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Abstract
Lithium iron phosphate (LiFePO4) is one of the most widely utilized cathode materials in

lithium-ion batteries (LIBs) due to its low cost and environmental safety. Despite this attribute,

they still face significant challenges, including high rates and prolonged cycling. However,

research has shown that utilizing a magnetic field (MF) can help tackle these issues, thereby

improving the ion conductivity and inhibiting polarization of the LiFePO4 cathode. In this study,

LiFePO4 cathodes were produced by subjecting them to MF (LFP-MF), while others were

optimized using magnetic-sensitive Fe2O3 nanoparticle additives in two concentrations (LFP+1

wt% Fe2O3-MF and LFP+3 wt% Fe2O3-MF). The cathodes were compared to conventional

LiFePO4 electrodes prepared under the same conditions but without applying MF (LFP-WMF,

LFP+1% Fe2O3-WMF, and LFP+3% Fe2O3-WMF). Application of MF improved the materials'

electrochemical properties, contributing to the battery's superior electrochemical performance.

The lithium-ion diffusion coefficients of LFP-MF (4.1376 × 10-4 cm2 S-1), LFP+1% Fe2O3-MF

(4.0614 × 10-4 cm2 S-1), and LFP+3% Fe2O3-MF (2.3021 × 10-4 cm2 S-1) were more significant

than those of LiFePO4 cathodes without subjecting to the magnetic field. Furthermore, the

cathodes subjected to MF had higher reversible capacity and a reduced capacity decay than those

without MF at an enhanced rate capability greater than 1 C. This study discovered that an MF

improves the high-rate performance of LiFePO4 cathodes.

 

KEYWORDS: lithium-ion battery, lithium iron phosphate, iron (III) oxide (Fe2O3), magnetic

field, rate capacity, diffusion coefficient
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1.0. Chapter One – Introduction
Globally, lithium-ion batteries (LIBs) are an essential energy storage system for daily human

existence, with their main applications exceeding portable electronics and vehicles, but also

provide distinct benefits for power storage. They emerged as the most popular lithium-based

battery system due to 'their high energy density, high voltage performance, low self-discharge,

lack of ‘memory effect, superior cycle performance, and’ strong rate performance’ [1-3]. Their

fundamental components include the anode, cathode, electrolyte, and separator, which also

determine the electrochemical performance of LIBs [2]. Among these components, the cathode

and anode materials are expected to have excellent electronic and ionic conductivity, allowing

for reversible lithium-ion (Li+) insertion and extraction [2]. Thus, to achieve this, they must have

a ‘suitable lattice structure, crystallinity, and structural stability to’ fulfill the requirements of the

rocking chair battery model [2, 4].

In LIBs, lithium iron phosphate (LiFePO4) is regarded as one of the most used cathode

materials due to its outstanding electrochemical performance, safety, ecologically favorable

features, and inexpensive raw material costs [5, 6]. However, its downside includes relatively

low average potential, poor rate capacity, weak electron conductivity, low Li+ diffusion

coefficient, and low volumetric specific capacities across electrodes. This results in capacity

decay at high charge-discharge density, reducing the applicability of the LiFePO4 cathode

material [2, 5, 6]. Notwithstanding, research has shown that utilizing a magnetic field (MF) can

improve the ion conductivity of LiFePO4 cathode electrode materials, promoting high rate and

cyclic performance [2, 5, 6, 7, 8]. Studies have demonstrated that when an MF is applied in the

synthetic process of electrode materials, the nucleation and growth processes shift, resulting in

anisotropy and modifying the crystal lattice. This process is due to decreased surface energy,

directional expansion along the easy axis, and increased dipoles [2, 9]. Further, it was shown that

when magnetic moments of material are exposed to an MF, they exhibit a precise level of

magnetism known as magnetization [2]. This approach modifies the crystal orientation, resulting

in an orientated crystal structure that promotes lithium storage and diffusion [10]. Moreover,

when an MF is imposed perpendicular to a LiFePO4 electrode surface, the tiny crystals align

along the b-axis (010) coordinate, parallel to the half-cell's operating direction [5, 11]. This
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process increases Li+ diffusion along the channel. Thus, an MF can induce channel direction,

facilitating Li+ transport, thereby increasing high-rate, cyclic performance and reducing

concentration polarization in LIBs [2, 6, 11].

Recently, the use of magnetic sensitive nanoparticles (MNP) to enhance the electrochemical

performance of LIB cathode has gained attention. It has been investigated that when MNPs are

introduced to cathode material, they improve electrochemical and structural properties due to the

presence of metal oxide. However, in the synthesis of LiFePO4, Fe2O3 has been seen as a

promising MNP due to its abundance, chemical stability, high theoretical specific capacities, low

cost, and environmentally friendly attributes [12, 13]. According to [14], Fe2O3 nanoparticles

with electrically conductive coating layers enhance the battery's electrochemical capabilities by

improving electrical conductivity, redox reversibility, and shorter lithium ion and electron transit

lengths. Consequently, researchers have suggested that incorporating Fe2O3 into the electrode

offers a simple and less expensive strategy to enhance the power density and cycle life of LIBs

[12, 15].

Many efforts to improve electrochemical performance have focused on internal strategies,

such as modifying or upgrading cell components by coating, particle size reduction, and so on.

These internal approaches can improve electrochemical performance, but they have drawbacks.

For example, changes in the cell environment, such as additives and electrode modifications,

create concerns about cell stability [16]. However, using an external method such as an MF to

increase electronic conductivity and improve the electrochemical properties of the LIBs cathode

has been identified as a particularly effective technique. This method can be used efficiently to

enhance particle alignment, reduce particle agglomeration, improve electrode porosity, promote

lithium-ion diffusion, and reduce internal resistance on the cathode [5, 17]. Hence, in this study,

we evaluate the influence of an MF and MNP (Fe2O3) on fast-charging LIBs utilizing a

permanent magnet with an intensity of 0.3 T during cathode (slurry) fabrication to optimize the

structural and electrochemical performance of LiFePO4. In contrast to the results reported in [6]

and [5], we employed a commercial active material (LiFePO4) while mixing it with Fe2O3 MNPs

during slurry synthesis and placed it under a permanent magnet intensity of 0.3 T. As a result,

decreasing the MF from 6 and 0.5 to 0.3 T makes it easy to incorporate the MF process into LIB

plants' large production lines. However, the findings of this study show that, unlike LiFePO4
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cathodes without MF placement, MF-dried cathodes have better electrochemical performance,

less polarization, increased Li+ diffusion, and improved capacity retention. This is a significant

advance compared to the reported work [6], where the authors used a 6 T superconducting

magnet cooled with liquid helium, which is expensive and cannot be used in real battery plant

production.

1.1. Aim of the project

This project aims to develop a reliable MF method for producing high-performance LIBs

with stable cyclability and fast charging. To accomplish this, the performance of the lithium-ion

cathode material was enhanced during cathode fabrication by applying a permanent magnet with

an intensity of 0.3 T. Also, the slurries were further examined for the effect of MF (0.3 T)

placement combined with magneto-responsive composite-iron (III) oxide additive to LiFePO4

during cathode preparation.

1.2. Hypothesis and goals

The hypothesis of this work focuses on applying an external MF combined with iron (III)

oxide (Fe2O3) during cathode slurry preparation. The MF is expected to enhance the ion

alignment, uniform deposition of LiFePO4 in the cathode, and reduce polarization, while the

Fe2O3 helps enhance the active material's magnetic properties (LiFePO4). Thus, this process

contributes to a better electrochemical performance of the battery and improves electrochemical

characteristics in the material, resulting in faster charging, higher rate performance, and better

cyclic stability.
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2.0. Chapter Two – Literature
Review

2.1. History of Lithium Batteries

Lithium was found through analysis of petalite ore by Arfwedson and Berzelius in 1817 [18].

In 1821, William Thomas Brande and Sir Humphry Davy isolated lithium by electrolyzing

lithium oxide. This process indicated the actual extraction of the element lithium. Despite its

discovery and extraction in antiquity, scientists such as Gilbert N. Lewis had to wait almost a

century to start studying the electrochemical characteristics of lithium due to delays in the

development of lithium's prospective applications [18]. However, lithium is a good material for

batteries because of several advantageous characteristics, including low density (0.534 g cm−3),

making them lightweight, and a perfect material for portable electronics. They are also known

for their high specific capacity (3860 mAh g-1) [19], making them a valuable material for

batteries' electrical energy storage. It has a low redox potential (−3.04 V vs. SHE), which makes

it an excellent choice for batteries due to its quick transfer of electrons during electrochemical

reactions [13].

In early 1958, Harris studied the solubility of lithium in a range of non-aqueous electrolytes,

including cyclic esters, molten salts, and inorganic lithium salt (LiClO4) dissolved in propylene

carbonate. During his investigation, he noticed the formation of a passivation layer capable of

inhibiting a direct chemical interaction between lithium and the electrolyte while allowing for

ionic transport, prompting more research into lithium-ion battery stability [18, 19]. These

findings spurred an interest in the commercialization of primary LIBs. However, lithium-based

batteries are subdivided into various subclasses, which include lithium-ion batteries (LIBs),

lithium-sulfur (Li-S), and lithium-oxygen (Li-O2) batteries [2].

2.2. ‘Lithium-Sulfur Batteries (Li-S)’:
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Lithium-sulfur batteries (Li-S) exhibit considerable potential for energy storage due to their

low cost and high energy density. They are more environmentally friendly because they do not

employ rare metals as cathode materials [20, 21]. A Li-S battery operates by coating a thin

metalized substrate, like aluminum, with a porous sulfur composite cathode on a polymeric layer.

During operation, soluble sulfur, and lithium polysulfides are produced at the cathode and

diffused to the anode, where they participate in a parasitic reaction with the lithium to restore the

low oxidation state of the polysulfides (Fig. 1). However, using electrolytes aids in increasing the

capacity of Li-S batteries [16]. These electrolytes are manufactured using organic solvents

combining dimethyl sulfide organics, diglyme, 1,3-dioxolane, 1,4-dioxane, 1,1-dimethoxyethane,

glycol dimethyl ether, and lithium salts. Consequently, the negative electrode of a Li-S could

consist of an alloy of calcium and lithium with a calcium atomic proportion ranging from 2% to

34%, which improves the battery performance [22, 23]. However, some challenges still need to

be fixed in Li-S. Among these challenges are the poor conductivity of sulfur cathode materials,

the dissolution and shuttle of polysulfides, and the volumetric expansion that occurs while

charging and discharging [21, 24]. Various strategies have been studied to overcome these

challenges. These include creating carbon-sulfur composites with different material structures to

enhance the electrochemical performance, employing metal-based catalysts decorated-carbon

materials to improve the electrochemical performance of Li-S batteries, and creating solid-state

electrolytes (SSEs) to extend the safety and cycle life of Li-S batteries [25, 26]. However, Li-S

batteries are a potential next-generation energy storage technology; nevertheless, more research

is needed to resolve outstanding problems and improve their usefulness for practical applications

[25, 26].
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Fig. 1: ‘Schematic description of the working principle of' Li-S [27].

2.3. Lithium-oxygen (Li-O2) Batteries

'Lithium-oxygen (Li-O2) batteries have garnered considerable 'interest' because of their high

energy theoretical density. Notwithstanding, they still have some challenges which depend on

their design and composition. These challenges include irreversible lithium stripping or plating,

reducing the battery's capacity [28], and the forming of the insulating and insoluble discharge

product, lithium peroxide (Li2O2), which reduces battery performance [29]. Others include poor

cycle stability and large discharge/charge overpotentials [30]. However, diverse approaches have

been suggested to address these issues, and these include creating solid/solid interfaces to control

Li2O2 development [31], employing solvation-regulated electrolytes to sustain the lithium anode

[32], and creating catalysts to enhance the stability and electrochemical reactions in the battery.

Another strategy is facilitating the direct 4e-catalytic reaction of LiOH in the storm by utilizing a

metal-organic framework-derived catalyst, such as a single-atom Co-N4/graphene catalyst [31].

An alternative method uses an engineered organic compound as a superoxide radical quencher

and redox mediator to create more easily decomposable Li2O2 nanoparticles [33]. Further, a

soluble catalyst that permits the reversible cleavage/formation of O-O bonds, like a copper (I)

complex, are added to modify the reaction paths of Li-O2 batteries [34]. In addition, soluble

redox mediators like iron phthalocyanine can be employed as transition metal phthalocyanines to

regulate the redox potentials and activity in Li-O2 batteries [34]. Nonetheless, these various

strategies aim to extend the cycle life, energy efficiency, and discharge capacity of Li-O2

batteries.



17

Fig. 2: Schematic description of the working principle of Li-O2 [35].

2.4. ‘Lithium-ion Batteries (LIBs)’

LIBs have emerged as the most popular lithium-based battery system due to their high energy

density, high voltage performance, low self-discharge, lack of memory effect, superior cycle

performance, and strong rate performance [2]. Since 1991, LIBs have been widely employed in

consumer mobile devices such as smartphones and laptop computers owing to their lightweight

design and high-energy content [36]. The electrochemical performance of LIBs is determined by

four major components: the anode, cathode, electrolyte, and separator [2]. The separator is a

porous membrane that electrically separates the two electrodes. The negative electrodes (Anode)

are primarily graphite and amorphous carbon compounds, while the positive electrode (cathode)

consists of active materials such as mixed oxides. During charging and discharging, single

lithium ions pass between the electrodes of LIBs, becoming intercalated in the active materials.

Thus, electrons are released during discharge when lithium is deintercalated from the negative

electrode. These are the materials via which lithium is intercalated [36].
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Fig. 3: Schematic description of the working principle of LIBs [37].

2.5. Comparison of Lithium-ion battery, Li-S and Li-O2

LIBs are superior to Li-O2 and Li-S in several ways. They require less expensive catalysts

and are more efficient due to their greater theoretical specific capacity and good kinetics without

breaking O-O bonds [38]. Li-S also attracts study interest because of its similar qualities to

lithium and abundance. Still, LIBs are now considered state-of-the-art for large-scale energy

storage [38 - 40]. LIBs are also widely utilized for various purposes, including electric cars and

tiny electronic devices, and attempts are being made to make them more sustainable by using

sustainable materials and manufacturing techniques. It has been discovered that LIBs are

superior to the application of electric car batteries in terms of quality and capacity [39 - 40].

Comparing LIB to Li-O2 and Li-S batteries, the former has greater capacity, efficiency, and

sustainability. However, LIBs have issues that make it difficult for them to operate reliably,

which include capacity limitation, low temperature, high positive overpotential, and poor cycle

efficiency, among others [2]. Consequently, the challenges of low temperatures also lead to

reduced cycle life, capacity loss, and security problems. The primary reasons for these issues

include dendritic growth, low Li+ diffusion coefficient, poor transfer kinetics, high Li+ desolation

barrier, and Li plating. The significant decrease in energy and power densities at low

temperatures, caused mainly by interfacial charge transfer resistance, presents another difficulty.

The twisted or broken ion routes inside and between solid components hinder cathode growth in
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solid-state lithium metal batteries. Thus, LIBs short lifespan and inadequate capacity further

hamper long-term operation and long-distance driving in electric vehicles [41 - 42].

2.6. Recent Development Lithium-based Batteries

The complexity of lithium-based batteries necessitates a multipronged strategy that involves

international policy development supporting a circular economy for battery components,

technological readiness, legal frameworks, upcycling and recycling procedures, and

breakthroughs in logistics [41]. However, strategies have been implemented to help tackle the

challenges in lithium-based batteries. Among these approaches, using anode and cathode

materials with core-shell structure can enhance capacity performance and lengthen battery life

[42]. Another innovative approach to addressing capacity degradation and safety concerns is

using thermo-responsive separators in conjunction with intelligent self-protecting batteries,

particularly in high-temperature environments [43]. Remedy options for low-temperature

environments include optimizing charging processes, monitoring battery temperature in

real-time, and improving intrinsic reactivity through intelligent cell design, surface coating,

metal doping, morphology control, and particle size reduction for cathode modifications [44]

have been used to solve these issues [35, 39]. However, problems still exist, with researchers

identifying problems like voltage decay, capacity fading, and structural instability, especially

with lithium cathode materials. Nevertheless, novel strategies involving manipulating MF

materials have been investigated to overcome these difficulties [46]. This process emphasizes the

continuous attempts to address complex problems and improve the efficiency and dependability

of LIBs. It has demonstrated the potential to improve overall performance and stability, address

issues related to low temperatures, and alter battery behavior.

In recent years, several researchers have focused on the effect of MF in lithium-based

batteries, resulting in several novel and significant discoveries. Nevertheless, MF offers

numerous advantages in Lithium-based batteries, including reducing the shuttle effect of small

sulfur-containing molecules, decreasing Li dendrite formation, and increasing polysulfide

capture. It can also help with problems including slow kinetics, electrode polarization, negative

lithium dendrites, and poor catalytic performance of positive catalysts in Li-O2 batteries [2, 5, 6,

17].
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2.7. Magnetic Field

Based on existing research, historical magnetic theories, and analysis of the MF impact on

the battery environment, the effect of the MF may be traced to five main factors: magnetic force,

magnetohydrodynamic (MHD) effect, spin effect, magnetization, and nuclear magnetic

resonance (NMR) [2]. However, the MHD effect, which characterizes the motion of a conductive

fluid in the presence of an externally applied MF, is one of the most significant impacts when

MF is applied to an electrochemical cell [17]. According to Shah Z. et al. [47], the MF interacts

with the electric field as a non-contact method of transmitting energy in addition to the inherent

magnetic force and magnetization properties. It is explained that the charged particles in an MF

experience a Lorentz force because of the interaction between the electric and MF, which speeds

up the electrochemical reaction and alters the initial direction of the flow of the charges. Thus,

one innovative method currently gaining traction is using an MF to improve the electrochemical

performance of batteries. However, more research on the technique is required [17, 48]. The

benefits of MF and studies of physical phenomena resulting from magnetic interactions are

applied in several battery situations. For instance, the idea of magnetic batteries, which included

a helical spring strung into a magnetic core, was patented in 1987 by Ridley and Spector [17].

Further, the research of Hinds et al. [46] examined how MFs affected aqueous electrolytes, and

nearly 100% of the electrochemical mass transport enhancement was shown when MF of 1 T

was introduced to aqueous electrolytes. Costa et al. [41] assessed how an applied MF affected an

electrochemical cell's ability to function to tackle the primary physical processes that may impact

battery performance. They demonstrated that the electrochemical performance of lithium-based

batteries, such as lithium-ion, lithium-sulfur, and lithium-oxygen batteries (Fig. 4), can be

significantly improved by applying MF. It was reported that using external MF during cycling

can prevent the production of lithium dendrites, leading to stable cycling at high current densities

and dendrite-free lithium deposition. Consequently, magnetic properties have been used to help

understand LIB materials' electrical and atomic structure and how they relate to electrochemical

performance.
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Fig. 4: Magnetic field application in lithium-based batteries (LIBs, Li-S batteries, and Li-O2

batteries) and the five basic mechanisms involved [2].

2.8. Magnetic Field Operation

The physical phenomenon known as magnetism, which dates back to the third century BC, is

closely related to the development of our industrial civilization and daily lives. Faraday

developed the electromagnetic induction phenomenon, which is the foundation of

electromagnetism, while Oersted discovered the galvanomagnetic effect in the eighteenth

century. However, from the eighteenth century to the present, there has been constant

improvement in the theory of the metal electron, molecular MF, atomic magnetic moment,

electron spin, magnetic domain, and other concepts. This approach has led to a theoretical

understanding of magnetism that is comparatively comprehensive [2, 49], demonstrating that the

movement of electric charges causes magnetic phenomena, with all macroscopic matter

comprising atoms, fundamental building blocks of extranuclear electrons, and a nucleus. Because

electrons are mobile, every atom has a magnetic moment, and due to this, magnetism is a

fundamental characteristic of all materials, which are further categorized according to their

magnetic properties, such as diamagnetic, paramagnetic, ferromagnetic, and antiferromagnetic

[2, 17, 50].

2.8.1. Diamagnetic Material
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Diamagnetic materials are minor repulsion when exposed to an MF. Diamagnetic materials

do not contain unpaired electrons and are negatively magnetically sensitive. However, LIBs can

operate at larger capacities due to diamagnetism. Thus, by altering the mass movement,

electrolyte characteristics, electrode kinetics, and deposit morphology, MF can enhance the

electrochemical processes in LIBs [2]. Nevertheless, new ideas and enhanced battery topologies

could result from the interaction between magnetic forces and LIB components. Additionally,

studies have looked at the application of solid-state nuclear magnetic resonance spectroscopy for

solid-state lithium battery transport measurements and structural characterization. Notably, the

potential for energy storage and LIB battery performance can be improved by comprehending

and utilizing diamagnetism in LIB applications [2, 17].

2.8.2. Paramagnetic Material

Materials classified as paramagnetic have unpaired electrons, which cause them to be weakly

attracted to an MF. They show signs of being positively magnetically susceptible and are affected

by MF. It has been investigated how applying LIBs can enhance their performance due to their

paramagnetic properties [2]. Consequently, by influencing electrochemical reactions, electrolyte

characteristics, mass transportation, electrode kinetics, and deposit morphology, MF in LIBs can

produce more inventive and high-performing battery architectures. Moreover, promising

outcomes are also observed when one-dimensional metal-organic compounds are used as LIB

electrode materials. These materials offer a new system for future research by keeping organic

active compounds insoluble in the electrolyte throughout charging and discharging. Further, the

creation of lithium dendrites during cycling has been suggested to be suppressed by external MF,

which would enhance Li+ diffusion and permit dendritic-free lithium deposition at high current

densities. Thus, applying MF on paramagnetic materials may improve LIB's electrochemical

performance and safety [17].

2.8.3. Ferromagnetic Material

Due to their intense attraction to MF, ferromagnetic materials can retain their magnetization

even after the external MF is withdrawn. Ferromagnetic forces can improve LIB performance by

influencing electrochemical reactions and other battery system components [2]. However, MF
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has been used in lithium-based batteries to increase electrochemical performance using magnetic

force, magnetization, magnetohydrodynamics, and spin effects. Notwithstanding, external MF

can improve lithium metal batteries' stability and safety by preventing lithium dendrites'

formation during cycling. Furthermore, the electrochemical performance of battery materials has

been elucidated by utilizing magnetic properties related to charge and mass transfer, redox

processes, and atomic details. As a result, ferromagnetic forces have shown promise for

enhancing LIB performance and safety while shedding light on their underlying mechanics [17].

2.8.4. Antiferromagnetic Material

Antiferromagnetic is a form of magnetic ordering that occurs when adjacent magnetic

moments align against one another, producing zero net magnetization. The magnetic moments of

adjacent atoms or ions align antiparallel in antiferromagnetic materials, wiping out each one's

distinct MF [46]. Consequently, antiferromagnetic materials do not show macroscopic

magnetization because the magnetic moments cancel each other out. To create creative and

high-performing battery designs, one must comprehend the magnetic properties of LIB.

However, magnetic forces and interactions influence LIB's antiferromagnetic behavior. In

LiFePO4, where Fe2+ ions take the place of Li+, magnetic moments at antisite defects result in

quasifree [51] moments that are not involved in long-range antiferromagnetic order. These

magnetic moments exhibit strong zero-field splitting and extremely anisotropic g factors because

their anisotropy axes align with the principal crystallographic directions. The magnetic

characteristics of lithium intercalation compounds can be studied, and magnetic studies can be

used to assess the purity of the electrode materials used in rechargeable Li+ batteries.

Nevertheless, magnetic force, magnetization, magnetohydrodynamic, and spin effects can all be

used to enhance the electrochemical performance of lithium-based batteries by applying a

magnetic field [49, 51, 52].

2.9. Magnetic Field Effect

Numerous methods are outlined by which an MF controls electrochemical reactions (Fig. 5).

However, acid-based materials and the Hall effect MFs applied and their impact on changes in

electrical conductivity. MHD events interacting with the convective diffusion layer close to the
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electrodes are primarily responsible for the MF superposition. Thus, MF-caused modifications to

the electrode kinetics (also known as electrochemical kinetics). Morphological and qualitative

changes in the deposit during magneto electrolysis [2, 17].

Fig. 5: ‘Schematic illustration of the potential effects of an applied magnetic field on

electrochemical reactions, particularly those involving a battery [17].

2.10. Magnetic Force

Magnetic domains exist in all materials. Thus, when an MF is applied to the magnetic

domains, the magnetic poles move uniformly in one direction; when removed from some

magnetic substances, the magnetic domains cannot return to their original principles. Permanent

magnet materials are used to demonstrate magnetism. However, suppose the material magnetism

decreases without an MF. In that case, such material is known as a soft magnetic substance,

although all magnetic materials exhibit attraction between opposing MF and repulsion between

aligned MF. Nevertheless, numerous research groups have applied this physical phenomenon to

LIBs to avoid active material differentiation and failure, the polysulfide shuttle effect, and

promote magnetic material recovery [2, 5, 17].

2.11. Magnetization Effect

Magnetism is created when a substance's magnetic moments line up in the presence of an

MF; this process is called magnetization. However, a substance that is not inherently magnetized
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can be made magnetized by applying an MF. Thus, by utilizing this method, the orientation of

the crystal can be changed/enhanced to create an oriented crystal structure, which can improve

lithium storage, making it easier for Li+ to be transported. As seen in Fig. 6, the

superparamagnetic zinc ferrite was magnetized and showed a typical configuration in an MF [2].

Numerous articles have examined the magnetization effect in LIB. Ameziane et al. demonstrated

solid-state LIB technology for switching voltage-controlled in-plane and perpendicular

magnetization states in a Co-Pt bilayer [53]. Further, to improve Li+ diffusion and lessen the

driving force for dendritic formations, Chen et al. [54] suggested employing external MF to

prevent the production of lithium dendrites during cycling. Kimura et al. [55] performed

magnetization and high-frequency electromagnetic spectrum (EMR) studies on lithium

manganese spinel (LiMn2O4) powder samples. These investigations revealed differences in

magnetization and EMR spectra between samples. Further, a LIB electrode plate with a groove

in the active substance layer was studied. This process extended the cycle life and enhanced the

high-magnification charge-discharge characteristic [5]. Li et al. [56] investigated the

diffusion-polarization effect in LIB to lessen polarization effects and shorten test times, and they

suggested a quick depolarization technique using pulse charge discharge.

Fig. 6: Magnetic field magnetization: Zinc ferrite nanoparticles are magnetized into an ordered

pattern in a magnetic field. Li+ is subjected to the Lorentz force in a magnetic field to produce

the MHD effect [2].
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2.12. Magnetohydrodynamic (MHD) effect

Applying an electrochemical reaction in an MF, the electromagnetic interaction induces

convection in an electrolytic solution [57]. The charged species in the electrolyte experience a

Lorentz force perpendicular to the electric and magnetic fields. This force alters the movement

direction of charged species, forcing them to spiral and creating convection in the electrolyte,

hence promoting mass transfer and the uniform distribution of Li+ [57, 58]. For instance, during

electrochemical deposition, the Lorentz force rotates the charged lithium ions, churning the

electrolyte and enhancing mass transfer, improving electrode responsiveness. This also aids in

the electro-crystallization process by enhancing the form and structure of the deposited Li+ layer

[58]. Further, the formula FL = j × B determines the Lorentz force, where j represents the local

current density, and B represents the external MF intensity. The Lorentz force is 0 when B and j

are parallel and greatest when orthogonal. At the electrode's edge, the direction of j twists and

cuts off the magnetic force lines, causing the MHD process to generate eddy currents [57].

Furthermore, protrusions on the electrode surface affect the local current distribution, resulting in

micro-MHD eddy currents (Fig. 7) [57]. The micro-MHD effect improves the concentration of

polarized lithium ions while reducing dendrite formation [2, 59].

Fig. 7: The micro-MHD effect improves the concentration of polarized lithium ions while

reducing dendrite formation [54].

2.13. Spin Effect
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Recent research shows that MF has a substantial impact on spin-dependent electrochemistry.

Figure 8 depicts a diagrammatic depiction of the spin effect. The figure shows that the MoS2

catalyst lowers the energy barrier for electronic transitions under an MF, enhancing catalytic

efficiency [60]. Thus, spin rules under MF circumstances are observed in electrochemical

reactions, principally through the spin-related free radical pair mechanism and other mechanisms

[61]. Spin-related radical pairs have a significant role in electrochemistry. As observed, MF

causes the spin arrangement to shift from disordered to ordered, resulting in a change in surface

energy, which can impact reactant adsorption, catalytic activity, and reaction activity [2].

Previous research has demonstrated that spin-aligned materials have a higher spin density on

atoms than non-spin-aligned materials. This process implies that when exposed to a vertical MF,

ferromagnetic materials are magnetically sensitive and absorb more energy [61]. This medium

will increase the usefulness of magnetic materials in catalysis and Li-O2 batteries [2].

Fig. 8: Schematic of electron transfer in bilayer MoS2 and bowl-like MoS2 under an external

magnetic field[60].

2.14. Magnetic Application in Lithium-ion Batteries: Material Synthesis

The anode, cathode, electrolyte, and separator determine LIB electrochemical performance.

The electrode materials must be electrically and ionically conductive to allow for the reversible

insertion and extraction of Li+ across thousands of cycles [62, 63]. The cathode and anode

materials must have a suitable lattice structure, crystallinity, and structural stability to meet the

requirements of the rocking chair battery model [64]. The electrolyte conditions are primarily

focused on ionic solid conductivity. Numerous investigations have shown that an MF can
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produce ferromagnetic and paramagnetic materials with unique crystal structures [46]. When an

MF is applied to a material's synthetic process, the nucleation and growth processes modify and

cause anisotropy, impacting the crystal lattice alteration. This is due to decreased surface energy,

increased directionality along the easy axis, and dipole enhancement [65]. Furthermore, the

magnetic field-induced method is comparable to a strategy that does not use a template. An MF

facilitates the production of electrode materials and electrolytes for Li+ insertion/extraction [2,

17]. For instance, Zhou et al. [5] aligned LiFePO4 monocrystalline platelets along the b-axis to

enhance high-rate performance using a 0.5 T magnetic field, and this alignment increased the Li+

diffusion coefficients, which boosted the capacity for rapid discharge (see Fig. 9). Cham Kim et

al. [6] investigated the magnetism and magnetic susceptibility of LiFePO4 using a 6 T

superconducting magnet system. The aligned LiFePO4 demonstrated lower electrode polarization

and higher reversible capacity, implying the possibility of improved battery performance.

Fig. 9: Electrochemical performance of the LFP-PU and LFP-PM cathodes: (a) charge/discharge

capacities, (b) rate performance [5].

2.15. The use of Magnetic Nanoparticle to Enhance the Electrochemical
Performance of LIBs

Magneto-sensitive materials (MNPs) have recently been studied to improve electrochemical

and structural properties of electrodes in LIBs. As a result, research has been recently conducted

into employing Fe2O3 as an MNPS to increase LIB electrochemical performance due to various

benefits, including high theoretical capacity, non-toxicity, and strong corrosion resistance [14,

66]. However, Fe2O3 has limitations, such as significant irreversible capacity loss and low cycle
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stability. Various solutions have addressed these restrictions [66 - 69]. Due to improved electrical

conductivity, better redox reversibility, and shorter transit lengths for both Li+ and electrons,

α-Fe2O3 nanoparticles with electronically conductive coating layers are more effective at

enhancing the battery's electrochemical capabilities [66]. For example, Liu et al. [14] used Fe2O3

to create a LiFePO4/C cathode material with high-capacity retention and reversibility (145.8

mAhg-1 at 0.2 C). Wang et al. [12] created LiFePO4/C composites by heating Fe2O3 to 600 °C,

and the most excellent discharge capacity (156 mAhg-1) was attained at 0.1 C using sucrose as a

carbon source. Ho-ming et al. [15] employed γ- Fe2O3 to manufacture a LiFePO4 cathode in a

magnetic field. The LiFePO4 electrode, containing 15% γ- Fe2O3, outperforms the pure LiFePO4

electrode with a discharge capacity of 69.8 mAh-1 at 10 C due to the MF it creates. These results

show that incorporating Fe2O3 into the electrode is a simple and inexpensive method for boosting

LIB power density and cycle life.

3.0. Chapter Three – Materials and
Method

The method employed for this study will be subdivided into the following.

Fig. 10: Method Description.

3.1. Chemicals and Instruments
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The active material was commercial LiFePO4, the conductive substance was acetylene black with

Nw = 150G, the MNP was iron (III) oxide (Fe2O3), and the binder was Poly (vinylidene fluoride)

(PVDF) with Mw = 1100 kg/mol (All chemicals were purchased from MTI corporation, 860 S.

19th Street, Richmond, CA) N-Methyl 2-pyrrolidone (NMP) was used as the solvent, and its

purity was 99.8%. To decrease residual moisture content, the active, PVDF, and conductive

components were post-dried in a vacuum oven at 60 °C for 12 hours before slurry production.

3.2. Sample Characterization

The crystal and phase structures of the as-prepared LiFePo4 cathode materials were

characterized by X-ray diffraction (XRD, Smart Lab. Co, Japan) with Cu Kα radiation (λ =

0.154056 nm). The samples were scanned at diffraction angles ranging from 10 to 70° at 1° per

minute, 40 KV, and 15 mA. Scanning electron microscopy (SEM, JSM, -7500F JEOL, Japan)

was used to examine sample particle size and shape.

3.3. Cathode Preparation

The cathode slurry contains 80:10:10, 80:10:9:1, and 80:10:7:3 (all in wt%), which were

prepared in a 600 µl n-methyl pyrrolidone solvent (NMP). A planetary centrifugal vacuum mixer

(ARV-310CE, Iwamoto-Cho Chiyoda-Ku, Tokyo, Japan) was used to mix the slurries. The

planetary mixer spins the sample holder's axis in the opposite direction while rotating the

samples around a central axis; each cycle was centrifuged for 15 minutes at 1200 rpm and 98.2

kPA. The samples were mixed twice (30 minutes) to evenly distribute the solvent, binder, active

material, Fe2O3, and conductive components. The homogeneous slurry was coated on an

aluminum current collector with a 20 µm doctor blade, placed on an MF of 0.3 T, and dried at

60°C under vacuum for 6 hours to form a directionally dispersed cathode, abbreviated LFP-MF,

LFP+1 wt% Fe2O3-MF, and LFP+3 wt% Fe2O3-MF. In contrast, a homogeneous slurry was dried

without a magnetic field (WMF), resulting in a naturally distributed LFP-WMF, LFP+1 wt%

Fe2O3-WMF, and LFP+3 wt% Fe2O3-WMF cathodes.

Table 1. Protocol for Cathode Slurry Preparation
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Active
material

Conductive
material Binder

Magnet
sensitive
material

Slurry
compositions

Solvent Denote

LiFePO4

Acetylene
black PVDF 80:10:10 NMP LFP-WMF

LiFePO4

Acetylene
black PVDF 80:10:10 NMP LFP-MF

LiFePO4

Acetylene
black PVDF Fe2O3 80:9:10:1 NMP

LFP + 1 wt% Fe2O3
-WMF

LiFePO4

Acetylene
black PVDF Fe2O3 80:9:10:1 NMP

LFP + 1 wt% Fe2O3
-MF

LiFePO4

Acetylene
black PVDF Fe2O3 80:7:10:3 NMP

LFP + 3 wt% Fe2O3
-WMF

LiFePO4

Acetylene
black PVDF Fe2O3 80:7:10:3 NMP

LFP + 3 wt% Fe2O3
-WMF

Fig. 11: Experimental (Cathode Preparation Process).

3.4. Assembling process and electrochemical performance test

The dry cathodes were roll-pressed on a calendaring machine (Non-heating WCRP-1015G,

Hohsen, Corp.) and punched into 14 mm-diameter platelets. Coin-type cells (CR2032) were used
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to test the electrodes' electrochemical properties in a glovebox with a dry Argon environment

(0.1 ppm of oxygen and water). The separator and electrolyte were a polypropylene membrane

(Celgard 2400) and 1 M LiPF6 in DMC: EC (1:1 v/v), with a lithium chip as the anode electrode.

To determine the diffusion coefficient of the LiFePO4 cathode, cyclic voltammogram (CV)

measurements were performed at room temperature on a Biologic tester (VMP3 s/n: 0726, 264

Argyll Avenue, France) at varied scan speeds ranging from 0.1 to 0.5 mVs-1, and a voltage

ranging from 2.8 to 4.2 V. Galvanostatic charge/discharge experiments were carried out using a

Neware Battery Test System (China) at charge-discharge rate ranging from 0.1 C to 5 C and

working voltages ranging from 4.2 to 2.8 V. Electrochemical impedance spectroscopy (EIS) was

performed using a Biologic Inc. workstation (VMP3) with a frequency range of 100 kHz to 0.1

Hz and amplitude of 10 mV.

4.0. Chapter Four – Result and
Discussion

4.1. Material Characterization via XRD

XRD was used to analyze the crystalline properties of the LiFePO4 powder and related

cathodes, both with and without magnetic placement. The sample's diffraction peaks fit the

LiFePO4 standard pattern, and the absence of additional peaks indicates that the samples

included few to no other crystal impurities. All LFP-MF and LFP-WMF (Fig. 12 (a)); LFP+1

wt% Fe2O3-MF and LFP+1 wt% Fe2O3-WMF (Fig. 12 (b)); LFP+3 wt% Fe2O3-WMF and LFP+3

wt% Fe2O3-MF (Fig. 12 (c)) diffraction peaks can be indexed to an orthorhombic Pnma space

group matching to the standard data (JCPDS card no. 01-090-1862). However, due to the high

intensity of the LiFePO4 powder crystal peaks, it is tough to discern the amorphous peaks of

PVDF, acetylene black, and Fe2O3 in the cathodes.

4.2. Material Characterization via SEM
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The morphology of the LiFePO4 powder and the influence of MF on the positive

electrode thickness were investigated using SEM; Fig.13 shows SEM images of the LiFePO4

powder and the corresponding electrodes, while Fig. 14 shows the cross-sectional SEM images

of the LiFePO4 positive electrode on MF and WMF. As shown in Fig 14 (a) and (b), the SEM

cross-sectional images of electrodes reveal cathode thickness for LFP-WMF (17.64 µm) and

LFP-MF (15.63 µm). Fig. 14 (c) and (c) show the thickness of LFP+1 wt% Fe2O3-WMF (16.97

µm) and LFP+1 wt% Fe2O3-MF (14.40 µm) electrodes, while Fig. 14 (e) and (f) revealed the

cathode thickness of LFP+3 wt% Fe2O3-WMF (17.20 µm) and LFP+3 wt% Fe2O3-MF (15.97

µm). Based on the results obtained, it was observed that the MF treatment influences cathode

thickness.

Fig. 12: XRD patterns of the LFP-powder

sample and corresponding cathodes LFP-MF

(blue line) and LFP-WMF (red line) (a);

LFP+1 wt% Fe2O3-MF (blue line) and LFP+1

wt% Fe2O3-MF -WMF (red line) (b); and
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LFP+3 wt% Fe2O3-MF (blue line) and LFP+3 wt% Fe2O3-MF -WMF (red line) (c).

Fig. 13: The cross-sectional SEM images of the LiFePO4 cathode electrode: LFP-WMF and

LFP-MF (a) and (b); LFP+1 wt% Fe2O3-WMF and LFP+1 wt% Fe2O3-MMF (c) and (d); and Fig.

LFP+3 wt% Fe2O3-WMF, and LFP+3 wt% Fe2O3-WMF (e) and (f).

Fig. 14 (a) and (b) depict an SEM image of LiFePO4 powder. The image shows that the

LiFePO4 powder sample has spherical particles with evenly dispersed grains. According to [11],

a single particle with a particle size below 2.5 μm enables magnetic orientation when exposed to

an external MF. Thus, the LiFePO4 sample is micro-sized, measuring 100-699.2 nm (0.1-0.70

μm) in length, and as such, it needs a small MF strength to affect the particle orientation [5].

Further, Fig. 14 (c) and (d) show the top-view SEM image of LFP-WMF and LFP-MF cathodes,
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(e) and (f) show for LFP+1 wt% Fe2O3-WMF and LFP+1 wt% Fe2O3-MF cathodes, and Fig. 14

(g) and (h) show the top-view SEM image for LFP+3 wt% Fe2O3-WMF and LFP+3 wt%

Fe2O3-MF cathodes. As shown in the figures, the composite powder was well-mixed with

carbon. However, no effect could be observed for all electrodes with MF and WMF, as all

LiFePO4 particles on the electrodes were randomly distributed and cannot be distinguished from

each other at the 1 μm scale bar images. At the 50 μm scale bar pictures, the LiFePO4 powder

samples could hardly be observed due to the binder and the carbon covering the surface of the

electrode.
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Fig. 14: SEM images: LiFePO4 powder sample (a) and (b); LFP-WMF and LFP-MF (c) and (d);

LFP+1 wt% Fe2O3-WMF and LFP+1 wt% Fe2O3-MF (e) and (f); and LFP+3 wt% Fe2O3-WMF,

and LFP+3 wt% Fe2O3-WMF (g) and (h).

4.3. Cyclic Voltammetry (CV)

CV experiments were performed to investigate the MF effect on the electrode operation.

The potential differences (ΔV) between the oxidation and reduction peaks [5, 11] were calculated

to evaluate the polarization variation due to the magnetic field effect. All electrodes (MF and

WMF) displayed distinct redox peaks (Fig. 15), correlating to the electrochemical transformation

of Fe2+/Fe3+ phases [6, 71, 72], indicating reversible Li+ extraction and insertion processes.

LFP-MF, LFP+1 wt% Fe2O3-MF, and LFP+3 wt% Fe2O3-MF electrodes exhibit notable anodic

peaks at 3.53, 3.52, and 3.58 V (vs. Li/Li+ for all electrochemical measurement) and cathodic

peaks around 3.34, 3.33, and 3.29 V, and exhibiting a current difference of 1.57, 1.92, and 1.64

mA, respectively. The cathodic and anodic peak difference (ΔV) of the electrodes, which also

reflects the kinetic polarization upon REDOX processes, in this case were 0.19, 0.18, and 0.29 V,

respectively, which is lower compared to that of LFP-WMF (0.20 V), LFP+1 wt% Fe2O3-WMF

(0.22 V), and LFP+3 wt% Fe2O3-WMF (0.36 V). The prominent anodic peaks of LFP-WMF,

LFP+1 wt% Fe2O3-WMF, and LFP+3 wt% Fe2O3-WMF occurred at 3.54, 3.55, and 3.61 V, while

the cathodic peaks occurred at 3.34, 3.33, 3.25 V with current differences of 1.15, 1.56, and 1.49

mA. It should be noted that a lower ΔV indicates better reversibility and enhanced electrode

kinetics (lower electrochemical polarization) [5]. Thus, these results imply that the electrodes

dried under MF exhibit improved electrode kinetics, reversibility, and slower capacity

deterioration during long-term cycling, as shown later, while also exhibiting higher current

(which reflects the reaction rate) values compared to all the electrode-prepared without

subjecting to the magnetic field (WMF). This indicates that the cathodes placed on the MF

possess better electrochemical performance in lithium batteries, which helps to enhance the rate

capability of the cells as well [5, 6, 11].
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Fig. 15: Comparison of CV data for LFP-WMF (black line) and LFP-MF (red line) (a); LFP + 1

wt% Fe2O3-WMF (black line) and LFP + 1 wt% Fe2O3-MF (red line) (b); and LFP + 3 wt%

Fe2O3-WMF (black line) and LFP + 3 wt% Fe2O3-MF (red line) (c).

4.4. Diffusion Coefficient

Following evidence of MF's effects on the electrode by CV, the diffusion coefficient for

the studied systems was estimated to confirm the impact of magnetic field on this. A high Li+

diffusion coefficient is critical for a Li-ion battery's fast kinetics and electrochemical efficiency.

The diffusion coefficient estimation was studied by CV at a scan rate ranging from 0.5 to 0.1

mVs-1 and was used to investigate the intrinsic kinetics of Li+ interactions. Notably, as the scan

rates increase, distinct redox peaks arise in the CV profiles of the electrodes (Fig. 16). When the

scan rate increases, the reaction current increases, indicating a rise in the electrochemical

reaction rate. At the same time, the redox peaks potential difference (between the oxidation and

reduction peaks in the CV curves) also increases, showing that the electrode polarization rises.

However, all the electrodes dried under MF exhibited superior electrochemical properties and

higher lithium diffusion coefficients than the WMF electrodes.
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Fig. 16: CV curves date for LFP-WMF (a), LFP-MF (b), LFP + 1 wt% Fe2O3-WMF (c), LFP + 1

wt% Fe2O3-MF (d), and LFP + 3 wt% Fe2O3-WMF (e), LFP + 1 wt% Fe2O3-MF (f), at different

scan rates.

The Li+ diffusion coefficients for all electrodes are shown in Table 2. As a result, the higher Li+

diffusion coefficients of the electrodes dried under MF can be attributed to the magnetic field

effect on the electrode materials' properties.

Table 2. Li+ diffusion coefficients and the charge-transfer resistance (R2) Fitting values for

LFP-MF, LFP-WMF, LFP+1 wt% Fe2O3-WMF, LFP+1 wt% Fe2O3-MF, LFP+3 wt%

Fe2O3-WMF, and LFP+3 wt% Fe2O3-MF.

Sample cm2S-1 R2

LFP-WMF 2.1430 × 10-4 35.79 Ohm

LFP-MF 4.1376 × 10-4 31.44 Ohm

LFP+1 wt% Fe2O3-WMF 2.4493 × 10-4 20.52 Ohm

LFP+1 wt% Fe2O3-MF 4.0614 × 10-4 18.64 Ohm

LFP+3 wt% Fe2O3-WMF 1.3189 × 10-4 45.51 Ohm

LFP+3 wt% Fe2O3-WMF 2.3021 × 10-4 30.40 Ohm
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4.5. Galvanostatic cycling at 0.1 C and 0.2 C

The galvanostatic charge-discharge performance of the cathodes was assessed to

thoroughly investigate the active materials' electrochemical behavior and the effect of the

magnetic field. Fig. 17 depicts charge-discharge profiles for all electrodes at 0.1 and 0.2 C rates

and a 4.2–2.8 V cutoff voltage for the 4th cycle. The 4th cycle was chosen because the cell

performance stabilizes during the initial cycles. According to the data, the discharge-specific

capacity for LFP-WMF, LFP+1 wt% Fe2O3-WMF, and LFP+3 wt% Fe2O3-WMF at 0.1 C was

150.26, 148.85, and 144.38 mAhg-1, respectively, which is lower than that for LFP-MF (152.03

mAhg-1), LFP+1 wt% Fe2O3-MF (150.04 mAhg-1), and LFP+1 wt% Fe2O3-MF (148.67 mAhg-1).

When the cycling rate was increased to 0.2 C, the discharge capacities for the MF dried

electrodes were at 147.77, 149.24, and 142.42 mAhg-1, respectively, which is higher than that of

the WMF electrodes, 143.18, 144.24, and 139.67 mAhg-1, respectively. The findings imply that

introducing an MF during the cathode drying process can help enhance the Li+ ion diffusion,

increase the discharge capacity, and improve the LiFePO4 discharge capacity retention

performance.
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Fig. 17: Comparison data for charge-Discharge of LFP-WMF and LFP-MF at 0.1 C at 4th cycle

(a); LFP-WMF and LFP-MF at 0.2 C (b); LFP + 1 wt% Fe2O3-WMF and LFP + 1 wt%

Fe2O3-MF at 0.1 C (c); LFP + 1 wt% Fe2O3-WMF and LFP + 1 wt% Fe2O3-MF at 0.2 C (d); LFP

+ 3 wt% Fe2O3-WMF and LFP + 3 wt% Fe2O3-MF at 0.1 C (e); and LFP + 3 wt% Fe2O3-WMF

and LFP + 3 wt% Fe2O3-MF at 0.2 C (f)

4.6. Rate Capability Tests

The electrochemical performance of LiFePO4 electrodes was also investigated at varying

C rates (Fig. 18). All electrodes dried under MF had higher reversible capacity and a slower

capacity degradation compared to the WMF electrode. Furthermore, as the charge-discharge rate

rises, the capacity of the cathode electrodes falls due to the kinetics limitations. As a result, LFP

electrodes dried on MF accelerated Li+ diffusion, accompanied by increased discharge capacities

at high rates. However, at higher rates, the effect of MF becomes more apparent. At 1 C, the

discharge capacities of LFP-MF, LFP+1 wt% Fe2O3-MF, and LFP+3 wt% Fe2O3-MF were

125.92, 132.48, and 130.94 mAhg-1, respectively, which were higher than LFP-WMF (115.30

mAhg-1), LFP+1 wt% Fe2O3-WMF (123.80 mAhg-1), and LFP+3 wt% Fe2O3-WMF (123.08

mAhg-1). At 2 C, the capacities of LFP-MF (113.26 mAhg-1), LFP+1 wt% Fe2O3-MF (120.01

mAhg-1), and LFP+3 wt% Fe2O3-MF (118.33 mAhg-1), were higher when compared to

LFP-WMF, LFP+1 wt% Fe2O3-WMF, and LFP+3 wt% Fe2O3-WMF (103.67, 110.41, and 109.84

mAhg-1, respectively). Finally, at 5 C, the discharge-specific capacities of LFP-MF, LFP+1 wt%

Fe2O3-MF, and LFP+3 wt% Fe2O3-MF were 93.58, 101.29, and 75.96 mAhg-1, and are higher

when compared to LFP-WMF (84.57 mAhg-1), LFP+1 wt% Fe2O3-WMF (88.73 mAhg-1), and

LFP+3 wt% Fe2O3-WMF (65.69 mAhg-1). However, compared to bare LFP without magnetic

sensitive nanoparticles and LFP+3 wt% Fe2O3, the LFP+1 wt% Fe2O3 cathode performs better

than others regarding discharge capacity.
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Fig. 18: Comparison of LFP-MF (red line) and LFP-WMF (black line) (a); LFP + 1 wt%

Fe2O3-WMF (black line) and LFP + 1 wt% Fe2O3-MF (red line) (b); and LFP + 3 wt%

Fe2O3-WMF (black line) and LFP + 3 wt% Fe2O3-MF (red line) (c) for different C-rate.

4.7. AC Electrochemical Impedance Spectroscopy (EIS)

EIS analysis was utilized to assess the effect of MF on the charge transfer resistance of

the electrodes. Fig. 19 shows the Nyquist plots for all cathodes after the 5th CV cycle at 0.1

mVs-1. All ac impedance curves comprise two semicircles in the high to medium-frequency

range and a straight line in the low-frequency zone. The semicircles feature a high-frequency

intercept, representing the electrolyte's ionic conductivity. The equivalent circuit shows that R1

and Q could be responsible for the first semicircle in the high-medium frequency region. Where

R1 represents the particle-to-particle and particle-to-collector contact resistances; R2 represents

the charge-transfer resistance between the electrolyte and the active material; Q represents the

CPE (constant phase element); and W represents the Warburg impedance (Zw), which could be

attributed primarily to Li+ diffusion in the bulk electrode [5, 6]. Consequently, Table 2 above

presents the same circuit's critical fitting parameters (R2). As a result, all cathodes dried under

MF exhibited lower charge transfer resistances compared to the WMF cathode. Thus, the

circuit's total resistance is primarily determined by the sum of R2 and R1. Notwithstanding,

LFP-MF, LFP+1 wt% Fe2O3-MF, and LFP + 3 wt% Fe2O3-MF display lower

resistance/impedance and polarization in their conductive behavior than LFP-WMF, LFP+1 wt%

Fe2O3-WMF, and LFP+3 wt% Fe2O3-WMF as seen in Fig. 19.
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Fig. 19: Nyquist plots of ac impedance spectra data for LFP-WMF (black line) and LFP-MF (red

line) (a); LFP + 1 wt% Fe2O3-WMF (black line) and LFP + 1 wt% Fe2O3-MF (red line) (b); and

LFP + 3 wt% Fe2O3-WMF (black line) and LFP + 3 wt% Fe2O3-MF (red line) (c).
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5.0. Chapter Five – Conclusion
In this study, commercial LiFePO4 and Fe2O3 powder were mixed in three ratios to

prepare composite cathodes using MF of 0.3 T during the preparation/drying process. According

to the results obtained from the electrochemical test, the electrodes placed on the MF showed

improved electrochemical characteristics in the material and suppressed polarization, thus

contributing to better battery electrochemical performance. The discharge capacities for LFP-MF

(147.77 mAhg-1), LFP+1 wt% Fe2O3-MF (149.24 mAhg-1), and LFP+3 wt% Fe2O3-MF (142.42

mAhg-1) were superior at 0.2 C when compared to LiFePO4 electrodes WMF and at a current

density of 5 C, LFP-MF, LFP+1 wt% Fe2O3-MF, and LFP+3 wt% Fe2O3-MF maintained high

capacities of 93.58, 101.29, and 75.96 mAhg-1, respectively, surpassing those of the electrode

WMF. Notably, the LFP-MF (4.1376 × 10-4 cm2S-1), LFP+1 wt% Fe2O3-MF (4.0614 ×

10-4 cm2S-1), and LFP+3 wt% Fe2O3-MF (2.3021 × 10-4 cm2S-1) exhibited an increased

lithium-ion diffusion coefficient when compared to LiFePO4 cathodes without MF. Based on the

ac EIS result obtained, LFP-MF, LFP+1 wt% Fe2O3-MF, and LFP+3 wt% Fe2O3-MF show a

lower charge transfer resistance of R2: 31.44, 18.64, and 30.40 Ohm compared to LFP-WMF

(35.79 Ohm), LFP+1 wt% Fe2O3-WMF (20.52 Ohm), and LFP+3 wt% Fe2O3-WMF (45.51

Ohm). These advantages of using MF during the electrode preparation positively affected the

material's electrochemical performance. Using MF to boost lithium-ion diffusion and whole

electrochemical reaction in LiFePO4 resulted in excellent reversibility and increased discharge

capacities and stabilities at high cycling rates. 
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