e
EB

kBT (2.14)

Where τ0 is the characteristic length of time for a material that varies between
10−9 to 10−10s for different materials. Another important term is the measurement
time, τm which is very important in determining the magnetic state of the material:
if τm is greater than τN (τm»τN), the magnetic moments will fluctuate freely in a
paramagnetic manner, i.e. the superparamagnetic state. If τm is much smaller than
the τN (τm«τN), then the materials are said to be in a blocked state. The limit at
which the τm≡τN provides the definition of B that is shown in the following equation
2.15.[41]

TB =
kV

kBln τm
τN

(2.15)

The hysteresis curve for superparamagnetic materials shows negligible coerciv-
ity that differentiates it from other paramagnetic, ferro/ferrimagnetic materials.[34,
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41]

2.6 Role of angular momentum in magnetism

The magnetic moment of an atom is a fundamental property of unpaired electrons
in the partly filled electronic shells, and it depends on both spin angular momentum
and orbital angular momentum of an electron. Orbital angular momentum (⃗L) of an
electron is associated with the rotation of an electron in an orbit around the nucleus,
whereas spin angular momentum (S⃗) is associated with the spinning of an electron
around its axis. The total angular momentum of an atom is represented by J, and it
is the sum of both its orbital angular momentum (⃗L) and spin angular momentum
(S⃗) ((2.16)).

J⃗ = (⃗L + S⃗) (2.16)

Whereas, the total magnetic moment (m) is the sum of both total orbital magnetic
momentum (µL) and spin magnetic momentum (µS) of electrons within an atom. It
is shown by the equation (2.17) given below.

m = gJµB (2.17)

Where µB is a constant known as Bohr magneton, which is used to describe the
magnetic moment of an atom and g is the spectroscopic splitting factor, which is also
called the g-factor. The value of the g-factor is given below in equation (2.18).

g = 1 +
J(J + 1) + S(S + 1)− L(L + 1)

2J(J + 1)
(2.18)

If there is no net orbital contribution in the magnetic moment, then L=0, and J=S.
In such a situation the value of g becomes g=2. But when the net spin contribution
is zero when the spins gets canceled out, then J=L and g=1.[30]

2.7 Exchange interactions in magnetic materials

The magnetic moments of transition metal elements as well as ferrimagnetic ma-
terials are more greatly dependent on the electronic spin than the orbital angular
momentum. Therefore, spin interactions are very important in determining the mag-
netic properties of atoms. For example, the potential energy (Uij) of two neighboring
atoms with spins Si and Sj in a system is given as (equation (2.19)).[29, 42]

Uij = −JSi.Sj (2.19)

Where J is the exchange integral that can be positive or negative depending on
the spin exchange interaction on the neighboring atoms. If the two spins are ar-
ranged parallel with overall minimum energy then the value of J is positive. If the
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spins are aligned in antiparallel directions to each other, the J becomes negative.
Other exchange interactions are indirect exchange interactions that are explained
below.[42]

2.7.1 Indirect exchange interactions

These interactions occur in a system where there is a long separation between the
magnetic ions and direct exchange interactions are either absent or the value of their
exchange integral is too small to be accepted. The indirect exchange interactions
include superexchange interactions and double exchange interactions.

Superexchange interactions are mainly present in the insulators, where non-
magnetic atoms are present between the magnetic ions. One such example is the
manganese oxide ions, where non-magnetic oxygen atoms are bridged between mag-
netic manganese ions and are responsible for the magnetic interactions in such ma-
terial (Figure 2.12).

FIGURE 2.12: Superexchange interactions between Mn atoms through an oxygen atom (a)
Ferromagnetic coupling (b) Antiferromagnetic coupling

In Figure 2.12, the d-orbitals of Mn atoms overlap with the p-orbitals of non-
magnetic oxygen atoms. Due to this, the indirect interactions between two Mn ions
give rise to two different types of magnetic ordering. The superexchange interac-
tions are dependent on the magnitude of magnetic moments of interacting atoms,
the orbital overlap between the non-magnetic atoms and the metal ions, and on the
bond angle. For example, when the bond angle is at 180◦, the superexchange overlap
gives rise to strong ferromagnetic interactions between two Mn ions as per shown
in Figure 2.12. Whereas, antiferromagnetic ordering is favorable for the parallel ori-
entation of magnetic ions as per shown in Figure 2.12.

Double exchange interactions are present in some oxides, where the ions of the
same metal are present in different oxidation states. These interactions happen with
the electron transfer between the magnetic ions via non-magnetic atomic orbitals
that are bridged between two magnetic ions. There is a simultaneous transfer of two
electrons in double exchange interactions and the example is shown in Figure 2.13.

In Figure 2.13, a spin-up electron hops from the bridging oxygen atom to Mn4+,
and is simultaneously replaced by another spin-up electron from Mn3+ ion with-
out changing the spin direction. This hopping is responsible for the ferromagnetic
alignment for such oxides due to double exchange interactions.
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FIGURE 2.13: Double exchange interactions

2.8 Some other important terms

2.8.1 Exchange bias

When ferromagnetic material couples with an antiferromagnetic material through
an interface, the exchange interactions cause a shift in the hysteresis along the field
axis. This behavior is known as exchange bias (Heb) behavior (Figure 2.14). When
a saturating magnetic field is applied above the TN temperature, it aligns the ferro-
magnet in the direction of the applied magnetic field. However, when this material
is field-cooled, some magnetization remains pinned at small negative fields. This
can only be removed when the applied magnetic field is large enough to reverse the
direction of the ferromagnet towards the original positive direction. This gives a
shift in the magnetization curve and is called exchange bias as per shown in Figure
2.14. Exchange bias can be simply explained by a model given for a ferro/antifer-
romagnetic interface exchange interaction in a thin film given below in equation
(2.20),[43]

BE = −HMt f cosθ − Jcosθ + K f sin2θ (2.20)

Where BE is the exchange energy, H is the applied magnetic field and M is the
magnetization in the material. Other terms are t f related to the thickness of the ferro-
magnetic film, J is the exchange integral between ferromagnet and antiferromagnet,
and K f is the uniaxial anisotropy of ferromagnet, and θ is the angle between M and
K f .

Exchange bias is always observed in thin magnetic layers, but it can also be
present in magnetic nanomaterials, where spin defects are present due to spin dis-
ordered shells around a magnetically ordered core. The spin interactions between
the magnetically ordered core and spin disordered shell cause the exchange bias for
such systems.[43]
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FIGURE 2.14: (a) Hysteresis curve below TN with no hysteresis shift (b) Hysteresis shift (Heb)
towards left due to extra energy required to align material at interface above TN

2.8.2 Magnetocrystalline anisotropy

The tendency of magnetic spins to align in the preferred direction of the crystallo-
graphic axis is known as magnetic crystalline anisotropy. Magnetocrystalline anisotropy
is the intrinsic property of a material, which is caused by the interaction of spin mag-
netic moments with the crystal lattice (spin-orbit coupling). These interactions give
rise to easy and hard directions for magnetization in a material.

When an external magnetic field is applied to a material, the magnetic spins tend
to rotate in the direction of the applied magnetic field. Similarly, the orbit of the
electrons also tends to rotate in the direction of the external field, but the strong cou-
pling between the orbit and crystal lattice resists the rotation of the spin axis. There-
fore, the amount of energy required to rotate the spins from their easy axis to the
hard axis of rotation for magnetization is known as magnetocrystalline anisotropic
energy. The application of a magnetic field at 90 degrees is required to rotate the
magnetic spins from their easy axis to the hard axis of magnetization. In cubic sys-
tems, the additional energy density due to their magnetocrystalline anisotropy can
be written as, (equation (2.21))

E = K0 + K1(a2
xa2

y + a2
ya2

z + a2
za2

x) + K2a2
xa2

ya2
z (2.21)

Where ai are the directional cosines for magnetization with respect to the axis
of thw crystal lattice, Ki is the magnetocrystalline anisotropy constant representing
the zero (K0), first (K1), and second order (K2) for magnetocrystalline anisotropy en-
ergy. Some materials have a small magnetocrystalline anisotropy and do not require
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strong magnetic crystalline energy. Such materials are known as soft magnetic ma-
terials. Whereas, other materials with large magnetocrystalline anisotropy are called
as hard magnetic materials.[42]

2.8.3 Demagnetization effects

The demagnetization effects are described by the non-uniformity of the induction
within a magnetic material due to the magnetic leakage (lines of flux density B),
which is dependent on the shape and size. For example, in ferro/ferrimagnetic
materials, the domains tend to saturate in different directions and cause the non-
uniformity of the magnetic field within the material. The demagnetizing field (Hd)
is given by the following equation given below in equation (2.22) below.

Hd = −Nd M (2.22)

Where Nd is the demagnetization factor, which is dependent on the shape of the
magnetic body, and is easy to calculate for an ellipsoid. For ellipsoid, the sum of
demagnetization factor along three orthogonal axis is constant.[30]

Nx + Ny + Nz = 1 (2.23)

But for a sphere or spherical nanoparticle, the value of Nd becomes, (2.24).

Nsphere =
1
3

(2.24)

The demagnetization stretches out the magnetization loops and cause a reduc-
tion in the measured susceptibility in comparison to the true susceptibility value as
shown below in equation (2.25).[44]

χmeasured =
χtrue

1 + N × χtrue
(2.25)

2.8.4 Bloch’s temperature dependence

The magnetization of an ordered magnetic system follows a Bloch’s temperature
dependence that decreases with increasing temperature due to thermal fluctuations
within magnetically ordered spins. Bloch’s law for an ordered ferromagnetic mate-
rial is shown in equation 2.26.

Ms(T) = Ms(0)× [1 − β × Tn] (2.26)

where Ms(0) is the magnetization at zero kelvin, β is the Bloch constant, T is the
temperature, and n=3/2.[45] This Bloch expression can be fitted well with the sat-
uration magnetization of the bulk materials. In the case of nanomaterials, the con-
tribution from the spin disordered component is added to Bloch’s equation which
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is related to the magnetization from the misalignment of the surface spins or spin-
disordered component. This can be modeled by using a phenomenological equation
(2.27) below.[6, 46]

Ms(T) = Ms,c(0)× [1 − β × Tn] + Ms,d(0)× exp(T/Tf ) (2.27)

where, the first term, Ms,c is the saturation magnetization from the spin-ordered
core and described by using the Bloch function and the second term is from a spin-
disordered shell Ms,d. Ms,c is the spin-ordered core saturation magnetization at 0K,
Ms,d is the spin-disordered shell at 0K, and T f is the characteristic spin-freezing tem-
perature. Due to this a meta-stable state or spin glass arises in magnetic nanoma-
terials as the spins get frozen in random orientation than low energy configuration
(ordered phase) due to frustrations in nanomaterials.[46] Figure 2.15 shows the spin-
frustrated spherical nanoparticles with the magnetically ordered core.

FIGURE 2.15: An illustration of spin-frustrated nanoparticle with magnetically ordered core

2.8.5 Zero field cooled-Field cooled (ZFC-FC) Curves

ZFC-FC curves are important in determining the superparamagnetic behavior of
the nanomaterials from their M-H loop. In ZFC measurement the material is cooled
down in the absence of the magnetic field, and then the magnetic response is recorded
by applying a small magnetic field while heating up the sample. In FC, the sample
is cooled down in the magnetic field (same strength as used for ZFC) and magne-
tization is recorded.[37] A typical example of the ZFC-FC curve is shown in Figure
2.16.
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FIGURE 2.16: An illustration of ZFC-FC curves for a typical (a) superparamagnetic, and (b)
ferromagnetic material

2.8.6 Hard and soft magnetic materials

The ferro/ferrimagnetic materials are classified as hard or soft magnetic materials
depending on their response in an external magnetic field. When an external mag-
netic is applied to a material, and it retains the magnetization even after the removal
of the magnetic field, then it is called a hard magnetic material or permanent mag-
net. These materials have a very large magnetic crystalline anisotropy and therefore
show high values of coercivities, remanent magnetization, and exhibit large hystere-
sis curves (Figure 2.17 green curve). Due to this, these materials can store magnetic
energy without getting drained after repeated use, and therefore can be used in stor-
age devices, electric brakes, telephones, and loudspeakers. Examples of hard mag-
netic materials include high-carbon steels, rare earth elements, and their alloys.[47]

FIGURE 2.17: Hysteresis curves of hard vs soft magnetic material
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On the other hand, soft magnetic materials suitable for commercial applications
can be easily magnetized and demagnetized and show high permeabilities, high
Curie temperatures, low magnetostriction, and negligible hysteresis losses. The hys-
teresis curves for the soft magnetic materials (in Figure 2.17 (red curve), show neg-
ligible coercivity and remnant magnetization (Mr).[48] These properties make them
favorable to be used in the cores, loudspeakers, electric motors, and in the cores of
inductive high-carbon systems where the power transfer is needed at the expense
of minimum energy loss. Examples of soft magnetic materials include iron, silicon
steel, ferrites, and bimetallic alloys of iron with cobalt and nickel.[48]

2.9 Soft magnetic materials for inductive applications

The soft magnetic materials in the cores of inductive coils can quickly change the
direction of their magnetization with the applied magnetic field that is produced
by the current flowing in the coils. The high permeability (µ) of these materials
causes an increase in the magnetic induction within the transmitter coil, that is, when
coupled with the receiver coil can transfer the energy through an air gap and boosts
the performance of the inductive systems.

Another important parameter for effective and robust power transfer is the pre-
vention of power losses at high operating frequencies. There are mainly two types
of power losses involved in inductive applications.

1. Hysteresis losses

These losses are caused by the irreversibility of MH curve (coercivity) in the
core material operating at high frequencies in an inductive system. Thus, every
time a material completes its cycle of magnetization, it will lose energy to be
known as hysteresis loss.

2. Eddy current losses

The eddy current losses are directly related to the resistivity of the core mate-
rial. As the alternating current in the coil causes the generation of the mag-
netic field in the core material. According to Faraday’s law of electromagnetic
induction, the time-varying magnetic field causes the current to flow into the
magnetic material. These current loops create a magnetic field in opposition
to the change in magnetic flux, thus causing a power loss in the inductive sys-
tem. Eddy-current losses usually increase with the square of operating fre-
quencies.[49]

Soft magnetic materials have been classified on the basis of their magnetic prop-
erties which makes them favorable in different applications for optimum perfor-
mance at a reasonable expense. These properties are given below in Table 2.1.[50]
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2.9.1 Soft iron

Soft iron cores consist of 99% very fine iron powder particles due to the higher per-
meability of iron materials. Iron has a very high coercivity that results in high core
losses, operating even at low frequencies. These iron cores have been improved
by compressing them into a pellet or thermally annealing them at room tempera-
ture to reduce their coercivities. The processing of iron powders can also reduce the
overall permeability as compared to the raw iron material, and is not suitable for
high-frequency applications.

2.9.2 Silicon steel

Silicon steel is an alternative to soft iron and is produced by mixing 3% silicon into
the iron. This production is favorable for increasing the resistivity as well as the
permeability of the material. Another improvement is observed by the invention
of grain-oriented silicon steel, where grain growth is promoted along the easy axis
of magnetization. Thus a material with a low magnetic crystalline anisotropy axis
parallel to the magnetic field is fabricated that can be used at large scales in trans-
formers. Today, silicon steel contributes towards major shares in the soft magnetic
materials market due to its low cost and high permeability. However, it has a very
low density, which gives high power losses at high frequencies. Therefore, the pri-
mary applications of silicon steels are in low-frequency (50-60 Hz) transformer cores.
Recently, there have been attempts to improve the density of this material, but still,
it is not effective to be used in high-frequency applications.[50]

2.9.3 Permalloy (Ni1−xFex)

Bimetallic Ni1−xFex based soft magnetic materials are well known for their remark-
able properties including high permeability, high Curie temperature, low coercivity,
low magnetostriction2 and energy losses. Generally, Ni1−xFex alloys are classified
on the basis of their metal ion fractions or based on their crystal system. The alloys
containing 0.1-0.5 percent iron are called permalloys (from high permeability) and
show high permeability at around x= 0.18-0.25. The alloys with 0.6-0.8 percent iron
are called Invar alloys (from invariability) and are known to exhibit the zero coef-
ficient of thermal expansion around x= 0.6-0.7. The crystal structure of these alloys
also varies from body-centered cubic (bcc) to face-centered cubic (fcc) with increas-
ing iron fraction up to ∼ 0.6.[51] (Figure 2.18 (a) and (b))

Similarly, the characteristic magnetic properties of the binary Ni1−xFex alloys
also vary considerably with increasing fractions of iron from 0.1-0.5. They exhibit
very high permeabilities at about x∼ 0.25 of iron. The reason behind such behavior
is the presence of negligible magnetic crystalline anisotropy and magnetostriction
that results in the easy axis rotation of domain walls and hence contributes to high

2Magnetostriction is the change in the dimensions of a ferro/ferrimagnetic material in response to
the applied magnetic field.[49]
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FIGURE 2.18: Crystal structure of (a) FCC ordered phase and (b) BCC ordered phase of NiFe
alloy

permeability.[3] However, the metallic nature of Ni1−xFex alloys in the bulk results
in very low resistivity and can have hysteresis losses due to pinning effects in the
domain wall motion.[52] Both of these factors can result in eddy-current losses and
limits their broad range applications.

2.9.4 Soft ferrites

Soft ferrites contribute the second largest market share and are now abundantly used
in the cores of inductive systems. They are ferrimagnetic in nature with the chemical
formula MO.Fe2O3. Where M is the divalent metal cation (such as Fe2+, Mn2+, Zn2+,
Ni2+, and Mg2+) that is present on both tetrahedral sites (A) and octahedral sites (B)
within the crystal lattice and trivalent metal ions (M3+) are present at the tetrahe-
dral site (A). These two ions are separated by the non-magnetic oxygen atoms that
cause the superexchange interactions between A and B spin lattices for the overall
magnetization in ferrites. They have high permeabilities and low coercivities that
make them favorable materials to reduce eddy current losses. The density of fer-
rite materials is high as compared to silicon steel, which is advantageous to work at
high-frequency applications.

Manganese zinc ferrite has been prepared for most applications in power elec-
tronics as it has high permeability. The substitution of Fe3+ ion with Zn2+ ion at
the tetrahedral sites increases the antiferromagnetic coupling at B sites, which in-
creases the net magnetization for MnZnFe2O4. Therefore, it has a high permeability,
which reduces the hysteresis losses but still, manganese zinc ferrite has low resistiv-
ity, which results in eddy-current losses. An alternative to this is manganese nickel
ferrite (MnNiFe2O4) which has a higher resistivity but it has comparatively less per-
meability which makes it unsuitable in inductive applications. Moreover, the brit-
tleness of ferrites in bulk is not ideal with the inductive systems embedded within
the roads.

The main challenges involved with the use of ferrite materials for robust power
transfer applications include,
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1. Thick and brittle in nature with low compaction density that can break eas-
ily under applied mechanical stress in the dynamic environment of inductive
systems.

2. Hysteresis losses at low operational frequencies.

2.10 Nanostructuring of Ni1−xFex alloys and ferrites

Recently, there has been an increased demand for the fabrication of compact cores,
that are both effective and efficient for robust power transfer applications. This re-
quires the miniaturization of core materials with low losses, working in a dynamic
environment at both a broad range of temperatures and high frequencies. The core
material should also be flexible and thin to address the issues with the mechanical
strength and energy losses of existing ferrite materials. To address this, nanosized
permalloy (Ni1−xFex) and soft ferrite (MFe2O4) materials are been researched to
achieve high permeability and low coercivity. Their synthesis in nanodimensions is
particularly interesting, as it can alter the magnetic properties due to size-dependent
magnetization, spin glass transition, superparamagnetism, variable magnetocrys-
talline anisotropy, and high Curie temperature.[53]

There have been various reports on the fabrication of Ni1−xFex nanoparticles by
various methods to achieve high saturation magnetization, high resistivity, and low
coercivity. For example, Qin. et al have prepared ferromagnetic Ni1−xFex nanoparti-
cles with x∼20 with variable sizes and have investigated their magnetic properties as
well as magnetic losses at different frequencies. The particle sizes were found to be
between 20-440 nm, with the highest saturation magnetization for the sample hav-
ing large nanoparticles. However, when these nanoparticles were mixed with the
micron-sized iron particles, the maximum permeability was achieved by the sample
having the smallest size. This sample has also shown reduced losses at increasing
frequency due to the negligible hysteresis of small-sized Ni1−xFex nanoparticles at
room temperature.[52] Another report on the electrodeposited 200 nm Ni80Fe20 pow-
der has shown a decrease in resistivity, and coercivity when the material is pressed
into a compact pellet and thermally annealed at high temperatures. The saturation
induction was also increased with compaction and sintering of the nanopowder.[54]
Another report by Koh. et al for the fabrication of 50-150 nm thick FeNi3 nanopar-
ticles has shown the increased inductance up to 55% for on-chip radio frequency
device when they used an insulating SiO2 shell around NiFe nanoparticles.[55] Sim-
ilarly, various other reports have shown the variable magnetic properties when they
synthesized the Ni1−xFex nanoparticles with varying x depending on the applica-
tions.[56–59]

Various reports on the fabrication of ferrites in nanodimensions are present in the
literature. Various methods have been used to synthesize magnetic ferrite (MFe2O4)
nanoparticles to achieve high magnetic saturation moment, low coercivities, and low
remnant magnetization for spontaneous magnetization. [53, 60, 61] The magnetic
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properties of these ferrites can be tuned depending on their shape and diameter. A
hydrothermal-assisted synthesis of MnFe2O4 nanoparticles has been reported and
the resulting nanoparticles were tested for their magnetic properties in pristine form
and compared their magnetic properties with a stabilizer coating form. Both of the
samples have shown negligible coercivity and high saturation moment. Although
there was a slight reduction in the saturation magnetization for the coated sample,
the magnetic behavior was unchanged for the desired applications.[62] Other re-
ports have shown the increase in the resistivity of MnFe2O4 nanoparticles by triva-
lent rare earth ions doping (Gd3+, Y3+), that can replace the Fe3+ ions at the octahe-
dral sites, hence resistivity increases in the absence of charge carriers from Fe3+ ion.
[63–65]

Characteristics of an ideal core material
1- Thin, unbreakable, and flexible.
2- Cost effective.
3- Low coercivity.
4- High permeability.

2.10.1 One dimensional nanofibers

Recently, attention has been drawn to the fabrication of one-dimensional nanostruc-
tures including nanotubes, nanowires, and nanofibers as they show distinct proper-
ties from their bulk counterparts. Among these materials, one dimensional nanofibers
have gained importance due to their longitudinal directions and high shape anisotropy
that is favorable for the flux guiding applications, that includes magnetic sensors[4],
thin RF antenna[66], and RF shielding.[67, 68] Their advantages include a large sur-
face area and being able to produce very thin sheets for compact magnetic devices.
The use of magnetic nanofibers in these applications is also advantageous because
the eddy current losses are significantly reduced when compared with the bulk com-
pounds.

The reduction in hysteresis losses can be possible by creating magnetic nanofibers
containing superparamagnetic nanoparticles. Superparamagnetic nanoparticles dis-
play negligible hysteresis above their blocking temperature. This behavior has been
reported in the previous literature, where thin layers of Ni1−xFex nanoparticles show
negligible hysteresis above TB while still with reasonable susceptibility[6] Magnetic
nanofibers composed of nanoparticles can further reduce eddy current losses due to
higher resistivities from enhanced carrier scattering in non-conducting polymers[69],
where the nanoparticles are separated at certain distances from each other. This dis-
tance can affect the electrical conductivity, and hence improves resistivity for the
materials.
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2.11 Aims and objectives

The aim of this thesis was to prepare the metallic (Ni1−xFex), and semi-conductor
(MnFe2O4, MnFe2−xSmxO4) magnetic nanomaterials in thin dimensions for their
potential applications in wireless charging systems. For this reason, the following
research has been undertaken,

1. Synthesis of bimetallic Ni1−xFex nanofibers with varying x from 0.1 to 0.5.

2. Synthesis of semiconducting MnFe2O4 nanofibers.

3. Synthesis of semiconducting Sm3+ doped MnSmxFe2−xO4 nanofibers.

The first objective was to fabricate the polymer nanofibers containing Ni1−xFex

nanoparticles by using an electrospinning method at varying fractions of x from
x∼0.1 to x∼0.5. To my best knowledge, there have been no good quality reports
for the fabrication of bimetallic Ni1−xFex nanofibers by the electrospinning method.
There has been only one report in the literature that showed the formation of a brit-
tle Ni1−xFex mat rather thin isolated nanofibers at x=0.53. [5] The advantages of
these thin isolated sheets of Ni1−xFex nanofibers include the low eddy current losses
and the possibility of flux guidance in long dimensions. Bulk Ni1−xFex is very in-
teresting as it shows the small coercivity at x∼0.2-0.25, and high magnetic moment
at x=0.5.[70] This gives a range in x to determine the effect of iron fraction in nan-
odimensions. For this reason, Ni1−xFex nanofibers at x∼0.1, x∼0.2, and x∼0.5 are
prepared to see what happens to the structural properties at increasing x fractions,
what fraction gave the highest magnetic moment, and how increasing x changes the
magnetic properties.

The second objective was to synthesize the MnFe2O4 nanofibers as MnFe2O4 is
a known commercially available soft magnetic material. There have been some re-
ports in the previous literature on the synthesis of manganese ferrite nanofibers[71–
76], but to my best knowledge, there have been no good quality reports on the
magnetic analysis of MnFe2O4 nanofibers. Therefore, the objective of this study
was to synthesize MnFe2O4 nanofibers by the electrospinning method at two dif-
ferent annealing temperatures. The effect of thermal processing on the nucleation of
MnFe2O4 nanofibers was studied, that what happens to the magnetic properties of
these MnFe2O4 nanofibers when the annealing temperature was varied, and what
were the possible reasons for any similarities or differences these nanofibers at two
different temperatures.

Third objective was to synthesize Sm3+ doped MnSmxFe2−xO4 nanofibers at
varying x. To the best of my knowledge, there have been no reports on the Sm3+ dop-
ing in the MnFe2O4 nanofibers in the previous literature. MnSmxFe1−xO4 nanofibers
at varying fractions of x to x= 0.06, 0.1, 0.2, 0.25 are prepared for the first time. It is
studied what happens to the structural properties at increasing dopant fractions.
How were they different from the undoped sample. What happens to the magnetic
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properties and what can be the plausible explanation for any similarities or differ-
ence in these samples.
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Preface

The next chapter includes the experimental techniques and characterization used
for the prepared Ni1−xFex, MnFe2O4, and MnSmxFe1−xO4 nanofibers. Experimental
techniques including electrospinning parameters, chemicals, and thermal treatment
are discussed for these nanofibers. Characterizations methods including SEM, TEM,
XRD, TGS/DSC, and MPMS measurements are discussed in detail.
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Chapter 3

Experimental techniques and
characterizations

3.1 Electrospinning method

Electrospinning is derived from the term called "electrostatic spinning", which is
used to fabricate very thin smooth surfaced fibers from polymers, ceramics, or dif-
ferent materials. This method has been used for over 100 years but gained primary
importance for its applications during the past 20 years. The first patent for electro-
spinning was filed by John Francis Coley in 1900.[77] This discovery has led many
scientists to investigate and explore more about electrospinning. In 1960, Sir Geof-
frey Taylor described the formation of the Taylor cone from a single droplet under
the effect of electric potential.[78, 79] Electrospinning has gained popularity due to
its low operational costs, large-scale synthesis, and easy synthesis.

The electrospinning technique has now been used for various applications from
the micro to nano-scaled fibers in drug delivery[80], electronic components[81], fuel
cell membranes[82], wastewater treatments[83], and in biomedical applications.[84]
The simple principle of the electrospinning technique is based on the preparation
of solutions of metal/polymer blends or composites with a reasonable viscosity for
electrospinning under the influence of electric charge.[85, 86]

The main components of an electrospinning set-up are a high-power voltage
source, a syringe pump, a syringe with a needle, and a collector for fibers or a rotat-
ing drum. The schematic illustration of an electrospinning set-up is shown in Figure
3.1. The viscous solution is prepared and loaded in the syringe pump, after which
high voltage is used to overcome the surface tension of the solution at the apex of the
needle to form a Taylor cone. The solution breaks down into spiral threads and gets
collected on the rotating drum. Different mats of random or aligned orientation can
be produced by the electrospinning technique.[78, 87] The use of a cylindrical drum
collector with a thin wheel and sharp surfaces is advantageous for the production
of orientated thin nanofibers under the effect of the applied electrical field. In most
cases, aluminum foil is used to wrap around the rotating drum to collect fibers. It
is preferred due to its conductive nature which facilitates the collection of a charged
mat of nanofibers on the surface of a rotating drum.
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FIGURE 3.1: A typical electrospinning set-up

Electrospinning is the simplest technique to produce continuous fibers from the
semi-micron to nanometer dimensions. Other benefits of electrospinning include
flexibility, affordability, and versatility in materials selection including polymers, ce-
ramics, composites, and semiconductors. Some other methods include phase sep-
aration[88], self assembly[89], template synthesis[90], and drawing have also been
used for fiber production. But the slow production in phase separation, selectiv-
ity and the complications in self-assembly and drawing, and discontinuity for fiber
lengths in template synthesis makes them unfavorable for nanofibers synthesis.[91]

In electrospinning, three important factors are the solution parameters, setup
parameters, and ambient parameters which need to be optimized for the fabrication
of continuous and smooth nanofibers.[92] (Figure 3.2)
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FIGURE 3.2: Electrospinning parameters

3.1.1 Solution parameters for nanofibers

Solution parameters for electrospinning include solvent, solution conductivity, con-
centration, the molecular weight of the polymer specie, viscosity, and surface ten-
sion of the given solvent. These parameters are important for solutions preparation
in electrospinning.[92, 93]

Solvent selection is a significant parameter in the electrospinning technique,
which requires a suitable solvent that is compatible with the given polymer. Accord-
ing to the solubility principle," like dissolves like", so the solvent should have similar
solubility parameters to dissolve a polymer.[92, 93] The thermodynamic solubility of
a particular polymer depends on the following expression as given in equation (3.1)
below,

∆G = ∆Hmix − T∆Smix (3.1)

Where ∆G is the Gibbs free energy of mixing, ∆Hmix is the change in enthalpy,
T is the absolute temperature, and ∆ S is the entropy change for a given solution.
A negative value of ∆G is favored for the smooth dissolution of the polymer in the
solvent.[94] In most systems, the cohesive energy density (CED) 1 of polymers is
important for the solvent selection. To understand this, Hansen divided the total

1Cohesive energy density (CED)= The energy required to break the inter-molecular interactions to
dissolve the polymer
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cohesive energy (Et) into three major components as per shown in the following
equation (3.2) below[94, 95],

Et = Ed + Ep + Eh (3.2)

Where Ed is the component of dispersion, Ep is the component of polarity, and
Eh represents the component of hydrogen bonding. Hansen’s solubility parameters
(HSPs) were derived by dividing this equation(3.2) by the molar volumes and taking
the sum of the square roots of these components as shown in the equation (3.3).[94,
95]

δ2
t = δ2

d + δ2
p + δ2

h (3.3)

The values of the solubility parameters of a solvent should be similar to the poly-
mer’s solubility parameters for greater solubility. The HSPs values for a given poly-
mer (PVP) and solvents, that are used in this dissertation are given below in Table
3.1. [94, 96]

Units for Hansen solubility parameters
The units for the HSPs are similar to the units of solubility parameters as per
the given equation (3.4).

δ = (CED)0.5 = [
∆Ev

Vm
]0.5 (3.4)

Where Vm is the molar volume, ∆ Ev is the evaporation energy, therefore units
are (J/cm3)0.5 , or (cal/cm3), or MPa0.5.[95]

Conductivity of the solution should be reasonable for the production of a charged
jet in an applied electric field. A solvent with a high dielectric constant is advanta-
geous to obtain a high density of charges at the ejected jet surfaces for better stretch-
ing and uniformity in the electrospinning. Therefore, various precursors, ionic salts,
or organic acids are used in combination with the polyelectrolytic2 polymers for the
fabrication of smooth fibers.[92, 93]

Concentration of the solution for electrospinning should be optimised for the
fabrication of smooth nanofibers. At low concentrations, electrospray containing
micro/nanodroplets is obtained on the rotating drum whereas, at high concentra-
tions mixture of beads and fibers is obtained.[92, 93]

Molecular weight of the polymer is an important factor to determine the mor-
phology of the prepared nanofibers. At a low molecular weight of the polymer,

2Polyelectrolytic= A polymer of electrolytes with several repeating chains that when dissolved is
responsible for the conductivity of a solution
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beads are obtained in the fibers whereas, at high molecular weight smooth fibers
can be obtained. However, the molecular weight should not be too high as it may
form micro-ribbons or patterned fibers instead of nanofibers.[92, 93]

Viscosity is closely related to the molecular weight of the polymers for the fab-
rication of nanofibers. It is a very critical parameter to determine the fabrication of
smooth nanofibers, as at low viscosity the formation of beads is observed whereas,
at very high viscosity the electrospinning is not feasible due to difficulty in ejection
from the needle.[92, 93]

3.1.2 Set-up parameters

These electrospinning parameters include flow rate, voltage, collector, and distance
between the tip of the syringe, and the collector.[93]

Flow rate has a significant effect on the formation of thin nanofibers as it gives
significant time to the polymer solution for polarization. The high flow rate can lead
to the formation of beaded nanofibers.

Voltage role in the formation of smooth nanofibers is not certain, as it is de-
pendent on the other solution parameters: viscosity and molecular weight of the
polymer. But the fabrication of smooth nanofibers is facilitated only by the applied
voltage, which is greater than the threshold value to form the charged jet.[93]

Collector is the conductive substrate used for the collection of the electrospun
nanofibrous mat during electrospinning. In general, an aluminum foil is wrapped
around the collector or is used as the collector for the nanofibers. In this research,
the electrospinning set-up was wrapped with an aluminum foil around the rotating
drum for the collection of electrospun sheets from the electrospinning.[93]

Distance between the tip of the syringe and collector can also affect the mor-
phology of electrospun nanofibers. It is found that at very short or very long dis-
tances, beaded nanofibers are obtained. Therefore, it should be optimum enough to
facilitate the formation of smooth nanofibers.[93]

3.1.3 Ambient parameters

These parameters include the humidity and temperature of the surrounding envi-
ronment for electrospinning. Both of these parameters should not be too low or too
high for the fabrication of smooth nanofibers. The temperature should not be very
high to cause the rapid evaporation of solvent at high viscosity or too low for less
viscous solutions. Similarly, humidity should not be very low or too high, if it’s too
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low then it can lead to the rapid removal of solvent and if it’s too high then it can
lead to the formation of thick nanofibers.[97]

3.2 Materials and Methods

3.2.1 Chemicals

Nickel (II) acetate tetrahydrate (Ni(OCOCH3)2 · 4 H2O) 98% was purchased from
Merck. Iron (III) nitrate nonahydrate (Fe(NO3)3 · 9 H2O) ≥98%, Iron (III) acetylacet-
onate (Fe(C5H7O2)3) 97%, Polyvinylpyrrolidone (PVP) (C6H9NO) average Mw∼1,300,000
by LS method3 were purchased from the Sigma-Aldrich. Glacial acetic acid was pur-
chased from Carlo Erba. Methanol 99.9% was purchased from the Fischer chemical.
Dimethylformamide (DMF) 99.8% was purchased from Acro seal ®. All these chem-
icals were used in the preparation of Ni1−xFex nanofibers.

Some additional chemicals included manganese (II) nitrate tetrahydrate (Mn(NO3)2 · 4 H2O
99% and samarium (III) nitrate hexahydrate (Sm(NO3)3 · 6 H2O) 99.9% were pur-
chased from Acros Organics and used in preparation of the MnFe2O4 and MnSmxFe2−xO4

nanofibers.
Tha HSPs values for the PVP, and both solvents methanol, and DMF are given

below in Table 3.1

Material δd (MPa1/2) δp (MPa1/2) δh (MPa1/2)

PVP 15.5 11.7 8.6

Methanol 14.7 12.3 22.3

DMF 16.4 11.4 9.2

TABLE 3.1: Hansen’s solubility parameters for the PVP and solvents used

3.2.2 Solution preparation

A homogeneous solution of metal ions and polymer with reasonable viscosity is
required for the electrospinning method. The fabrication of nanofibers is facilitated
with the transfer of this solution in a syringe which is attached in the electrospinning
set-up. In this research, various solution mixtures were prepared by first dissolving
the metal precursors in a common solvent separately, and then adding them together
in required fractions with the addition of polymer. Table 3.2 represents the com-
bination mixtures of homogeneous solutions prepared for fabrication of Ni1−xFex

nanofibers with varying x. The detailed synthesis and characterizations for these
nanofibers are discussed in Chapter 4 and Chapter 5.

3LS method=light scattering method to determine the average molecular weight of polymers that
depends on the degree of polymerization (DP) of their monomer units)
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x Nickel source Iron source Solvent Sections

0.1-0.2 Ni(OCOCH3)2 · 4 H2O Fe(NO3)3 · 9 H2O Methanol Section 4.2

0.5 Ni(OCOCH3)2 · 4 H2O Fe(C5H7O2)3 DMF Section 5.2

TABLE 3.2: Homogeneous mixtures for electrospinning of Ni1−xFex nanofibers with varying
x

Similarly, homogeneous mixture for the fabrication of MnFe2O4 and samarium
doped manganese ferrite nanofibers MnSmxFe2−xO4 were prepared from their re-
spective metal ion salts as per shown in the Table 3.3. The detailed synthesis and
characterization are discussed in the Chapter 6.

Manganese source Iron source Solvent Section

Mn(NO3)2 · 4 H2O Fe(C5H7O2)3 DMF Section 6.2

TABLE 3.3: Homogenous mixtures for electrospinning of MnFe2O4 nanofibers

The homogeneous mixtures for samarium doped manganese ferrite nanofibers
(MnSmxFe2−xO4) with varying x were prepared by using the same metal ions sources
for iron and manganese, but samarium nitrate ((NO3

−)3Sm) was used for samarium
source (Table 3.4). The experimental and characterization details are discussed in
Chapter 7.

x Manganese source Iron source Samarium source Solvent Section

0.06-0.25 Mn(NO3)2 · 4 H2O Fe(C5H7O2)3 Sm(NO3)3 DMF Section 7.2

TABLE 3.4: Homogenous mixtures for electrospinning of MnSmxFe2−xO4 nanofibers

3.2.3 Electrospinning of prepared solutions

These homogeneous mixtures were transferred in a 10 mL syringe with 22-gauge
fitted needle attached in the electrospinning set-up. The rotating drum was wrapped
with the aluminum foil that was used for the collection of nanofibrous sheets after
electrospinning. Various parameters including flow rate, voltage, and distance from
the needle to the drum were optimised to get nanofibrous mats. The details of these
parameters are explained in the experimental sections of Chapters 4, 5, 6, and 7.

3.2.4 Thermal treatment

The electrospun mats were collected from the electrospinning set-up and first placed
in a vacuum oven as shown below in Figure 3.3 (a). These mats were placed for
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overnight drying under a vacuum when methanol was used as a solvent. DMF-
based samples were dried at 150◦C at 0.05 Mpa pressure. These conditions were
optimised to evaporate the solvent before thermal processing at high temperatures.

FIGURE 3.3: (a) Vacuum oven (b) Tube furnace for annealing

Figure 3.3(b) shows the tube furnace that was used for the thermal processing of
prepared nanofibers. The inlet of this furnace was attached to the inert gas, and the
outlet was attached at one side to the two-armed silicon oil bubbler to control the
flow rate of the gas. The inert gas flows through the set-up and goes to the outer
atmosphere after passing through the bubbler from its other arm. The tube furnace
has a proportional integral derivative (PID) controller attached to it that can hold the
furnace at the desired temperatures. This controller can run a single program with
up to 8 ramp/dwell segments.

The details of the temperature profiles used for the thermal annealing of nanofibers
are discussed separately with the experimental in upcoming chapters.

3.3 Characterizations

3.3.1 Scanning electron microscopy (SEM)

In SEM, the surface and structural analysis of all prepared nanofibrous samples
was obtained by using secondary electrons, backscattered electrons, and energy-
dispersive X-ray spectroscopy from the sample. The incident electron beam in SEM
interacts with the surface atoms and produces various types of signals depending
on the depth of the electrons within the sample. Figure 3.4 (a) and (b) shows the
penetration depth of electrons within the sample that produces various types of sig-
nals.[98, 99]

Secondary electrons are the lowest energy electrons, that are knocked out from
the surface of the sample when an electron beam from the source (electron gun)
strikes the sample’s surface. The energy of these electrons is very low ∼ 50 eV,
which limits their mean free path within the surface. Therefore, it can only penetrate
through a few nanometers of the surface and give secondary electron images (SEI)
images. Since they are highly localized on the specimen surface, therefore they can
provide high-resolution images. The quality of the image gets better if a greater
number of secondary electrons hits the detector.[98, 99]
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FIGURE 3.4: Scanning electron microscopy (a) Set-up (b) Electron beam penetration within
a sample

Back-scattered electrons (BSE) are higher in energy than the secondary electrons
and can provide some details of the sample through penetrating in the depth of the
sample layers. Backscattered electrons are sensitive to the atomic number of the
atoms and a high atomic number is favored to get bright images for the material.
As the BSE are the result of the elastic collision of incident electrons to the atoms
and larger atoms can scatter more electrons than the lighter atoms. Therefore, the
volume of the backscattered electrons is proportional to the atomic number of the
elements within a sample. The image provided by BSE provides more details about
the composition of the sample and is called a COMPO (from composition) image.
The resolution of a COMPO image is comparatively less as compared to the SEI
image as it comes from the larger volume of the sample.[98, 99]

Characteristic X-rays are emitted when an inner shell electron is removed by
the high-energy incident electrons that cause a high-energy electron to fill the shell
and release energy. This energy or characteristic X-rays is measured by the energy
dispersive X-ray spectroscopy (EDS) to provide the elemental abundance within a
sample and to map their distribution.[98, 99]

3.3.1.1 SEM analysis of samples

A JEOL 6500F SEM was used to analyse the surface, orientation, and elemental com-
position of the prepared nanofibers. A small cross-sectional area of the prepared
sample was placed on a 12 mm stab holder with the help of tweezers. The sam-
ple was attached to the surface of the stab with the aid of carbon tape and placed
overnight under a vacuum at room temperature. All of the prepared samples were
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coated with carbon to achieve good-quality imaging in SEM. The obtained SEI im-
ages were further manipulated by ImageJ software to determine the mean diameters
of the nanofibers. Different area images have been used to calculate the mean value
and the standard deviation for the diameters of prepared nanofibers by using the
following formula in equation (3.5) given below.[100]

S =

√
Σi(Xi − X̄)2

n − 1
(3.5)

where n is the number of data points, Xi is the values of each data point, and X̄
is the mean value for these data points.

The mean direction is also calculated by using various SEI images from SEM
and taking one reference axis (x-axis) with respect to the other axis (y-axis) which
is varied to the direction of the propagation of these nanofibers. EDS analysis and
SEM maps were used to determine the elemental composition of all the prepared
samples.

3.3.2 Transmission electron microscopy (TEM)

TEM is a high-resolution and very powerful tool for the detailed analysis of mate-
rials. In comparison to SEM, a very high-energy electron beam is used in TEM to
probe through the very thin layers of the sample. It has different operating modes
including high-resolution imaging, scanning TEM imaging (STEM), and diffraction
spectroscopy.[101]

In conventional TEM imaging, the beam of electrons is focused by using a high
condenser aperture that can eliminate the high-angle electrons to focus the beam on
a cross-sectional area of the sample. The electron beam interacts with the sample
and the transmitted beam from the sample is focused by an objective lense to create
an image. (Figure 3.5)

FIGURE 3.5: A schematic illustration of TEM and STEM mode
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The STEM mode in TEM uses scanning coils to deflect the beam of electrons
to focus on a fine spot (typical spot size 0.5-2nm) for scanning over the sample in a
raster illumination system. This rastering of the image provides details about energy
dispersive X-ray spectroscopy (EDX) and spectroscopic mapping of the sample. In
STEM mode, two types of images are produced that depend on the type of detec-
tor, where one is called the bright field image and the other is the dark field image.
In a bright field image, the illuminated area of the sample appears darker in con-
trast to the bright background whereas, in a dark field image the area of the sample
appeared brighter in contrast to the dark background.[101] (Figure 3.5)

The diffraction mode of the TEM uses a selected area aperture to focus the elec-
tron beam onto the crystalline sample, and the scattered electrons from the atomic
planes within a crystal are projected on the screen for the evaluation of crystalline
planes and it’s orientation.[101]

3.3.2.1 TEM analysis of samples

A high-resolution JEOL JEM-2100 TEM machine was used to characterize the pre-
pared nanofibers. A small cross-sectional area of the sample was placed using tweez-
ers in a 1.5 mL Eppendorf sample vial and dispersed in ethanol using a sonication
bath. A pasture drop pipette was used to pour a small drop of the sample onto a
carbon-coated 3mm copper grid. This sample was dried in air and plasma coated
before insertion in the TEM machine for analysis.

TEM imaging at high resolution was used to fully resolve the nanostructures in
terms of their size dimensions, and morphology. To investigate the size distribu-
tions, ImageJ software was used.

STEM mode was used for the elemental mapping within nanofibers as well as
the elemental analysis at high magnifications.

Diffraction mode or SAED (Selected Area Electron Diffraction) mode was used
to analyse the crystallinity of the samples. All prepared samples were cubic in na-
ture, therefore the lattice parameters of a cubic system were used to determine to the
lattice parameters of the crystalline nanomaterials in the samples. The formula used
to determine the lattice parameters is given by the equation (3.6).[102]

1
d2 =

h2 + k2 + l2

a2 (3.6)
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d-spacings from the SAED patterns
The d-spacings were calculated from the diameter of the diffraction rings that
were given as the reciprocal in real space. Therefore, d-spacings from each
ring were calculated by taking the inverse of the diameter, or the distance
between 2-spots on the diffraction ring as given in the equation (3.7).

d-spacing =
2

Diameter of ring or distance between two bright spots
(3.7)

Finally, the values of Miller indexes were found using the d-spacings and the
reference pattern from the database, and lattice parameters were calculated.

3.3.3 Powder X-ray Diffraction Spectroscopy (XRD)

XRD is used to study the diffraction of X-rays from the crystalline planes of atoms
within a crystalline sample. These atoms are arranged in a periodic array within a
material, thus an X-ray interacting with these arrays is scattered at different angles
and produces a diffraction pattern specific to the atomic arrangement within the
crystal lattice. According to Bragg’s law, the interaction of incident X-rays with the
crystal planes is given by in equation (3.8).[103, 104] (Figure 3.6)

FIGURE 3.6: Working principle of XRD

λ = 2dsinθ (3.8)

Where λ is the wavelength, d is the distance between two planes, and θ is the
angle between the incident ray and the crystal surface.

Each crystalline material has its own unique diffraction pattern which can be
identified by using the standard database of diffraction patterns. XRD is a useful
technique to identify the crystalline phase, lattice parameters, and crystallite sizes.
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It is a non-destructive, reliable, sensitive, low-maintenance, and highly useful tech-
nique in various applications. Amorphous materials usually produce very broad
peaks due to a lack of periodic arrangement in their atoms.[104]

3.3.3.1 XRD of sample

XRD analysis was used to determine the crystallographic structure of all the sam-
ples. The lattice parameters from the peak positions were also calculated by using
the above equation (3.6). The crystallite sizes were also calculated from the evalua-
tion of peak broadening by using Debye Scherrer equation (3.9) as given below.[104,
105]

τ =
kλ

βcosθ
(3.9)

In equation (3.9), τ is the crystallite size, k is the Scherrer constant and its value
is 0.89, λ is the wavelength of X-ray, β is the line broadening of a peak at full width
half maximum, and θ is the Bragg angle.

The value of X-ray wavelength is dependent on the type of anode producing
X-rays in the XRD diffractometer. For the characterizations of prepared materials,
some materials were sent to the XRD facility at Robinson’s Research Institute. These
samples were characterized by using XRD Bruker D8 diffractometer with Co-kα an-
ode that produced X-rays of wavelength (λ) 1.79Å. Whereas for others, the Panalyt-
ical X-ray diffractometer that has fitted Cu-kα anode was used and the value of λ of
produced X-rays was 1.54Å.

3.3.4 Thermogravimetric coupled with Differential scanning calorimetry
(TGA/DSC)

Thermogravimetric analysis (TGA) is a technique that measures the change in the
weight of given material at elevated temperatures as a function of temperature or
time. The change in material’s weight by TGA is usually shown a by TGA curve
that consists of turns and curved portions.[106, 107] Differential Scanning Calorime-
try (DSC) is important to measure the changes in heat flow passing through the
given material. A DSC curve usually appears as upward and downward peaks to
represent the exothermic or endothermic behavior from the material. It provides
information about the characteristics glass transition temperature of polymeric ma-
terial. It is useful in determining the oxidation of the samples or the pyrolysis at high
temperatures. This is a destructive technique that provides information about both
qualitative and quantitative analysis of the given material.

3.3.4.1 TGA/DSC analysis of samples

Thermal analysis (TA) was performed using an instrument named SDT-Q600 with
platinum pans. It is equipped with both TGA and DSC functions simultaneously
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within the instrument. (Figure 3.7) The samples were heated at high temperatures,
purging with an inert gas (argon or nitrogen) at a constant rate. While some samples
were heated in the presence of air to observe the thermal degradation of sample
contents in the presence of oxygen.

FIGURE 3.7: SDT-Q600 TGA coupled DSC instrument

3.3.5 Magnetic Properties Measurements System (MPMS) magnetometer

An MPMS magnetometer is a superconducting quantum inference device that is
used to measure the magnetic response of a material in nanodimensions. Due to
its high sensitivity, it can work at low temperatures and at high magnetic fields
(7T).[108] The Schematic illustration of the magnetometer is shown below in Figure
3.8

As per seen in Figure 3.8, the sample is placed in such a way that it sits in the
middle of four pickup coils. These pickup coils are electrically connected with the
superconducting quantum interface device (SQUID). The SQUID is kept away from
the applied magnetic field under liquid helium temperature for high sensitivity of
signal only from the sample. The sample is physically moved up and down to ob-
serve the voltage across the SQUID that depends on sample movement. The pickup
coils cancel out the static magnetic flux due to the opposing current flow (two with
the clockwise current flow and two with the counterclockwise current flow) and
help to provide a signal from the magnetic flux of the sample. The sample is moved
vertically over a fixed scan length and stopped at fixed points. At each point, the
values of SQUID voltages are recorded and averaged. The obtained voltages versus
sample positions are modeled within the magnetometer to give the magnetization
of the sample.[108]
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FIGURE 3.8: A schematic illustration of magnetic properties measurement system-
superconducting quantum interface

3.3.5.1 MPMS measurements of samples

For magnetic measurements, the samples were loaded into a gelatin capsule by us-
ing tweezers to prevent contamination of the sample. This capsule was placed in
a drinking straw and inserted in the MPMS magnetometer for magnetic measure-
ments. SQUID measurements for the samples were recorded by applying a high
magnetic field, 6T to the samples. The following analysis has been conducted on all
the samples,

1. Explanation of M-H curves for a magnetic response.

2. Dependence of magnetization with increasing temperature, and spin glass mod-
eling at an applied magnetic field (6T).

3. Zero field cooled-Field cooled (ZFC-FC) measurements from the sample at a
smaller magnetic field range.

The M-H curves obtained from the samples were explained, and compared with
their bulk counterparts and other literature reports for detailed analysis.
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Preface

The next chapter explains the synthesis and characterizations of electrospun Ni1−xFex

nanofibers with varying x=0.1-0.2. The structural and magnetic properties at both
fractions are discussed in detail.
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Chapter 4

Bimetallic Ni1−xFex nanofibers (x
∼0.1 and ∼0.2)

4.1 Introduction

Bimetallic Ni1−xFex is a well-known soft magnetic material that has been used for in-
dustrial applications since 1920. [109] These applications include drug delivery[110],
cancer detection and treatment[111], biomedical applications[112], fuel cells[113], ra-
dio frequency (RF) shielding[66], microwave absorption[114], gas sensing[115], and
magnetic sensors[4]. The crystal structure for these alloys varies from the FCC at the
nickel-rich side to BCC at the iron-rich side. However, the most important property
of these alloys is the very small magnetocrystalline anisotropy at 0.18≤x≥0.25. Part
of the reason for this low magnetocrystalline anisotropy is the compensation of the
positive K1= +4.7 × 105 erg. cm−3 of Fe, and negative K1= -5.7 × 104 erg. cm−3 of Ni
at this stoichiometry to give overall zero magnetocrystalline anisotropy. At this stoi-
chiometry, Ni1−xFex display very low magnetostriction and high relative permeabil-
ity.[116] Due to such interesting properties, it is hypothesized that the nanofibrous
sheets of Ni1−xFex in polymer nanofibers can be advantageous for potential mag-
netic flux guiding applications due to their preferred orientation and long lengths
that can reduce the demagnetization effects and increase the magnetic permeability.

This chapter reports the synthesis of bimetallic Ni1−xFex nanofibers at the nom-
inal fractions of x∼0.1 and x∼0.2. To the best of my knowledge, there have been
no reports on the fabrication of these nanofibers in the previous literature. These
prepared nanofibers were characterized by using SEM, TEM, SAED, EDS, XRD, and
SQUID analysis. The fabrication and the effect of an increasing fraction of x were
studied on the structural and magnetic properties of these prepared nanofibers.

4.2 Experimental

4.2.1 Chemicals used

All chemicals used in this chapter were of high-quality analytical grade with high
purities. Nickel acetate tetrahydrate (Ni(OCOCH3)2 · 4 H2O) 98% was purchased
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from Merck. Iron nitrate nonahydrate (Fe(NO3)3 · 9 H2O) ≥98%, and Polyvinylpyrroli-
done (PVP) (C6H9NO) average Mw∼1,300,000 by LS method were purchased from
the Sigma-Aldrich chemical company. Glacial acetic acid was purchased from Carlo
Erba. Methanol 99.9% was purchased from the Fischer chemical company.

4.2.2 Solution preparation of Ni1−xFex with x∼0.1-0.2 nanofibers

Nanostructured Ni1−xFex nanofibers with x∼0.1 and x∼0.2 were prepared using
a modified method developed in our group[5] that was used for the synthesis of
Ni0.55Fe0.45 nanostructured mats. The exact method reported in previous literature
[5] was unsuitable as the precipitate formation was observed in the solution that can
be seen in Figure 4.1. One of the possible reasons for the formation of precipitation
may have been a very small fraction of iron as compared to the fraction of nickel in
the precursor mixture. The small fraction of iron cations (Fe3+) with a high oxidation
state can easily get reduced in the presence of a very strong alkaline medium to
form an insoluble precipitate. To mitigate this, a small amount of acetic acid was
added to the solutions during the preparation of Ni1−xFex nanofibers with x∼0.1-
0.2 nanofibers.

FIGURE 4.1: Sample bottles showing the iron solution (brown), nickel solution (green), and
the stirring mixture of both before the addition of polymer (brown) in methanol by previous
method[5]. The arrow represents the precipitate formation soon after mixing iron and nickel.
Other image has shown the homogeneous mixture after the addition of acetic acid and PVP

by modified method

To prepare the homogeneous solution for x∼0.1 nanofibers, 9 mmol of nickel and
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6 mmol of iron were first dissolved separately in 10 ml methanol at room temper-
ature. Then 4 mL of nickel acetate was transferred to a separate flask followed by
the addition of 1 mL of acetic acid. 1 mL of iron nitrate was added to this solution
mixture and stirred to obtain a clear brown solution for 10 minutes. 0.25 g of poly-
mer (PVP) was added upon constant stirring for an hour to obtain a homogeneous
solution as per shown in Figure 4.1 for the electrospinning of x∼0.1 nanofibers.

To prepare the homogeneous solution for x∼0.2 nanofibers, 6 mmol of each
nickel acetate and iron nitrate were dissolved separately in 10 ml methanol. From
their respective solutions, 4 mL of nickel acetate was transferred to a separate flask
and 1 mL of acetic acid was added. Then 1 mL of iron nitrate was transferred to this
solution and stirred for 10 minutes. 0.25 g of PVP was added later upon constant stir-
ring for one hour to obtain the electrospinning solution for x∼0.2 nanofibers. The
fraction of the precursor metals, nickel acetate, and iron nitrate, are also given in the
following table.4.1

Metal precursor solution in methanol (10 mL) x∼0.1 x∼0.2

Nickel acetate (9mmol) 4 mL

Nickel acetate (6mmol) 4 mL

Iron nitrate (6mmol) 1 mL 1 mL

TABLE 4.1: Fractions of Ni: Fe from their respective solutions

These solutions were loaded into a 5 mL syringe in the electrospinning set-up.
The parameters of the electrospinning set-up were slightly modified from the previ-
ously reported method to get thinner nanofibers.[5] The following parameters were
used for the electrospinning of both x∼0.1 and x∼0.2 samples (Table 4.2).

Infusion rate (mL/hr) Voltage(kV) Needle size(G) drum speed(rpm)

0.4 12.5 22 60

TABLE 4.2: Electrospinning parameters for Ni1−xFex nanofibers with x∼0.1-0.2

After electrospinning, the electrospun sheets of Ni1−xFex nanofibers were col-
lected from the rotating drum that was lined with aluminum foil, and dried overnight
under vacuum at room temperature. This step was important to remove the methanol
and some trapped water from the electrospun nanofibers. These Ni1−xFex nanofibers
were thermally processed without removing them from the aluminum foil to keep
the fragile electrospun sheets intact.
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4.2.3 Thermal treatment of Ni1−xFex nanofibers with x∼0.1-0.2

The sample was first heated at 300◦C for 2 hours in argon to completely remove
any residual solvent/moisture content, and partially decompose polymer from the
Ni1−xFex nanofibrous sheets. Figure 4.2 (a) showed the the thermally annealed sam-
ple at 300◦C for Ni1−xFex nanofibers with x∼0.1. The brown appearance of the elec-
trospun mat showed the formation of some metal oxides. The flexibility of the sam-
ple has shown the presence of polymer fragments which is anticipated from the TGA
analysis of PVP degradation given below in Figure4.2 (a).

FIGURE 4.2: Thermally treated Ni1−xFex nanofibers with x∼0.1 (a) at 300◦C; the alumina
plate used for placing the sample into the oven is also mentioned on the image. (b) at 620◦C;

printed thumbprint is highlighted to show the dimensions of the nanofibers on the grid

The complete thermal treatment profile was comprised of three steps as given
below in Figure 4.3. In the first step, the sample was stacked onto the alumina plates
and inserted into the tube furnace. The temperature was raised to the 300◦C at a
ramp rate of 5◦C/min under argon gas to partially decompose the counter ions
(CH3COO, NO3) from the samples.[117, 118] The temperature was increased to
620◦C at 5◦/min ramp rate, and the gas was switched to 5% H2/95% Ar for the
reduction of nickel and iron ions and to initiate the nucleation and formation of
bimetallic Ni1−xFex nanoparticles in these nanofibers. In the final step, the tempera-
ture was ramped down to 300◦C at 5◦C/min then maintained at that temperature for
an hour before the furnace was allowed to cool down naturally to room temperature.
This step was selected to switch gas safely to argon and remove any residue 5%H2

95% Ar gas before the sample was allowed to furnace cooled. Thin black sheets of
Ni1−xFex nanofibers were obtained after this thermal processing as shown in Figure
4.2 (b)



56

FIGURE 4.3: Thermal treatment profile for Ni1−xFex nanofibers with x∼0.1 and x∼0.2

4.3 Results and discussion

The nominal composition of Ni1−xFex has been stated with x∼0.1 and x∼0.2. These
two fractions are used for the characterization and comparison of Ni1−xFex nanofibers
at each fraction.

4.3.1 x∼0.1 nanofibers

4.3.1.1 SEM of electrospun nanofibers

The surface morphologies and orientations of the electrospun x∼0.1 nanofibers are
shown in the SEM images in Figure 4.4. It can be seen that there was no evidence
of branching, beading, and/or interlinking of these nanofibers. Figure 4.4 (b) shows
a high-resolution image of the fibers, which look more like nanoribbons than tubes.
The width distribution of the nanofibers is shown in the inset of Figure 4.4 (b) de-
termined from different areas. This showed that the x∼0.1 nanofibers are indeed in
nanodimensions with a mean diameter of 440 nm and a standard deviation of 61
nm. There were also some thinner nanofibers in the range of ∼120 nm widths. The
arrow in red in Figure4.4 (a) showed the preferential orientation of the nanofibers.
This was determined by using an imagej software with various SEM images, where
the x-axis is used as the reference axis and the propagation of these x∼0.1 nanofibers
varied along the y-axis.
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FIGURE 4.4: SEM images of the x∼0.1 nanofibers sample after electrospinning at (a) low
resolution and (b) high resolution. The arrow in (a) is a guide to the eye and indicates the
average nanofiber direction. The inset to (b) is the nanofiber width distribution for the wider

nanofibers

4.3.1.2 TGA and DSC analysis of electrospun ∼0.1 nanofibers

To study the effect of thermal annealing on the electrospun x∼0.1 nanofibers, ther-
mal degradation analysis coupled with differential scanning calorimetry (TGA/DTA)
was used to analyse the change in the composition, and morphology in presence of
metal ions and their counter salts. The results from the thermal treatment of an
x∼0.1 nanofibers sample were compared with that of pure PVP sample as shown in
Figure 4.5.

The TGA and DSC measurements under argon gas flow from PVP are plotted in
Figure 4.5(a). The initial mass was 22.8 mg for PVP. The TGA data shows an initial
weight loss due to the evaporation of methanol and water from the nanofibrous
sheet. This was followed by the onset of weight loss at ∼400 C, followed by a large
loss in weight that finishes at ∼480◦C with a maximum slope at ∼440◦C. This weight
loss can be attributed to the thermal degradation of the PVP.[119] The remaining
weight percentage was 5%, similar to that obtained when PVP is heated in nitrogen
according to ref. [119] where the residual product was black carbonaceous powder.
The DSC data showed a broad endotherm at ∼110◦ C that can be attributed to a
glass transition of PVP.[120] There was a rapid endothermic decrease at the same
temperature where the high-temperature weight loss starts (∼400◦ C) due to the
pyrolysis of PVP. The heat flow above ∼500◦C in Figure 4.5 (a) is shown by a circle.
The heat flow at this value was not accurate due to the very small residual mass,
which can cause fluctuations and drifts in the signals.
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FIGURE 4.5: TGA and DSC of (a) PVP and (b) the electrospun x∼0.1 nanofiber sample under
argon (Ar) with a heating rate of 20◦C/min. The horizontal red dashed lines show zero heat

flow. The black circles show the heat flow signals when the residual mass was very low

In comparison, the TGA and DSC plot for electrospun x∼0.1 nanofibers is shown
in Figure 4.5(b). The initial weight for the electrospun x∼0.1 sample was 0.784 mg.
Similar to the thermal weight loss profile of PVP, there was an initial weight loss
at low temperatures from methanol and water evaporation. However, unlike pure
PVP, after methanol and water have evaporated weight loss continued to ∼260◦ C
followed by a rapid drop to 300◦ C with a maximum slope at 285◦ C. This may be due
to partial degradation of the acetate in the presence of the oxidising nitrate. A more
gradual and continual weight loss was seen at the ∼500◦ C with a maximum slope
at 440◦ C due to the degradation of PVP that is enhanced by the oxidants like ni-
trate and oxygen-containing precursors from the thermal decomposition of counter
ions (CH3COO−, NO3

−). The remaining weight percentage above 500◦ C was 10%.
The change in weight loss above 500◦ C was very small, where the weight percent-
age was 12.2% at 586◦ C. This increase in the weight percentage could be due to the
fluctuations from the very small residual weight. This weight loss at higher tem-
peratures indicates the removal of polymer and precursor’s counter ions (acetates,
nitrates). From this, the motivation was to use a slightly higher temperature 620◦C
for the thermal processing of the electrospun Ni1−xFex nanofibers at x∼0.1. The DSC
data showed a significant endothermic decrease that starts above ∼360◦ C. This be-
havior is attributed to the complete degradation of PVP.[120] However, the heat flow
component above 550◦C in the TGA and DSC plot is highlighted as the dotted black
lines on the graph which is not accurate at very small residual weight of the sample.
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4.3.1.3 SEM analysis of thermally processed nanofibers

The SEM images in Figure 4.6 showed that after the thermal treatment, the orien-
tation of x∼0.1 nanofibers remained intact, while a significant difference in surface
morphology is observed. It can be seen in the SEM image of Figure 4.6 (a) that
the x∼0.1 nanofibers contained small nanoparticles on the surface. Figure 4.6 (b)
showed the reduction in the mean widths of Ni1−xFex nanofibers to ∼160 nm with
the standard deviation of 40 nm after thermal processing (see the upper right inset
of 4.6 (b)). These nanofibers have retained quasi-one dimensional orientation as was
seen for electrospun x∼0.1 nanofibers with the mean orientation that is shown by an
arrow in Figure 4.6 (a). Some broken nanofibers were also present in this image.

FIGURE 4.6: (a) SEM image after thermal processing for x∼0.1 nanofibers. The arrow in (a)
is a guide to the eye and indicates the average nanofibre direction. (b) Large-scale image of

a single nanofiber. The inset is the nanofibre width distribution

4.3.1.4 TEM analysis

The TEM images are in Figure 4.7 (a) and 4.7 (b) provided detailed information about
the size of Ni1−xFex nanoparticles within x∼0.1 nanofibers. The low-resolution
image in Figure 4.7 (a) showed a cluster of nanofibers containing bimodal sized
Ni1−xFex nanoparticles distribution within x∼0.1 nanofibers. The other image in
Figure 4.7 (b) showed a single nanofiber of 200 nm width with detailed informa-
tion about the bimodal particle size distribution with small nanoparticles embedded
within nanofibers (as shown in the lower right inset of 4.7 (b)), and large surface
nanoparticles (Figure 4.8). There were many more small nanoparticles as compared
to the large nanoparticles. Therefore, the size for small nanoparticles was calculated
from an area shown in Figure 4.7 (b), whereas, the size for large nanoparticles was
calculated by using multiple images from different areas of the same sample. The
mean size for large nanoparticles was 35 nm.
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FIGURE 4.7: (a) Low resolution TEM image from the Ni1−xFex nanofibers. (b) High-
resolution TEM image of a single nanofibre

FIGURE 4.8: Large nanoparticle size distributions for x∼0.1 nanofibers

4.3.1.5 STEM maps and elemental composition

The STEM maps for x∼0.1 nanofibers are shown in Figure 4.9(b) to (f). The first
image in Figure 4.9 (a) has shown the reference image used for the STEM maps.
The second image in Figure 4.9 (b) showed the nickel map for x∼0.1 nanofibers. It
can be seen that nickel is equally distributed within Ni1−xFex nanoparticles within
x∼0.1 nanofibers. The third image in Figure 4.9(c) showed the iron map which cor-
related with the nickel map in equal distribution of iron within Ni1−xFex nanopar-
ticles. Figure 4.9 (d) showed a carbon STEM map, and the presence of carbon in
x∼0.1 nanofibers confirmed the presence of carbon-containing component. This
carbon-containing component provided a backbone to hold Ni1−xFex nanoparticles
in a nanofibrous morphology and prevented them from aggregation with each other.
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The other two images in Figure 4.9 (d) and (e) showed oxygen and nitrogen maps
that were attributed to the functional groups of remaining PVP fragments in these
nanofibers. Some oxygen can be also seen at the edges of the nanoparticle surfaces
which could indicate a NiFeyOz shell formation.

FIGURE 4.9: (a) TEM image of part of a thermally processed x ∼ 0.1 nanofiber and (b to
f) STEM maps of different elements from the same area. The diamond symbols shows the

copper (Cu) K peaks that is from the Cu grid used for sample preparation

The EDS analysis for x∼0.1 nanofibers is given in Figure 4.10 where the first
image showed the reference image used for EDS analysis. The values of nickel and
iron were 0.11 and 0.89 from the EDS spectrum in Figure 4.10. These values are
close to the nominal fractions of x∼0.1. This was also confirmed from various area
EDS analyses of the same sample. However, the presence of carbon, nitrogen, and
oxygen was attributed to the polymer fragment in the sample. The other two peaks
represented by the black diamond symbol were from the copper (Cu) Kα, used as a
grid in sample preparation.
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FIGURE 4.10: TEM image and EDS spectra for the x∼0.1 nanofibers

4.3.1.6 SAED analysis

The SAED pattern for x∼0.1 nanofibers is shown in Figure 4.11. In this pattern, four
diffraction rings can clearly be seen, and they can be indexed to face-centered cubic
Ni1−xFex where the Miller indices are (111), (200), (220), and (311) with increasing
radius from the center spot. The lattice parameter (a) was calculated from the d-
spacings of these rings which is found to be 3.53Å with a standard deviation of 0.02
Å. This was in range with the expected lattice parameter value for Ni1−xFex at low x
fraction.[59, 70, 121] The bimodal nanoparticle size distribution was also evident in
the electron diffraction image, where the bright spots were attributed to the larger
nanoparticles, and the more diffuse spots and rings were attributed to the diffraction
from the smaller nanoparticles.
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FIGURE 4.11: Electron diffraction image of a single nanofiber x∼0.1 from the thermally pro-
cessed sample. Electron diffraction was done on the sample area shown in Fig. 3(b). The
dashed half circles are the Miller indices (111), (200), (220), and (311) for a face centred cubic

Ni1−xFex

4.3.1.7 XRD analysis

The XRD data is plotted in Figure 4.12. The first two broad reflections were indexed
to the polymer, PVP reflections from the literature.[122] The other two sharper re-
flections at higher angles were indexed to the face-centered cubic crystal structure
of Ni1−xFex that is expected for x<0.6.[70] The fitted lattice parameter was 3.534±
0.002 Å, which was calculated from the d-spacing from the XRD reflections by using
the standard formula for cubic crystal system as shown in equation (3.6).

The value of the lattice parameter was the same as that found from the elec-
tron diffraction within the experimental uncertainty. The average particle size esti-
mated from the Scherrer equation (equation (3.9)) and using the (111) peak width
was 39 nm. This was comparable to that estimated from the TEM data for the larger
nanoparticles which have dominated the XRD peak line width. This showed that
the Ni1−xFex nanoparticles were not polycrystalline in nature.
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FIGURE 4.12: XRD pattern after thermal processing. The higher angle reflections can be
indexed to the (111) and (200) reflections of an fcc Ni reference pattern (ICDD 00-004-0850),

which is the closest reference pattern to Ni0.89Fe0.11

The formation of Ni1−xFex nanoparticles is likely to be via Ostwald ripening.[123]
This is a nanoparticle growth process that is driven by a reduction in the total sur-
face free energy where nanoparticles larger than a critical radius, Rc, grow and those
less than Rc dissolve in the surrounding matrix. The rate of nanoparticle growth de-
pends on the Ni and Fe diffusivities.[123] Thus, the appearance of smaller nanoparti-
cles within the nanofibres indicates that the Ni and Fe diffusivities in the presence of
the remaining PVP fragments are lower than that in the surface region. One mech-
anism by which that can occur is the effect of functional groups (e.g. -C=O) from
the residual polymeric fragments that strongly bind to the Fe3+ and Ni2+ ions. It is
also possible that the PVP fragments are less dense or shorter near the surface when
compared with the interior, which could lead to larger near-surface Ni and Fe diffu-
sivities. The formation of surface nanoparticles and their aggregation to form large
clusters of nanoparticles is unlikely. This is because it would lead to polycrystalline
nanoparticles with an average particle size estimated from the Scherrer equation that
is significantly less than the average size from TEM, which is not what is found here.

4.3.1.8 Magnetic studies

The results from the magnetic measurements are shown in Figure 4.13. The main
graph shows the magnetization plotted against the applied magnetic field at 5K and
300K. It can be seen that the magnetization starts to saturate above 0.7 T, which
is consistent with the ferromagnetic order expected for Ni1−xFex where the Curie



65

temperature is above room temperature. The high field saturation magnetization
was 42 emu/g at 5K. This value was slightly less than what is expected for bulk
Ni (60 emu/g) or the bulk Ni0.89Fe0.11 where the saturation magnetization is around
90 emu/g.[70] The decrease in the saturation magnetization could be due to the
mass of the non-magnetic polymer component in the nanofibers. This was expected
to be larger than the measured ∼46% of the bulk value if the polymer component
was absent. The reduction in the saturation moment is comparable to the literature-
supported values for other nickel-rich Ni1−xFex nanoparticles with x∼0.1-0.25.[70,
123, 124] Another report on the preparation of electrospun nickel nanofibers also
showed a similar reduction in magnetic saturation to only 42 % of the bulk Ni.[125]

FIGURE 4.13: Plot of the magnetization against the applied magnetic field, B, at 5 K (black
curve) and 300 K (blue curve) for the nanofibers sample after thermal processing for x∼
nanofibers. Upper left inset: a plot of magnetization over a smaller magnetic field range.
Lower right inset: a plot of the magnetization at 6 T against temperature (black curve). Also

shown is a fit to the data using equation.(2.27) (red dashed curve)

The upper left inset in Figure 4.13 shows a magnetization plot over a smaller
magnetic field range. The coercivity was found to be 31 mT at 5K and 12 mT at
300 K. The appearance of hysteresis at room temperature showed the absence of
superparamagnetism. In this sample, while the ∼5 nm nanoparticles were small
enough to exhibit superparamagnetism [6], the ∼35 nm nanoparticles were too large,
leading to the hysteresis at 300 K. In comparison to the bulk, the coercive field at 300
K was higher than the reported unannealed Ni (3 mT) [126] and was also found
to higher than when compared with electrospun Ni nanofibers.[125] However, it
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was similar to that reported for Ni1−xFex nanoparticles with x=0.2 with diameters
of 22 nm (10.5 mT)[127], and was twice of that reported for 18 nm diameter at x=0.1
nanoparticles (6 mT).[128]

The lower right inset of Figure 4.13 shows the magnetization at 6T, M(6T), plot-
ted against temperature. The saturation magnetization, Ms, in bulk Ni1−xFex has a
Bloch temperature dependence, which is given as equation (2.26). It can be seen from
the lower right inset in Figure 4.13 that there was a departure from the Bloch tem-
perature dependence at low temperature, where Ms showed an upturn below 30K.
Similar behavior was also observed in the previous literature on other ferromagnetic
nanoparticles.[6, 46, 129] It was attributed to the presence of spin-disordered shells.
The effect on the spin disorder on Ms can be modeled by including a phenomeno-
logical spin-disorder term[6, 46], that leads to equation (2.27). The lower right inset
in Figure 4.13 has shown a good fit to the phenomenological equation (2.27). The
saturation magnetization, M, at 6T has shown a fitting at n=3/2 that is expected for
bulk ferromagnetic Ni1−xFex. The values of the fitted parameters are given below,

Ms,c(6T,0K) (emu/g) Ms,d(6T,0K) (emu/g) n β Kn T f (K)

40.92 0.82 1.53 1.53×10−5 21

TABLE 4.3: Fitted Magnetization (6T) with n=3/2

The value of β was larger than the bulk β, but it was comparable to the other
nanoparticles from previous studies on Ni1−xFex nanoparticles.[30, 45, 130] For ex-
ample, it was 3.1 × 10−5K3/2 for 2.7 nm Ni0.8Fe0.2 nanoparticles and 3.8 × 10−5K3/2

for 4.6 nm Ni0.8Fe0.2 nanoparticles made by dual implantation.[6] The fitted T f was
21K. The value of spin-disordered component Ms,d from Table.4.3 was very small,
only 2% of the total magnetization value which showed the presence of a very thin
spin-disordered shell.

The value of differential susceptibility (dM/dH) is plotted in Figure 4.14. The
value for the differential susceptibility was 6. This value was higher in comparison
to the spherical nanoparticle’s relative permeability (µr ≡1) where the demagnetiza-
tion effects (Nd=0.33) are very high due to its shape anisotropy.[30]
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FIGURE 4.14: Differential susceptibility (dM/dH) of of Ni1−xFex nanofibers at x∼0.1

4.3.2 x∼0.2 nanofibers

In this section, the fraction of x is x∼0.2 to observe the difference in the nucleation
and magnetic properties of Ni1−xFex nanofibers. The nominal values of x are used
to compare x∼0.2 with x∼0.1 nanofibers.

4.3.2.1 SEM of electrospun x∼0.2 nanofibers

In comparison to x∼0.1, it can be seen in the Figure 4.15 that the x∼0.2 nanofibers
show a negligible difference in the surface morphology of the as-prepared electro-
spun nanofibers. The SEM images in Figure 4.15 showed the preferred orientation
of the nanofibers after electrospinning in the direction of an arrow as per shown in
Figure 4.15(a) Similar to x∼0.1, the electrospun x∼0.2 nanofibers displayed smooth
surfaces with no evidence of branching or beading. As noted for the x∼0.1 sample,
the x∼0.2 nanofibers were more like elongated nanoribbons than tubular morphol-
ogy. They appeared thinner with a mean diameter of 169 nm with the standard
deviation of 38 nm as compared to x∼0.1 (525 nm with a standard deviation of 61
nm). Some even thinner nanofibers with diameters down to ∼70 nm can also be
seen in the high-resolution image of Figure 4.15(b). A very small fraction of very
thin branching nanofibers can also be seen in Figure 4.15 (a) and (b) which were not
included in the mean diameter values.
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FIGURE 4.15: SEM images of electrospun x∼0.2 nanofiber sample at (a) low resolution and
(b) high resolution. The arrow in (a) shows the nanofiber’s direction. The inset to (b) is the

nanofiber width distribution for the electrospun sample

4.3.2.2 TGA and DSC of electrospun x∼0.2 nanofibers

TGA and DSC analysis of x∼0.2 nanofibers was performed at high temperature in
nitrogen to investigate the effect of high temperature on the nucleation of Ni1−xFex

nanofibers as well as the pyrolysis of PVP. Part of the reasons for increasing temper-
ature was also to observe the difference at high temperature with the temperature
profile that was used in the thermal processing of x∼0.1. The TGA/DSC was run at
20◦C/min in the presence of an inert atmosphere with nitrogen gas flow. The initial
weight of the sample at room temperature was 4.409 mg. The TGA spectra in Figure
4.16 (a) displayed three distinct degradation stages. The first degradation is accom-
panied by a 14% weight loss at 103◦C that is attributed to the loss of water from the
nanofibers. The second degradation was observed at 245◦C with a 23% weight loss
and is attributed to the decomposition of the various precursors (NO–

3 , CH3COO– ,
etc.) The third major degradation has a significant weight loss of 64% and is compa-
rable to the PVP disintegration at 476◦C (see Figure 4.5). The complete degradation
is apparent at 680◦C with 80% weight loss. This behavior is similar to the degrada-
tion of PVP found in previous reports.[119, 120] The residue mass was 20% of the
initial mass of the samples and no further change was observed. This residual mass
is attributed to the mass of both metallic oxides that clustered into a black lump in
the pans. This detailed TGA investigation also confirms the optimum temperature
range is around 600-650◦C, similar to the x∼0.1 sample.

The DSC result in Figure 4.16 (a) revealed a dominant exothermic degradation
with respect to the decreasing weight of x∼0.2 nanofibers. The thermal degrada-
tion started with an endothermic signal at 93◦C, which is attributable to the solvent
(methanol) and absorbed water H2O loss. The other two signals were observed at
∼257◦C and at ∼311◦C. These two exothermic signals are assigned to the degra-
dation of precursors counter ions, (NO3

−, CH3COO−). Part of the reason for this
exothermic behavior is attributed to the larger amount of more oxygen-contained
species present in the x∼0.2 nanofibers as compared to the x∼0.1. Although the
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FIGURE 4.16: (a) TGA analysis of Ni1−xFex nanofibers at x∼0.2 in the presence of (a) nitro-
gen and (b) air

degradation followed the same path as was observed for x∼0.1, another difference
was observed above 550◦C. The degradation curve did not show any unusual behav-
ior similar to that observed for x∼0.1. This was due to the relatively high residual
mass at the end of thermal degradation, which is within the instrumental sensitivity
range used for TGA and DSC measurements.

To investigate the effect of the oxygen atmosphere on the degradation of x∼0.2
nanofibers, the TGA/DSC analysis has also been performed in the presence of dry
airflow. The initial mass of the nanofibers was 2.2 mg. As expected, TGA analysis in
Figure 4.16 (b) showed a prominent initial degradation at 100◦C, which is attributed
to the removal of water (H2O) and methanol in the x∼0.2 nanofibers. In contrast to
Figure 4.16 (a) it can be seen that a prominent signal is observed at 239◦C. This signal
is assigned to the degradation of polymer fragment (PVP), which is accelerated early
in the presence of oxygen and is more rapid than nitrogen or argon (used for x∼0.1).
This behavior was supported by another report on PVP degradation in the presence
of air from literature.[131] However, the weight gain at 250◦C was not real and is
more likely to be from the instrumental artifact (shown with the dotted circle on
Figure 4.16 (b)) that can be caused by a very small movement of the sample in the
instrument. The residual mass was ∼25% at 690◦C and no other degradation was
observed after this temperature.

The heat flow from DSC in Figure 4.16 (b) showed two strong exothermic signals
at 335◦C and at 389◦C. The first signal at 335◦ is attributed to the rapid degradation
of polymer fragments in these nanofibers and the other at 389◦C is attributable to
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the formation of nickel and iron oxides within samples.
In these experiments, the thermal treatment profile for x∼0.2 was kept similar

(maximum temperature 620◦C) to the x∼0.1 nanofibers in the experimental condi-
tions. As all three environments including argon, nitrogen, and air did not show
any further change in mass between 620◦C-650◦C, therefore the temperature profile
was not changed to further high temperatures. This temperature (620◦C) was also
advantageous for the experimental conditions as the aluminum foil was used for the
collection of nanofibrous sheets from the rotating drum which has a melting point
of 650◦C.

4.3.2.3 SEM analysis of thermally processed nanofibers

Figure 4.17 (a) and (b) show the SEM images for thermally treated x∼0.2 nanofibers.
It can be seen from the SEM image (Figure 4.17 (a)) that a distinct difference with
x∼0.1 in morphology is observed after the thermal treatment of x∼0.2 nanofibers.
These nanofibers have shown more smooth nanofibrous surfaces as compared to the
x∼0.1 nanofibers which showed the rough-surfaced nanofibers. The small upper
left inset in Figure 4.17 (b) shows the nanofibers widths distribution of the x∼0.2
nanofibers with a mean value of 112 nm with a standard deviation of 20 nm. The
diameter for x∼0.2 nanofibers was comparable to x∼0.1 nanofibers (160 nm with a
standard deviation of 40 nm). Similar to x∼0.1, the reduction in nanofibrous widths
is attributed to the removal of precursor counter ions, and the partial removal of
polymer from these nanofibers. The small arrow in Figure 4.17 (a) showed the pre-
ferred orientation for the x∼0.2 nanofibers.

FIGURE 4.17: (a) Low-resolution SEM image after thermal processing. The arrow in (a)
shows the mean nanofiber’s direction. (b) High-resolution SEM image of x∼0.2 nanofibers.

The inset is the nanofiber width distribution

4.3.2.4 TEM analysis

The TEM images in Figure 4.18 have shown the formation of thinner nanofibers
when compared to the x∼0.1 nanofibers. From the high-resolution image in Figure
4.18 (b), the width of a single nanofiber was ∼133 nm which is less than what has
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been found for x∼0.1 nanofibers with 200 nm. The reduction in the x∼0.2 nanofibers
widths is attributed to the effect of the increasing amount of oxidants from increas-
ing NO3

− when the Fe3+ ion fraction is increased to x∼0.2. It is possible that the
additional oxygen content can help to speed up the pyrolysis of polymer fragments
(PVP) to give thinner x∼0.2 nanofibers.

FIGURE 4.18: (a) large area TEM image showing x∼0.2 nanofibers containing larger and
smaller nanoparticles (sample prepared on a holy copper TEM grid). (b) Small area image

of a single nanofiber

From Figure 4.18 (a) and (b), it can be seen that these nanofibers contain small
homogeneously distributed nanoparticles as well as some few large nanoparticles
on the surface. The presence of these more homogeneous Ni1−xFex nanoparticles
can be explained by the more favorable fraction of x∼0.20-0.25, which can lead to
the formation of increased nucleation centers due to minimal enthalpy change in the
system to give smaller nanoparticles.[132] Another plausible explanation is the ro-
bust pyrolysis of PVP in the presence of higher oxygen content from the oxidative
sources (NO3

−, CH3COO−) that leads to the enhanced diffusivities of both ions to
give rise to smaller nanoparticles. The role of polymer is also important to hold the
nanoparticles at certain distances from each other to prevent agglomeration. Fur-
thermore, the reactive surfaces of smaller nanoparticles cause them to attach with
the carbon backbone and retain the morphology of the nanofibers.

The nanoparticle size was calculated from Figure 4.18 (b), and the mean nanopar-
ticle size was 8 nm as shown in the particle size distribution in Figure 4.19. Some
large nanoparticles in the range of 12-18 nm were also present in this size distri-
bution. The particle size distribution for x∼0.2 has shown more size fraction for
the smaller nanoparticles and it was skewed towards the larger sized nanoparticles.
This was different from the x∼0.1 nanofibers, where more prominent bimodal parti-
cle size distribution was observed. This showed that by increasing x, the fraction in
small nanoparticles increases with slightly skewed particle size distribution.
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FIGURE 4.19: Ni1−xFex nanoparticles distribution for x∼0.2 nanofibers by using 4.17 (b)

4.3.2.5 STEM maps and elemental composition

Elemental maps from STEM mapping are shown in Figure 4.20 (a) to (e), whereas
Figure 4.20 (a) showed the TEM image used for elemental mapping. The second
image in Figure 4.20 shows an iron map, and it can be seen from the elemental
maps that Fe is homogeneously distributed within Ni1−xFex nanoparticles. The
third image in Figure 4.20 (c) showed a nickel map, which correlates with the ho-
mogeneous distribution of Ni within Ni1−xFex nanofibers. The carbon backbone
was also clearly evident in Figure 4.20 (d) which confirmed the presence of poly-
mer fragments within the x∼0.2 nanofibers. The presence of the carbon backbone
could prevent the aggregation of Ni1−xFex nanoparticles and retain the nanofibrous
morphology. The oxygen content was also clearly visible in Figure 4.14 (e), and is
attributed to the functional group of the polymer repeating unit pyrrolidone (C=O).
This has also been observed in a previous report of willemite chains containing PVP.
[133] Furthermore, no evidence of oxygen in the Ni1−xFex nanoparticles in these
SAED patterns. In Figure 4.19, the three arrows (red) represent the unresolved ar-
eas by the TEM due to the dense surfaces of these nanofibers where more than one
nanofiber coincided with each other.
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FIGURE 4.20: (a) TEM image of the thermally processed x∼0.2 nanofibers and (b to f) STEM
maps of different elements of (a)

The EDS analysis of x∼0.2 nanofibers is given in Figure 4.21. The TEM image in
this Figure 4.21 was used for the EDS analysis. Since the STEM maps are consistent
with the uniform distribution of iron and nickel in the nanoparticles, it can now be
seen that there was 0.22 of x (Fe) to the 0.78 of nickel. These fractions are close to the
original stoichiometry. Moreover, the presence of other elements including carbon
and oxygen was attributed to the carbon backbone from the polymer fragment in the
sample. EDS analysis from the other areas of the samples has shown similar values
for these elements for confirmation.

FIGURE 4.21: TEM image and EDS spectra for the x∼0.2 nanofibers
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4.3.2.6 SAED analysis

The SAED pattern in Figure 4.22 has shown the diffraction pattern for x∼0.2 nanofibers.
It can be seen that similar to x∼0.1, the most prominent four diffraction rings have
been indexed for Ni1−xFex nanoparticles. These were indexed to the FCC crystalline
phase of Ni1−xFex with Miller indices (111), (200), (220), and (311). The lattice pa-
rameter calculated from the d-spacings was 3.55 with a standard deviation of 0.01 Å.
This was increased from the lattice parameter value found for x∼0.1 (3.53 with the
standard deviation of 0.02 Å), and found in range with literature-supported values
for Ni1−xFex at increasing x.[5, 70, 134] Similar to the x∼0.1, the diffraction pat-
tern has shown the presence of bright spots over diffused rings due to the presence
of both smaller and large nanoparticles in these x∼0.2 nanofibers. The bright spots
were attributed to the presence of larger nanoparticles, while the diffused rings were
attributed to the smaller nanoparticles.

FIGURE 4.22: SAED image from an area containing multiple x∼0.2 nanofibers after thermal
processing. The dashed half circles are the Miller indices (111), (200), (220), and (311) for face

centred cubic Ni1−xFex



75

4.3.2.7 XRD analysis

The XRD pattern is shown in the Figure 4.23 where the first two XRD peaks were in-
dexed to the literature-reported reflections for the polymer (PVP) component within
x∼0.2 nanofibers.[133, 135] The other two peaks at higher angles were indexed to
the miller indexes (111) and (200) values from the FCC crystal phase of the Ni1−xFex

nanoparticles.

FIGURE 4.23: XRD pattern of Ni1−xFex nanofibers at x∼0.2 after thermal processing. The
fitted lines correspond to the 2-theta angles of the (111) and (200) reflections. These two

reflections are indexed to the ICDD reference pattern 00-004-0850 for Ni

In comparison to x∼0.1, broader peaks at higher angles are observed due to the
presence of smaller Ni1−xFex nanoparticles. The particle size was 8 nm. It was calcu-
lated from the full-width half maximum of the high-intensity peak at (111) by using
a Scherrer equation (3.9). This value was consistent with the average particle size
from TEM analysis in Figure 4.18 (b). In x∼0.2 nanofibers the peak broadening was
dominated by the presence of smaller nanoparticles (∼8 nm) while x∼0.1 showed
high-intensity peaks where the peak broadening was dominated by the larger 35 nm
nanoparticles calculated by the Scherrer equation (3.9).

In comparison to x∼0.1, the two peaks corresponding Ni1−xFex nanoparticles
were shifted towards the high angle values at 51.75◦ (111) and 60.52◦ (200) of 2θ.
That showed an increase in the lattice parameters to 3.550±0.001 Å for x∼0.2 as
compared to 3.530±0.002 Å for x∼0.1 nanofibers. This increased value is comparable
to the literature-reported values of x∼0.2.[52] This value was also in agreement with
the value calculated from the SAED. Moreover, the nanoparticles in the prepared
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sample were single crystalline in nature and no impurity peak is observed in the
XRD pattern for x∼0.2 nanofibers.

4.3.2.8 Magnetic studies

The magnetic measurements are shown in Figure 4.24. Here, the main graph show
the magnetization plotted against varying magnetic field at 5K and 300K. It can be
seen that the magnetization begins to saturate at ∼0.7T and the saturation magne-
tization, Ms, was 86 emu/g at 5K. This value was increased when compared to the
x∼0.1, 42 emu/g at 5K. The value of saturation magnetization was 72 percent of the
total bulk value. Similar to x∼0.1, the reason for this reduction in comparison to
the bulk could be due to the mass of non-magnetic polymer component present in
the x∼0.2 nanofibers. However, the saturation magnetization was comparable to the
reported from the previous literature that showed the synthesis of Fe20Ni80 nanopar-
ticles of 440 nm by wet chemical method with saturation magnetization value ∼81
emu/g.[52] But it was higher than the saturation magnetization value of 28.7 emu/g
for ∼20 nm Fe20Ni80 nanocrystals.[52] Another report on large nanocrystalline par-
ticles of Fe20Ni80 (∼79 emu/g), chains (∼81 emu/g), and wires(∼75 emu/g) shown
comparable values to our findings for x∼0.2 nanofibers.[136] The upper left inset in
Figure 4.24 indicates a relative decrease in coercivity for x∼0.2 nanofibers at increas-
ing temperature with the smallest value 8 mT appearing at 300K (slightly above the
room temperature ∼298K) In comparison to the x∼0.1 coercivity, 12 mT at 300K, the
coercivity for x∼0.2 nanofibers was slightly reduced to 8 mT at 300K(∼room tem-
perature). This value was in the same range as bulk iron (9 mT), but was higher than
that of bulk nickel (3 mT).[126] as shown in the Figure 4.24.
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FIGURE 4.24: Plot of magnetization against the magnetic field, B, at 5 K (blue curve) and
300 K (black curve) after thermal processing for x∼0.2 nanofibers. Upper left inset: a plot of

coercivity with varying temperature

The main graph in Figure 4.25 shows the dependence of Ms at 6T with increas-
ing temperature. Similar to x∼0.1, the magnetization is modeled against the phe-
nomenological equation (2.27). The departure in the magnetization was evident at
lower temperatures (∼30K) due to the presence of a spin-disordered shell. The pa-
rameters of the fittings are given below in Table. 4.4

Ms,c(6T,0K) (emu/g) Ms,d(6T,0K) (emu/g) n β (Kn) T f (K)

84.4 2.0 1.93 1.3×10−6 17

TABLE 4.4: Fitted Magnetization(6T) at phenomenological equation (2.27)

It can be seen that the value of n=1.93 deviates from the bulk value, and was also
different than what was observed for x∼0.1 (n=1.53). Part of the reason for this devi-
ation could be the nanodimensions of Ni1−xFex down to a certain size of nanoparti-
cles and the spin disordered component from these nanofibers. The reports from the
previous literature have also shown similar behavior due to the nanosized dimen-
sions and the presence of spin-disordered component from the nanoparticles.[137]
This behavior was comparable to other nanoparticles from the previous literature
with large values of n.[138–140] The value of β was comparable to bulk iron (3×10−6

K3/2).[141] Similar to x∼0.1, T f was 17 K, and the value for Ms,d (6T, 0 K) was only
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FIGURE 4.25: Main plot showing the dependence of spin glass magnetization with varying
temperature for x∼0.2 nanofibers. Upper right inset: ZFC-FC magnetization plot for x∼0.2

nanofibers

∼2% of the total magnetization value that suggested a very thin spin disordered
shell (Figure 2.15 around the magnetically ordered core with an Ms,c (6T, 0K) 84.4
emu/g.

The upper right inset of Figure 4.25 showed the zero field cooled-field cooled
(ZFC-FC) curves for x∼0.2 nanofibers at 10mT. These curves have suggested the
ferromagnetic behavior for x∼0.2 nanofibers. It is interesting to note that the particle
size for Ni1−xFex in x∼ nanofibers is small enough (∼8 nm) and expected to show
superparamagnetic behavior, but the ZFC-FC curve showed a range in nanoparticle
sizes. Due to this, the hysteresis from the large nanoparticles in the ZFC-FC curve
dominated the superparamagnetic response.
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FIGURE 4.26: Plot of magnetization over a smaller magnetic field range. Lower right inset:
exchange bias in mT with varying temperature (0K-300K)

These x∼0.2 nanofibers have also shown exchange bias as seen in Figure 4.26. It
can be seen from the main graph of Figure 4.26 that a hysteresis shift was observed
over a small value of magnetic field 7.5 mT when the magnetization is plotted un-
der (field cooled at -6T). Exchange bias (BE) can be explained by the simplest model
that shows the exchange interactions at an interface between the ferromagnetic layer
and antiferromagnetic layer in thin films from equation (2.20). The lower right in-
set in Figure 4.26 has shown the dependence of exchange interactions on varying
temperatures. It can be seen that the exchange interaction appeared at very low
temperatures and disappeared soon after increasing the temperature (in the range
of TF). This could be due to the magnetic disorder or spin glass moment from the
magnetically ordered core and spin disorder shell. This has already been explained
in the other nanoparticles where magnetically disordered surface and spin glass mo-
ment causes an additional term in magnetic energy density for exchange bias.[142,
143]
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The differential susceptibility (dM/dH) curve for x∼0.2 is shown in comparison
to x∼0.1 in Figure 4.27 The value of dM/dH was increased to 11 when compared
with x∼0.1 nanofibers dM/dH=6. This value was high in comparison to the suscep-
tibility of spherical isolated nanoparticles with demagnetization value of (Nd=0.33)
from the equation (2.25).[30]

FIGURE 4.27: Differential susceptibility of x∼0.2 vs x∼0.1 nanofibers



81

4.4 Summary

In this chapter, nanofibers containing bimetallic Ni1−xFex nanoparticles with a vary-
ing fraction of x from x∼0.1 to x∼0.2 were successfully synthesized using the elec-
trospinning method. These nanofibers showed thin widths and there was an aver-
age orientation for both Ni1−xFex nanofibers at both fractions of x∼0.1 and x∼0.2.
Ni1−xFex nanofibers at x∼0.1 showed thicker widths of nanofibers to the mean value
of 200 nm, which was reduced to ∼133 nm for x∼0.2 nanofibers.

Interestingly, both x∼0.1 and x∼0.2 nanofibers have shown the formation of
Ni1−xFex nanoparticles within the polymer backbone. A bimodal particle size dis-
tribution was found for x∼0.1 nanofibers whereas, it was slightly skewed for x∼0.2
towards the large nanoparticles end. This has been explained due to the different dif-
fusivities of both Fe and Ni ions at the surface as well as within nanofibers for x∼0.1.
At high temperatures, the accelerated removal of counter ions and polymer increases
the diffusivities of both Fe3+ and Ni2+ ions on the surface and increased the surfaced
nanoparticle sizes. In x∼0.2, the reason behind the smaller-sized nanoparticles is ex-
plained in terms of minimal enthalpy change during the nucleation process at the
most favorable fraction of x∼0.20-0.25, which can lead to the formation of more nu-
cleation centers within nanofibers and more small-sized nanoparticles formed.

The saturation magnetization for Ni1−xFex nanofibers was significantly improved
when x was varied from 0.1 to 0.2. The value of magnetization reaches up to ∼72
percent (86 emu/g) of the bulk value (120 emu/g) x∼0.2 when compared with x∼0.1
that showed only 46 percent (42 emu/g) of the bulk value (90 emu/g). The value of
coercivity was slightly decreased from 12 mT for x∼0.1 to 9 mT for x∼0.2 nanofibers.
However, both of these Ni1−xFex nanofibers have shown a high differential suscep-
tibility (dM/dH) when compared with the spherical nanoparticles ≤ 0 due to the
demagnetization effects. In this study, the value of differential susceptibility was
increased from 6 for x∼0.1 to 11 for x∼0.2 nanofibers.

The results in this chapter have shown very interesting structural and magnetic
properties for the electrospun Ni1−xFex nanofibers at varying x from x∼0.1 to x∼0.2.
These nanofibers have shown thin widths at both fractions but more thinner nanofibers
were obtained at x∼0.2. The differential susceptibility was also increased higher at
x∼0.2 nanofiber. However, an ideal material requires negligible coercivity and very
high permeability. Since the increasing fraction of x has provided encouraging re-
sults, it will be interesting to investigate that,

1. what happens if x is increased further?

2. Can we further reduce the coercivity and increase the differential susceptibility
with increasing x?

To address these questions Ni1−xFex nanofibers have been prepared at x∼0.5 and
the effect of further increasing fraction of x is investigated in the next chapter.
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Preface

The next chapter explains the synthesis and characterizations of the electrospun
Ni1−xFex nanofibers at x∼0.5. An alternative method is used for the preparation
of x∼0.5 nanofibers. The structural and magnetic properties differences are high-
lighted in detail at an increasing fraction of x to x∼0.5.
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Chapter 5

Bimetallic Ni1−xFex nanofibers
with x ∼0.5

5.1 Introduction

The promising results from Ni1−xFex with x∼0.1 and 0.2 was the main motivation
to further increase the fraction of x to 0.5. A trend in decreased fraction of large
nanoparticles was observed with increasing x from x∼0.1 to x∼0.2. The saturation
moment also increased concurrent with an increasing iron fraction (x), from x∼0.1
to x∼0.2. Therefore, the idea was to investigate the effect of increasing x on the
structural and magnetic properties of Ni1−xFex nanofibers at x∼0.5. Literature in-
vestigation on the Ni1−xFex alloy has shown a significant increment in the magnetic
moment when the fraction of x increases in the bulk with the maximum value at
x∼0.5-0.55, as per shown in Figure 5.1. [70] Another interesting characteristic is the
phase transition from face-centered cubic to body-centered cubic when the value of
x increases to ∼0.6. [70]

FIGURE 5.1: The plot of magnetic moment against increasing iron content
[70]

There is only one report in the literature for the preparation of x∼0.5 nanofibers,
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but the results showed the formation of a fused mat than isolated nanofibers.[5] The
preparation of x∼0.5 nanofibers by pre-existing method (used for x∼0.1 and x∼0.2)
was not suitable for x∼0.5, which produced melted sheets of x∼0.5 nanofibers after
electrospinning. Therefore, there was a need to develop an alternative method for
the fabrication of isolated sheets of x∼0.5 nanofibers.

This chapter describes the different methods and approaches to make x∼0.5
nanofibers. It represents an investigation of different solvents and compared their
results to select the best method for x∼0.5 nanofibers. Another key point was to find
out the differences in the magnetic and physical properties at this fraction x∼0.5.

5.2 Experimental

5.2.1 Chemicals used

Analytical grade reagents were used in this chapter for the preparation of x∼0.5
nanofibers. These chemicals include Nickel acetate tetrahydrate ((CH3COO−)2Ni · 4 H2O)
98% purchased from Merck.Iron nitrate nonahydrate ((NO3

−)3Fe · 9 H2O) ≥98%,
Iron acetylacetonate ((C5H7O2)3Fe) 97% and Polyvinylpyrrolidone (PVP) (C6H9NO)
average Mw∼1,300,000 by LS method, Toluene 99.8% and Ethyl acetate 99% were
purchased from the Sigma-Aldrich. Methanol 99.9% and acetone 99% were pur-
chased from the Fischer chemical. Dimethylformamide (DMF) 99.8% was purchased
from Acro seal ®.

5.2.2 Replication using the hydrated iron precursor (iron nitrate) from the
literature

In the first attempt, x∼0.5 electrospun nanofibers were prepared using the exact
method as described in the literature. [5] For this typical synthesis, 1.5 g of nickel
acetate and 2 g of iron nitrate were dissolved in 10 mL of methanol followed by the
addition of 1 g PVP. The solution was stirred overnight to obtain a colourless mix-
ture. This sample was electrospun using similar parameters as stated in the reference
[5].

Infusion
rate
(mL/hr)

Voltage
(kV)

Drum
speed
(rpm)

Distance
(cm)

needle size
(Guage)

0.6 17.5 60 10 18

TABLE 5.1: Electrospinning parameters from reference
[5]

The electrospun x∼0.5 nanofibers in Figure 5.2 (a) showed highly branched nanofibers
that melted and crumbled with the other nanofibers. This could happen due to the
higher moisture content in the electrospinning solution from the hydrated iron salt
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(iron nitrate nonahydrate) as a result of x being increased to x∼0.5, and also from
the solvent. The high moisture content could lead to the melting of x∼0.5 nanofibers
as can be seen from Figure 5.2 (a). In another attempt, it was found that electro-
spinning for only a short time period ranging from 1 to 2 hours can give the isolated
nanofibers, but only if nanofibers were placed directly in a vacuum after electrospin-
ning. However, these x∼0.5 nanofibers were not stable to thermal processing and
diffused again into a mat as shown in Figure 5.2 (b) The reason behind this could be
due to the high oxygen content of nitrates, which leads to the different degradation
pathway for the polymer at high temperature, and eventually can lead to the melting
of x∼0.5 nanofibers into a mat. Another possible reason could be that due to the low
boiling point of methanol in combination with hydration, the nanofibers melt when
processed at high temperatures. These results are similar to what was observed from
the report[5] and persisted after many attempts, therefore, an alternate method was
necessary to fabricate the x∼0.5 nanofibers.

FIGURE 5.2: SEM images of x∼0.5 nanofibers. (a) electrospun (b) thermally processed

5.2.3 Solution preparation by using an alternative salt for iron (x) source

The idea behind the change in x source was to avoid the use of hydrated salt of
iron and a solvent with high moisture content. The change in iron precursor was
done by replacing iron nitrate with iron acetylacetonate in solution preparation. Iron
acetylacetonate has already been found promising for the fabrication of various iron
oxide nanofibers, and nickel-iron oxides (NixFeyO) nanofibers in the previous liter-
ature.[144, 145] The change in the iron source also required a change in the solvent
for solution preparation. This is because iron acetylacetonate is only soluble in polar
aprotic solvents. Therefore, a solvent with low moisture content was needed to dis-
solve both iron and nickel precursor ions for electrospinning. The solubility studies
by using different solvents are given in Table 5.2.

On the basis of solubility, the last three solvents/solvent mixtures were further
investigated to prepare the x∼0.5 nanofibers. Since both metal precursors are soluble
in DMF (dimethylformamide), this solvent was first selected to optimize the other
parameters.
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Solvents Nickel acetate Iron acetylacetonate

Methanol ✓ ×

Toluene × ✓

Ethyl acetate × sparingly soluble

Acetone × sparingly soluble

DMF ✓ ✓

20%Methanol : 80%DMF ✓ ✓

50%Methanol : 50%DMF ✓ ✓

TABLE 5.2: Solubility of iron acetylacetonate and nickel acetate in different solvents (where
×= not dissolved and ✓= dissolved)

5.2.4 Polymer concentration and voltage optimization in DMF

The electrospinning process depends on the uniaxial stretching of the charged jet
under an applied electric field. The stretching of this jet is highly dependent on the
viscosity of the solution. If the viscosity is too low, the jet will break under applied
voltage and form droplets to be collected on the rotating drum. These droplets are
called "beads", and more beading was observed at low polymer solution concentra-
tions. Therefore, polymer concentration was adjusted first at the minimum fractions
of metal ions (1 mmol).

In the first procedure, the polymer mass was kept the same (0.25g) as was used
for the x∼0.1 and x∼0.2 nanofibers. But the concentration was adjusted to 1 mmol
for both metal precursors. For this, 0.25 g of nickel acetate (1 mmol) and 0.35 g
of iron acetylacetonate (1 mmol) were dissolved separately in 5 mL of DMF (0.2
mmol/mL). From these stock solutions, 2 mL each (1:1) was transferred into a flask
and stirred to get the clear solution. 0.25 g of polymer was added to the mixture and
the solution was stirred to get a homogeneous mixture. There was no need to add
acetic acid in the solution as was used for x∼0.1 and x∼0.2 as a different iron source
and solvent were used for these nanofibers. This solution was electrospun using the
same parameters as x∼0.1 and x∼0.2 and the resulting nanofibers are shown in the
Figure 5.3.
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FIGURE 5.3: As prepared x∼0.5 nanofibers using the same parameters as x∼0.1 and 0.2 at
0.25 g of PVP

It can be seen that the electrospun x∼0.5 nanofibers show the formation of beads
on a web-like morphology. The formation of beads suggests the difficulty in stretch-
ing the Taylor cone droplet under applied voltage to break down into nanofibers.
It could be due to either a low viscosity of the solution or the ineffective electric
field on the electrospinning solution at an applied voltage of 12.5 kV. To investigate
the effect of voltage, the same solution was electrospun at higher voltages spanning
from 15 kV to 20 kV (with an increment value of 2.5 kV). The resulting nanofibers
are shown in Figure 5.4.

FIGURE 5.4: Electrospun nanofibers with x∼0.5 with increasing voltage at 0.25 g of PVP
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Figure 5.4 shows that the voltage increase has a negligible effect on the resulting
morphology, as all images show beaded nanofibers. Therefore, the concentration of
polymer was increased systematically at 15% increment to give three solutions using
0.40g, 0.55g, and 0.70g PVP. Each prepared solution was again electrospun at three
different applied voltages (15, 17.5, and 20 kV) to investigate optimised electric field
strength during electrospinning (the rest of the parameters on the electrospinning
set-up were kept constant). The results are shown in the Figures.5.5 5.6, 5.7.

FIGURE 5.5: Electrospun nanofibers with x∼0.5 with increasing voltage at 0.40g of PVP

The first incremented polymer concentration (0.40 g) shows a clear difference
from the initial sample using 0.25 g of PVP. From Figure 5.5 (a,b,c), it can be seen
that beading is reduced significantly and some smooth fibers are formed.

FIGURE 5.6: Electrospun nanofibers with x∼0.5 with increasing voltage at 0.55g of PVP
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To further improve the morphology of the nanofibers, the PVP concentration is
further increased to 0.55 g. It can be seen that the beading is significantly reduced as
a function of increased applied voltage as seen in the Figure 5.6 (c). However, there
is still some beading present. Therefore, the amount of PVP was further increased to
0.70 g.

FIGURE 5.7: Electrospun nanofibers with x∼0.5 with increasing voltage at 0.70g of PVP

From Figure 5.7 it can be seen that the beading is negligible when the PVP con-
centration was increased to 0.70 g. It can be seen that all three electrospun samples at
different voltages have smoother surfaces and a small amount of beading. The most
effective result was obtained by electrospinning the solution at a maximum voltage
(20 kV), which shows negligible beading on the electrospun nanofibers Figure 5.7
(c).

5.2.5 Optimization of metal ions concentration in DMF

The metal ion concentration was then optimised by up-scaling the amount dissolved
in the separate solutions. For this, the metal ion concentration was increased two-
fold in separate solutions. 2 mmol of each nickel acetate (0.50 g) and iron acetylace-
tonate (0.70 g) were first dissolved separately in 5 mL of DMF. After which, 2 mL of
each of the solutions was transferred into another flask and mixed together. Into this
stirred solution, 0.70 g of PVP was added and stirred continuously to obtain a ho-
mogeneous mixture. This prepared solution was electrospun with a slight variation
of voltages ranging from 17.5 kV to 20 kV (as these two voltages have given good
results, as shown above). All other parameters were similar to the above. The SEM
images of the electrospun sample are shown in Figure 5.8.

It can be seen from the Figure 5.8 (a and b) that increase in metal ion concen-
tration has no effect on the morphology of electrospun nanofibers. But when the
voltage was increased to 20 kV, the beading was significantly reduced. Therefore, 20
kV was selected for all future electrospinning experiments for the x∼0.5 nanofibers.
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FIGURE 5.8: Electrospinning of x∼0.5 nanofibers with 2 mmoles of metal ions concentration
at (a) 17.5 kV and (b) 20 kV

A further increase in the concentration of metal ions to 4 mmoles (with 1 g of
nickel acetate and 1.4 g of iron acetylacetonate dissolved in 6.5 mL of DMF, sepa-
rately) showed the complete removal of beading as shown in Figure 5.9. Due to
negligible beading at this concentration of metal ions and polymer, this concentra-
tion was used to synthesize the x∼0.5 nanofibers for a more detailed investigation
of physical, thermal, and magnetic properties.

FIGURE 5.9: Electrospinning of x∼0.5 nanofibers with 4 mmols metal ions concentration
at 20 kV. Other electrospinning parameters were the the same as x∼0.1 and x∼0.2 (ir = 0.4

mL/hr, distance = 10 cm, needle size = 22 G, and drum speed = 60 rpm)

5.2.6 Thermal treatment of x∼0.5 nanofibers

5.2.6.0.1 Replication using the thermal treatment profile of x∼0.1 and x∼0.2
nanofibers

First, the x∼0.5 nanofibers prepared using a 4 mmol concentration solution were
thermally treated using the same thermal treatment profile as used for x ∼ 0.1 and
0.2. For this, the sample was dried overnight at room temperature under vacuum
and then placed in a tube furnace for the thermal annealing step. As spun nanofibers
were too sticky on the aluminum foil to be separated, they were instead placed with
aluminum foil in the tube furnace. The SEM results are shown in Figure 5.10.
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FIGURE 5.10: Thermal annealing of the electrospun x∼0.5 nanofibers using already devel-
oped x∼0.1-0.2 thermal treatment profile. upper left inset: thermal treatment profile

It can be seen in Figure 5.10 that the nanofibers have lost their morphology due
to melting, and dissolved into a mat (Figure 5.10). Therefore, thermal conditions
needed to be optimized for more desirable nanofibers.

5.2.6.0.2 Effect of initial ramp rate on the processed nanofibers

The ramp rate was investigated to determine the effects of a sudden rise in the initial
temperature at the first step of removing DMF. The boiling point of DMF is ∼150◦C,
which is higher than the glass transition temperature of PVP, 110 ◦C, and the slow
removal could cause the melting of the polymer strand at high temperature leading
to the disintegration of x∼0.5 nanofibers. To investigate this hypothesis, the ramp
rate was increased from 5◦/min to 10◦C/min in the first step when heating to 300◦C,
which showed the melted nanofibers. Therefore, the ramp rate was increased to
20◦C/min to 300◦C and left for two hours, while the heating rate for the rest of the
steps wes maintained at 5◦C/min when heating to 620◦C in 5% H2/Ar flow and
then again back to 300◦C before it cooled down to room temperature. The results are
shown in Figure 5.11 below.
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FIGURE 5.11: Change of ramp rate at first step to 300◦C for x∼0.5 nanofibers at 20◦C/min.
Both (a) and (b) are different part of the same sample

It can be seen in Figure 5.11 (b and c) that melted nanofibers were formed with
increasing ramp rate to 20◦C/ min to 300◦C, but some fiber-like morphology was
observed. In both images, more nanofiber-like structures are visible as compared
to the other x∼0.5 nanofibers samples presented above. Therefore, instead of con-
tinuing with changing the ramp rate, the samples were dried in a vacuum oven at
various temperatures, at constant pressure (0.05 MPa) prior to the thermal treatment
steps. The idea behind this was to have the optimum amount of solvent from the
nanofibers before the thermal processing to see if the nanofiber morphology can be
improved.
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5.2.6.0.3 Vacuum oven heating

The temperature in the vacuum oven was increased from room temperature at mul-
tiple steps to see the effect of the change in temperature up to the boiling point of
DMF at constant pressure, 0.05 MPa (0.5 bar). Table 5.4 summarises the conditions
used to pretreat the prepared x∼0.5 nanofibers, and the morphologies of the result-
ing nanofibers are shown in Figures 5.12 (a) to (e). Note that the same stock solutions
were used for the electrospinning of all separately prepared samples. The stock so-
lutions were almost four to five days old when the samples of 100◦C and 150◦C were
electrospun.

Temperature
(◦C)

Duration Observations Reference Fig-
ure 6.15

25 overnight
under vac-
uum

Fused
nanofibers

(a)

35 overnight
under vac-
uum

Fused
nanofibers

(b)

45 overnight
under vac-
uum

Fused
nanofibers

(c)

100 2 hours
at 100◦C
and left
overnight
under vac-
uum

Less fused
nanofibers

(d)

150 2 hours
at 150◦C
and left
overnight
under vac-
uum

Improved
nanofibers

(e)

TABLE 5.3: Temperature variation in vacuum oven before furnace annealing

Figure 5.12 (a to e) shows the effect of increasing the temperature in vacuum an-
nealing. The first three thermally treated samples at low temperatures still show the
branching and melting of nanofibers, but more fiber-like morphology was observed
when the as-spun x∼0.5 nanofibers were treated at 100◦C in vacuum leaded ther-
mal annealing. The temperature was raised to 100◦C for two hours, and then the
furnace cooled to room temperature under vacuum. This step was selected to com-
pletely remove the moisture content from the nanofibers before thermal treatment.
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FIGURE 5.12: Thermally treated x∼0.5 nanofibers by using different pretreatment conditions
used to dry the x∼0.5 nanofibers in vacuum oven at (a) at 25◦C (b) at 35◦C (c) at 45◦C (d) at
100◦C and (d) at 150◦C. The first three samples were left overnight (∼18 hrs) at these tem-
peratures under vacuum. Whereas, the last two samples at 100◦C and 150◦C were treated
at this temperature for two hours of heating at 0.05 Mpa, and then furnace cooled, and left

overnight(∼15 hrs) under vacuum

The dramatic change in the sample morphology was observed when the tempera-
ture was further increased to 150◦C in a vacuum oven for 2 hours, and after which
the sample was left overnight at 0.05 Mpa. This sample has shown the presence
of isolated x∼0.5 nanofibers after thermal annealing, as can be seen in Figure 5.12
(e). The most likely reason for this improved morphology is attributed to the partial
removal of DMF from the nanofibers prior to the thermal treatment steps. For this
sample, nanofibers could easily be peeled off the Al foil and placed directly on the
alumina grids for thermal processing in the tube furnace.

5.2.6.0.4 Effect of vacuum annealing time on nanofibers morphology from
freshly made stock solution

As the reproducibility of the x∼0.5 nanofibers was one of the crucial challenges, we
next investigated the effect of vacuum annealing time optimization on the freshly
prepared stock solutions. As stated above, the time optimization was done on the
electrospinning solutions from the four to five days old stock solutions. Therefore,
∼0.5 nanofibers from fresh stock solutions were prepared without aging and heated
at 150◦C for 2 hours under vacuum at 0.05 Mpa. However, after thermally treating
the electrospun nanofibers, the results were not reproducible. The reason behind
this could be the invariability in the moisture content that has caused the instability
in these nanofibers. Therefore, the duration of drying is varied from 4-6 hours at
150◦C in the vacuum oven and left it overnight under vacuum kept at 0.05 MPa.
After which the samples were thermally processed in the furnace, and the results
have been shown in Figure 5.13.
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FIGURE 5.13: Effect of changing the length of time for the thermally processed x∼0.5
nanofibers from the freshly prepared stock solutions and dried under vacuum at (a) 4hrs

and (b) 6 hrs

Figure 5.13 (a) and (b) show a comparison between the thermally processed
sample left for 4 hours and 6 hours at 150◦C at 0.05 MPa. It can be seen that the
nanofibers dried for 4 hours have improved morphology compared to the samples
left longer in the vacuum oven at the same pressure. This means that the optimum
amount of DMF was still required for the x∼0.5 nanofibers to retain their morphol-
ogy. From this, the optimum time was decided to be 4 hours for the fabrication of
x∼0.5 nanofibers as the longer exposure under vacuum may cause instability in the
nanofibers that can disintegrate the nanofibers in the furnace at high temperatures.
The samples were scaled up using this temperature and we observed great repro-
ducible x∼0.5 nanofibers after three to four attempts.

5.2.7 Fabrication using a 20:80 mixture of methanol: DMF

The effect of solvent on the structural and magnetic properties of the x∼0.5 nanofibers
was also studied by using a 20: 80 mixture of methanol: DMF as a solvent. The ob-
jective of this study was to see what happens to the structural and magnetic prop-
erties of x∼0.5 nanofibers; if they could be improved any further by using a sol-
vent mixture. For this, a mixture of methanol: DMF was prepared by mixing 3 mL
of methanol with 12 mL of DMF. Specifically, 0.434 g of iron acetylacetonate (0.6
mmol/m) and 0.306 g of nickel nitrate (0.6 mmol/mL) were dissolved separately in
2 mL of the 20:80 solvent mixture. These two precursor solutions were mixed to-
gether and stirred for 15 mins to get a homogeneous mixture. To this mixture, 0.70
g of PVP was added and the solution was stirred to get a clear solution. This solu-
tion was loaded into a 5 mL syringe in the electrospinning setup and the solution
was electrospun by using the already developed parameters for x∼0.5 nanofiber: in-
jection rate=0.4 mL/hr, needle= 22 G, drum speed= 60 rpm, distance = 10 cm and
applied voltage= 20 kV. The electrospun mat was collected from the rotating drum
and placed in a vacuum oven at 150◦C for 4 hours dried overnight at vacuum at
constant pressure (0.05 MPa) at room temperature. These prepared x∼0.5 nanofibers
were thermally processed in the tube furnace with the optimised thermal treatment
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profile where the first step was ramped for 2 hours to 300◦C at 20◦C in an argon
flow. The second step was ramped up to 620◦C at 5◦C/min under 5% H2 : 95% Ar
atmosphere for 2 hours. The gas was switched back to Ar and was ramped down to
300◦C in an hour for uniform heating before the sample was furnace-cooled to room
temperature (This extra last step is to prevent the sudden drop in the temperature
and to control the uniform heating in the tube furnace). The results are given in the
results and discussion section.

5.2.8 Fabrication using a 50:50 mixture of methanol: DMF

The x∼0.5 nanofibers were also synthesized by using a 50:50 mixture of methanol:
DMF by dissolving the 0.435 g of iron acetylacetonate in 2 mL of DMF (0.6 mmol/mL)
and 0.306 g of nickel acetate in 2 mL of methanol (0.6 mmol/mL). These two sepa-
rate solvent solutions were combined and stirred together to prepare a homoge-
neous solution. After which, 0.70 g of PVP was added to the stirring mixture for
electrospinning. The prepared solution was electrospun at the optimised parame-
ters mentioned above and thermally processed by using the same protocol given
above. The x∼0.5 nanofibers produced by this procedure had a mixture of both
fused mats and isolated nanofibers. This showed that a high amount of methanol in
combination with DMF is not suitable which could be due to the moisture content
from the methanol. Therefore, this method was not used for the fabrication of x∼0.5
nanofibers.

5.3 Results and discussions

5.3.1 x∼0.5 nanofibers prepared using DMF as solvent

5.3.1.1 SEM of electrospun nanofibers

The surface morphology of quasi-unidirectional x∼0.5 nanofibers can be seen in the
Figure 5.14 (a) and (b). Similar to x∼0.1 and x∼0.2, these nanofibers show smooth
surface morphology with no evidence of branching, beading, and/or interlinked
nanofibers. Figure 5.14 (b) shows the high-resolution SEM image of x∼0.5 nanofibers
where the nanofibers were relatively thinner as compared to x∼0.1 and x∼0.2 with
a mean diameter of ∼144 nm and the standard deviation of 21 nm (Figure 5.14 (a).

The thin diameters for x∼0.5 are attributed to the solvent effect when DMF was
used as a solvent rather than methanol (which was used for x∼0.1 and x∼0.2). DMF
has a high dielectric constant (36.71) compared with methanol (32.70) at room tem-
perature, which can contribute to the formation of smooth nanofibers at an applied
voltage. This could happen due to the charge stabilization on the solution jet above a
threshold voltage in the electrospinning setup.[96] The role of the dielectric constant
is important for determining the role of cohesion between the polymer and the sol-
vent for the overall charge density. DMF also has relatively close values of Hansen’s
solubility parameters (HSPs) with PVP HSPs values compared to methanol (Table
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FIGURE 5.14: SEM images of x∼0.5 nanofibers (a) Low resolution image at 1µm. Upper right
inset: Average width of nanofibers. (b) High-resolution image (at 100 nm) of (a) showing the

diameter of a single nanofiber

3.1), this could also have contributed towards the morphology of the nanofibers as
a result of increased interactions between solvent and polymer.[96, 146] The voltage
was also increased to 20 kV for x∼0.5, whereas the applied voltage to make x∼0.1
and x∼0.2 nanofibers was 12.5 kV. The applied voltage could affect the width of thin
nanofibers due to the more "stretching" of the solution to get collected on the rotating
drum.

5.3.1.2 SEM analysis of thermally processed nanofibers

The surface morphology of thermally treated x=0.5 nanofibers using the optimised
heating profile is shown in the SEM images in Figure 5.15 (a) and (b). It can be
seen that thermal treatment further reduced the diameter of nanofibers to a mean
diameter of 71 nm with a standard deviation of 17 nm for the x∼0.5 nanofibers as per
shown in the histogram in the Figure 5.15 (a). Some even thinner nanofibers of ∼35
nm were also present in these nanofibers. In comparison to x∼0.1 (∼160 nm) and
x∼0.2 (∼112nm), these nanofibers are thinner in diameter. Moreover, the thermally
treated x∼0.5 nanofibers have also shown smoother surfaces than those at lower
iron fractions (x∼0.1-0.2). The high-resolution image in Figure 5.15 (b) indicated the
presence of some small nanostructures on the surfaces of these x∼0.5. This is not
clarified by these SEM images, therefore TEM for the detailed analysis was required
for the detailed structural analysis of x∼0.5 nanofibers.
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FIGURE 5.15: SEM images of thermally processed x∼0.5 nanofibers (a) Low- resolution im-
age and. Upper right inset: Average width of nanofibers. (b) High- resolution image at 100

nm showing the diameters of nanofibers

5.3.1.3 TEM analysis

The TEM analysis for the thermally processed x∼0.5 nanofibers is shown below in
Figure 5.16. It can be seen from the Figure 5.16 (a) that the prepared nanofibers have
very thin diameters as the single nanofiber of ∼75 nm can be seen in Figure 5.16
(b). Both images in Figure 5.16 (a) and (b) have shown the presence of nanoparticles
with the more prominent skewed particle size distribution, where the number of
large nanoparticles was greatly reduced as compared to x∼0.1 and x∼0.2.

FIGURE 5.16: TEM images of thermally processed x∼0.5 nanofibers at (a) Low resolution (b)
High resolution

The overall average nanoparticle size was ∼5 nm with a standard deviation of
2.5 nm. But as can be seen from the image the average particle size from the small
nanoparticles was found to be 4.5 nm whereas, ∼9 nm was found for the large
nanoparticles as per shown in Figure 5.17.

In comparison to the strong bimodal particle size distribution for x∼0.1 and
skewed distribution for x∼0.2, narrow-sized skewed distribution with the increased
fraction of smaller nanoparticles was observed for x∼0.5 nanofibers. This showed
that by increasing x, more small-sized nanoparticles formed for x∼0.5 nanofibers.
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FIGURE 5.17: Size distributions of nanoparticles from Figure 5.16 (b)

5.3.1.4 STEM maps and elemental composition

STEM maps of x∼0.5 are given in Figure 5.18 (a) to (e), where (a) shows the TEM
image of a single ∼0.5 nanofiber. The distribution of iron and nickel in the Ni1−xFex

nanoparticles can clearly be seen from figures 5.18(d) and 5.18(e). However, the pres-
ence of carbon and oxygen was also visible in 5.18(b) and 5.18(c) in these nanofibers
due to the remaining polymer fragment, PVP, similar to the previous fractions of
x∼0.1 and x∼0.2 nanofibers.

Figure 5.19 shows the STEM maps for the overlay of iron and nickel, it can
be seen from the map that both iron and nickel coincide with each other in these
Ni1−xFex nanoparticles. This also showed no evidence of the separate nickel and
iron in these nanoparticles.
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FIGURE 5.18: STEM maps of x∼0.5 nanfibers. (a) A single x∼0.5 nanofiber. (b) oxygen map,
(c) carbon map, (d) iron map, and (e) nickel map of (a)

FIGURE 5.19: STEM maps of (a) iron, (b) nickel, and (c) overlay of iron and nickel

In another Figure 5.20 the overlay of oxygen with iron (Figure 5.20 (a)), and oxy-
gen with nickel (Figure 5.20 (b)) is shown. This overlay was important as to observe
the presence of any oxide formation in these x∼0.5 nanofibers. It can be seen that
there was no apparent formation of oxides from all these images. This showed that
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even if there were some oxides present, the fraction of oxides was very small com-
pared to the overall fraction of the sample to be observed from these STEM maps.

FIGURE 5.20: STEM maps of (a) overlay of oxygen (red) and iron (green), and (b) overlay of
oxygen (red) and nickel (blue)

The EDS spectrum and elemental composition of x∼0.5 nanofibers are shown in
the Figure 5.21. The image in Figure 5.21 showed the nanofiber used for elemental
analysis. The EDS spectrum confirmed the presence of both nickel and iron in these
nanofibers with the overall elemental composition given in the table. The elemen-
tal fraction of iron was ∼51% which confirms the presence of similar amounts of
both metal ions. EDS analysis from the other areas of the sample has also shown
consistent results with the given EDS spectrum.

FIGURE 5.21: TEM image and EDS Spectrum of a x∼0.5 nanofiber

5.3.1.5 SAED analysis

The SAED analysis of the x∼0.5 nanofibers shows various diffraction rings in Figure
5.22. Similar to those observed for x∼0.1 and x∼0.2 nanofibers, the four diffracted
rings (red circles) of x∼0.5 are indexed to the FCC crystalline phase of Ni1−xFex with
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the Miller indexes (111), (200), (220) and (311). The value of the lattice parameter
was also calculated to be 3.57Å with a standard deviation of 0.02Å. The increased
value of the lattice parameter was in agreement with the expected range for the iron
fraction x∼0.5. Two additional diffraction rings (yellow circles) were also observed
from this SAED pattern shown in Figure 5.22. The d-spacings of these rings were
2.49 Å and 1.78 Å and are attributable to the diffraction peaks from (311) and (440)
reflections of either magnetite or nickel ferrite, respectively. The calculated lattice
parameter from these two diffraction rings was 8.28 Å, which is close to nickel ferrite
(NiFe2O4) 8.32 Å than magnetite (Fe3O4) 8.39 Å. The presence of these two rings
shows the formation of some NiFe2O4 in these x∼0.5 nanofibers during thermal
processing. This was not observed in the other fractions with lower iron content.
This could be due to the increased oxygen content (iron acetylacetonate), in x∼0.5,
that leads to the formation of nickel ferrite. All the diffraction rings have shown
bright spots over the diffused rings that were also similar to the other fractions. This
behavior was attributed to the presence of larger Ni1−xFex (∼9 nm) nanoparticles
responsible for the bright spots and diffused rings from the smaller nanoparticles in
these x∼0.5 nanofibers.

FIGURE 5.22: SAED pattern for x∼0.5 nanofibers. Red rings for the Ni1 − xFex and yellow
rings for NiFe2O4
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5.3.1.6 XRD analysis

The XRD pattern of x∼0.5 nanofibers is given in the Figure 5.23. In the XRD plot,
the first reflection was indexed to the carbon component of the polymer backbone
with a d-spacing of 1.04 nm, and the other two reflections were indexed to the FCC
crystal structure of Ni1−xFex (reference pattern no 00-047-140). Two other impurity
peaks from NiFe2O4 were also shown in the expanded pattern of Figure 5.23. These
peaks were indexed to the cubic crystalline phase of NiFe2O4 (reference pattern no
00-054-0964), however, the intensity for these peaks was very low, and can only be
seen in the background noise. It suggested that the impurity was very small to the
overall fraction of the sample. In comparison to the low angle reflections of PVP for
x∼0.1 and x∼0.2, only one peak for carbon fragment was observed at a low angle for
x∼0.5 nanofibers. This could happen due to the alternative synthesis technique to
prepare x∼0.5, where a different method using DMF and iron precursor was used.
That can lead to the different degradation pathway of PVP and give only one peak
at a low angle. The fittings for the Ni1−xFex by using the upper right inset of the
reflections (111) and (200) gave a lattice parameter of 3.570 Å with the standard de-
viation of 0.001 which is less than the bulk Ni1−xFex with 3.59 Å but in agreement
with the lattice parameters found for the other Ni1−xFex nanoparticles from the pre-
vious literature[70, 147, 148]. The mean crystallite size calculated using the Scherrer
equation was 3.7 nm. Which showed that the number of small-sized Ni1−xFex was
increased with increasing x∼0.5.

FIGURE 5.23: XRD pattern of x∼0.5 nanofibers. Upper right inset: Enlargement of the
Ni1−xFex reflections. Blue bars are lattice patterns from reference pattern no 00-047-140 of
Ni1−xFex. The red asterisk (∗) symbol shows the impurity NiFe2O4 from reference pattern

no 00-054-0964
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5.3.1.7 Magnetic studies

The results from the magnetic measurements are shown in Figure 5.24. The main
graph shows the magnetization plotted against the applied magnetic filed at 5K
(black), 300K (blue), and 350K(red). It can be seen that the magnetization begins
to saturate above 0.5T, and the high field magnetization was ∼139 emu/g at 5K.
This value was less than that found in the bulk for Ni0.5Fe0.5 at 170 emu/g[70], but
still reasonably high considering there is still some carbon component from the poly-
mer remaining in these nanofibers. The magnetization was also plotted at 300k and
350K and the values for the saturation moment were 115 emu/g and 110 emu/g,
respectively. The value for the high field magnetization was increased to 82% of the
bulk value in comparison to the x∼0.1 (46%) and x∼0.2 (72%). This showed that
the saturation magnetization gets closer to the bulk saturation magnetization when
x was increased. The saturation magnetization value for the bulk NiFe2O4 is 56
emu/g[149] which is very low in comparison to the obtained value for x∼0.5. This
suggested that the fraction of impurity NiFe2O4 was very small as compared to the
overall fraction of the sample.

FIGURE 5.24: Plot of magnetization versus applied magnetic field, B, at 5K(black curve),
300K (blue curve, and 350K (red curve) for the x∼0.5 nanofibers after thermal processing.
Upper left inset: Plot of magnetization over a smaller magnetic field range. Lower right

inset: ZFc-FC curve for x∼0.5 nanofibers

The upper left inset in Figure 5.24 showed that x∼0.5 nanofibers have negligible
coercivity: 2.1 mT at 300 K and 1.8 mT at 350 K. The small value of coercivity 2.1 mT
when compared to the x∼0.1 (12 mT) and x∼0.2 nanofibers (8 mT) at room temper-
ature (300◦C) suggested that the majority of nanoparticles within x∼0.5 nanofibers
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are superparamagnetic in nature, while a few large nanoparticles have caused the
residual coercivity within x∼0.5 nanofiber. This was also confirmed from the lower
right inset of Figure 5.24 where the ZFC-FC curve is plotted against increasing tem-
perature at 10mT. ZFC-FC curve in Figure 5.24 has shown a range in blocking tem-
perature for x∼0.5 nanofibers, where the small nanoparticles (∼5 nm) were small
enough to show superparamagnetic response with the blocking temperature (TB)
∼125K. Both curves overlapped above room temperature which suggested that the
residual coercivity from the large nanoparticles ( 10 nm) has caused a variation in
the blocking temperature.

Figure 5.25 shows a plot of magnetization against increasing temperature at 6T
for x∼0.5. Similar to x∼0.1 and x∼0.2 nanofibers, there was a departure from the
Bloch temperature dependence at lower temperature magnetization, where Ms showed
an upturn below 15 K. This was attributable to the spin-disordered shell that disap-
peared at high temperature. The effect on the spin-disordered shell has shown a
good fit to the phenomenological equation (2.27) as explained for x∼0.1 and x∼0.2
nanofibers. The values are shown below in Table 5.4 given below.

FIGURE 5.25: Magnetization against temperature (black curve) plot at 6 T . The curve was
fitted (red dashed curve) with the Bloch’s equation (2.27)

Ms,c(6T,0K) (emu/g) Ms,d(6T,0K) (emu/g) n β(K3/2) T f (K)

132.3 7.2 1.51 1.76×10−5 14.5

TABLE 5.4: Fitted Magnetization (6T) to the phenomenological equation
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The value of n was found similar to x∼0.1 (1.53) and was also close to the bulk
value (1.5) [45] for x∼0.5 nanofibers. The value of β was larger than bulk iron
(3×10−6) or bulk nickel (7.5×10−6[141, 150, 151] for x∼0.5 nanofibers. This was
similar to x∼0.1[152] and other Ni50Fe50 nanoparticles[150] from the literature. The
fraction of spin disordered component, Ms,c was found to be very small (1.3%) with
1.76 emu/g. This was comparable to the Ms,c for both x∼0.1 (0.82 emu/g) and x∼0.2
(2 emu/g) nanofibers. The value of Ms,c was larger than the x∼0.1 (40.9 emu/g) and
x∼0.2 (84.4 emu/g) nanofibers and also from the literature reported value for the
electrospun Ni1−xFex mats from the previous literature. [5]

Figure 5.26 shows the differential susceptibility (dM/dH) curve plotted against
the applied magnetic field, B. The value of dM/dH was increased to 18 when com-
pared with the x∼0.1 (dM/dH=6) and x∼0.2 (dM/dH=11) nanofibers as well as with
other nanostructures.[153] This showed that an increase in x causes a progression in
the formation of small- sized nanoparticles, which is encouraging as small super-
paramagnetic nanoparticles can potentially have high differential susceptibility.

FIGURE 5.26: The plot of differential susceptibility for x∼0.5 nanofibers in comparison to
the x∼0.1 and x∼0.2 nanofibers



107

5.3.2 x∼0.5 nanofibers prepared using 20:80 mixture of Methanol/DMF

The synthesis of these x∼0.5 nanofibers was important to study the effect of using a
solvent mixture of 20% methanol: 80% DMF on the structural and magnetic proper-
ties of x∼0.5 nanofibers.

5.3.2.1 SEM of electrospun nanofibers

The SEM images for the electrospun sample are shown in Figure 5.27 (a) and (b).
It can be seen from the low-resolution image in Figure 5.27(a) that these nanofibers
have shown a quasi-unidirectional orientation similar to the DMF-based x∼0.5 nanofibers
and other fractions of x. The upper right inset in Figure 5.27 (a) showed the nanofiber’s
diameters distribution and the mean diameter was 271 nm with a standard devi-
ation of 70 nm. The other image in Figure 5.27 (b) provide a clear estimation of
the nanofiber’s width at high resolution. In comparison to the DMF-based x∼0.5
nanofibers (147 nm), the diameter of these nanofibers was slightly increased. No
difference was observed in the morphology of these electrospun nanofibers.

FIGURE 5.27: SEM images of electrospun nanofibers using a 20:80 methanol to DMF mixture
as the solvent. (a) Low resolution SEM image of the nanofibers at 1µm. Upper left inset: A
bar grapgh showing the average width of nanofibers. (b) A higher resolution SEM image of

(a) at 100 nm

5.3.2.2 SEM analysis of thermally processed nanofibers

The SEM images of the thermally processed x∼0.5 nanofibers are shown in Figure
5.28(a) and (b). The first image in Figure 5.28 (a) showed the formation of thin
nanofibers with retained morphology. The upper right inset of this image in Fig-
ure 5.28(a) showed the diameter size distribution with an average diameter of 158
nm at a standard deviation of 50 mn. These nanofibers have shown larger diameters
in comparison to the DMF-based x∼0.5 nanofibers (71 nm with a standard deviation
of 20 nm). However, the diameter was in the range of the diameters of x∼0.1 (160 nm
with a standard deviation of 40 nm) and x∼0.2 (112 nm with a standard deviation
of 20 nm) nanofibers. This indicates that the addition of 20% methanol has changed
the diameter of these nanofibers. The high-resolution second image in Figure 5.28
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(b) shows rough surfaced nanofibers. Similar to x∼0.1 and x∼0.2, these nanofibers
showed more rough surfaces, whereas relatively smooth surfaced nanofibers were
observed for DMF based x∼0.5 nanofibers. From this image, it can be seen that these
nanofibers have surface-decorated Ni1−xFex nanoparticles that were large enough
to be seen at the SEM resolution. The estimated size for these nanoparticles could
be in-between ∼30-40 nm, which is comparatively larger than DMF based x∼0.5
nanofibers. These large-sized Ni1−xFex nanoparticles could be polycrystalline in na-
ture. The results show that even a small addition of methanol (20%) in 80% DMF
caused a difference in the nucleation of x∼0.5 nanofibers. Furthermore, the sam-
ple exhibits a similar structural characteristic to x∼0.1 and 0.2 nanofibers prepared
using 100% methanol as the solvent.

FIGURE 5.28: Thermally processed x∼0.5 nanofibers prepared using a 20:80 methanol to
DMF mixed solvent. (a) Low-resolution SEM image at 1 µm. Upper right inset: Average

widths of nanofibers. (b) High-resolution SEM image at 100 nm

5.3.2.3 XRD analysis

The XRD pattern is shown in the Figure 5.29. The first two peaks at lower angles
were indexed to the PVP peaks from the literature[122, 135] and the other two peaks
were indexed to the FCC crystalline phase of Ni1−xFex.[70] Likewise, DMF based
x∼0.5 XRD pattern, the impurity peaks from the NiFe2O4 (shown by asterisk = *)
were very small and could only be seen in the background noise. This XRD pattern
has shown the presence of a different carbon component as compared to the DMF
based x∼0.5 nanofibers, but it was found similar to the XRD patterns for x∼0.1, and
x∼0.2 nanofibers. It showed that the degradation pathway in 20% methanol was
similar to the degradation pathway of 100% methanol-based nanofibers (x∼0.1, and
x∼0.2). Such behavior highlighted the role of methanol addition, wherein that even
a small percentage can change the degradation pathway. The Scherrer crystallite
size was 13 nm for these nanofibers, which showed that the large nanoparticles from
the SEM images could be polycrystalline in nature. The calculated lattice parameter
was 3.560 Å with a standard deviation of 0.003 Å. This value was found close to the
lattice parameter by DMF-based nanofibers (3.570 Å with the standard deviation of
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0.001 Å) and was in agreement with the value for lattice parameter at this fraction x
from the previous literature. [70]

FIGURE 5.29: XRD pattern of x∼0.5 nanofibers prepared from a 20:80 mixture of methanol
to DMF

5.3.2.4 Magnetic studies

The results from the magnetic studies are shown in Figure 5.30. The main graph in
Figure 5.30 shows the magnetization plot against the applied magnetic field at 5K
(black) and at 300 K (blue). It can be seen that the magnetization begins to saturate
above 0.5 T to reach an overall value of 25 emu/g. The value of high field magnetiza-
tion (Ms) at 5 K was reduced to only 14% of the bulk value (170 emu/g). This value
was significantly reduced when compared to the Ms value for the DMF-based x∼0.5
nanofibers (82%) and the Ms values for x∼0.1 (46%), and x∼0.2 (72%). The reduc-
tion in the magnetic moment suggests the formation of highly disordered Ni1−xFex

phase within x∼0.5 nanofibers. The other reasons include increased surface disor-
der, dangling bonds at the surface, strain, and oxidation of the surface.[154–156]
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FIGURE 5.30: Plot of magnetization versus the applied magnetic field, B, at 5k (black) and
300K (blue), for x∼0.5 nanofibers made from 20:80 mixture of methanol: DMF. Upper left

inset: Plot of magnetization at a smaller field region

The coercivity was 55 mT at 5 K, which reduces to 6.8 mT at 300 K. In compari-
son to the coercivity 2.1 mT of DMF based x∼0.5 nanofibers, the value of coercivity
was greater at room temperature. Whereas, it was less than that of the found val-
ues of coercivity for x∼0.1 (12 mT)and x∼0.2 (8 mT) nanofibers. The appearance of
coercivity at room temperature indicates that the Ni1−xFex nanoparticles were not
superparamagnetic. The absence of superparamagnetism suggests the presence of
large nanoparticles within these nanofibers. This was consistent with the SEM im-
ages where the presence of large Ni1−xFex nanoparticles was observed on the surface
of the nanofibers.
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The main plot in Figure 5.31 shows the dependence of Ms at 6T with increasing
temperature. Likewise, DMF-based x∼0.5 nanofibers, the departure from the Bloch
temperature dependence was observed for the Ms below 20K. This was also seen for
x∼0.1 and x∼0.2 nanofibers and was attributed to the presence of spin-disordered
shell. The effect of the spin disordered shell was fitted with the previously used
phenomenological equation (2.27), similar to the DMF based x∼0.5 nanofibers, and
other fractions of x. The fitted parameters are shown below in Table 5.5.

FIGURE 5.31: Magnetization plot at 6T (black curve); the red curve is a fit using Bloch’s
equation (2.27). Lower right inset: ZFC-FC curves above 300K at a smaller applied field 10

mT

Ms,c(6T,0K) (emu/g) Ms,d(6T,0K) (emu/g) n β (K1.8) T f (K)

24.1 1.2 1.8 3.2×10−6 15

TABLE 5.5: Fitted Magnetization(6T) parameters from phenomenological equation (2.27)

The value of n=1.8 has shown a deviation from the bulk value n=1.5 for Ni1−5Fex.
The n was also large when compared to the DMF-based x∼0.5 nanofibers (1.51), and
x∼0.1 nanofibers (1.53). However, this was found similar to the n=1.8 for x∼0.2
nanofibers. The increase in the value of n could be due to various complicated rea-
sons including oxidation of the polycrystalline core regions, surface disorder, or
the oxidation of the surface. However, it requires further analysis for confirma-
tion. The fitted value of the Bloch’s constant (β) was 3.2×10−6 that was found in
range with the bulk iron (β=3×10−6), similar to the β value (1.3∼10−6) for x∼0.2
nanofibers. However, it was found to be larger when compared to the DMF based
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x∼0.5 nanofibers with β=1.76×10−5, and x∼0.1 nanofibers with β=1.53×10−5. The
value for spin freezing temperature (TF=15K) was found in the range of the observed
value of TF=15 for DMF based x∼0.5 nanofibers. This was also in range with the val-
ues of TF= 21K for x∼0.1 and TF= 17K for x∼0.2 nanofibers. This showed that the
magnetic behavior from the magnetically ordered core does not change by increas-
ing the fraction of x.

The upper right inset in Figure 5.31 shows the ZFC-FC curves measured at 10
mT. There was no evidence of superparamagnetism from this ZFC-FC curve, which
is consistent with the formation of larger nanoparticles (≥ ∼30-40 nm) than the su-
perparamagnetic regime (>8-10 nm). [157]
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5.4 Summary

In this chapter, a novel method for the preparation of high-quality Ni1−xFex nanofibers
with x∼0.5 was successfully developed. This method has resolved the issues from
the existing method in the literature which includes the instability of isolated x∼0.5
nanofibers formation and melting to form sheets when methanol was used as a sol-
vent in a combination of hydrated salts of metal ions. In this method, DMF was
used a solvent, and iron acetylacetonate was used as an iron source with nickel ac-
etate. The other parameters including the applied voltage (20 kV) in the electrospin-
ning setup, vacuum annealing (150◦C at 4 hrs and 0.05 MPa), and the ramp rate in
the furnace (20◦C/min to reach 300◦C at the first step) were also optimized in this
method.

These nanofibers have shown thinner diameters and contained narrow skewed
size nanoparticle distribution with the formation of the increased number of smaller-
sized nanoparticles (∼ 5 nm). This was different from the bimodal particle size dis-
tribution of x∼0.1 and the skewed distribution of x∼0.2 nanofibers. Unlike x∼0.1
and x∼0.2, a different residual carbon component was observed in the XRD pattern
Which showed the degradation pathway for polymer fragments was different in the
presence of DMF. The saturation magnetization was significantly increased to 82%
of the bulk value for x∼0.5 nanofibers when compared with x∼0.1 (46%) and x∼0.2
(72%) nanofibers. The coercivity was also decreased to 2.1 mT at room temperature
as compared to the 12 mT for x∼0.1, and 8 mT for x∼0.2 nanofibers. Due to the
formation of smaller nanoparticles, the ZFC-FC curve showed a superparamagnetic
curve-like behavior (TB ∼125) with some residual coercivity from larger nanoparti-
cles (9 nm). The differential susceptibility for x∼0.5 nanofibers was also increased
to 18 when compared to the values of 6 for x∼0.1 and 11 for x∼0.2 nanofibers. In-
creased differential susceptibility and negligible coercivity are favorable for the po-
tential applications in wireless charging applications.

The formation of Ni1−xFex nanofibers with x∼0.5 was also investigated by using
a 20:80 mixture of methanol/DMF to study the effect of methanol addition in the
formation of x∼0.5. Similar to x∼0.1, these nanofibers have shown the formation
of large surfaced nanoparticles. The residual carbon fragments in the XRD pattern
were found to be similar with x∼0.1 and x∼0.2 nanofibers, which suggested that
the degradation pathway differs in the presence of methanol than pure DMF based
x∼0.5 nanofibers. The Scherrer size was 13 nm which suggested the formation of
polycrystalline nanoparticles as the particle sizes were estimated between ∼30-40
nm from the SEM images. These nanofibers have shown a significant reduction in
the saturation magnetization 25 emu/g which is only 14 % to the bulk with the
coercivity of 6.8 mT. The reduction in the magnetization suggested the formation of
highly disordered polycrystalline Ni1−xFex nanoparticles within these nanofibers.
This has shown that the addition of methanol has caused detrimental effects on the
properties of these x∼0.5 nanofibers.
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5.5 Future outlook

The results from this study is encouraging and can be of further interest to investi-
gate these following points in the future:

• What will happen in the nucleation of magnetic nanofibers, if the x is further
increased?

• Will it further decrease the Ni1−xFex nanoparticles size/ more homogeneity in
nanoparticles?

• Will it shift the saturation moment to higher values with increasing fraction of
x?

• Will it shift the magnetic hysteresis to zero at room temperature when x is
further increased?
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Preface

The next chapter explains the synthesis and characterizations of the electrospun
MnFe2O4 nanofibers. These nanofibers were processed at two different thermal pro-
cessing temperatures. The structural and magnetic properties differences are high-
lighted in detail at these thermal processing temperatures.
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Chapter 6

Manganese ferrite (MnFe2O4)

nanofibers

6.1 Introduction

Manganese ferrite is a well-known soft magnetic material owing to its low magne-
tocrystalline anisotropy, low coercivity, low remnant magnetization, and high per-
meability. It has been advantageous in the reduction of eddy-current losses due to
its high resistivity. [158, 159] The applications of MnFe2O4 have been widely ex-
ploited in electronic devices[160], magnetic inductors[161], high density recording
media[162], and in high frequency transformers[158]. The crystal structure of man-
ganese ferrite is an isomorphic form of the mineral spinel Mg2+Al2

3+O4
2− where

trivalent Fe3+ replaces the Al3+ and divalent cation Mn2+ replaces the divalent Mg2+

in the formula unit. MnFe2O4 crystallizes as a spinel structure with a space group
of Fd-3m where the O2− atoms occupy the tetrahedral (A) and octahedral sites (B).
In normal spinel structures, the divalent metal ions Mn2+ occupy the tetrahedral
(A) site whereas, the trivalent Fe3+ will only occupy the octahedral site (B).(Figure
6.1) Whereas, in inverse spinel structures, divalent cations (Mn2+) occupy half of
the B sites and other halves of B sites and all A sites are occupied by the trivalent
cations (Fe3+).[163, 164] The high temperature synthesis of MnFe2O4 can cause the
migration of some Mn2+ ions from site A to site B. Therefore, it is characterized as a
mixture of both spinel and inverse spinel structures.[164]

The net magnetic moment of manganese ferrite varies between (3-5 µB) depend-
ing upon the degree of inversion indicated as (Mn2+

1−x Fe3+
x ) [Mn2+

x Fe3+
2−x], where the

parentheses show the tetrahedral site occupancy and square brackets show the oc-
tahedral site occupancy and x is the degree of inversion (5 µB when x=0, and 3µB

when x=1).[165, 166] The magnetic properties of manganese ferrite are dependent
on the occupancy and exchange of cations in the two sites. The A-B interaction is
the strongest super-exchange interaction, followed by the B-B, and then A-A super-
exchange interaction in spinel ferrites, and the total magnetic moment can be cal-
culated by the magnetic moment of ions and the exchange interactions between
them.[166–169] The preparation of manganese ferrite in nanodimensions is inter-
esting as it can alter the magnetic properties, as in superparamagnetic state, it shows
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FIGURE 6.1: Spinal crystal structure of manganese ferrite

the size-dependent magnetization and can reduce the eddy current losses due to
high resistivities. Other magnetic properties includes spin glass transition and vari-
able magnetic crystalline anisotropy in nanodimensions which is dependent on the
synthesis method. [53] There have been various reports for the synthesis of mag-
netic MnFe2O4 nanoparticles to achieve high magnetic saturation moment, low co-
ercivity, and low remanent magnetization. For example, a report on superparam-
agnetic nanoparticles (5 nm in size) prepared by a chemical precipitation method
showed an Ms value 69 emu/g [53] Similarly, polymer coated (PVP) superparam-
agnetic MnFe2O4 nanoparticles showed values between 32-54 emu/g (depends on
the coating thickness) that are used for drug delivery applications.[60] Another re-
port on electro-chemically prepared MnFe2O4 nanoparticles has shown a reasonable
saturation magnetization 73 emu/g with small coercivity 12 mT at 5 K. [61] The
magnetic properties of MnFe2O4 can be tuned depending on their size, shape, di-
ameter, and the mode of preparation.[163] There is a potential in the fabrication of
uni-directional nanofibers/nanorods that can lead to low demagnetization with high
susceptibility due to their shape anisotropy.

There are some reports that investigate the preparation of MnFe2O4 nanofibers
for their magnetic properties by electrospinning, where various combination mix-
tures with metal precursor salts and polymers were used. [71, 76, 170] The motiva-
tion for this study was to explore the characterization of MnFe2O4 nanofibers, as the
magnetic properties were not studied in detail in the previous literature.[72, 74, 76]
For this, manganese ferrite nanofibers were prepared by electrospinning and char-
acterized in detail to evaluate their structural and magnetic properties.

This chapter reports the exploration of synthetic methods for MnFe2O4 nanofibers
by electrospinning, and the effect of thermal processing on MnFe2O4 nanofibers that
were processed at two different temperatures. The prepared nanofibers were fully
characterized to study the effect of annealing temperature on the nucleation and
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structural properties. The magnetic properties were also analyzed in comparison to
the bulk and at two different temperatures.

6.2 Experimental

6.2.1 Chemicals used

Manganese chloride tetrahydrate (MnCl2 · 4 H2O) 99%, Iron nitrate nonahydrate (Fe(NO3)3 .9 H2O)
98%, Tris acetylacetonate iron (Fe(C5H7O3)3) 97%, Polyvinylpyrrolidone(PVP) ((C6H9NO)n),
and Polyvinyl butyral (C8H24O2n) (MW=70,000-100,000) were purchased from Sigma-
Aldrich. Manganese nitrate tetrahydrate (Mn(NO3)2 · 4 H2O) 99% was purchased
from Acros Organics. Dimethylformamide (DMF) 99.8% was purchased from Acro
seal ®.

6.2.2 MnFe2O4 solution preparation for electrospinning

6.2.2.1 Selection of the ideal solutions using different polymers, solvents, and
precursors

For the preparation of MnFe2O4 nanofibers, different combinations of both metal
ions salt and solvents were used. As for the electrospinning, a homogeneous mixture
of both precursor salts in (1:2, Mn2+ to Fe3+) was used and the compatibility of both
metal precursors with the solvent and polymer was explored. A summary of the
various combinations tried is studied in Table 6.1. 6.1

The first row in Table 6.1 showed that manganese chloride tetrahydrate and iron
nitrate nonahydrate were dissolved in ethanol in a stoichiometric ratio of 1:2. The
addition of PVP to this solution was not stable and resulted in a gel formation that
precipitated out in the solution. Similar results were obtained when manganese
nitrate was used with iron nitrate and PVP in the second attempt.

The third row in Table 6.1 showed the effect of changing the polymer and sol-
vent by using polyvinylbutyral (PVB) with water. The metal precursors were kept
unchanged (manganese nitrate and iron nitrate). Similar results were obtained with
the precipitation of gel when polymers were added to the dissolved metal ions solu-
tions.

The fourth row in Table 6.1 showed that a homogeneous mixture was obtained
when a combination mixture of ethanol: water was used as a solvent for manganese
nitrate, iron nitrate as metal precursors, and PVP as polymer. But due to the high
ionic strength of the solution including the high content of nitrate ions (NO3

2−), the
solution was not able to electrospun.

In the final two attempts, DMF was used as a solvent, and iron acetylacetonate
was used as an iron source separately with manganese chloride tetrahydrate and
manganese nitrate tetrahydrate with the addition of PVP. While both solutions were
electrospun separately, only successfully isolated nanofibers were obtained with
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manganese nitrate tetrahydrate, iron acetylacetonate, PVP, and DMF (as solvent),
as given in the last row in the Table. 6.1.

Manganese
salt

Iron salt Polymer Solvent Comments

Manganese
chloride
tetrahydrate

Iron nitrate
nonahydrate

PVP Ethanol Gel precipi-
tation

Manganese
nitrate
tetrahydrate

Iron nitrate
nonahydrate

PVP Ethanol Gel precipi-
tation

Manganese
nitrate
tetrahydrate

Iron nitrate
nonahydrate

PVB Water Gel precipi-
tation

Manganese
nitrate
tetrahydrate

Iron nitrate
nonahydrate

PVP Water:Ethanol Ionic
strength
using both
nitrates
hindered
electrospin-
ning

Manganese
chloride
tetrahydrate

Iron acety-
lacetonate

PVP DMF Fused
nanofibers

Manganese
nitrate
tetrahydrate

Iron acety-
lacetonate

PVP DMF Isolated
nanofibers

TABLE 6.1: The different combinations of solution mixtures tried for electrospinning
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6.2.2.2 Electrospinning of MnFe2O4 nanofibers

The combination mixture was first optimized to obtain a suitable viscosity by chang-
ing the PVP concentration in the solution as given in Table. 6.2.

In a typical synthesis, 4 mmol of each, 1 g of manganese nitrate tetrahydrate,
and 1.4 g of iron acetylacetylacetonate were dissolved separately in 6.5 mL of DMF.
From their separate solutions, 1 mL of dissolved manganese nitrate and 2 mL of
iron acetylacetonate were transferred into a separate flask and stirred at a constant
speed. Into this homogenised mixture, an optimised quantity of polymer from Ta-
ble 6.2 was added. For this, three separate solutions were prepared starting from
the high concentration of PVP, 1g, 0.5g, and the lowest 0.4g of PVP was added and
stirred for an hour to get homogeneous solutions. While the first two solutions were
too thick to electrospun, only 0.4g of PVP was found with optimum viscosity for
electrospinning. Finally, the prepared solution was transferred into a 5 mL metallic
syringe attached to the electrospinning set-up fitted with a 22 gauge needle. The
electrospinning parameters were the same as were used for x∼0.5 nanofibers in the
previous chapter as per given Table 6.3.

Manganese
nitrate
tetrahydrate
(mmol)

Iron acety-
lacetonate
(mmol)

PVP (g) DMF (mL) Comments

0.6 1.2 1 3 Too thick for
electrospin-
ning

0.6 1.2 0.5 3 Too thick for
electrospin-
ning

0.6 1.2 0.4 3 Good for
electrospin-
ning

TABLE 6.2: The concentration of solutes and polymer in DMF tried to obtain an optimised
viscosity for electrospinning

Infusion
rate (mL/hr)

Voltage (kV) Distance
(cm)

Needle (G) Drum speed
(rpm)

0.4 20 10 22 60

TABLE 6.3: The electrospinning parameters used to prepare MnFe2O4 nanofibers
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6.2.3 Thermal treatment of electrospun MnFe2O4 nanofibers

The prepared electrospun MnFe2O4 nanofibers were placed under a vacuum and
heated at 150◦C for 4 hours at 0.05 MPa to remove the solvent (DMF). After this,
the sample was left overnight in a vacuum, at the same pressure, to further dry the
sample before thermally annealing it in the tube furnace. For the final heat treatment
process, the sample was peeled off from the aluminum foil and placed on alumina
grids, and placed into the tube furnace. The oxidation of the sample was optimised
by changing various conditions as explained below.

6.2.3.1 Thermal processing in the presence of argon

For the fabrication of MnFe2O4 nanofiber, the electrospun sheet was first thermally
annealed using the same heating profile previously used for x∼0.5 (Ni1−xFex) nanofibers.
In this three-step temperature profile, the electrospun MnFe2O4 sheet was first heated
to 300◦C at a 20◦C/min ramping rate for two hours. Then the temperature was
raised to 620◦C at 5◦C/hr for two hours to promote the nucleation of MnFe2O4

nanoparticles within nanofibers. At the final step, the temperature is again reduced
back to 300◦C at a ramp rate of 5◦C/min for 2 hours before it was furnace cooled to
room temperature. All three steps were performed in the presence of a continuous
flow of 99.9% argon gas.

FIGURE 6.2: (a) XRD patterns and (b) SEM image for the MnFe2O4 nanofibers processed in
argon

The XRD pattern in Figure 6.2(a) shows the presence of a mixture of bimetal-
lic manganese-iron alloy (Fe0.96Mn0.04, powder diffraction pattern no 04-003-7049),
manganese iron oxide (Fe0.55Mn0.45O, powder diffraction pattern no 04-024-7262),
carbon component (powder diffraction pattern no 01-073-5918), and some elemental
manganese (powder diffraction pattern no 04-006-6398) and iron (powder diffrac-
tion pattern no 04-018-8483) in the nanofibers. The SEM image in the Figure 6.2 (b)
showed the formation of predominately isolated nanofibers. The formation of this
mixture shows that the environment used (argon) for thermal processing was not
oxidising enough to obtain the manganese ferrite nanofibers. Therefore, in the next
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step, the nanofibers were thermally processed in the air since pure argon has very
minute amounts of oxygen content to oxidise the Mn and Fe to form MnFe2O4.

6.2.3.2 Thermal processing in the presence of air

To see the effect of air, the prepared electrospun MnFe2O4 nanofibers were processed
by using two different temperature profiles. At first, the same three-step tempera-
ture profile was used as discussed above for thermal annealing in argon, where the
highest temperature used was 620◦C.

The other temperature profile was a four-step temperature profile where the
highest annealing temperature was increased to 800◦C. In the first step, the temper-
ature was ramped up to (300◦C) at 20◦C/min for two hours. This was then ramped
up to (620◦C) at 5◦C/min for two hours, and then further ramped up to 800◦C at
5◦C/min for two hours in the third step. The final step was ramped down to 300◦C
at 5◦C/min for an hour before it was furnace cooled to room temperature. All steps
were performed in the presence of air.

FIGURE 6.3: SEM images for the MnFe2O4 nanofibers processed in air (a) at 620 ◦C, (b) at
800 ◦C, and (c) XRD patterns at 800◦C

The result in Figure 6.3 (a) showed that at low temperature 620◦C the nucleation
of nanofibers was more like beaded-chains. These beaded chains were broken down
into smaller fragments when the temperature was increased to 800◦C, which showed
that the high temperature was not suitable for the growth of MnFe2O4 nanofibers.
Figure 6.3 (c) shows the XRD pattern of the sample annealed at high temperature
(800◦C). It can be seen that in excess of oxygen, the sample was composed of a mix-
ture of hematite (Fe2O3, powder diffraction pattern no 04-006-6579), manganese fer-
rite (MnFe2O4, powder diffraction pattern no 04-016-1572), and some manganese
carbide (Mn7C3, powder diffraction pattern no 04-007-1048). This showed that the
annealing atmosphere contained more oxygen than required to obtain MnFe2O4

nanofibers.
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6.2.3.3 Thermal processing in the presence of argon and air

The thermal annealing profile was further modified based on the observations above,
where both argon and air give impurity phases for the MnFe2O4. There was not
enough oxygen to oxidise the electrospun sample in the former case with argon, and
there was too much oxygen in the later case where the electrospun sample formed
the iron oxide as a major component of the sample in the air. Therefore, the environ-
ment for thermal annealing was optimised where the sample was treated in argon
at a low temperature, and then the argon was turned off to allow the air to leak into
the furnace tube for the oxidation of the sample at high temperatures.

The two different temperature profiles were used where the sample was treated
first by using the four-step temperature profile. In this, the temperature was ramped
up to 300◦C/min for two hours, and then ramped up to 620◦C at 5◦C/min for two
hours in presence of argon. This was further ramped up to 700◦C at 5◦C/min and
when the high temperature was reached, argon was turned off. The sample was
heated at this step for an hour in the presence of some residual argon in the tube and
leaked in air from the inlet. The temperature was ramped down to 300◦C at 5◦/min
for an hour and then furnaced cooled at room temperature. This step has allowed
some air to leak into the tube furnace for the oxidation of MnFe2O4 nanofibers to
create an argon-air gas mixture to aid the oxidation of Mn and Fe to form MnFe2O4.
This sample was named MN-700◦C.

Another batch of MnFe2O4 nanofibers at 620◦C in the same argon-air mixture
presented above was prepared. To recap, the temperature was first ramped up to
300◦C at 20◦C/min for two hours under argon flow. After that, the ramp rate was
changed to 5◦C/min to increase the temperature to 620◦C in the second step, and
argon was turned off, when the high temperature (620◦C) was reached. The sample
was annealed at 620◦C for 2 hours and then ramped down to 300◦C at 5◦C before it
was allowed to furnace cool down to room temperature. This sample was assigned
as MN-620◦C.

6.3 Results and analysis

6.3.1 SEM of electrospun MnFe2O4 nanofibers

Figure 6.4 shows the electrospun MnFe2O4 nanofibers before (6.4 (a)) and after (6.4
(b)) vacuum treatment. Both images show that the nanofibers’ surfaces are smooth
with no branching. A reduction in the diameter of the nanofibers after vacuum treat-
ment at 150◦C for 4 hours, showed that there was some removal of solvent (DMF)
from the electrospun sheets. The slow removal of DMF has not caused a disintegra-
tion of the nanofibers and they retained the fibrous morphology. The histogram plot-
ted in Figure 6.5 shows the average diameter of the as-prepared nanofibers (green)
that was found to be ∼248 nm with a standard deviation of 45 nm. Whereas, the av-
erage diameter of the vacuum-treated nanofibers’ (red bars) has reduced to ∼178 nm
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FIGURE 6.4: SEM images of electrospun MnFe2O4 nanofibers. (a) After electrospinning. (b)
After vacuum treatment

with a standard deviation of 25 nm. The role of vacuum annealing was important
which is already discussed in the previous chapter for DMF based x∼ 0.5 nanofibers.

FIGURE 6.5: A bar graph of the distribution of the diameters of the MnFe2O4 nanofibers
before vacuum treatment (green) and after vacuum treatment (red). The average diameters

are also indicated on the plot
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6.3.2 SEM analysis of thermally processed MN-700◦C and MN-620◦C nanofibers

SEM result from the MN-700◦C nanofibers is shown in Figure 6.6. It can be seen
from Figures 6.6 (a) that the MN-700◦C nanofibers surfaces were decorated with
nanostructural particles. The thermally annealed MN-700◦C nanofibers show rough
surfaces when compared to the electrospun sample. The high-resolution SEM image
in Figure 6.6 (b) shows the formation of ribbon-like nanofibers of thin widths. The
mean width for MN-700◦C nanofibers was reduced to ∼134 nm with a standard
deviation of 35 nm, which indicates the removal of polymer and other precursors
ions at high temperatures. Some thinner nanofibers of ∼40 nm were also seen in this
sample.

FIGURE 6.6: SEM images of MN-700◦C nanofibers. The higher magnification image is shown
in (b). Upper right inset: mean diameter and distribution of the diameters of these nanofibers

The SEM results for MN-620◦C nanofibers are shown in Figure 6.7. It can be
seen from the low-resolution image in Figure 6.7 (a) that the nanofibers show rough
surfaces with the presence of smaller nanobeads. Figure 6.7 (b) shows the high-
resolution image for MN-620◦C nanofibers that showed the beaded nanofibers have
thin widths. The mean diameter for MN-620◦C nanofibers was 153 nm with a stan-
dard deviation of 33 nm which is in range with the MN-700◦C nanofibers. However,
more prominent beaded nanofibers were observed for MN-620◦C nanofibers.
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FIGURE 6.7: SEM images of MN-620◦C nanofibers. The higher magnification image is shown
in (b). Upper right inset: mean diameter and distribution of the diameters of these nanofibers

6.3.3 TEM analysis

TEM analysis for the MN-700◦C nanofibers is shown in Figure 6.8. It can be seen
in Figure 6.8 (a) that the nanofibers surfaces were decorated with small nanoparti-
cles that range from 30-50 nm. The image was taken at high magnification in Figure
6.8 (b) showed the scales on the surface of MN-700◦C nanofibers. These scaly sur-
faced nanofibers show the presence of lattice fringes with d-spacing 3.48Å which is
attributable to the nanostructured graphitic carbon from the literature.[171–173] Un-
der normal conditions a higher temperature, 850◦C, is required to induce the crys-
tallinity of graphitic carbon but the results have shown the formation of the graphitic
component at 700◦C under Ar/air environment for these nanofibers. This was also
reported in a study on the thermal conductivity of graphitic carbon nanoparticles
where 700◦C temperature has shown to be sufficient temperature to induce slight
crystallinity in the sample. [174] Figure 6.8 (c) shows the presence of some single
crystalline MnFe2O4 nanorods on the nanofibers (indicated with a red arrow), while
some broken single crystals can also be seen on the decorated nanofibers. The pres-
ence of dark nanoparticles on the light background in Figure 6.8 (d) showed the
difference in atomic mass of these nanoparticles which is due to the formation of
MnFe2O4 nanoparticles discussed below in the XRD of these nanofibers. This sam-
ple (MnFe2O4 nanofibers) contained both MnFe2O4 nanoparticles decorated on a
carbon backbone nanofibers and MnFe2O4 single nanorods.
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FIGURE 6.8: TEM images of MN-700◦C. (a) Low magnification image showing the MnFe2O4
nanoparticles decorated nanofibers. (b) Lattice fringes from the carbon component. (d-
spacing is shown on the image). (c) Image at low magnification showing a single crystal
MnFe2O4 nanorods. (d) Small scale image showing scaly carbon backbone with surfaced

MnFe2O4 nanoparticles.

TEM images from MN-620◦C in Figure 6.9 (a) and (b) showed the nanofibers
are composed of MnFe2O4 nanoparticles. There was a range in these nanoparticle
sizes, where the size of smaller nanoparticles of 11-13 nm and some large nanopar-
ticles of 26 nm were present. There are also some very large nanocrystals of ∼62
nm that protrude out from the surface. The presence of large nanocrystals indi-
cated a difference in nucleation, where a thermal degradation at 620◦C has led to the
formation of nucleation sites for the slow growth of large nanocyrstals. This is dif-
ferent than MN-700◦C nanofibers where the nucleation of large surfaced MnFe2O4

nanoparticles was observed. That could be due to the annealing at higher temper-
ature (700◦C) that can facilitate the Ostwald ripening for the nucleation of larger
surfaced MnFe2O4 nanoparticles. No lattice fringes from the graphitic carbon com-
ponent were observed for these nanofibers.

Figure 6.9 (b) show that these nanofibers also contain some single crystalline
nanorods of MnFe2O4 as was seen from MN-700◦C nanofibers. There was some
amorphous component attached around the surface of nanofibers, which indicated
the presence of carbon components in these nanofibers. The d-spacing from the
lattice fringes on Figure 6.9 (b) was calculated to be 2.54 Å, which is indexed to
the crystal plane [311] of the MnFe2O4 from the reference pattern 04-016-1572. This
provided an indication for the preferred direction that was along the short axis in
direction of [311] lattice plane.
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FIGURE 6.9: TEM images of MN-620◦C nanofibers. (a) MN-620◦C nanofibers contain-
ing MnFe2O4 nanoparticles. (b) Single crystalline MnFe2O4 nanorod found among the

nanofibers showing lattice fringes with the calculated d-spacing on this figure

6.3.4 STEM maps and elemental composition

STEM maps of MN-700◦C are given in Figure 6.10 (a) to (e), where image 6.10 (a)
was the reference image used for the analysis. The reference image was selected
to show the nanoparticles decorated MnFe2O4-700◦C nanofibers as well as to show
the MnFe2O4 single crystal nanorod. Only one nanorod is shown in the upper right
corner of the TEM image in Figure 6.10 (a) The second image (6.10 (b)) showed the
uniform distribution of carbon throughout the length of these nanofibers which pro-
vided a backbone to adhere the surfaced MnFe2O4 nanoparticles. There was no
evidence of carbon around the nanorod in the upper right corner of the carbon map.
The third image Figure 6.10 (c) showed the oxygen was evenly distributed on the
nanoparticles as well as on the nanorod presented in the upper right corner of the
Figure 6.10 (a). Oxygen can also be seen in the backbone of MN-700◦C nanofibers
but it was less dense as compared to the nanoparticles and nanorod. Figure 6.10 (d)
and (e) show both manganese and iron maps, which showed a uniform distribution
of both within the nanoparticles as well as in the nanorod. There was no indication
of their presence in the carbon backbone. Therefore, this STEM analysis confirms
the presence of Mn, Fe and O on the nanoparticles and nanorod which was later
confirmed by XRD that they are MnFe2O4.
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FIGURE 6.10: STEM maps of MN-700◦C nanofibers. (a) TEM image of the nanofibers used
for the maps. (b) Carbon map. (c) Oxygen map. (d) Manganese map. (e) Iron map

The STEM maps of MN-620◦C are shown in Figure 6.11 (a) to (e). Figure 6.11 (a)
represents the reference image used for the STEM mapping of MN-620◦C nanofibers.
This image has shown MnFe2O4 nanoparticles loaded nanofibers. The presence of
a carbon backbone was further elucidated in Figure 6.11 (b) which showed the car-
bon was homogeneously distributed along the length of the MN-620◦C nanofibers.
Figure 6.16 (c) show that oxygen was not homogeneously distributed together in the
carbon backbone but as discrete spots on the nanofibers where nanoparticles were
present. The areas/spots with oxygen coincide with that of Mn and Fe as shown
in Figures 6.11 (d) and 6.11 (e). Similar to MN-700◦C, these maps conclude that the
nanoparticles were MnFe2O4 attached to the carbon backbone.
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FIGURE 6.11: STEM maps of MN-620◦C nanofibers. (a) The reference TEM image for the
maps. (b) Carbon map. (c) Oxygen map. (d) Manganese map. (e) Iron map

The EDS analysis of MN-700◦C is given in Figure 6.12. It can be seen from the
EDS spectra that manganese and iron were present in a close value to what is ex-
pected in these nanofibers. The presence of oxygen is attributable to the forma-
tion of oxide nanoparticles in these nanofibers and some fragments of PVP from
the graphitic carbon component. However, the carbon component is maintained
to the overall length of nanofibers as a backbone substrate to adhere the MnFe2O4

nanofibers. The detailed elemental analysis for these nanofibers is given in the table
attached to the Figure 6.12

FIGURE 6.12: TEM image and EDS spectrum of MN-700◦C nanofibers

The EDS spectrum of MN-620◦C (Figure 6.13) indicates a close value to the ex-
pected fraction for manganese, iron and oxygen. Since the same electrospun nanofibers
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were used for both samples there should not be any significant difference in the frac-
tions of both iron or manganese.

FIGURE 6.13: TEM image and EDS spectrum of MN-620◦C nanofibers

6.3.5 SAED analysis

SAED of MN-700◦C nanofibers is shown in the Figure 6.14. The six major rings were
indexed to the cubic spinel phase of MnFe2O4 with an Fd-3m space group (reference
pattern no 04-016-152). The mean value of the lattice parameter calculated was 8.478
Å with a standard deviation of 0.036 Å. This value is in range with that of bulk
MnFe2O4 ∼ 8.4938 Å given by reference no. 04-016-1572. Similar to the previous
diffraction results from Ni1−xFex nanofibers, bright spots over the diffused rings
were observed on these diffraction patterns, which can be attributed to the presence
of different sized MnFeO4 nanoparticles. This sample has shown the appearance
of more bright spots due to the presence of bigger size nanoparticles, which is in
agreement with the TEM results above. The more brighter spots were attributable
to the rods or the large crystals of MN-700◦C nanofibers as per shown on the upper
right inset of Figure 6.14.
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FIGURE 6.14: SAED pattern of MN-700◦C nanofibers

The SAED pattern of MN-620◦C nanofibers is shown in Figure 6.15. Similar to
MN-700◦C, the five rings shown in the figure were indexed to the cubic spinel phase
of MnFe2O4. Here, the very first ring, (111), was not observed but was present for
MN-700◦C nanofiber due to the large exposure of the sample to the electron beam in
TEM that can lead to the more brighter middle spot. This diffraction has shown the
bright spots over diffused rings, which is attributed to the small and large MnFe2O4

nanoparticles in MN-620◦C nanofibers. The mean value of the lattice parameter was
found to be 8.47 Å with a standard deviation of 0.05 Å, which is in range with the
bulk value (8.4938 Å). The diffraction rings have shown less intense bright spots as
compared to the MN-700◦C due to the range of different-sized nanoparticles and the
area chosen within the sample for diffraction.
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FIGURE 6.15: SAED patterns of MN-620◦C nanofibers

6.3.6 XRD analysis

The XRD patterns of MN-700◦C and MN-620◦C in comparison with the bulk (04-016-
1575) are shown in Figure 6.16. The reflections in both XRD patterns can be indexed
to the face-centered cubic phase (FCC) of MnFe2O4 with Fd-3m space group. An
extra broad reflection from graphitic carbon (reference pattern no 01-073-5918) was
also apparent at 26 degrees 2θ (shown as an asterix) which is more pronounced when
the sample is annealed at a lower temperature (620◦C). This could be due to the less
degradation of the carbon component in the nanofibers when the temperature was
low. Overall, the intensity of this reflection was small in comparison to the other
MnFe2O4 reflections. No other impurity peaks were observed in both XRD pattern.

The mean crystallite size was calculated by using the Scherrer equation from
the highest intensity peak, the (311) reflection, and it was increased from 14 nm for
MN-620◦ to the value of ∼23 nm for MN-700◦C. The particle size for the MN-700◦C
nanoparticles suggested that large surfaced MnFe2O4 nanoparticles were polycrys-
talline in nature as larger-sized nanoparticles were seen in TEM images. Whereas,
the small value of particle size (∼14 nm) from the Scherrer equation suggested a
range of nanoparticles sizes, where the mean value was dominated by the small-
sized nanoparticles (11-13 nm) within MN-620◦C nanofibers from the TEM results
above.

The calculated lattice parameter for MN-700◦C was 8.475Å with the standard
deviation of 0.002 Å and 8.475Å with the standard deviation of 0.001 Å. These value
were in agreement with that obtained from the SAED patterns and also in range
with the bulk (8.489Å). However, the slight decrease in the value could be due to the
cationic distribution in the spinel lattice.[175]
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FIGURE 6.16: XRD patterns of bulk MnFe2O4 (black bars), MnFe2O4-700◦C (blue), and
MnFe2O4-620◦C nanofibers

6.3.7 Magnetic studies

The comparison of the magnetic behavior between MN-700◦C and MN-620◦ is given
in Figure 6.17. Figure 6.17(a) shows the magnetization plots of MN-700◦C at 5K
(black), 300K (blue), and 330K (red) up to ±6T. All of the field-dependent magneti-
zation curves showed the ferrimagnetic behavior expected for MnFe2O4. The high
field magnetization at 5K was ∼46 emu/g that reduced to ∼33 emu/g at 300K and
∼31 emu/g at 330K. In comparison, the magnetization plots from MN-620◦C 6.18
(b) showed a further decrease in saturation moment. It was 36.5 emu/g at 5K, 22
emu/g at 300K, and 20 emu/g at 330K, both samples show a comparatively less
value than the bulk value reported (80 emu/g).[176] The decrease in the saturation
magnetization is also reported in other MnFe2O4 nanofibers from the literature.[71,
75, 76] The reason for this decrease in value was possibly due to the anti-site disor-
der or spin-disordered shell. This could also be due to the presence of non-magnetic
carbon component which is even higher in MN-620◦C nanofibers according to the
XRD pattern.

The lower right inset of 6.17 (a) shows the plot of magnetization plotted over
a small field range. The value of coercivity was reduced from 35 mT at 5K to 8.8
mT at 330K for MN-700◦C nanofibers. Whereas, it was reduced from 40 mT at 5K
to 5 mT for MN-620◦C (inset in (b)). The coercivity value was comparable for both
MN-620◦C and MN-700◦C nanofibers, but it was less than the previously reported
MnFe2O4 nanofibers prepared at similar annealing temperature (80 mT and 100 mT
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FIGURE 6.17: Magnetization plots for (a) MN-700◦C nanofibers and (b) MN-620◦C
nanofibers. Lower right insets: magnetization plots over a small field range at 5K and
330K. Temperature-dependent magnetization for (c) MN-700◦C and (d) 620◦C nanofibers
measured at 6T (main plot), a red curve showing the fitting by phenomenological equation

(2.27). Upper right insets: ZFC-FC curves at 10mT

at 600◦C).[71, 76]
The main plots in Figure 6.17(c) and (d) show the magnetic moment plotted

against increasing temperature at 6T. It can be seen that for both samples, there was
a deviation in the Bloch temperature dependence at low temperature, where Ms has
shown a slight upturn at ∼40K for MN-700◦C and at ∼43K for MN-620◦C. This
can be attributed to the spin-disordered shell over a magnetically ordered core.[177]
Both of these curves can be modelled to the phenomenological spin-disorder term
(equation (2.27)) and calculated values are given in Table. 6.4

Sample Ms,c(6T, 0K) (emu/g) Ms,d(6T, 0K) (emu/g) n β (Kn) T f (K)

MN-700◦C 43.5 2.5 1.44±0.06 1.26× 10−4 40

MN-620◦C 35 1.5 1.50 ±0.02 5.92× 10−5 43

TABLE 6.4: Fitted magnetization (6T) of Figure 6.18 (c) and (d) with the phenomenological
equation (2.27) (red curve)

The saturation magnetization for magnetically ordered core (Ms,c) was found to
be 43.5 emu/g for MN-700◦C and 35 emu/g for MN-620◦C, whereas the value for the
spin-disordered component was 5% of the total magnetization for MN-700◦C and
4% for MN-620◦C, respectively. The values for n were 1.44 with a standard deviation
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of 0.06 for MN-700◦C and 1.50 with a standard deviation of 0.02. These values were
consistent with the bulk (n=1.5) within experimental uncertainty. The β for MN-
700◦C (1.26×10−4K1.44) was larger than the β (5.92×10−5 K3/2) for MN-620◦C which
is comparable to the bulk value (6.33 ×10−5 K−3/2). The values of spin-freezing
temperature TF were 40 K for MN-700◦C, and 43K for MN-620◦C nanofibers.

The upper right insets in the Figure 6.17 (c) and (d) have shown the FC-ZFC
curves at 10 mT. There was no evidence of superparamagnetic bahavior from the
ZFC-FC curves for both samples due to the presence of large nanoparticles in MN-
700◦C (Scherrer size 23 nm) and (14 nm Scherrer size) for MN-620◦C nanofibers.

6.3.8 A nanofiber sample with nanorods

One of the nanofiber samples out of total of four nanofiber samples has shown the
single crystalline nanorods morphology at the same temperature as was used for
MN-620◦C. This could be due to the amount of oxygen that varied slightly with the
manual control of the airflow rate. This sample showed the presence of MnFe2O4

long nanorods as well as nanoparticles decorated nanofibers. This sample is as-
signed as SC-620◦C. The results obtained from this sample are encouraging and
showed the formation of nanorods can be possible with control of the oxygen flow.
This can be the subject of another study with a series of experiments to control the
percentage of oxygen in argon gas by using various mixtures of oxygen-argon gas
tubes. Some of the results for SC-620◦C are discussed below as a complete charac-
terization was not feasible with a small amount of sample available.

6.3.8.1 SEM analysis

The large-scale SEM image in 6.18 (a) shows the nanofibers were broken into smaller
rod-like structures, which could be due to the very small amount of carbon fragment
presence within these nanofibers. The high-resolution image in 6.18 (b) shows that
there were also some nanofibers that could have nanoparticles over a carbon back-
bone. The mean diameter of the nanorods was 100 nm with a standard deviation
of 25 nm, which is less than the other samples processed at the same temperature
MN-620◦C (153 nm) as well as compared to the MN-700◦C nanofibers (134 nm).
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FIGURE 6.18: SEM images of SC-620◦C nanofibers. (a) Low-resolution image and (b) High-
resolution image. Upper right inset: mean diameter of the SC-620◦C nanofibers

6.3.8.2 TEM analysis

The TEM images of SC-620◦C are shown in Figure 6.19. The high-resolution image
in Figure 6.19 (a) shows various single crystal-like MnFe2O4 nanorods. Some amor-
phous component from the carbon can also be seen in this image which could be
from the leftover carbon component in these nanofibers. The dimensions of these
nanofibers were somewhat between 100-200 nm. The second image 6.19 (b) showed
only the SC-620◦C nanofiber with a diameter even smaller than 100 nm. Figure 6.19
(c) showed the presence of lattice fringes on these nanofibers, the d-spacing from
these lattice fringes was 2.95 Å which is from the hkl [200] lattice plane of MnFe2O4.
This was different from the MN-620◦C where the preferred lattice plane for the crys-
tal growth was [311] with 2.54 Å d-spacings and it showed the preferential growth
of nanofibers along the long axis in the direction of [200] lattice plane.
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FIGURE 6.19: TEM images of SC-620◦C. (a) Low-resolution image of a mixture of nanofibers
with the amorphous component. (b) High-resolution image of a single nanofiber(c) Lattice

fringes on the single nanofiber in (b)

6.3.8.3 STEM maps and elemental composition

The STEM maps for SC-620◦C are given in the Figure 6.20 (a) to (e), where 6.20 (a)
represents the reference image used for the elemental maps. Figure 6.20 (b) shows
the carbon map and it can be seen there was no indication of carbon present in the
nanofiber. The only carbon component was found to be surrounding the nanofi-
brous outer surface to form what looks like a "carbon shell". The oxygen map in Fig-
ure 6.20 (c) shows that oxygen was homogeneously dispersed within this nanofiber.
The presence of oxygen confirms the formation of metal oxide(s). The last two im-
ages 6.20 (d) and (e) show the presence of manganese and iron, respectively, which
coincides with where oxygen was. These maps are found consistent with the forma-
tion of MnFe2O4 nanofibers.
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FIGURE 6.20: STEM maps of SC-620◦C nanofibers. (a) Reference image for the maps. (b)
Carbon map. (c) Oxygen map. (d) Manganese map. (e) Iron map

To study the elemental composition, EDS analysis was performed and is shown
in Figure 6.21. The image attached is where the EDS was taken and graph on the
right shows the elemental analysis of this single nanofiber. It can be seen that the el-
emental fraction of manganese, iron and oxygen were roughly in the expected range
for EDS. The table on the graph shows the presence of carbon, which is still very
high but the carbon component from the grid holding the sample can not be ignored
due to the penetrating TEM beam.

FIGURE 6.21: TEM image and EDS spectra of SC-620◦C nanofibers
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6.3.8.4 XRD analysis

The XRD pattern for SC-620◦C is shown in the Figure 6.22. These XRD peaks were
indexed to the Miller indices of phase centered cubic (FCC) phase of bulk MnFe2O4

with Fd-3m space group. The XRD pattern did not show any other impurity peaks,
which confirms the sample is of good quality. Also, there was no clear carbon peak
as was shown by the XRD patterns from the other two samples above. This was
consistent with the STEM maps, that the carbon component is apparently absent or
too little to be detected by XRD. The fitted lattice parameter was 8.496 Å, which is
very close to the bulk value (8.498 Å). The mean crystallite size was 42 nm calculated
using the Scherrer formula. The mean crystallite size from the high-intensity peak
(311) was increased in comparison to the above two samples, suggesting that there
were thinner nanofibers that dominated the Scherrer size.

FIGURE 6.22: XRD pattern of SC-620◦C. Peaks fitted well with the bulk MnFe2O4 (lines are
from reference pattern no 04-016-1575)

6.3.8.5 Magnetic studies

The magnetization plots for the SC-620◦C nanorods are given in the Figure 6.23. The
main plot shows the magnetization is taken at 5K (black), 300K (blue), and 330K
(red) up to ± 6T. All these magnetization curves showed a ferrimagnetic behavior.
The high field magnetization at 5K for these nanofibers was ∼61 emu/g which is
increased up to the 76% of the bulk MnFe2O4 (80 emu/g). This was also high as
compared to the high field magnetization values for both MN-700◦C (46 emu/g)
and MN-620◦C (36.5 emu/g). The saturation magnetization was decreased to ∼42
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emu/g at room temperature (300K) and further reduced to 29 emu/g at 330K. The
larger reductions in the magnetic moment at 300 K, by increasing the temperature,
highlight the effect of thermal vibrations of magnetic moment in an applied mag-
netic field that can fluctuate the magnetic moment. The reduction in the saturation
magnetization at a low temperature, 5K, could happen due to the anti-site disor-
der, redistribution of magnetic ions, and surface disorder.[178] Another study on
the fabrication of MnFe2O4 nanorods (20 nm in diameter) by hydrothermal synthe-
sis showed a slightly higher value of magnetic moment (68 emu/g) than our sam-
ple.[178]

FIGURE 6.23: Magnetization plots for SC-620◦C nanorods at 5K (black curve), 300K (blue
curve) and at 330K (red curve). Lower right inset: Magnetization plots over a smaller field

range at 5K and at 330K

The lower right inset is in the Figure 6.23 showed the value of coercivity, 6.8
mT at 330K for these SC-620◦C nanorods, which is in range with the MN-700◦C
nanofibers (8 mT), and MN-620◦C nanofibers (5 mT). This value was smaller than
the previously reported MnFe2O4 nanorod. [178].
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The main plot in the Figure 6.24 represents the magnetic moment plotted against
the increasing temperature at 6T for SC-620◦C nanofibers. There was a deviation at
low temperature, where Ms has shown a slight upturn at ∼22k but it becomes more
uniform and resembles to Bloch magnetization at high temperature. This was fitted
with the phenomenological equation (2.27) (shown in red) and the values for Ms,c,
Mc,d, n, and β are given in the table. 6.5 below.

FIGURE 6.24: Magnetization against the temperature (black curve) for SC-620◦C
nanofibers.The curve was fitted (red curve) with the phenomenological equation (2.27). Up-

per right inset: ZFC-FC curves taken at 10 mT

Ms, c(6T,0K) Ms,d(6T,0K) n β (Kn) T f (K)

60 0.9 1.54 4.6×10−5 22k

TABLE 6.5: Fitted magnetization value (6T) by phenomenological equation (2.27) for SC-
620◦ nanofibers

The saturation magnetization for magnetically ordered core (Ms,c) was 60 emu/g
and for spin disordered shell (Ms,d) was 0.9 emu/g. This showed that the spin-
disordered component was only 1.5 % of the total magnetization which is less than
the spin-disordered component seen in MN-700◦C (5%) and MN-620◦C (4%) nanofibers.
The value of n was 1.54 with a standard deviation of 0.09 which is in range with the
bulk value (1.5). The value of n was consistent with the MN-700◦C (1.44) and MN-
620◦C (1.50). β was 4.5 × 10−5 which is also in range with the bulk value (6.33×10−5).
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The upper right inset in the Figure 6.24 showed the ZFC-FC curves for SC-620◦C
nanorods. Likewise, in other samples, there was no evidence of superparamagnetic
behavior and the overlap between the ZFC-FC curve appeared above 300K due to
the residual coercivity from the larger nanoparticles of 42 nm.

This fabrication of these nanorods has shown encouraging results, but the re-
producibility would require a series of experiments to systematically control the ex-
perimental parameters such as the flow rate of oxygen, and the volume fraction of
oxygen to argon to induce the growth of these nanorods. This study has given some
direction to aid the synthesis of singly crystalline nanorods that will be useful for
future investigations.
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6.4 Summary

In this chapter, manganese ferrite (MnFe2O4) nanofibers have been synthesized by
using manganese nitrate, iron acetylacetonate, DMF, and PVP. After electrospinning
at optimized parameters, various temperature profiles were used to find the best
route for the fabrication of MnFe2O4 nanofibers, and the two best temperature pro-
files were selected to produce high-quality samples for characterizations. One tem-
perature profile followed 4-steps with the highest temperature of ∼700◦C and the
second temperature profile was the typical 3-step temperature profile as was used
for x∼0.5 nanofibers with a maximum heating temperature of 620◦C. The TEM re-
sults showed the presence of a scaly carbon backbone (with lattice fringes) contain-
ing large surfaced MnFe2O4 nanoparticles whereas, an amorphous carbon backbone
(with no observed lattice fringes) containing variable-sized MnFe2O4 nanoparticles
was observed for Mn-620◦C nanofibers. Both samples have shown the formation of
thin-width nanofibers but thinner nanofibers were obtained for MN-700◦C at high
temperatures. Both samples were indexed to the crystallographic phase of the pure
bulk standard MnFe2O4 and the lattice parameters were found to be in agreement
with bulk.

Magnetic analysis of both samples was consistent with the ferrimagnetic behav-
ior, where the high field magnetization was 56% for MN-700◦C and 45% for MN-
620◦C nanofibers to the bulk value. The reduction in the saturation magnetization
can be attributed to the cationic distribution within the crystal lattice and the anti-
site disorder within MnFe2O4. Part of the reason for this reduction was also the
presence of a non-magnetic carbon component within these nanofibers. The coer-
civity was comparable for both samples with 8.8 mT for MN-700◦C and 5 mT for
MN-620◦C nanofibers. The spin disordered components were 5% for MN-700◦C
and 4% for MN-620◦C nanofibers with comparable values of TF. No evidence of
superparamagnetism was found for both samples.

Interestingly, One of the samples processed at 620◦C showed the formation of
single crystalline nanorods. It is attributed to the presence of an exact fraction of
oxygen inside the furnace which is required to accelerate the formation of nanorods.
These nanofibers have shown thinner widths up to ∼100 nm as compared to the
other two samples. The STEM maps for these SC-620◦C nanofibers have revealed
that there was a uniform distribution of manganese, iron, and oxygen in the nanofibers,
whereas, carbon was only present as a layer around these nanofibers. The high
field magnetization was increased to 76% of the bulk for these nanofibers, which
was higher than other samples. The value of coercivity (6.8 mT) was comparable to
the MN-700◦C (8 mT) and MN-620◦C (5 mT) nanofibers. A smaller spin-disordered
component with 1.5% was observed for this sample and there was no evidence of
superparamagnetism from the ZFC-Fc curve. The results from this study were en-
couraging for future investigations with controllable oxygen content that can lead to
the formation of nanorods.
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6.5 Future outlook

The results obtained from this study are encouraging and can be of further interest
to investigate the following points in the future:

1. Preparation of single-rod MnFe2O4 nanofibers with a series of experiments
that controlled the content of oxygen by using various combination mixtures
of oxygen: argon tubes to optimize conditions for nucleation.

2. Preparation of MnFe2O4 nanofibers with smaller nanoparticle size to observe
the difference in structural and magnetic properties.
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Preface

The next chapter explains the synthesis and characterizations of the electrospun
Sm3+ doped MnFe2O4 nanofibers. These nanofibers were prepared by varying x
at x=0.06-0.25. The structural and magnetic properties differences are highlighted in
detail at each fraction of x.
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Chapter 7

Sm3+ doped Manganese ferrite
(MnFe2−xSmxO4) nanofibers

7.1 Introduction

Rare earth elements have unique electromagnetic properties due to their 4f electrons.
They show magnetization at a very low temperature and are paramagnetic at room
temperature. The spin-orbit coupling in rare earth elements is very strong which
makes them favorable for permanent magnetization.[179] The magnetic moment of
trivalent lanthanide ions varies from diamagnetic La3+ to 10.5 (µb) for Dy3+ ions.
Such properties make them interesting for doping into spinel ferrites to modulate
their magnetic behaviour.[180, 181]

In general, the rare earth ions are too large to occupy either tetrahedral or octa-
hedral sites during sintering processes and may contribute towards the formation
of some secondary phases in spinel ferrites.[179, 182, 183] The substitution of triva-
lent rare earth elements in ferrites can cause disorder in the crystal structure that
hinders crystal growth. This is due to their large ionic radii as compared to Fe3+

ions. Recently, there has been an increased interest in soft metal ferrites doping with
rare earth ions, to determine their crystal structure dependence on composition as
well their magnetic behavior. A report on rare earth ion (Nd, Gd, Lu, Yb) doped
nickel zinc ferrite materials has shown an increase in their saturation magnetiza-
tion and a decrease in coercivity at increasing dopants percentage.[184] Similarly,
Ce3+ doped Zn0.5Mn0.43Cd0.07CeyFe2−yO4 has shown an increase in the saturation
moment with increasing fraction of Ce3+ cation up to y= 0.1 and decreased with
further increasing Ce3+. The strain in the crystal structure causes a decrease in the
lattice parameters with increasing Ce3+ fraction.[185] Another report on La3+ doped
MnFe2O4 nanoparticles showed that there is a decrease in the lattice parameters with
an increase in La3+ ion doping.[186]

In this chapter, Sm3+ doped MnSmxFe2−xO4 nanofibers are prepared at an in-
creasing fraction of x=0.06-0.25 (Sm3+). Only a few reports from the previous litera-
ture have shown the MnFe2O4 doping with various trivalent rare R3+ earth ions (R=
Pr, Nd, Eu, Gd, Tb, Pr, Ce, Y) and intriguing results were obtained for both struc-
tural and magnetic properties.[187, 188] To the best of my knowledge, there has been
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no report on the doping of MnFe2O4 nanomaterials with Sm3+. The objective of this
study was to investigate the effect on structural and magnetic properties of MN-620◦

sample from the previous chapter that has both low magnetic moment and coerciv-
ity. This sample was selected to see how magnetic moment and coercivity change
with Sm3+ ions doping. Sm3+ (coordination no VI) has a large ionic radii (0.964
Å)[189] than Fe3+ ions with ionic radii of 0.67 Å (coordination no VI)[189], that can
cause the structural strain/defects in the crystal lattice. It can also affect the parti-
cle size as well as the lattice parameters of the cell unit. This study investigates the
changes to the crystal lattice, particle size, and magnetic properties when Sm3+ ions
have been doped at various fractions (x=0.06-0.25) in MnFe2−xSmxO4 nanofibers
prepared by electrospinning method.

7.2 Experimental

7.2.1 Chemicals used

Manganese nitrate tetrahydrate (Mn(NO3)2 · 4 H2O) 99% and samarium nitrate hex-
ahydrate (Sm(NO3)3 · 6 H2O) 99.9% were purchased from Acros Organics. Tris acety-
lacetonate iron (Fe(C5H7O3)3) 97% and Polyvinylpyrrolidone(PVP) ((C6H9NO)n)
were purchased from Sigma-Aldrich. Dimethylformamide (DMF) 99.8% was pur-
chased from Acro seal ®.

7.2.2 MnSmxFe2−xO4 solution preparation for electrospinning

In this typical synthesis, MnSmxFe2−xO4 nanofibers are prepared with varying x
from 0.06 to 0.2. For this, 6 mmol of each manganese nitrate (1.004 g) and iron acety-
lacetonate (1.41 g) were prepared in 6.5 mL of DMF. 6 mmol of samarium nitrate
(0.889 g) were separately prepared in 3.25 mL of DMF. From these three stock solu-
tions, various combinations of iron and samarium salts are given below in the table.
7.1 were used to prepare electrospun MnSmxFe2−xO4 nanofibers with x=0.06, 0.1,
0.2, 0.25. The volume of manganese precursor was kept constant (1 mL) in all these
solutions.

Sample Fe3+-salt (mL) Sm3+-salt (mL)

MnSm0.06Fe1.94O4 1.94 0.06

MnSm0.1Fe1.9O4 1.9 0.1

MnSm0.2Fe1.8O4 1.8 0.2

MnSm0.25Fe1.75O4 1.75 0.25

TABLE 7.1: Solution mixtures for electrospinning

0.4 grams of PVP was added to all solutions and these are stirred at a constant
speed to get homogeneous mixtures for electrospinning. The same parameters on
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electrospinning set-up from the previous chapter (Chapter 6 for MnFe2O4 nanofibers
synthesis) were used for these solutions to electrospun the nanofibers (Table 6.3). All
these prepared electrospun samples were compared with the MN-620◦C nanofibers
from the previous chapter to see the effect of x on MnSmxFe2−xO4 nanofibers.

7.2.3 Thermal treatment of electrospun MnSmxFe2−xO4 nanofibers with
x=0.06, 0.1, 0.2, 0.25

All the electrospun samples of MnSmxFe2−xO4 with x= 0.06, 0.1, 0.2, 0.25 were
placed in the vacuum oven at 150◦C for 4 hours at 0.05 Mpa. (same conditions
as were used for MN-620◦C nanofibers) These samples were left overnight under
vacuum at constant pressure and processed the next day in the tube furnace.

For the thermal annealing in the tube furnace, the same steps were replicated, as
previously developed in chapter 6 (subsubsection 6.2.3.3) under partial oxidation in
the presence of argon in the first step and later annealing in the air for MN-620◦C
nanofibers.

7.3 Results and discussions

7.3.1 SEM analysis of electrospun MnSmxFe2−xO4 nanofibers

FIGURE 7.1: SEM images of electrospun MnSmxFe2−xO4 nanofibers with (a) x= 0.06, (b) x=
0.1, (c) x= 0.2 and (d) x= 0.25
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The electrospun doped MnSmxFe2−xO4 nanofibers with x=0.06-0.25 after anneal-
ing in vacuum are shown in the Figure 7.1. It can be seen that all of these electro-
spun MnSmxFe2−xO4 nanofibers have shown smooth surfaces. The mean diameter
for these nanofibers was also calculated and is given in the Table. 7.2 below.

x Nanofiber widths (nm)

0 178±25nm

0.06 139±36

0.1 144±48

0.2 110±20

0.25 120±17

TABLE 7.2: Mean Widths (nm) for the electrospun MnSmxFe2−xO4 nanofibers with x=0-0.25

The first value in the above table has represented the mean widths from the un-
doped (x=0) MnFe2O4 nanofibers from the previous chapter 6. From the table, the
nanofiber widths at the low fractions (x=0.06-0.1) of Sm3+ (x) doped samples were
in range with the undoped x=0 within experimental uncertainty. However, the cal-
culated mean widths for x=0.2 and x=0.25 were reduced when compared with the
x=0.06 and x=0.1, which showed that the increased fraction of x has given more thin
nanofibers as compared to the other samples.

7.3.2 SEM analysis of thermally annealed MnFe2−xSmxO4 nanofibers

The high-resolution SEM images for all four samples are shown in Figure 7.2 (a) to
(d). It can be seen from the SEM images 7.2 (a) and 7.2 (b) that both x= 0.06 and x= 0.1
nanofibers have shown similar morphology to the undoped MN-620◦C sample with
the formation of small nanostructures within these nanofibers. They have elongated
rod-like morphology and it can be seen that x= 0.06 has shown more agglomeration
of small nanostructures on the surfaces of nanofibers. Whereas, in the case of x=
0.1, the nanofibers showed more contained nanostructures within these nanofibers.
When x was further increased to 0.2 and 0.25, more ribbon likes nanofibers were
obtained. Both of the samples shown in 7.2 (c) and 7.2 (d) have shown no sur-
face agglomerated nanoparticles but the rough surfaces in both cases have indicated
the presence of some nanostructures, that can only be resolved with high-resolution
TEM analysis of the sample.
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FIGURE 7.2: SEM images for thermally processed MnSmxFe2−xO4 nanofibers with (a) x=0.06
(b) x= 0.1 (c) x= 0.2 and (d) x= 0.25

The mean widths for all the samples were also calculated and histograms were
plotted to compare the widths of all four samples in Figure 7.3. There was no sys-
tematic change in the nanofiber’s widths with increasing x from 0.06 to 0.2. In com-
parison to the electrospun samples, the nanofiber’s widths at low fractions for x=
0.06-0.1, were decreased to ∼76 nm with a standard deviation of 20 nm and ∼102
nm with a standard deviation of 16 nm. Further increase in the x to x= 0.2 and x=
0.25 showed the decrease in nanofibers widths to ∼81 nm with a standard deviation
of 19 nm and ∼90 nm with a standard deviation of 18 nm. All these samples showed
the formation of thin widths nanofibers after thermal processing due to the oxida-
tive degradation of polymeric components and other ions in the electrospun sheets
at high temperatures.
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FIGURE 7.3: Average widths of thermally processed MnSmxFe2−xO4 nanofibers with (a) x=
0.06 (b) x= 0.1 (c) x= 0.2 and (d) x= 0.25

7.3.3 Energy dispersive x-ray spectroscopy (SEM-EDS)

SEM-EDS analysis was done on the three selected samples of x=0.1, 0.2, and 0.25.
SEM-EDS was selected to cover the large area from the sample for the precise values
of Sm3+ at low fractions as compared to the total mass of the sample. The results
from the x=0.1 doped MnFe2−xSmxO4 are shown in Figure 7.4, where the first im-
age showed the large area SEM image for the EDS analysis. The scale bar showed
the bulk area from the sample at low resolution. The other two images showed
the EDS spectrum from the sample that contains the elemental composition of the
whole sample, and a comparison between the doped samples. These results were
consistent with the presence of manganese-rich MnFe2−xSmxO4 nanofibers with 38
atomic percentages. The atomic percentage of samarium per total transition metal
ions atomic percentage was 5 %, which was slightly larger than the expected value
(3.4 %) of x used.
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FIGURE 7.4: Low resolution SEM image of MnFe2−xSmxO4 nanofibers with x=0.1 for EDS
analysis with EDS spectrum, and EDS table for manganese, iron, and samarium (x)

Figure 7.5 shows the low resolution image and EDS analysis of MnFe2−xSmxO4

nanofibers with x=0.2. The results were consistent with the presence of manganese-
rich nanofibers with an overall 40 atomic percentage of the sample. The atomic per-
centage of samarium was increased to 7 atomic percentage with increasing x. This
value was found in the range (7 atomic percentage) of the experimental value used
for x=0.2.

FIGURE 7.5: Low-resolution SEM image of MnFe2−xSmxO4 nanofibers with x=0.2 for EDS
analysis with EDS spectrum, and EDS table for manganese, iron, and samarium (x)
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Figure 7.6 shows the low resolution image and EDS analysis of MnFe2−xSmxO4

nanofibers at x=0.25. Similar to the previous two samples, this sample has also
shown similar results with the presence of manganese-rich material with 38 atomic
percent. The value of x was increased to 9 atomic percentage for this sample. This
value was also in the expected range (9 atomic weight percentage) at x=0.25. All
these three samples have shown the formation of manganese-rich MnFe2−xSmxO4

nanofibers.

FIGURE 7.6: Low-resolution SEM image of MnFe2−xSmxO4 nanofibers with x=0.25 for EDS
analysis with EDS spectrum, and EDS table for manganese, iron, and samarium (x)

7.3.4 TEM analysis

The TEM analysis for the low fractions of x= 0.06 and 0.1 is given in the Figure 7.7 (a)
to (d), where 7.7 (a) and 7.7 (b) are from x= 0.06 and 7.7 (c) and 7.7 (d) are for x= 0.1
nanofibers. From the Figure 7.7 (a), it can be seen that these nanofibers have shown
nucleation of nanocrystals with non-uniform shapes and sizes. In Figure 7.7 (a), it
can be seen that some nanofibers have contained both large and small nanocrys-
tals, whereas others appeared as nanofibers without large nanocrystals, with their
contrasting dull color in comparison to the dark color shown by big crystals. To
understand the features of these apparent hollow nanofibers, a single nanofiber was
selected at a high resolution that can be seen in the main image of Figure 7.7 (a). This
image showed that the nanofiber also contained very small nanoparticles, and this
was further clarified with a further high-resolution image on the upper right inset
of Figure 7.7 (b). These x= 0.06 nanofibers were compared with x= 0.1, which are
shown in the Figures. 7.7 (c) and (d). Similar features were obtained for increas-
ing x. Both images are in Figure 7.7 (c) and (d) have shown the presence of small
and large nanocrystals with a difference in color contrast for these nanofibers (more
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darker color for large nanocrystals). No difference was observed in the nucleation
and morphology for these two samples.

FIGURE 7.7: TEM images for thermally processed MnSmxFe2−xO4 nanofibers (a) Low res-
olution image for x=0.06 (b) High resolution image for x= 0.06. Upper right inset: Higher
resolution TEM image showing nanocrystals for x= 0.06 nanofiber. (c) Low-resolution image

for x= 0.1 (d) High-resolution image for x= 0.1

Another Figure 7.8 from (a) to (d) has shown the morphology of MnSmxFe2−xO4

nanofibers when x was further increased to x=0.2 (7.8 (a) and 7.8 (b)) and x=0.25 (7.8
(c) and 7.8 (b)). It can be seen that a further increase in x= 0.2 and x=0.25 caused a
decrease in the crystal size for MnSmxFe2−xO4 nanofibers. Both of these samples (x=
0.2 and 0.25) have shown a more uniform shape and particle size for the nanopar-
ticles. It showed that the increase in the x can cause the formation of small-sized
nanoparticles in these nanofibers with uniform shapes and sizes. The first two im-
ages in Figure 7.8 (a) and 7.8 (b) showed the MnSmxFe2−xO4 nanofibers with x= 0.2.
It can be seen that there were some nanofibers with both large and small nanoparti-
cles (lower right inset is an expansion of 7.8 (a)). The second image in Figure 7.8 (b)
showed more uniform-sized nanoparticles between 10-25 nm (upper right inset of
7.8 (b)). Similarly, the other two images in Figure 7.8 (c) and 7.8 (d) have shown that
the nanofibers contained smaller nanoparticles as well as large nanoparticles on the
surface of some nanofibers. Overall, there were still some large nanocrystals in these
nanofibers for both cases. The expanded large-scale image is Figure 7.8 (d) which
showed that the particle sizes were in between 8-30 nm in x=0.25 nanofibers. Both
fractions of x with 0.2 and 0.25 have shown that increasing fractions of x can cause
more homogeneity in nanoparticle sizes within MnSmxFe2−xO4 nanofibers.
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FIGURE 7.8: TEM images for thermally processed MnSmxFe2−xO4 nanofibers (a) Low reso-
lution image for x= 0.2. Lower right inset: High resolutions image of a single nanofiber. (b)
Low-resolution image for x= 0.2. Upper right inset: High-resolution image at 20 nm scale
bar. (c) Low resolution image for x= 0.25 (b) High-resolution image for x= 0.25. Middle left

inset: Higher resolution image at 20 nm scale bar

7.3.5 STEM maps

STEM maps for x=0.06 doped MnFe2−xSmxO4 nanofibers are shown in the Figure
7.9. It can be seen from Figure 7.9 (a) that the TEM reference image has shown the
presence of some large nanocrystals (intense color due to high electron density) and
in contrast, some areas display less sharp colors. The second image in Figure 7.9 (b)
showed that carbon is present in the overall length of the nanofiber but it was more
intense in the area where no large nanocrystals were present from the reference im-
age. The oxygen map in Figure 7.9 (c) showed the presence of oxygen in the overall
length of the nanofiber, but it was sharper in the nanocrystals than in the fiber back-
bone. Figure 7.9 (d) shows the distribution of manganese in the nanofibers, it can
be seen that the manganese was present in the large nanocrystals but some small
manganese-rich nanoparticles were also seen in this sample. These nanoparticles
have more manganese than iron as was seen in the iron map in Figure 7.9 (e). The
iron map showed more iron in the large nanocrystals. Figure 7.9 (f) shows the samar-
ium map and it is very interesting to note that samarium is equally distributed in the
overall length of the nanofibers. It showed that the sample contained Sm3+ doped
MnFe2−xSmxO4 nanoparticles within these nanoparticles.
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FIGURE 7.9: MnFe1−xSmxO4 nanofibers with x=0.06 (a) Image used for the maps, (b) Carbon
map (red) (c) Oxygen map (orange), (d) Manganese map (yellow), (e) Iron map (green), and

(f) Samarium map (blue)

STEM maps for x=0.1 doped MnFe2−xSmxO4 nanofibers are shown in the Figure
7.10. Figure 7.10 (a) was used as a reference TEM image for the STEM mapping that
showed a single nanofiber containing both large and small nanocrystals adhered to
the carbon backbone. Similar to x=0.06, the carbon map in Figure 7.10 (b) showed
that the carbon is non-homogeneously distributed in this nanofiber, and it was more
intense in some areas where large nanocrystals were not present. The oxygen map in
Figure 7.10 (c) showed the presence of more intense oxygen in the large nanocrystals
whereas, it was also present in the carbon backbone. The other two maps in Figures
7.10 (d) and (e) showed the presence of manganese and iron in the large nanocrystals,
that similar to the x=0.06, showed the presence of some manganese-rich nanoparti-
cles. In this sample, some areas have also shown iron-rich small nanoparticles. Fig-
ure 7.10 (f) showed the samarium map, and it can be seen that samarium was equally
distributed in small nanoparticles within these nanofibers but some samarium-rich
large nanocrystals were also found.
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FIGURE 7.10: MnFe2−xSmxO4 nanofibers with x=0.1 (a) Image used for the maps, (b) Carbon
map (red) (c) Oxygen map (orange), (d) Manganese map (yellow), (e) Iron map (green), and

(f) Samarium map (blue)

STEM maps for the x=0.2 doped MnFe2−xSmxO4 are shown in the Figure 7.11.
The first image in Figure 7.11 (a) was a reference TEM image showing a single
nanofiber that contained small nanoparticles. This image has also shown the dam-
age to the grid containing the sample due to high-intensity TEM beam exposure at
high resolution (50 nm scale bar). Due to the damage in the carbon-coated copper
grid containing the sample, the carbon map did not appear clear in Figure 7.11 (b)
but it can be seen that carbon is present in the nanofiber. Figure 7.11 (c) showed the
oxygen map and more concentrated oxygen was found in areas where nanoparti-
cles were present. Figures 7.11 (d) and 7.11 (e) show the manganese and iron maps.
Unlike the above two samples, there was a uniform distribution of both elements
within the nanoparticles and no manganese or iron-rich nanoparticle was observed.
The samarium map in Figure 7.11 (f) was also consistent with the uniform distri-
bution of samarium in the nanoparticles, with iron and manganese, and no excess
samarium was observed. These results were different than what was observed at
low fractions of x≤0.1.
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FIGURE 7.11: MnFe2−xSmxO4 nanofibers with x=0.2 (a) Image used for the maps, (b) Carbon
map (red) (c) Oxygen map (orange), (d) Manganese map (yellow), (e) Iron map (green), and

(f) Samarium map (blue)

STEM maps for the x=0.25 doped MnFe2−xSmxO4 nanofibers are shown in the
Figure 7.12. Figure 7.12 (a) showed the reference image used for the STEM mapping.
This image was taken from the dark field detector, where the crystalline nanofibers
appeared bright on the dark background. The large nanocrystals appeared to be
denser due to the high electron density of these nanocrystals. The carbon map in
Figure 7.12 (b) showed the in-homogeneity in carbon distribution and it was more
intense in some areas than others. Figure 7.12 (c) showed the oxygen map and it can
be seen that oxygen was present within all parts of these nanofibers, but it was more
intense in areas containing large nanocrytsals. The next two images in Figure 7.12 (d)
and 7.12 (e) showed the manganese and iron maps for x=0.25 nanofibers, both these
maps correlated with each other showing the presence of iron and manganese in the
nanofibers with more intensity in the large nanocrystals. Figure 7.12 (f) showed the
STEM map for samarium and it can be seen that samarium was present in all parts
of these nanofibers.
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FIGURE 7.12: MnFe2−xSmxO4 nanofibers with x=0.2 (a) Image used for the maps, (b) Carbon
map (red) (c) Oxygen map (orange), (d) Manganese map (yellow), (e) Iron map (green), and

(f) Samarium map (blue)

7.3.6 SAED analysis

The SAED analysis for all four samples of MnSmxFe2−xO4 with x= 0.06, 0.1, 0.2,
and 0.25 are shown in the Figure 7.13 (a) to (d). All the six major diffraction rings
were indexed to the cubic phase of MnFe2O4 from reference no 04-016-1572 with
miller indexes (220), (311), (400), (511), (440), and (533). The presence of sharp bright
spots over diffused rings is attributed to the presence of both large nanocrystals and
small nanoparticles that are more clear for x= 0.06 in Figure 7.13 (a) and for x= 0.1 in
Figure denser(b). Whereas, bright spots are less sharp for x= 0.2 in Figure 7.13 (c) for
x= 0.25 in Figure 7.13 (b) due to the presence of more smaller nanoparticles within
MnSmxFe2−xO4 nanofibers.
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FIGURE 7.13: SAED patterns for MnFeSmxFe2−xO4 nanofibers with (a) x= 0.06, (b) x= 0.1,
(c) x= 0.2, and (d) x= 0.25. Dashed circles are from the d-spacings from reference pattern no.

04-016-1572.

The values for the lattice parameters are calculated from these images as well as
from other areas of the samples and the mean values with standard deviation are
given below in the Table 7.5 given below.

x Lattice parameters (Å)

0 (MN-620◦C) 8.47 ± 0.05

0.06 8.43 ± 0.04

0.1 8.42 ± 0.06

0.2 8.39 ±0.01

0.25 8.39 ± 0.02

TABLE 7.3: Lattice parameters for MnSmxFe2−xO4 with varying x
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The values for the lattice parameters for MnFe2−xSmxO4 samples were in a sim-
ilar range with increasing x (within experimental uncertainty). However, with an
increase in x to x=0.2 and x=0.25, the lattice parameter values were decreased when
compared to the undoped sample x=0. It suggested the contraction of the crystal
lattice at high fractions of x. This is interesting because Sm3+ has large ionic radii
than Fe3+ and the decrease in the lattice parameter suggested some sort of strain and
disorder in the crystal structure.
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7.3.7 XRD analysis

The XRD patterns for MnSmxFe2−xO4 nanofibers with varying x from 0.06 to 0.25 are
shown in the Figure 7.14 below. All of these obtained samples with varying x were
compared to the un-doped MN-620◦C nanofibers (shown by the black patterns). The
XRD patterns for these samples were successfully indexed to the FCC cubic phase
of MnFe2O4 with Fd-3m space group (reference pattern no 04-016-1575 shown in the
pattern as purple bars). Contrary to the STEM maps, all the samples with x<0.25
have shown no impurity peaks within the sample which suggested that the fraction
of excess Sm3+ was very small. Hence, no secondary phases were observed in the
XRD spectra for the samples having x<0.25. When x is increased to 0.25, the presence
of some impurity peaks was observed within the sample (diamond symbol). These
are indexed to the Sm/SmO based secondary phases within the sample. An extra
peak from the carbon is also shown in the XRD pattern (shown as an asterix) which
is indexed to the graphitic carbon with the reference pattern no 01-073-5918.

FIGURE 7.14: XRD of MnSmxFe2−xO4 nanofibers with MnFe2O4 reference pattern no. 04-
016-1572 (star-quality used to indexed samples), MN-620◦C (black pattern) as a reference
from previous chapter, x= 0.06 (red pattern), x= 0.1 (green pattern), x= 0.2 (blue pattern), x=

0.25 (orange pattern)

The high-intensity peak (311) was used to calculate the Scherrer sizes for all the
samples as per shown in Figure 7.15 (a). The Scherrer size did not change at the
lower fractions of x (x= 0.06, 0.1), but increased for x=0.2 and x=0.25, when compared
with the TEM images shown there were smaller nanoparticles of <10 nm and larger
around 20-25 nanometers (Figure 7.8). Therefore, the mean size is dominated by the
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large nanoparticles from these XRD patterns. The values for the Scherrer size are
given in Table 7.4.

FIGURE 7.15: (a) Effect of Sm doping at 2θ (35◦) peak shift (b) Lattice parameters shift with
increasing Sm3+ fraction with purple diamond symbol showing the bulk value of MnFe2O4
and black for x=0, red for x= 0.06, green for x= 0.1, blue for x= 0.2, and orange for x= 0.25 of

Sm3+ doped MnFe2−xSmxO4 nanofibers

The expanded intense peak at 35◦ (2θ) in Figure 7.15 (a) show that by increasing
x, the peaks were shifted to the higher angle which results in a decrease in the lattice
parameters (a) with increasing x (Figure 7.15 (b)). The systematic decrease in the
lattice parameter showed the successful incorporation of Sm3+ in the crystal lattice
with increasing x from x=0.06 to x=0.2 and with no impurity peaks. A further in-
crease in the x=0.25 led to the formation of secondary phases (shown as a diamond
symbol) where the redundant Sm3+ ions segregate on the grain boundaries and
form some secondary phases. The values of lattice parameters are shown in the Ta-
ble 7.4. This behavior is unusual when a large ionic radii 0.964Å of Sm3+ (x) replaces
the small ionic radii 0.645Å of Fe3+ ions in the crystal lattice. This behavior is also
reported in the previous literature, where the large ionic radii of doping cations with
R(Sm, Gd, Eu, and La) causes the strain/defects in the ferrite crystal structure and
lattice parameter decrease due to the strain compensation, and the redistribution of
the cations between the tetrahedral and octahedral sites. ([190–192] Another report
on the rare earth ions (Dy, Gd, and Sm) doped MnCr0.5R0.02Fe1.48O4 showed the de-
crease in the lattice parameters with increasing size for dopant ion. This happened
due to an induced microstrain in the crystal structure. [193] The decrease in the lat-
tice parameters in this study can be explained by the crystal structure for MnFe2O4.
At high temperatures, MnFe2O4 crystallizes in partial inverse spinel crystal struc-
ture, where up to 20% of Mn ions can migrate to the octahedral sites as shown by
the formula (Mn1−xFex)[MnxFe2−x]O4 (parentheses show the tetrahedral sites and
square brackets show the octahedral sites). Since EDS spectrum showed the forma-
tion of manganese-rich material, which increases the migration of Mn2+ from the
tetrahedral sites to the octahedral sites (Mn3+). This means the compression in the
crystal lattice can be explained by the following possibilities,
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1. Redistribution of metal ions between tetrahedral and octahedral sites due to
strain in the crystal lattice.

2. Point defects in crystal structure due to ionic vacancies, i.e. O2−/Fe2+.

3. Shift from the low spin configurations to the high spin configuration of metal
ions for strain compensation.

The large ionic radii Sm3+ have more tendency to occupy the octahedral sites that
can substitute either Mn3+ or Fe3+ ions on the octahedral sites (B) due to the same
ionic radii 0.645 Å. The substitution of Sm3+ at the octahedral sites induces strain in
the crystal lattice on the octahedral sites. This can cause the migration of some Mn2+

ion with large ionic radii 0.66 Å from the tetrahedral sites to the small ionic radii
0.645 Å Mn3+ ions at the octahedral sites. This migration is also accompanied by
the migration of some Fe3+ from the octahedral sites to the tetrahedral sites (Fe2+).
However, the redistribution of both charges is a complicated phenomenon that re-
quires further analysis, for example, XPS or Mössbauer spectroscopy for clearer un-
derstanding.

The substitution of large ionic radii Sm3+ can also create point defects due to oxy-
gen deficiencies that can lead to Fe2+ vacancies due to charge balance. This can also
cause compression in the crystal lattice and decrease lattice parameters. However,
further studies, for example, X-ray synchrotron are required for justification.

Another important idea is the potential of Sm3+ ions to shift the ions (Fe3+ ions
or Mn2+ ions) at the octahedral sites from high spin configurations to the low spin
configurations. As the ionic radii are larger for both ions in high spin configuration
than in low spin configuration to compensate for the expansion caused by the Sm3+

ions at the octahedral sites. This can cause the compression of the crystal lattice and
decreases the lattice parameters. However, this can only be proved by some more
analysis from the Mössbeur spectroscopy to support this hypothesis.

x (Sm3+) Lattice parameter (a) Å Scherrer size (nm)

0 8.475 ± 0.001 14

0.06 8.430 ±0.002 16

0.1 8.425 ± 0.002 15

0.2 8.395 ± 0.002 29

0.25 8.395 ± 0.001 23

TABLE 7.4: The values for lattice parameters and average Scherrer size from (311)
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7.3.8 Magnetic studies

The magnetic studies for all the Sm3+ doped samples are given in the Figure 7.16
below. The first two plots in Figure (7.16 (a) and 7.16 (b) show the magnetization
plots and the respective hysteresis against the applied magnetic field (6T) at 5K.
Whereas, the other two plots in Figure 7.16 (c) and 7.16 (d) show the magnetization
plots and respective hysteresis at 300K. It can be seen that there is a slight increase in
the magnetization (36.5 emu/g to 46 emu/g) with first doping of MnFe2−xSmxO4 at
x=0.06. The increase in magnetization can be explained by the rearrangement of ions
at the tetrahedral and octahedral sites due to strain compensation, which increases
the exchange interactions at the octahedral sites to increase magnetization. Further
increase in x≤0.2 decreases the Ms this can happen due to various reasons:

1. Increasing Sm3+ ion substitution that can break/change exchange pathways.

2. Shift from the high spin Fe3+ ions with large ionic radius 0.645 Å to the low
spin Fe3+ with small ionic radius 0.55 Å to compensate the crystal distortions
on octahedral sites.

The substitution of Fe3+ ions with Sm3+ ion in the crystal lattice decreases the
magnetization, as Sm3+ has a low magnetic moment (1.5 µB) as compared to Fe3+ (5
µB) or Mn3+ (4 µB). This is because the super-exchange interaction at the tetrahedral
sites between Fe3+-Fe3+ decreases to affect the overall magnetization. The effect of
Sm3+ substitution can also change/break the exchange pathways due to the migra-
tion of ions between tetrahedral and octahedral sites, an increased disorder in the
crystal lattice, or due to the point defects in the crystal lattice (O2− or Fe3+ vacan-
cies). The magnetic dipoles originating from the 4f orbitals from the Sm3+ ions do
not have strong interactions with the neighboring 3d orbital dipoles of Fe3+ ions at
octahedral sites and with the Mn2+ ions at A-sites. They behave as paramagnetic-
like defects atoms at octahedral sites reducing the Ms value. This behavior is com-
monly seen in the previous reports on the Sm3+ doped ferrites. [192–194] Another
important reason could be the shift of Fe3+ ions from high spin (ionic radius 0.645
Å ) to the low spin (0.55 Å) to compensate the strain in crystal lattice at high Sm3+

fractions. The magnetic moment of the high spin Fe3+ ion is 5 µB due to unpaired
electrons in the 3d orbitals whereas the magnetic moment of low spin Fe3+ is only
1 µB, which causes the reduction in the overall magnetization. A further increase in
x=0.25 causes an increase in the saturation magnetization, which can be attributed
to the formation of some secondary phases as can be seen from the XRD (7.14) which
has contributed to the overall Ms value. However, this is all very complicated and
needs further investigation by Mössbauer spectroscopy for this behavior. The values
for the magnetization and coercivity are given in the Table. 7.5 below.
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FIGURE 7.16: (a) Magnetization plots for MnSmxFe2−xO4 with x=0 (black), x=0.06 (red),
x=0.1 (green), x=0.2 (blue), and x=0.25 (orange) at 5K (b) Magnetization plotted at the smaller
range of applied magnetic field at 5K (c) Magnetization plots for MnSmxFe2−xO4 at 300K (d)

Magnetization plotted at the smaller range of applied magnetic field at 300K

The magnetization plots at the small field region are plotted at 5K and at 300K in
the Figure 7.16 (b) and Figure 7.16(d) and show the coercivity is small for all Sm3+

doped samples at room temperature. The values of coercivity from the Table 7.5
showed the soft nature of all these Sm3+ doped samples. There was only a small
increase in the coercivity value with increasing x fraction which could be due to
the lattice strain with Sm3+ doping and the presence of spin-disordered component
within MnFe2−xSmxO4 samples. 7.6
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2K

x Magnetization
(M) (emu/g)

Coercivity
(Hc) (mT)

0 37 42

0.06 47 45

0.1 36 53

0.2 31 85

0.25 44 68

300K

0 24 5.4

0.06 31 7

0.1 24 7.1

0.2 21 10

0.25 26 9

TABLE 7.5: Saturation magnetization from the MnSmxFe2−xO4 nanofibers with varying x at
lowest temperature (2K) and at room temperature (300K)

The main plots in Figure 7.17 show the temperature dependence magnetiza-
tion at 6T. These magnetization plots were fitted with the n=1.5 to compare with
the un-doped MnFe2O4 nanofibers (MN-620◦C). It can be seen that all the x doped
MnFe2−xSmxO4 samples have shown a departure in the saturation magnetization
at low temperatures from Bloch’s temperature dependence. This was very promi-
nent for the x=0.25, where deviation from Bloch’s temperature dependence is more
prominent with the upturn at a lower temperature. The departure at low temper-
atures showed the presence of spin-disordered shells in all these samples, which is
large for x=0.25. This showed that there was an increase in the spin disorder with
increasing x. This could happen due to the presence of excess redundant samarium
that gets oxidised and forms secondary phases at the high fraction of x. The fitted
parameters of phenomenological equation (2.27) are shown in Table 7.6. It can be
seen that the β values for all these samples are comparable to the undoped sample
(5.92 × 10−5) and in range with the bulk (6.33×10−5). The values for spin freez-
ing temperature for the x≤0.25 are also comparable to the TF=43K of the undoped
sample for x≤0.2, but TF=32 for x=0.25 is observed. The decreased value at high
fractions of x could be due to the fittings from the missing data points that came
from the O2 noise.

The upper right insets in Figure 7.17 showed the ZFC-FC curves for the x doped
MnFe2−xSmxO4 samples. Similar to the undoped MnFe2O4 nanofibers (MN-620◦C)
at x=0, there was no evidence of superparamagnetism at low fractions of x=0.06-0.1
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FIGURE 7.17: Temperature dependent magnetization plots fitted with the phenomenological
equation with n=1.5 for (a) x= 0.06. Upper right inset: ZFC-FC curve for x=0.06 at 6 mT. (b)
x= 0.1. Upper right inset: ZFC-FC plot for x= 0.1 at 6 mT. (c) x= 0.2. Upper right inset: ZFC-
FC plot for x= 0.2 at 6 mT. (d) x= 0.25. Upper right inset: ZFC-FC plot for x= 0.25 at 6 mT.

Lower left inset: Plot showing the signal from some O2 phase at low temperature[195]

Sample Ms,c(6T, 0K) (emu/g) Ms,d(6T,0K) (emu/g) n β(K3/2) T f (K)

x=0.06 44 2 1.5 5.8×10−5 48

x=0.1 34 2 1.5 6.7×10−5 49

x=0.2 33 0.5 1.5 5.1×10−5 45

x=0.25 38 6 1.5 6×10−5 32

TABLE 7.6: Magnetization parameters from the phenomenological equation with n=1.5

due to the presence of more large sized nanocrystals in these nanofibers from the
TEM images 7.7. The average crystallite sizes from the XRD (15-16 nm) were also
large to be superparamagnetic for these nanofibers. When x was further increased
to x≤0.25, the FC-ZFC curve have shown a shift towards superparamagnetic behav-
ior with the TB= 105 K for x=0.2, and 90K for x=0.25, and both curves overlapped
above the room temperature. This is in agreement with the TEM images for both
these x≤0.25 nanofibers in Figure 7.8 which showed the formation of both smaller
nanoparticles with large nanocrystals. These large nanocrystals were the reason for
this residual coercivity from the FC-ZFC plots and also dominate the Scherrer sizes
given from the XRD spectra.
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7.4 Summary

In this chapter, Sm3+ doped MnFe2−xSmxO4 nanofibers were prepared to study
their structural and magnetic properties at an increasing fraction of x from x=0.06
to x=0.25. All of these samples were synthesized by using the previously developed
method for MnFe2O4 nanofibers (MN-620◦C) in chapter 6, which is used as undoped
reference material (x=0) to compare with the x doped MnFe2−xSmxO4 nanofibers.
These nanofibers have shown the formation of thin width MnFe2−xSmxO4 nanofibers
at all fractions. EDS analysis for all these samples has shown the formation of
manganese-rich material where the atomic percentage varied between 38-40 %. Sim-
ilar to x=0, the formation of both variable-sized nanoparticles was observed at low
fractions (x=0.06, x=0.1). This was different at high fractions of x=0.2-0.25, where the
formation of more smaller-sized nanoparticles was seen.

STEM maps showed the uniform distribution for samarium at all fractions of x
and even there was no sedimentation of samarium at the highest fraction of x=0.25
within these nanofibers. All these samples MnFe1−xSmxO4 were indexed to the FCC
cubic phase of MnFe2O4 with no impurity peaks for samples x=0.06-0.2 in the XRD
pattern but impurity peaks from some secondary phases of Sm3+ were observed for
x=0.25. The Scherrer size was increased and lattice parameters were decreased with
increasing x. This could happen due to the very complex nature of factors including
the redistribution of cations to compensate the lattice strain, points defects in the
crystal lattice, and change in spin configurations.

The magnetic analysis showed that there was a slight increase in the magnetic
moment from x=0 to x=0.06, which could happen in a result of the redistribution of
cations at octahedral and tetrahedral sites at low fractions. When x is increased from
x= 0.1 to x=0.2, magnetic moment decreases due to the incorporation of Sm3+ ions in
the crystal lattice that affects/breaks the exchange pathways between metal cations,
or the shift from high spin metal cations to low spin metal cations to compensate
the crystal strain. However, a detailed analysis comprising XPS, Mössbauer spec-
troscopy, and X-ray synchrotron spectroscopy measurements are further required to
fully understand this behavior. Further increase in x=0.25 again increases the mag-
netic moment which is attributed to the formation of secondary phases due to the
segregation of samarium ions. Similar to x=0, at low fractions, x=0.06-0.1, no evi-
dence of superparamagnetic behavior was observed for MnFe2−xSmxO4 nanofibers,
but increasing x to x=0.2-0.25 have shown a shift towards superparamagnetic be-
havior. This showed that increasing x=0.2-0.25 resulted in the formation of small-
sized nanoparticles that were small enough to be superparamagnetic, but the resid-
ual coercivity in ZFC-FC curves is attributed to the range in particle sizes. All these
samples have shown low coercivity highlighting the soft nature of these x doped
MnFe2−xSmxO4 nanofibers.
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7.5 Future work

1. Further studies including the XPS analysis and Mössbauer spectroscopy to in-
vestigate the presence of cations at octahedral and tetrahedral sites.

2. X-ray synchrotron spectroscopy measurements to understand the point defects
in the crystal structure within samples.

3. Preparation and characterization of MnFe2O4 nanofibers doped with the rare
earth ions having high magnetic moments (Er3+, Dy3+, Gd3+) to improve their
magnetic properties.

4. Preparation of other soft metal ferrite nanofibers (NiFe2O4, MnZnFe2O4) and
doping them with various rare earth ions to study their structural and mag-
netic properties.
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Preface

The next chapter first describes a brief summary of wireless charging and the im-
portance of prepared nanofibers from chapter 2. Next, it describes the key results
obtained from the results in chapters 4-7. In the end, it highlights the proposed ob-
jectives and successfully achieved outcomes from this study.
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Chapter 8

Conclusions

This thesis reports the exploration and fabrication of electrospun magnetic nanofibers
in thin nanodimensions for their potential applications in wireless charging systems.
The main objectives of this study was to prepare nanomaterials and analyze their
structural, and magnetic properties in comparison to their bulk counterparts. The
main magnetic materials of interest for this research were bimetallic Ni1−xFex, semi-
conducting MnFe2O4, and MnFe2−xSmxO4. An electrospinning method was used
to prepare these metallic and semiconducting magnetic nanofibrous sheets that are
thermally processed at optimised temperature profiles to achieve the desired prod-
ucts. These nanofibers were studied in greater detail to comprehend their structural
and magnetic properties at various parameters.

Bimetallic Ni1−xFex nanofibrous sheets at varying x from x∼0.1 to x∼0.5 were
prepared for the first time and their structural and magnetic properties were studied.
The synthesis of Ni1−xFex nanofibers at low fractions of x was interesting as bulk ma-
terial shows high permeability at x=0.18-0.25 but it shows high saturation moment
at x∼0.5. This intriguing behavior provides a range in x to explore the synthesis of
electrospun Ni1−xFex nanofibers. Bulk MnFe2O4 is a well-known soft-magnetic ma-
terial for inductive applications. MnFe2O4 nanofibrous thin sheets were made for
their potential reduction in eddy-current losses and for flux-guiding applications in
thin nanodimensions. The effect of rare earth ion Sm3+ doping in MnFe2−xSmxO4

nanofibers were also studied to see how it can affect the structural characteristics
and the magnetic response when x was varied. This was important as it has not
been reported before in the previous literature. It was expected that it can change
the magnetic properties by changing the occupancy of ions at the tetrahedral and
octahedral sites in MnFe2O4.

Chapter 4 presented the comprehensive results from the electrospun Ni1−xFex

nanofibers at varying fractions of x starting from the low fraction from x∼0.1 to
x∼0.2. Both electrospun nanofiber sheets were thermally processed by using a three-
step temperature profile in the presence of an inert atmosphere followed by a reduc-
tion in the presence of 5% H2/95% Ar gas at high temperature (620◦C). The thermal
degradation studies (TGA/DSC) on both samples supported the thermal processing
profiles used to process the nanofibers to obtain the final product. The nanofiber
sheets showed thin widths and contained Ni1−xFex nanoparticles for both fractions
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of x. A prominent bimodal particle size distribution was observed at x∼0.1 with the
presence of large surfaced Ni1−xFex nanoparticles (35 nm) and smaller embedded
nanoparticles (5 nm) within the nanofibers due to the high diffusivities of both ions
at the surface. The fraction of large nanoparticles was significantly reduced when x
was increased to x∼0.2, where a skewed particle size distribution was observed to-
wards larger nanopartciles (10-18 nm) with larger fractions of small-sized nanopar-
ticles (5 nm). This could happen due to the presence of a more favorable fraction
of x that can lead to the formation of more nucleation centers at minimal enthalpy
change. Both fractions of Ni1−xFex nanofibers have shown the FCC crystalline phase
of Ni1−xFex and some residual PVP fragments peaks in the XRD data. The satura-
tion magnetization was increased from 46% to 72% of the bulk value with increasing
x. A small spin-disordered component (2%) that could be from the spin-disordered
shell was observed for both fractions of x. An exchange bias was observed at x∼0.2
due to the interface interactions between the spin-disordered shell and magnetically
ordered core. The differential susceptibility was increased from 6 to 11 by increas-
ing x from x∼0.1 to x∼0.2. No evidence of superparamagnetism was found in these
nanofibers due to the fraction of large-sized nanoparticles that dominated the ZFC-
FC curves.

Chapter 5 reported the fabrication of electrospun x∼0.5 nanofibers made by an
alternative method. The effect of different solvents was studied for the prepara-
tion of x∼0.5 nanofibers; first by using 100% DMF and others by using a mixture of
solvents methanol: DMF (20%:80% and 50%:50%). DMF-based nanofibers showed
thinner nanofibers when compared to the x∼0.1 and x∼0.2 nanofibers. The reason
for such behavior is attributed to the more compatible Hansen’s solubility param-
eters by using DMF than methanol as a solvent. These nanofibers contained pre-
dominantly small 5 nm nanoparticles, and some slightly larger nanoparticles (8-13
nm) were also present. Similar to x∼0.1 and x∼0.2, these x∼0.5 nanofibers were in-
dexed to FCC crystal structure of Ni1−xFex but only one residual carbon peak from
the polymer PVP fragment was observed in their XRD data. This suggested that the
degradation pathway differs in a different solvent when DMF was used for x∼0.5
than methanol which is used for x∼0.1-0.2. The saturation magnetization at this frac-
tion of x∼0.5 was increased to 82% of the total bulk value. These nanofibers showed
superparamagnetic behaviour with the blocking temperature, TB=∼125K. There was
a remarkable increase in the differential susceptibility to 18 with increasing x∼0.5.
20%:80% methanol: DMF solvent-based nanofibers showed thin nanofibers contain-
ing large Ni1−xFex nanoparticles. Unlike DMF-based nanofibers, large polycrys-
talline nanoparticles (30-40 nm) were present in these nanofibers. The Ni1−xFex

nanoparticles in these nanofibers were indexed to the FCC crystal phase but the
peaks from the PVP fragments were similar to what obtained for x∼0.1 and x∼0.2
nanofibers. This suggested that a small fraction of methanol can affect the degrada-
tion pathway for the PVP degradation at high temperatures. The high field mag-
netization for this sample was decreased to only 24% of the bulk sample which
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showed that the methanol is not suitable for the formation of high-quality Ni1−xFex

nanofibers at x∼0.5. The method with 50%:50% methanol: DMF did not produce any
isolated nanofibers, and therefore no results were produced for this mixture. This
study showed that only 100% DMF gives the high-quality reproducible nanofibers.

Chapter 6 presented the results from the electrospun MnFe2O4 nanofibers. These
nanofibers were thermally processed in different atmospheres, and the ideal pro-
cessing environment was heating the samples first in presence of argon and then
turning off argon gas at high temperatures to allow leak-in air for oxidation of the
samples. This step was important as argon was found insufficiently oxidizing due
to less oxygen, and the air was too oxidizing due to the high percentage of oxygen.
The two best temperature profiles were selected to produce MnFe2O4 nanofibers, i.e.
700◦ (MN-700◦C) and 620◦C (MN-700◦C). MN-700◦C nanofibers showed the pres-
ence of large polycrystalline nanoparticles on the surface but there were also some
single crystal rods in the sample. MN-620◦C nanofibers contained small MnFe2O4

nanoparticles in the nanofibers as well as large single crystals. Both samples were
indexed to the FCC phase of the MnFe2O4. The high field saturation magnetization
was decreased to 57% for MN-700◦C and 46% for MN-620◦C when compared to the
bulk. This could happen due to the anti-site disorder in the MnFe2O4 nanoparti-
cles. There was no evidence of superparamagnetism in these nanofibers due to the
presence of larger nanocrystals in these nanofibers. A sample processed at 620◦C
showed the complete formation of single crystal nanorods and the high field satu-
ration magnetization for this sample was increased to 76% of the bulk. This could
happen due to the variability of oxygen partial pressure during the thermal process-
ing of MnFe2O4 nanofibers. This result was very interesting as it can lead to the
potential fabrication of single crystal nanorods that may be suitable for flux-guiding
applications.

Chapter 7 presented the results from a study of Sm3+ doped MnFe2−xSmxO4

nanofibers prepared at 620◦C with increasing fractions of x from 0.06-0.25. All sam-
ples showed the formation of thin nanofibers containing MnFe2−xSmxO4 nanoparti-
cles. The increase in x promoted the nucleation of smaller-sized nanoparticles within
nanofibers. All samples x≤0.2 showed the successful incorporation of Sm3+ in the
crystal lattice of MnFe2O4 but some impurity peaks were observed at x=0.25. There
was a systematic decrease in the lattice parameters with increasing x that may be
due to the Sm3+ induced redistribution of magnetic ions within lattice parameters
to compensate for the lattice strain. Another reason could be point defects arising
from the O2−/Fe2+ vacancies in the crystal lattice due to the charge balancing. The
saturation magnetization was increased to 56% at x=0.06 but decreased with further
increasing x≤0.2. This could be due to the broken or changed exchange interaction
pathways between magnetic ions. It increased further with increasing x=0.25, which
could be due to the contribution from the secondary phases from excess Sm3+ ion.
Superparamagnetism was observed for the high fractions of x=0.2-0.25 due to the
formation of smaller nanoparticles with the blocking temperatures, TB=90-105. This
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chapter showed that the Sm3+ incorporation can alter the structural properties and
cause an enhancement in saturation magnetization at low values of x, and super-
paramagnetism at larger values of x.

In the introduction, the three main objectives of this study were stated to prepare
metallic and semiconductor nanofibers in thin nanodimensions that can potentially
be used in wireless charging applications. The first objective was to develop thin
sheets of bimetallic Ni1−xFex nanofibers by an electrospinning method and to study
their structural and magnetic properties at increasing x∼0.1-0.5. This was achieved
by the fabrication of Ni1−xFex nanofibers with a modified synthesis method at x=0.1-
0.2. An alternative method was developed that produced good quality isolated
x∼0.5 nanofiber sheets. The differential susceptibility was significantly increased
from 6 to 18 for these nanofibers with increasing x from x∼0.1 to x∼0.5. These results
were very encouraging for their potential applications in wireless charging. The sec-
ond objective was to prepare semiconducting MnFe2O4 nanofibers and study their
structural and magnetic properties. This was achieved where MnFe2O4 nanofibers
were made with different morphologies. The third objective was to synthesize the
Sm3+ doped MnFe2−xSmxO4 nanofibers. It was achieved with the successful incor-
poration of Sm3+ ion in the crystal lattice of MnFe2O4. This work contains a solid
foundation for future studies and investigations related to metallic and nonmetallic
materials prepared by the electrospinning method.
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Preface

The next chapter explains the potential future direction of this work for further stud-
ies.
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Chapter 9

Future outlook

The data and discussions throughout this work is encouraging to further study these
materials properties regarding the modifications in structural properties and to im-
prove the magnetic properties for the power transfer applications in wireless charg-
ing. Some directions of the future work are summarized below.

The Ni1−xFex nanofibers prepared in this work have shown encouraging results
with increasing x both for improving the physical properties as well as the mag-
netic properties. It will be interesting to study the effects of further increasing x to
the higher fractions of iron. This is because the bulk Ni1−xFex shows a transition
from FCC to BCC transition with x≤0.6 with a high magnetic moment. Therefore,
it is remarkably interesting to study; if the structural properties changes at x≥0.6 or
the magnetic properties can be tuned further with increasing x. Another important
study would be the formation of smaller nanoparticles within these nanofibers to
achieve superparamagnetism at high fractions of x as was found at increasing x∼0.5.
The superparamagnetic nanoparticles with reasonable susceptibility and decreased
coercivity can have potential real-world applications in inductive power systems.

The formation of single crystal MnFe2O4 nanorods in this study is interesting
that warrants further experimental and theoretical analysis. This work has shown
a possibility to achieve high purity MnFe2O4 nanorods, that provided a foundation
for another study including a series of experiments at different partial pressure Oxy-
gen/inert gas mixtures. The optimization of oxygen content can lead to reproducible
MnFe2O4 nanorods by the developed method in this study which could lead to high
susceptibility due to the shape anisotropy of a nanorod. Another important study
would be the exploration of the temperature optimization effects on the nanoparti-
cle’s nucleation as well as on the magnetic properties of the samples. The aim would
be to develop a temperature profile that can lead to the formation of superparamag-
netic nanoparticles with high susceptibilities.

The introduction of Sm3+ in the MnFe2−xSmxO4 at increasing x=0.06-0.25 es-
tablished a basis to produce the future nanofibers by using the developed method.
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However, the change in the structural and magnetic properties in the crystal lat-
tice by the successful inclusion of Sm3+ ions requires undertaking measurements
to further understand the crystal structure and the magnetic properties. For exam-
ple, Mössbauer spectroscopy can be interesting to study the formation of high-spin
or low-spin MnFe2−xSmxO4 and the anti-site disorder at octahedral and tetrahedral
sites. X-ray synchrotron would be effective to study the point defects, i.e., O2− or
Fe2+ vacancies at Sm3+ doping due at Sm3+ doping. XPS can also provide informa-
tion about the oxidation states of Mn2+ and Fe3+ ions to deduce their locations in the
crystal lattice. Another important study would be the inclusion of large ionic radii
ions with high magnetic moment ions (RE), i.e., Eu3+, Gd3+, Dy3+ in MnFe2−xRExO4

nanofibers at various fractions of x to observe the effects in the structural and mag-
netic properties by using the developed synthesis method.





180

Appendix A

List of Publications

The list of publications including both published and to be published work during
the course of this research is given as follows.

1. Nawaz T, Williams GV, Coles MP, Edgar A, Chong SV. Synthesis of orientated
Ni0.89Fe0.11/polymer nanofibres with a bimodal nanoparticle size distribution
by electrospinning and thermal processing. Materials Today Communications.
2022 Mar 1;30:103120.

2. Nawaz T, Williams GV, Coles MP, Edgar A, Chong SV. Ferromagnetic Ni0.78Fe0.22

polymer nanofibers with a sub-11 nm bimodal particle size distribution. draft
completed for submission.

3. Nawaz T, Williams GV, Coles MP, Chong SV. Synthesis of novel bimetallic
Ni0.5Fe0.5 nanofibers with high permeability and small magnetic crystalline
anisotropy for potential applications in small electronic devices. draft in progress.

4. Nawaz T, Williams GV, Coles MP, Chong SV. Effect of temperature on the mor-
phology and magnetic properties of electrospun manganese ferrite nanofibers
containing graphitic carbon. draft in progress.

5. Nawaz T, Williams GV, Coles MP, Chong SV. A study of Sm3+ (x) doping
on the morphology and magnetic properties of electrospun MnFe2−xSmxO4

nanofibers at an increasing fraction of x=0.06-0.25. draft in progress.
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