e
v

L
$
Gl
1l 15
| A%
— ".}u
T 2

n

Microwave-assisted Solid State Synthesis of Cathode Materials

Incorporating Chitin for Lithium Iron Phosphate Batteries

Ekawat Ratchai

A Thesis Submitted in Fulfillment of the Requirements for the
Doctor of Philosophy in Sustainable Energy Management
Prince of Songkla University
2022
Copyright of Prince of Songkla University



Microwave-assisted Solid State Synthesis of Cathode Materials

Incorporating Chitin for Lithium Iron Phosphate Batteries

Ekawat Ratchai

A Thesis Submitted in Fulfillment of the Requirements for the
Doctor of Philosophy in Sustainable Energy Management
Prince of Songkla University
2022
Copyright of Prince of Songkla University



Thesis Title

Microwave-assisted Solid State Synthesis of Cathode Materials

Incorporating Chitin for Lithium Iron Phosphate Batteries

Author Mr. Ekawat Ratchai

Major Program Sustainable Energy Management

Major Advisor

(Asst. Prof. Dr. Montri Luengchavanona)

Co-advisor

(Assoc. Prof. Dr. Kua-anan Techatoa)

Examining Committee:

........................................... Chairperson
(Assoc. Prof. Dr. Chitnarong Sirisathitkul)

............................................. Committee
(Assoc. Prof. Dr. Suchada Chantrapromma)

............................................. Committee
(Assoc. Prof. Dr. Kua-anan Techatoa)

............................................. Committee
(Asst. Prof. Dr. Montri Luengchavanona)

............................................. Committee
(Asst. Prof. Dr. Khamphe Phoungthong)

The Graduate School, Prince of Songkla University, has approved this
thesis as fulfillment of the requirements for the Doctor of Philosophy Degree in

Sustainable Energy Management

(Prof. Dr. Damrongsak Faroongsarng)
Dean of Graduate School



This is to certify that the work here submitted is the result of the candidate’s own

investigations. Due acknowledgement has been made of any assistance received.

................................................... Signature
(Asst. Prof. Dr. Montri Luengchavanona)

Major Advisor

.................................................. Signature
(Assoc. Prof. Dr. Kua-anan Techatoa)

Co-advisor

.................................................. Signature
(Mr. Ekawat Ratchai)
Candidate



| hereby certify that this work has not been accepted in substance for any degree, and

is not being currently submitted in candidature for any degree.

........................................... Signature
(Mr. Ekawat Ratchai)
Candidate



Yo Inentinus nsduaseiislednawalaglilulasinglunsudniagualne

1 U a o U d‘a =
suiulaRudusuuunnesdiiieuloseuneaa

AR, endainl s1lye
#1019 A15IANITNAINUBDEN9EIE Y
Un1sAnen 2565

UNANED

Faoualvadudrudssnauidrgdmsununnesaiioulesounaan (LFP)

Heanadunulunmsnden, danudasndegs, liduivwazilulinsnedwinden agnlsh

'
a a a

mudagualnavindnandvieuloseureamnivadsfetinisunlninlufuasdaaumuiiuy
v 5 = v ) (% ! Q. v Y (% L4
YDINGIUA Fataidasainanasauivuiumazunlulanienssuiunisdunsizriuagns

=y 4 Ao a a s % dydo./ ¢ A (% a a o/
maaumauaumammim ’JVIEJWNWUﬁQUUUJJ’mQUi%aQﬂLWQU?UUEQ‘Ui%ﬁWﬁﬂ’]WT@Q’J?{Q

a

wAlnadmsukusmnesaisuloseunaans Taaldlulasngreislednamnsiudulafiy

[

(LFPM)  wieduasigiianualnadinsunuamasaiionloseunoawls nan1s@nwinudn

'
I L Y

1) YSunamnsveuanlafuiindeudas LFPM windu 19.80 wt% waziduillawdieniuiuian
LFPM Huunmeuniaeisussanas 380 nm, 2) natiwsnsauiigalunisduasisniagualng

=]

LFPM Taonsldlulasiamivaeislednann fe 5 wiil vivlitagdndniiuians aunimgeway
amilnlihanniign uay 3) Wenaseuuszansammmaluiliedl wudeugEudulunisse
LazA1UTTVINTU 108.88 WAz 112.23 mAh/g 1851 1C-rate MMEIRY, A1 columbic
efficiency 11U 97.01% WaA1 capacity retention LWIAU 99.99% #AINTOALATANY
Us29A5U 20 50U UazlmAnuvutundanuEuduviniy 336.68 Whikg 3sanansaagule
Tanualnadmivuunineddifisuloseunoamnidiaseidienssuaunslulasanigis
Twdnamnsmivlaiu Sussansammalwihaif annsadlufauasdesenlunmanids

Mfvenaly

o o % dIQ = 1 % a [ =S
AdnAey: wuamedalisuleseuneaa, lulasnswdulednann, AsusuLAGeU



Vi

Thesis Title Microwave-assisted Solid State Synthesis of Cathode
Materials Incorporating Chitin for Lithium Iron

Phosphate Batteries

Author Mr. Ekawat Ratchai
Major Program Sustainable Energy Management
Academic Year 2022

ABSTRACT

Cathode materials have long been recognized as an important
component for lithium iron phosphate (LFP) batteries due to their low production
costs, high safety, non-toxicity, and environmental friendliness. However, cathode
materials made from lithium iron phosphate have the disadvantage of poor electrical
conductivity and low energy density. Such disadvantages can be improved by
synthesis methods and carbon coating methodologies on the cathode material. This
thesis therefore aims to improve cathode efficiency for lithium iron phosphate
batteries. A microwave-assisted solid-state method with chitin (LFPM) was used to
synthesize cathode materials for lithium iron phosphate batteries. The results revealed
that the carbon element from chitin-coated LFPM material is 19.80 wt%, which can
be homogeneously mixed for LFPM material and has an average particle size of ~380
nm. The optimal time for the synthesis of the LFPM cathode material by the
microwave-assisted solid-state method is 5 minutes, resulting in a phase pure, high-
quality crystalline, and the most electrical conductivity. Regarding the
electrochemical performance, the initial charge and discharge capacities were 108.88
and 112.23 mAh/g at 1C-rate, respectively, the columbic efficiency was 97.01%, and
the capacity retention was 99.99% after 20 charge and discharge cycles. The initial
energy density was 336.68 Wh/kg. It can be concluded that the cathode material for
lithium iron phosphate batteries synthesized by the microwave-assisted solid-state
method coated with carbon derived from chitin has good electrical performance,

which can be manufactured on a large scale and is commercially feasible.

Keywords: Lithium Iron Phosphate Batteries, Microwave-assisted Solid State

Synthesis, Carbon Coating
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CHAPTER 1

INTRODUCTION

1.1 Energy storage batteries

Energy and environmental issues have emerged as major concerns in
the twenty-first century, potentially altering the course of life on Earth [1]. Climate
change, toxic pollution, acid deposition, and diminishing energy supplies are all
frightening difficulties straightforwardly related to technological advancement [2];
thus, the search for alternative energy sources continues. Currently, the energy
economy, which is primarily based on fossil fuels, is under threat due to the depletion
of nonrenewable resources and the ever-increasing demand for energy [3]. Since the
dawn of time, one of the most challenging questions and societal challenges has been
the production and storage of energy, with far-reaching implications for the

environment, human health, and the global economy [4].

Conventional forms of energy (coal, oil, and natural gas) that took
millions of years to form are depleting and non-renewable [5], and thereby generating
regional and worldwide controversy and environmental degradation. As a result, we
should strive to achieve a sustainable, environmentally friendly, and low-cost energy
supply at present by incorporating renewable energy sources (solar energy, wind
power, geothermal energy, biomass and biofuel, hydropower) with mobile energy
storage devices that can rapidly obtain and release energy [6, 7]. However, even
though sustainable energy sources keep changing during the present time, adopting
sustainable energy for electricity generation necessitates the implementation of

proportionately appropriate energy storage devices [8].

A battery is a type of power source that converts chemical energy into
electrical energy [9]. Batteries are classified into two types: primary and secondary
batteries [10]. Primary batteries (such as zinc-carbon, alkaline zinc-manganese

dioxide, and metal-air-depolarized batteries) are often non-rechargeable and



disposable. After usage, primary batteries are discarded or chemically recycled if
legally (environmentally) required or for material cost savings [11]. As a result, when
discharged, they are first discarded since the materials used in primary batteries may

not return to normal form due to the chemical reaction being difficult to reverse.

Lead acid batteries (Lead-acid), nickel cadmium batteries (Ni-Cd), nickel
metal hydride batteries (Ni-MH), and lithium-ion batteries are examples of secondary
batteries (Li-ion). The term "rechargeable batteries™ refers to the fact that they can be
recharged multiple times after each discharge by using an electric current to reverse
the chemical reaction that occurs during discharging, thereby making the battery
reusable [12]. There have been various materials and procedures used in the
manufacture of rechargeable batteries. However, various studies show that the
lithium-ion battery is the best rechargeable battery technology in terms of gravimetric
energy density, as shown in Figure 1.1.

500
400

300

200

Lead-acid
Ni-Cd

= Lead acid battery
= Nickel cadmium battery

100

Volumetric Energy Density (Wh/L)

Ni-MH Nickel metal hydride battery
0 Li-ion Lithium-ion battery
0 50 100 150 200

Gravimetric Energy Density (Wh/kg)

Figure 1.1 A comparison of different rechargeable battery technologies

1.2 Lithium iron phosphate batteries

Table 1.1 summarizes the most important electrochemical performance
parameters of lithium-ion batteries that can be compared to other types of

rechargeable batteries. It demonstrates that the performance of various rechargeable



lithium-ion batteries (Li-ion) outperforms all other types of batteries. It also has a low

self-discharge, a short charge time, and short-cycle durability.

Table 1.1 A comparison of the performance of different rechargeable batteries

RSOl gy quoily SIS i e
(Wh/kg) (Cycle) ’ V) (h)
Ni-MH 30-80 500 - 1,000 25-30 1.2 2-4
Ni-CD 40 - 60 1,500 10-20 1.25 1
Lead-acid 30-40 600 - 800 5-20 2.1 8-16
Li-ion 100 - 170 1,200 5-12 3.5 1-3

Furthermore, the lithium-ion battery has almost no memory effect and
can thus be recharged at any time [13]. Given these characteristics, lithium-ion battery
devices can provide a dependable rechargeable system to meet the demand for

electrochemical performance and high efficiency [14].

More research is needed to improve the performance of commonly
used lithium-ion batteries in order to achieve high performance batteries, particularly
in terms of electrochemical performance [13]. Many factors, such as anode, cathode,
and electrolyte components, can have an impact on the performance of lithium-ion
batteries. However, the cathode material is now the most important determining factor
for energy density in lithium-ion batteries because it has a lower specific capacity
than the graphite anode material [15]. Furthermore, the main rate-limiting step in a

lithium-ion battery system is Li transport/diffusion on the cathode [16].

As shown in table 1.2, there are three main types of materials used to
form cathode polarity currently. The first kind of material is one with a layered
structure, such as LiCoO, (Lithium cobalt oxide). The second is a spinel structure,
similar to LiMn,0O,4 (Lithium manganese oxide). The last type is the olivine structure,
which is found in LiFePO, (Lithium iron phosphate). Because of its high energy

density, LiCoO, is the most important cathode material in lithium-ion batteries used



in portable devices [17]. Co, on the other hand, is hard to come by. The main

disadvantages are the cost and the lack of safety [18].

Table 1.2 A comparison of the performance of various lithium-ion batteries materials

Types of materials  Voltage average (V)  Advantages Disadvantages
- low capacity
LiCoO, 3.6-3.7 - high efficiency - expensive
- toxicity
- high voltage - low capacit
LiMn,04 3.7-3.8 - high efficiency apacity
I - low life cycle
- low cost
- low toxicity - low capacit
LiFePO, 3.3 - low cost pacity
- low voltage

- high security

Spinel structure or LiMn20;, is frequently used in work requiring high
safety and a large amount of material, such as electric cars and energy storage from
renewable energy sources. Because of this property, LiMn,O4 uses Mn instead of Co,
making it less expensive, safer, and more environmentally friendly than LiCoO; [19].
However, spinel structure has a complex structure and phase shift mechanism when
working with complex and unstable material above 50 °C [20, 21]. Despite the fact
that the olivine structure or LiFePO, can store less energy than spinel and layered
structures [22], it is a low-cost material because Fe is not only easier to find but also
cheaper than Co. Furthermore, it is environmentally friendly, stable, and safe.
Consequently, LiFePO, is appropriate for high-risk equipment or innovation, such as
electric vehicles [23]. LiFePO, is also suitable for work that requires a large amount
of material at a low cost, such as electric energy storage from renewable energy

sources [24].

That is to say, LiFePO, has outstanding properties such as low cost,
non-toxicity, high durability, and easy temperature control, the ability to store
electronic energy, high stability at high temperatures, high security, and
environmental friendliness. It does, however, have some disadvantages, such as

inadequate ionic diffusion and poor electrical conductivity, which limit its application



in devices and its ability to work at low charge and discharge current densities [25,
26]. These are the main challenges in this thesis. As a result, optimizing the
morphology, particle size, carbon coating, and transition metal doping is expected to
improve the performance of those materials at higher current rates [27-30]. To
improve the electrochemical performance of LiFePO,, many researchers have

examined particle size reduction and carbon coating methodologies.

A carbon coating is typically formed during the synthesis of LiFePO,4 by
carbonization of organic/polymeric compounds or by mixing with carbon materials
[31, 32]. Aside from the good performance of carbon coating, organic carbon coated
with electrodes has been developed to improve the electrochemical properties of
lithium-ion batteries. For example, it was found that superior electrochemical
performance is due to decreased size and high polarity, which provide enlarged Li*
diffusion channels and increased electronic conductivity [33, 34]. When first coated
with carbon, LiFePO,4 was said to have a capacity of 160 mAh/g at 1C-rate at 80 °C.
Carbon can also be coated on the surface of the LiFePO, thin-film, demonstrating

good cyclic performance and rate capability [35-38].

The organic carbon (sucrose) was also coated on LiFePO,4/C to improve
the performance of battery cathode materials, demonstrating capacity retention of
94% of the initial discharge capacity after 30 cycles and good electrochemical
performance [39]. Rate performance of 163.4 mAh/g at 0.2C-rate was also
demonstrated, as was cycling stability of 99.3% capacity retention after 300 cycles at
0.2C-rate [40]. Recently, there has been much more interest in chitin (an organic
carbon) for energy-storage applications, specifically the preparation of nitrogen-doped
(porous) carbons such as porous carbon fibers and nanofibrous microspheres with

hierarchical porosity.

Chitin-derived porous carbon electrode materials for energy storage
applications have received attention because of their wide accessibility, high porosity,
low weight, natural biodegradability, renewability, and eco-friendliness [41, 42].
When hard carbons from chitin (shrimp shell) were prepared as an electrode material

for Na-ion batteries, they were discovered to have a 44.00wt%, an initial specific



charge of 280 mAh/g at 0.1C-rate, and a high columbic efficiency of 97.03% [41].
Interestingly, chitin is an organic carbon found in living things as a biopolymer, and it
can be used as an alternative raw material in the modified synthesis of LiFePO,

materials.

To address the drawbacks mentioned earlier of LiFePO4, these various
fabrication approaches can be broadly classified into three categories, based on which
three general approaches to improving LiFePO4’s electrochemical performance can
be derived: 1) to enhance electronic conductivity by incorporating conductive
additives, such as coating carbon during the synthesis of LiFePO,/C composites, or
dispersing copper, silver, and other metals into the solution during synthesis [28, 43-
45]; 2) to manage particle size and grow homogeneous composite materials LiFePO,
nanoparticles by improving the synthesis conditions [46-48]; and 3) to selectively
dope [49, 50]. However, novel LiFePO, synthesis methods should be developed to
improve its electrochemical performance. To prepare LiFePQO,, various synthesis
routes such as solid state, hydrothermal, sol-gel, co-precipitation, and microwave
processes have been proposed. However, solid-state reaction synthesis is still the most
common and traditional method of producing LiFePQO, [51].

The solid-state synthesis approach entails chemical decomposition
reactions in which a combination of solid reactants is heated to make a new solid
composition and gases, which are the most commonly, used method due to its simple
procedure, short reaction time, and high efficiency [52-54]. The disadvantages of the
solid-state method are that it takes time and energy. Unlike conventional heating,
microwave heating, the preparation of LiFePO, cathode material, is a self-heating
process that occurs over a short period through the absorption of electromagnetic

energy, resulting in energy savings and a reduction in manufacturing costs [55, 56].

Therefore, the LiFePO,/C was prepared using a microwave irradiation
method. An electrode’s excellent rate capability, high discharge capacity, and good
electrochemical reversibility were discovered [57]. LiFePO,/C was also prepared
using a microwave-assisted solid-state method. The results revealed a straightforward

and efficient method with high crystallinity and a narrow particle size distribution



[58]. Rapid microwave irradiation has recently received attention due to the
advantages of low cost and super-fast volumetric heating [59]. Simultaneously, a
highly crystalline LiFePO4/C phase was successfully synthesized in 4 minutes [60]. In
contrast, 3 minutes of microwave calcination resulted in the smallest particle size
(mostly between 100 and 150 nm) and the highest electrochemical operation for the

Li-ion intercalation process [61].

Therefore, to achieve high electrochemical performance, the
development of cathode materials properties coated with organic carbon (chitin) using
the microwave-assisted solid-state synthesis of cathode materials for lithium iron

phosphate batteries was investigated in this thesis.

1.3 Thesis objectives

The objectives of the present thesis are three folds:

1. to synthesize cathode materials for lithium iron phosphate batteries
with solid-state method and microwave-assisted synthesis,

2. to investigate the best conditions for cathode materials for lithium
iron phosphate batteries in terms of electrochemical performance, and

3. to describe the performance of cathode materials for lithium iron
phosphate batteries based on physical characterization and electrochemical

measurements.



CHAPTER 2

BACKGROUND AND LITURATURE REVIEW

For decades, lithium metal has been the most appealing and suitable
material used as the cathode in lithium-ion batteries (Li-ion) [62]. Due to their high
energy density, lithium-ion batteries are becoming increasingly popular for use in
electric vehicles, hybrid electric vehicles, renewable energy storage applications, and
consumer electronics [63]. Figure 2.1 represents various commercial batteries that
typically display the gravimetric energy density relationship between various energy
efficiency devices. Obviously, Li-ion outperforms Lead-acid, Ni-Cd, Ni-MH, and Li-

Po in terms of its high energy efficiency and gravimetric energy density.
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Figure 2.1 A comparison of various commercially available batteries

2.1 Lithium-ion batteries

There is currently an abundance of competing lithium-ion batteries on
the market, each with its own set of advantages and disadvantages when compared to
one another. Table 2.1 compares the cathode materials used in different types of
lithium-ion batteries. While all modern lithium-ion batteries use the same materials

for the anode and electrolyte, the cathode material varies greatly and is usually



classified primarily by cathode material [64]. The three most common types of
lithium-ion batteries are lithium cobalt oxide (LiC00O,), lithium manganese oxide
(LiMn,Qy,), and lithium iron phosphate (LiFePQO,) [65].

Table 2.1 A comparison of the cathode materials used in various lithium-ion batteries

Chemical . Specific capacity ~ Voltage Notes
Name Material (MAh/g) V)

Lithium High capacity
Cobalt LiCoO; 170 3.7 low-rate capalSiIi ty
Oxide
Lithium Most safe,
Manganese LiMn,04 120-140 3.9 lower capability,
Oxide high power
Lithium Low capacity,
Iron LiFePO, 130 3.3 high-rate capability,
Phosphate flat discharge

As shown in Table 2.1, lithium manganese oxide (manganese-based
compounds (Spinels structure: LiMn;O,4)) is now of main interest to battery
manufacturers because manganese is the safest, high-power, and voltage source [66-
68]. Unfortunately, the use of lithium manganese spinel is constrained by several
operational issues, the most serious of which is manganese dissolution into the
electrolyte during cycling in lithium cells, resulting in a shorter lifespan than lithium
cobalt oxide [69].

Another cathode material with high specific energy and capacity for
devices is lithium cobalt oxide (cobalt-based compounds (layered structure: LiCoO,))
[70]. However, for several reasons, this material cannot be used for the next
generation of energy storage: production of LiCoO; is expensive, Co is toxic, and
batteries based on LiCoO, would be highly polluting [71-73]. Currently, the lithium
iron phosphate cathode material, which has a high-rate capability and flat discharge, is
getting more attention (Olivine structure: LiFePO,). Its additional benefits include
low cost, environmental friendliness, and abundance of elements [74]. However, the
voltage is slightly lower than in the other chemistries, and the energy is relatively low

[75]. As a result, depending on the application for which lithium-ion batteries are
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required, the decisions about active materials must be made to determine which one is

the most appropriate.

The olivine structure, LixMy (XO4), (M = metal, X =P, S, Si, Mo, W),
iIs now considered the most suitable cathode material for future lithium-ion batteries
[76]. Since its discovery, lithium iron phosphate (LiFePO,) has received the most
attention. Since its first synthesis in Goodenough's group in 1997, LiFePO4 has been
one of the most widely used and researched cathode materials for lithium-ion batteries
[77]. LiFePO4 has been recognized for characteristics such as a high reversible
capacity of 170 mAh/g at 3.45 V, a potentially low cost of production, being one of
the most abundant metals on earth, environmental compatibility, long cycle ability,
and high safety [26, 78, 79].

Presently, research is being conducted to enhance lithium-ion battery
cathode materials' stability and electrochemical performance [80]. Excellent cathode
materials should also have the following properties: 1) high redox potential; 2) high
reversibility; 3) high lithium ion hosting to provide sufficient capacity; 4) high
specific surface area to increase reduction/oxidation reaction rates; 5) high electronic
conductivity to transfer electron instantly and reduce heat generation; 6) high ionic
conductivity to verify small polarization and high capability; 7) low volume structure
change during Li" insertion/extraction to confirm cycling stability [15, 69, 81].

Furthermore, the nature of the interfaces between the electrodes and
electrolyte affects the cycle-life and lifetime of lithium-ion batteries, whereas safety is
determined by the stability of the electrodes and electrode/electrolyte interfaces [82].
Thus, new cathode materials contribute significantly to developing better lithium-ion
batteries with high electrochemical performance, long life, small size, low cost, and
environmentally friendly compatibility [83-86]. Typically, the basic properties of
cathode materials should: 1) be a reducible/oxidizable ion, including a transition
metal; 2) intercalate lithium reversibly and without considerable structural change; 3)
react with lithium with high free energy for high voltage; 4) react with lithium
instantly during insertion/removal for output efficiency; 5) be an excellent

electrochemical conductor, and 6) be the least expensive and sustainable [87-89].
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Since there is a strong interest in further developing this type of cathode material, this
thesis aims at describing novel synthetic routes to produce LiFePO, cathode material

for lithium-ion batteries.

2.2 Components of lithium-ion batteries

In general, cathode materials (positive electrode), anode materials
(negative electrode), and electrolytes serve as conductors in lithium-ion batteries [90].
The cathode is composed of metal oxide, while the anode is composed of porous
carbon [91]. Throughout discharge, ions flow from the anode to the cathode through
the electrolyte and separator. On the other hand, ions flow from the cathode to the
anode during charge [32]. lons transfer between the cathode and anode once the cell
charges and discharges. The anode oxidizes, or loses electrons, during discharge,
whereas the cathode reduces, or gains electrons [22]. Charge, as shown in figure 2.2,

reverses the movement.

+
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Figure 2.2 The charge and discharge principle for lithium-ion batteries

2.2.1 Anode

During the electrochemical discharge reaction, the anode is the negative
electrode that releases electrons to the external circuit and oxidizes [92]. To use

carbon material in an anode to create high energy density batteries, the anode carbon
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material’s lithium storage capability must be improved [93, 94]. There are five types
of carbon anode materials: 1) graphite, 2) carbon nanotubes (CNT), 3) amorphous
carbon materials, 4) mesoporous carbon materials, and 5) carbon materials derived

from biomass [95].

1) Graphite is one of the most commonly used anode materials in
commercial lithium-ion batteries. It also corresponds to the formation of LiCg and is
commonly used the active material in negative electrodes due to the ability to place
Lithium-ions between its many layers reversibly [96]. On the other hand, the high cost
of synthetic graphite production serves as a significant economic force for the
development of new natural graphite sources for energy conversion and storage

devices in general [97].

2) Carbon Nanotube (CNT), one of several carbon allotropes, has been
approved as an additive or substitute in the anode of lithium-ion batteries because
of its chemical stability, large surface area, powerful mechanical properties, and high
electrical conductivity [98]. However, a drawback of CNT-based anodes is the loss of

a voltage plateau during the discharge process.

3) Amorphous Carbon consists of soft carbon materials and hard carbon
materials. During lithiation/delithiation, soft carbon materials exhibit a faster lithium-
ion diffusion co-efficiency and a more stable charge/discharge platform. Hard carbon
materials, on the other hand, maintain a disordered structure indefinitely regardless of
temperature [99]. They are typically produced through the pyrolysis of polymers such
as resins and organic polymers. Because of their pore structure and excellent
electrolyte compatibility, they are a potential storage material. However, during the
beginning of the charging process, hard carbon materials demonstrate significant

irreversible capacity degradation [100].

4) Mesoporous Carbon Materials have various advantages, including a
high surface area, many active sites for lithium-ion adsorption and storage, and pore

sizes ranging from nanometers to microns [101].
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5) Carbon Materials Derived from Biomass are primarily composed of C,
H, and O elements. Producing carbon materials from biomass materials is
theoretically feasible. Furthermore, biomass materials are renewable, abundant, and
environmentally friendly resources, making them appealing to use [102]. Nowadays,
constructing the relationship between the structure and properties of biomass-derived
carbon to guide the progress of material characteristics (such as morphology, porosity,
and surface chemistry properties) and accomplishing manageable material preparation
is important for the development of biomass carbon materials.

2.2.2 Cathode

There are three major types of cathode materials currently available:
layered structure (LiCoO;), spinel structure (LiMn,O,4), and olivine structure
(LiFePQ,) [103]. Other types of cathodes, such as conjugated organics, sulfur, air, and
conversion cathodes, i.e., transition metal fluorides, have also been proposed but have

yet to be commercialized. The three major cathode material types are as follows:
1) Layered structure

In the 1980s, the layered form of lithium transition metal oxide was
discovered and studied [104]. The layered oxides share a general formula of LiMO,,

where M can be one or more transition metals (M = Ni, Co, V, Mn).

Li layer

<+«— Co00g

o ® O
o

Co i

Figure 2.3 The layered crystalline structure of LiCoO, [105]
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The layered LiCoO; is the most common layered oxide used as a
cathode in commercial lithium-ion batteries [17]. Since its first successful usage in
commercial lithium-ion batteries by SONY Company in 1991, LiCoO, has been the
most popular cathode material for portable electronics [106]. Despite having a
theoretical capacity of 274 mAh/g, LiCoO; has a practical capacity of 130-150 mAh/g
and a working voltage of 3.5-4.2 V [107]. On the other hand, cobalt (Co) is toxic and
expensive because a change in the crystal structure occurs when more than half of the
Li is removed [62], resulting in irreversible capacity loss. Consequently, there has
been an attempt to explore additional transition metals to replace Co [108, 109].
Various approaches have been considered to overcome these difficulties, including

coating with metal oxide and reducing the amount of Co [110].
2) Spinel structure

The first spinel used as a cathode for lithium-ion batteries was
LiMn,0y, proposed by Thackeray and Goodenough in 1983 [68]. It was originally
introduced as a cathode material with a theoretical capacity of 148 mAh/g. The Mn
ion, with a potential of 4.1 V, also provides high power capability and stability [111].
Furthermore, the spinel structures provide three-dimensional pathways for lithium

migration, making spinel a high-power cathode material [112].

Figure 2.4 The crystalline spinel structure of LiMn,0O,4 [105]

On the other hand, cathodes with a spinel structure have a lower

capacity by definition. Also, the dissolution of Mn is the main issue in spinel
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structured cathode systems compared to olivine structured LiIMPO, cathode systems
[113, 114]. Substituting Mn with other metal ions has proven to be an effective
method for improving the cycling performance of spinel materials. Although
LiMn,O, is a promising cathode material with excellent electrochemical properties

that can be improved, its discharge capacity is low due to its inherent structure [115].
3) Olivine structure

Since Padhi et al. (1997) introduced olivine-type LIMPO, (M= Fe,
Co, Mn, or Ni) as cathode materials in lithium-ion batteries, these compounds have
caught the interest of researchers and developers [116]. A typical phosphate material
is LiFePQO4, which has an orthorhombic unit cell, as shown in Figure 2.5, and has
some advantages, such as low cost, non-toxicity, excellent thermal stability, low
capacity fading; high cycle ability, relatively high specific capacity, and low-capacity
fade [45, 62, 117, 118]. At 3.4 V, LiFePO;, illustrates a flat discharge plateau and a
capacity close to its theoretical capacity of 170 mAh/g [119].

<+«—— LiOg

PO

D FeO6

® ® ® O
O L Fe P

Figure 2.5 The crystalline of olivine structure of LiFePO4 [105]

Other stable olivine phases with different transition metals, such as
LiMnPO,, LiNiPOy4, and LiCoPO,, are also generated [120]. Because of the wide
availability of Mn and its low cost, LIMnPO,4 material with a high operation potential
of 4.1 V can be an excellent choice [121]. However, several studies have revealed that

the conductivity of LIMnPO, material is lower than that of LiFePO,, resulting in poor
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rate capability [122]. The operation potentials of LiNiPO, and LiCoPO, materials
with olivine structures are 5.1 V and 4.8 V vs. Li/Li", respectively [123].

The advantages of LiNiPO, include its high stability, low cost, and
environment friendly. Despite their advantages, one of the major drawbacks of
olivine-phased compounds is low electrical conductivity [124]. LiCoPO, materials
have not been widely used in practical applications due to a number of issues,
including low electronic conductivity, poor Li* diffusion, and limited electrolyte
stability at high voltage [125, 126]. Electrolytes that had been well-developed, on the
other hand, had to be stable at these high potentials. Moreover, the increased costs and
environmental concerns associated with Co and Ni have made their commercial
application regretful. As a result, LiFePO4 will be considered the primary material in
this thesis. Table 2.2 summarizes the advantages and disadvantages of three main

types of cathode materials.

Table 2.2 A summary of the advantages and disadvantages of cathode materials

Specific capacity cveling stability/
Crystal Voltage (mAh/qg) Thermal stability ycling stabrlity.
structure (V) Theoretical/ capacity
. retention
Practical
274/ Moderate Moderate/
Layered  3.5-4.5 130-150 (Stable below 200 °C) 80-9506
Spinel 4 148/ Moderate Poor/
P 110-120 (Stable below 200 °C) 58%
. 170/ Excellent Excellent/
Olivine  3.4-3.5 160 (Stable below 400 °C) 80-95%

2.2.3 Electrolyte

The electrolyte is the ionic conductor that serves as a medium for ion

transfer between the anode and cathode [127]. The electrolyte must be ionic but not

electronically conductive, resulting in internal short-circuiting [128]. The anode and
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cathode electrodes should be physically separated by the electrolyte but electronically

isolated in the cell to prevent internal short-circuiting.

Commercial lithium battery electrolytes currently use organic liquid
electrolytes composed of lithium salts, for example, lithium hexafluorophosphate
(LiPFg), lithium tetrafluoroborate (LiBF;), lithium trifluoromethanesulfonate
(LiCF3S0s3), and lithium hexafluororoarsenate (LiAsFg) dissolved in appropriate
organic solvent combinations, such as propylene carbonate (PC), ethylene
carbonate. At ambient conditions, liquid electrolytes have the highest ionic
conductivity (10 S/cm) [129], allowing the use of these electrolytes to realize high-
performance batteries. The electrolyte in this thesis was a solution of 1 mol/L LiPFg in
ethylene carbon (EC)/dimethyl carbonate (DMC) (1:1 w/w) (Sigma Aldrich: Japan).

2.3 Structure of LiFePO,

LiFePOy's ordered olivine structure has the orthorhombic space group
Pnma [130]. Figure 2.5 represents the crystal structure of LiFePO,, which is
composed of FeOg-octahedra and PO,-tetrahedra connected by oxygen vertices [131].
The FeOs-octahedra then connects to other POg-tetrahedra via a shared edge. The
PO,-tetrahedra are not in contact with one another. As a result, phosphorus atoms
occupy tetrahedral sites, iron and lithium atoms occupy octahedral sites, and oxygen

atoms occupy a slightly distorted, hexagonal close-packed array [132].

LiFePO, is a stable compound due to its structure. Furthermore,
because the oxygen atoms in the (PO,)* clusters are strongly covalently bonded by
phosphorus atoms, the structures of LiFePO4 and FePO, are stable in both oxygen and
nitrogen atmospheres [123]. As a result, LiFePO, has excellent operational safety.
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Figure 2.6 The schematic representation of LiFePO, [133]

The charge-discharge process of LiFePO, is supported by the
extraction/insertion interaction between the two phases of LiFePO, and FePO, [134].
As illustrated in Figure 2.6, Li" is extracted from the structure of LiFePO, and
changed to the structure of FePO, during the charge process, whereas Li* is put into
the structure of FePO, and transformed to the structure of LiFePO, during the
discharge process [135]. These procedures can be described as follows:

Li,FePO, — FePo, + xLi* + xe~ (Charge process) 1)
FePO, + xLi* + xe~ — Li,FePO, (Charge process) )

The observed structural similarities between LiFePO, and FePO, help
in avoiding capacity degradation caused by severe volume changes during the charge-
discharge process in cathodes and may also effectively compensate for volume
changes in carbon anodes. As a result, the LiFePO,/FePO, structure meets the
requirements for excellent battery cycle ability. However, LiFePO, has the
disadvantage of poor rate performance due to diffusion limitation (10™** cm?s), and
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low electrical conductivity (10° S/cm) [116, 136]. Its poor electrical conductivity is
the main issue preventing its use in commercial production [26]. Research groups
have used various methods to overcome these barriers, such as particle size reduction

and carbon coating.

A reduction in grain size can result in faster reactions due to easier
diffusion of intercalation ions by shortening the diffusion path, resulting in higher ion
diffusion [45]. The poor electrical conductivity of LiFePO, is overcome by coating
the particles’ surfaces with conductive carbon films or grinding them with carbon
powder [137]. Furthermore, carbon coating could protect electrode materials from
electrolyte dissolution, particularly in the case of nanostructured materials due to the
large solid/liquid interface, and indicating good cyclic stability [62, 138, 139].
However, the excessive coating reduces capacity and volumetric energy. Because the
addition of carbon reduces the cathode material's particle density, increasing the cell's
volumetric capacity is difficult [26]. As a result, the carbon coating must be

optimized.

Carbon content and particle size must be optimized concurrently.
Because small particles have a large surface area, a large amount of carbon is required
to coat the particles. A large amount of carbon, on the other hand, reduces the
material's energy density. This tends to limit electron transfer through the material,
necessitating the use of additional electronically conductive material as an additive to
improve the kinetics of LiFePO, electrochemical reactions. Various approaches and
combinations were used to address the ionic and electronic conductivity problems in

LiFePO, used as a lithium-ion battery cathode material, as follows [107];

1) Coating the surface of cathode materials with a thin layer of metal or
metal oxides, such as carbon, or conductive polymers has been shown to significantly
improve the electrical conductivity of the active material in most cases. Carbon
coating has been extensively researched as a coating material due to its low cost, high
conductivity even at low concentrations (0.52wt%), and simple coating procedures

during or after the synthesis of active materials.
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2) Aside from surface coating, one of the most effective and widely
used approaches is to reduce the particle size of active materials. The electrode
particle size was reduced primarily to achieve two goals: (1) to shorten the ion
diffusion and (2) to increase the surface area of the active material. Reducing particle
size results in a significant increase in rate capability. By reducing particle size, the
diffusion route for lithium ions to reach the cathode materials' interior areas was

considerably reduced, greatly enhancing the cathode materials' rate capabilities.

3) Additionally, metal ion doping proved important in changing the
crystallographic and electronic environment of phosphate-based polyanion cathodes

to improve their electronic and ionic conductivities.

2.4 Chitin

Chitin materials can be formed as the second most abundant biopolymer
on earth after cellulose. [140]. Chitin has been applied to synthesise hydrogels in a
wide range of applications caused of its nontoxicity, biodegradability, and
biocompatibility [141, 142]. Chitin materials have always been prepared as hydrogels
from native chitin, nano chitin, and chitin derivatives via chemical or physical
procedures. Many publications also discussed how the electric field, magnetic field,
pH, temperature, composition, and other parameters impact chitin-based hydrogel as a
specific material release carrier [142-144]. Carboxymethyl chitin (CMChit) has been
synthesised and has the potential to be used as a solid polymer electrolyte (SPE) due
to its ionic conductivity in self-standing membranes on the order of 10°® S/m [145].
This aqueous battery electrolyte was investigated in symmetric cells based on
Zn/SPE/Zn and has shown obvious potential and excellent reversibility for operation

in proton-conducting batteries [146].

There has recently been a shift in interest in chitin for energy-storage
applications, specifically the preparation of nitrogen-doped (porous) carbons such as
porous carbon fibers and nanofibrous microspheres with hierarchical porosity.
Because of their broad accessibility, high porosity, low weight, natural

biodegradability, renewability, and eco-friendliness, chitin-derived porous carbon
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electrode materials for energy storage applications have received significant attention

in recent years [41, 42].

The nitrogen-doped amorphous carbon nanofibers (NACF) generated by
direct pyrolysis of chitin were used as the anode material in sodium-ion batteries
(SIBs), and the NACF electrode produced a high reversible capacity of 320.6 mAh/g
with great rate capability and extended cycle ability [147]. When chitin was pyrolyzed
with lignosulfonate, its capacitive characteristics increased significantly, delivering a
high reversible specific capacity of up to 644.5 mAh/g at a current density of 50
mA/g. After 300 cycles at a current density of 100 mA/g, the specific capacity
remained at 350.7 mA/g. As a result, this anode material demonstrated excellent

electrochemical performance, rate capability, and cycle stability [148].



22

FHa £H,
0=, pH o=, 1300°C

hH ’; e
HI:I:-T--\_.!'.-'- o e | i e e v g
) .ﬂa._*.’-:r-r-,:fﬁ HM-—D-\_A;‘AJ-
WH 5°C min-?
L min
LY
oH o= UH under Ar

CHy
_I"" 1“- _I:“H. .I:_I
(a) () = | gzco o, o~ o=
£ aco .. M
E 12 EEZAH, : - 'f-:'r::'-u-_',.—-‘r_? nuut—;:.--ctji wr B
) 2 | MH |
& ‘o r_\="_‘- ‘o
/.'-/’,7/’7 Gy
g s EZZAH0
«§ |7 EEAN,
2 4 A ND
desigred by Frocpik o
k-] 4
=
=
§ O
o
(c) 400
ik T e e T T L T R T L P B T PP T R T o 1{“]
-y A 80 £
< 300 =23
E _-—l-ll—-_-_._-_n o
E 60 &
& 200 - =
= o
5 40 2
= E
!§ 100 &
= Acid-treated HC-chs-1300 20 2
o o
L] : - i
0 20 40 &0

Cycle

Figure 2.7 The electrode material for Na-ion batteries: (a) preparation of hard carbons
from chitin (shrimps shell), (b) composition of quantities of the element desorbing
from the surface of chitin, and (c) specific charge and coulombic efficiency of the
electrodes based on chitin-derived HC [41]

N-doped carbon (NC) composite is prepared using biopolymer chitin a
carbon  precursor. After 100 cycles at 0.5C-rate, the assembled
SIO@TiO,@NC/LiFePQO, full cells can retain a discharge capacity of 121 mAh/g,
maintaining 90% of the third capacity [149]. Hard carbons from chitin (shrimp shell)
were prepared as electrode material for Na-ion batteries as shown in Figure 2.7. The
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hard carbon (HC) from chitin was discovered to have a 44.00wt%, an initial specific
charge of 280 mAh/g at 0.1C-rate, and a high columbic efficiency of 97.03% [41].

Chitin can be used as electrode material in lithium iron phosphate
batteries because it converts into non-graphitizable or hard carbons. Therefore, chitin-
derived carbon coating cathode materials for lithium iron phosphate batteries are

investigated in this thesis.

2.5 Synthesis of LiFePO,

Many synthesis methods have been developed to prepare the LiFePO,
cathode material. These methods are briefly discussed in this section.

2.5.1 Solid-state synthesis

Solid-state synthesis is a common technique for creating
polycrystalline materials from solid reagents. To enable the reaction, a very high
temperature is usually used. Chemical and morphological properties of the reagents,
such as reactivity, surface area, and free energy, change with the solid-state reaction,
as do other reaction conditions such as temperature, pressure, and reaction
environment [87, 150]. The simplicity and large-scale production of solid-state
synthesis are two of its advantages [151]. It was reported that enhanced ammonium
sulfate leaching was used to extract and separate Fe and Ti from extracted vanadium
residue, as well as the synthesis of LiFePO,/C for lithium-ion batteries. The Ti-doped
LiFePO,/C was synthesized solid-state using ammonium jarosite as the Fe source, and

its initial discharge specific capacity was 141.6 mAh/g at 0.1C-rate [152].

The electrochemical performance and synthesis of LiFePQOy4/
graphene composites by solid-state reaction were also reported. The initial discharge
capacity of the LiFePO,/graphene composites was 161 mAh/g at 0.1C-rate, and the
capacity was retained at 70 mAh/g even at a high rate of 50C-rate. The composites
have great potential as cathode materials in high-power lithium-ion batteries for
electric and hybrid vehicles [153]. A modified two-step solid-state reaction was also
used to create LiFePO,/carbon composites with widely different amounts of carbon.

Carbon coatings were formed on the olivine particles as the mixed precursors and
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were heated at three different initial-step temperatures of 200, 300, and 400 °C,
followed by second-step annealing at 700 °C. The LiFePQOy/carbon composite
calcined at an initial step temperature of 300 °C demonstrated the highest discharge
capacity and rate capability in the voltage range of 2.5-4.2 V [154].
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Figure 2.8 The LiFePO,/C composite: (a) EDS mapping of C in the LiFePO,/C
composite, (b) SEM image of LiFePO,/C composite, (c) charge and discharge profiles
of LiFePO,/C composite, and (d) cycling performance combined with coulombic
efficiency at 1 and 5C-rate [155]

The green route was developed to synthesize the LiFePO,/C
composite using iron (lll) oxide (Fe,O3) nanoparticles, lithium carbonate (Li,CO3)
powder, glucose powder, and phosphoric acid (H3sPO,) solution as presented in Figure
2.8. EDS mapping is used to estimate the carbon element composition distribution in
the LiFePO,/C composite, which has a discharge capability of 161 mAh/g at 0.1C-
rate, 119 mAh/g at 10C-rate, and 93 mAh/g at 20C-rate, as well as cycling stability of
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98.0% capacity retention at 1C-rate after 100 cycles and 95.1% at 5C-rate after 200
cycles [155].

As a result, solid-state synthesis, thought to be an efficient and
scalable method, became widely used and accepted as the primary method to produce
the cathode material for Li-ion batteries [107]. The general advantages of solid-state
synthesis include ease of purification; rapid generation; pollution reduction; low costs;
and handling simplicity [52, 156].

2.5.2 Microwave-assisted synthesis

The microwave method has caught the interest of many scientists in
recent years due to its quick synthesis time and homogeneous properties [59].
Traditional heating mechanisms used in a variety of industrial fields typically take a
long time (up to 10 hours) to complete a reaction, resulting in a high time and energy
cost [115]. Under microwave irradiation, however, the reaction is completed in a
relatively short time (a few minutes), which is a breakthrough in the industry because
large-scale production can be accomplished with much higher efficiency and lower
cost. Meanwhile, a microwave-assisted solid-state reaction was used to generate
LiFePO4. The product obtained at the microwave calcination time of 3 minutes
yielded the best results in terms of particle size (majority in the range of 100-150 nm),
the crystallographic pattern of LiFePO, and some by-products, and a voltammetric
profile characteristic of LiFePO,.

As a consequence, the synthesis methodology presented here
implies a significant reduction in processing time while producing LiFePO,
nanoparticles with good electrochemical activity for the Li-ion intercalation process
[61]. Therefore, microwave synthesis of LiFePO, has received much attention, and it
may become the preferred method in the future. Microwave irradiation has several
advantages over traditional heating methods, including homogeneous and fast heating
(deep internal heating), remarkable reaction accelerations as a result of heating rate,

and specific heating [116].
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Figure 2.9 shows a microwave-assisted solid-state synthesis using
various organic carbon sources that were fast, simple and environmentally friendly.
The samples were microwave-irradiated for 8 minutes at 2.45 GHz and 136 W, and
they were named LF-1 (citric acid) and LF-2 (sucrose). The results demonstrated that
the LiFePO,/C nanoparticles prepared from sucrose as a carbon source have good
crystallinity and a higher percentage of graphitic carbon, and they provided an initial
discharge capacity of 145.6, 140.5, and 122.4 mAh/g at 0.1, 0.5, and 1.0C-rate,
respectively. These benefits, combined with the effective and simple preparation
method, make LiFePO,/C nanoparticles appealing for practical and large-scale

applications [157].

4.4
(C) 1€ 0.5C 0.aC
4.2
4.0
3.8
—_—
2 3.6
S
E 3.4+
S 3.2
-
3.0
2.8
1C 0.5C0.1C
26 : : - : T : .
0 20 40 60 80 100 120 140
CapacityimAh g'l)
% .
i (d) 1C 0.5C0.1C
4.0
3.8
—
Z 36
7S
= 34
=
S 32
S s
3.0
2.8
1C 0.5C0.1C
2.6

T T T T T T T T
0 20 40 60 80 100 120 140 160

Capacity (mAhg'l)

Figure 2.9 A microwave-assisted solid-state synthesis; SEM micrographs of
LiFePO,/C: (a) LF1, (b) LF2, initial charge and discharge curves of LiFePO,/C at
different charging rates, (c) LF1, and (d) LF2 [157]
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2.5.3 Sol-gel synthesis

The sol-gel process, which is a method for producing solid materials
from small molecules, is another technique used for catalyst synthesis. This method
involves the mixing of several precursor solutions rather than powders, implying that
the final product can be mixed evenly and uniformly. It generates high-quality
materials with high homogeneity and purity at lower temperatures than traditional
methods [158]. The LiFePO4/C nanocomposite for lithium-ion batteries was
synthesized using a gelatin-based sol-gel procedure. The product as-synthesized has a
narrow particle size distribution (100300 nm) and a tap density of 1.42 g/cm®. The
LiFePO4/C nanocomposite cathode is found to have excellent cycle ability, with
capacity retention of 95.2% at 0.2C-rate after 100 cycles. Furthermore, the battery's
performance has improved, with the cathode's discharge capacity reaching 128 mAh/g
at 5C-rate [159].

The electrochemical performance of LiFePO,/C as a cathode for
aqueous lithium-ion batteries synthesized by the sol-gel method was then proved. At
0.1C-rate, the LiFePO,/C composites have a high reversible capacity of 163.5 mAh/g.
In addition, LiFePO,/C has an excellent rate and cycling capability [160]. As a result,
it is a low-temperature (200-600 °C) process that is simple, cost-effective, and
efficient for producing high-quality coatings. The disadvantages of this method, on
the other hand, include a lengthy processing time and high raw material, drying, and

sintering costs.

2.5.4 Co-precipitation synthesis

The chemical co-precipitation method can be realized by using the
kinetics of nucleation and growth in a homogeneous solution [161]. To create ordered
nanostructures, it is necessary to understand super saturation, nucleation, growth, and
post-growth (Ostwald ripening). Temperature, pressure, concentration, pH, stirring
speed, reaction time, and the nature of the precursors, as well as the presence of
surfactants or other growth inhibitors, all play important roles in controlling the final

nanostructures’ size, shape, and size distribution [162]. Although co-precipitation is
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one of the most common wet chemical methods for producing cathode materials, it is

challenging to produce controlled nanostructures using this method.

Consequently, FePO4,H,O was synthesized using a co-precipitation
method in order to fabricate submicrometer-structured LiFePO,/C. The discharge
capacities of the LiFePO,/C fabricated from as-synthesized FePO, were 162.5, 147.3,
133.0, 114.7, 97.2, 91.3, and 88.5 mAh/g, respectively, at rates of 0.1C, 0.2C, 0.5C,
1C, 2C, 3C, and 4C-rate, with satisfactory capacity retention [163]. Similarly, the
synthesis of F-doped LiFePO4/C cathode materials for high-performance lithium-ion
batteries using a co-precipitation method with a hydrofluoric acid source
demonstrated the best high-rate performance, cycling life, and capacity retention. At
0.1C, 1C, 3C, 5C, 10C, 20C, and 30C-rates, the discharge capacities are 165.7, 161.1,
155.3, 150.8, 140.3, 129.8 and 115.7 mAh/g, respectively. As a result, by increasing
electronic conductivity, accelerating the Li* ion diffusion coefficient, and increasing
structural stability, F doping can improve the inherent flaws of LiFePO, materials
[161].

The advantages of the co-precipitation method seem to include no
solid waste, effective and proven technologies, and no daily use of chemicals [164].
On the other hand, the method's disadvantages, include the need for a trained person
for maintenance and regeneration, toxic liquid waste (pH readjustment may be

required), and monitoring of breakthroughs.

2.5.5 Solvothermal/ Hydrothermal synthesis

The solvothermal method uses the solubility of the precursors in a
solvent at high temperatures and pressures to crystallize nanostructures from the
solvent [165]. The hydrothermal method is named after the solvent used, which is
water [166]. A variety of synthesis parameters, such as reaction temperature, pressure,
time, and solvent type, influence the solubility and reactivity of the precursors in the
solvent as well as their transformation into nanostructures at high temperatures [167].

As a result, the parameters can be tuned to achieve a high nucleation rate and a good
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size distribution, providing good control over the size, crystallinity, and shape

distribution of cathode metal oxide nanostructures.

To control the particle size and shape, LiFePO,/C powders were
synthesized using a solvothermal method with L-Lysine as a surfactant. Obviuosly,
the LiFePO,/C powder produced by 50 mmol L-Lysine had the highest specific
capacity of 96 mAh/g at 1C-rate and the highest capacity retention of 95.6% after a
650 cycle [168]. Following that, the synthesis of LiFePO, cathode material and its
reaction mechanism during the solvothermal method are presented. It has an excellent
initial discharge capacity of 156.9 mAh/g at 1C-rate of 25 °C, and high-temperature
behavior of 147.1 and 126.8 mAh/g at 1C and 2C-rate of 55 °C [169].

Furthermore, the enhancement of electrochemical properties of a
platinum doped LiFePO,/C cathode material synthesized using a hydrothermal
method demonstrated the charge/discharge performance of the LiFePO,/C cell with
117, 104, 83, 63, and 47 mAh/g at 0.1, 0.2, 1C, 5C, and 10C-rate, respectively [170].
The electrochemical properties of the LiFePO,/graphene cathode nanocomposite
prepared using a one-step hydrothermal method were then enhanced. As a result, the
initial discharge capacity of the LiFePO4/graphene active material (LFP/G) was 157
mAh/g at 0.2C and 114 mAh/g at 5C-rate. The results were compared to LFP, which
has capacities of up to 120 mAh/g at 0.1C-rate and 50 mAh/g at 5C-rate [171].
However, the solvothermal method has the disadvantage that the particle size is

relatively large compared to other methods.

For all of these reasons, the cathode material for lithium iron
phosphate batteries was synthesized in this thesis using microwave-assisted solid-state
synthesis. Due to their high power, best rate capability, good crystallinity, and good
electrochemical performance, lithium iron phosphate batteries have a high potential

for use as cathode materials.
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2.6 Physical characterization

2.6.1 X-ray diffraction

By providing peak positions and cell dimensions, XRD is a useful
technique for identifying the phase of crystalline material. The principle of operation
is based on the constructive interference of monochromatic X-rays and a crystalline
sample. When matter, such as metal, is irradiated with fast-moving accelerated
electrons, X-rays are produced. As shown in Figure 2.10, the interaction between the
samples and the X-rays results in constructive interference, which satisfies the

condition of Bragg’s Law (n\ = 2dsinf).

Incident plane wave

2d sin @

Constructive interference
Q@ @ Whenna = 2dsin6

® ) Bragg’s Law

Figure 2.10 The bragg’s law schematic diagram

In this thesis, PANalytical Empyrean used XRD to identify the
crystalline phases present in a material and thus reveal chemical composition

information through the study of the crystal structure.
2.6.2 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a type of electron
microscope used to reveal a material's morphology, chemical composition, and crystal
orientation. At the top of the equipment is an electron gun, which uses a voltage to
direct an electron beam towards the sample. SEM, as the name implies, primarily
displays surface information about a substance. Secondary, backscattered, and Auger

electrons are produced when electrons interact with samples. Inside the equipment,



31

various detectors collect and analyze the signal. The secondary electrons collected, for
example, primarily provide information for high spatial resolution images. SEM was
performed in this thesis using a SEM-Quanta 400 (Thermo Fisher Scientific Quanta),
which provides high-resolution imaging useful for evaluating various materials for

surface fractures, flaws, contaminants, or corrosion.
2.6.3 Energy dispersive X-ray spectroscopy

Energy dispersive X-ray spectroscopy (EDX) is used to determine
the composition of a sample, especially its chemical elements. When an electron beam
from a SEM strikes a sample, X-rays with characteristic energies for each element are
produced, providing a qualitative analysis of the elements present as well as the

quantitative composition with further analysis.

2.7 Electrochemical performance analysis

Electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV),
and galvanostatic charge-discharge testing were used to measure and analyze

electrochemical performance.
2.7.1 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a useful
technique for revealing resistance, chemical side reactions, and capacitance by
applying different frequencies to coin cells and recording their responses. The
Autolab Electrochemical was used to carry out the experiment, with the cathode side
serving as the working electrode and the Li metal serving as the counter and reference
electrodes. The freshly made (fully discharged) and cycled (fully discharged) cells
were tested at frequencies ranging from 0.01 Hz to 1 MHz, with an amplitude of 5
mV. The Autolab electrochemical (Metrohm, PGSTAT302N) was used in this thesis

to determine the electrical response of chemical systems in a nondestructive manner.
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2.7.2 Cyclic Voltammetry

The technique of cyclic voltammetry (CV) is widely used to
investigate the properties of electrochemical systems. The current is measured when a
cyclic linear potential sweep is delivered to the electrode. A current peak occurs at a
specific potential within the potential scanning range, indicating the occurrence of an
electrode reaction. If the electrode reaction is reversible, a peak will be visible when
scanning in the opposite direction. The Autolab Electrochemical (Metrohm,
PGSTAT302N) between 2.0-4.2 V at a scan rate of 0.1-0.5 mV/s at room temperature
was used in this thesis.

2.7.3 Galvanostatic charge-discharge testing

Galvanostatic is an electrochemical technique used to measure
corrosion rate and electrochemical reactions by applying a constant current (charging)
and recording the potential as a function of time or total charge passing through the
system. The Autolab electrochemical (Metronm, PGSTAT302N) tests were

performed at room temperature.

2.8 Literature review

Table 2.3 summarizes the microwave-assisted solid-state synthesis of
LiFePQ,, including the advantages, electrochemical performance, and appropriate

processing time.
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Table 2.3 A summary of the microwave-assisted solid-state synthesis of the LiFePO,4

Advantages of synthesis method Reference

- Simple and effective preparation method [157], [58], [126]

- Low cost [157], [172]

- Environmentally friendly [157], [58]

- Smallest particle size (100-150 nm) [61]

- high phase purity and crystallinity [126]
Electrochemical performance

- Good cycling stability [157], [58], [126]

- High discharge capability [157], [126]

- High charge/discharge capacity [173], [174]

- Excellent capacity retention [157], [172], [126], [174]

- Excellent reversible capacity [172], [61], [174]

- Excellent electrochemical performance [61]

- Good activity for the Li ion intercalation process | [174]

Appropriate time for synthesis processing

- 2.45 GHz, 136 W for 8 minutes [157]
- 3.0 GHz, 750 W for 15 minutes [58]
- 2.45 GHz, 800 W for 3 minutes [61]
- 2.45 GHz, 1,500 W for 10 minutes [126]
- 2.45 GHz, 600 W for 15 minutes [174]

To summarize, the main benefits of microwave heating are its
controllability, uniform selective heating, short processing time (3—-15 minutes), low
energy consumption, and low cost. Furthermore, microwave heating is a low-

temperature, repeatable process.
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CHAPTER 3

EXPERIMETAL APPARATUS AND PROCEDURES

3.1 General procedure

To explore the electrochemical properties of lithium iron phosphate
batteries, cathode materials properties were synthesized using solid-state synthesis
and microwave heating. Figure 3.1 describes the methodologies and techniques used

in this thesis.

1. Preparation of LFP and LFPM materials

U

2. The procedure for producing cathode materials

3. Physical characterizations
- X-ray diffractometer (XRD)
- Scanning electron microscope (SEM)

- Energy dispersive x-ray analysis (EDX)

4. Electrochemical measurements

- Impedance spectroscopy
- Cyclic voltammetry

- Charge-discharge characterization

Figure 3.1 Procedures and techniques for the experiments

3.2 Materials and equipment

The key chemicals, materials, tools, and equipment used in this thesis
are listed in Table 3.1 and 3.2.



Table 3.1 A list of chemicals and materials
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Name Formula Supplier
1. Iron (111) oxide Fe 03 Sigma Aldrich (Japan)
2. Phosphoric acid H3PO, Sigma Aldrich (Japan)
3. Lithium carbonate Li,CO3 Sigma Aldrich (Japan)
4. Acetone solution C3sHsO Anantanara CO., LTD.,
(Dimethyl ketone) (Thailand)
5. Hydrochloric acid HCI RCL Labscan (Thailand)
6. Ethanol solution C,HsOH RCL Labscan (Thailand)
7. Poly (vinylidene fluoride) (PVDF) (CH2CF), Alfa Aesar (USA)
8. N-methyl-2-pyrrolidone (NMP) CsHgNO Loba Chemie (India)
9. 1 mol/L LiPFg in ethylene 1 mol/L LiPFg Sigma Aldrich (Japan)
carbon (EC)/dimethyl in (EC)/(DMC)
carbonate (DMC) (1:1 w/w) (1:1 wiw)
10. Chitin - -
11. Aluminum foil and copper plates - -

Table 3.2 A list of tools and equipment

Tools and equipment

Brand/Model

1. X-ray diffractometer (XRD)

PANalytical empyrean

2. Scanning electron microscope (SEM)

SEM-quanta 400

(Thermo fisher scientific quanta)

3. Energy dispersive x-ray analysis (EDX) Oxford

4. Autolab electrochemical Metrohm PGSTAT302N

5. Tube furnace Pyrotron TF3Z1200

6. Drying oven Laboratory drying oven- 99200-3
8. Analytical balance KERN ABS-N analytical balance
9. Ball mill manufacturer Delhi scientific

10. Ultrasonic bath

Grant ultrasonic bath

11. Microwave oven

ER-SM20(W)TH 800W
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3.3 Preparation of cathode material

The applied procedures and techniques for preparation of the LFP material

are described as follows:
3.3.1 Preparation of the FePO,4-2H,0 precursor

A typical procedure was formed the FePO,4-2H,0 precursor, which
used the iron (I11) oxide (Fe,O3) powder and phosphoric acid (HzPOj,) solution (85%),
added with deionized water (DW), where the ratio of the Fe/P/DW was 2 ¢:1.8 mL.:
2.5 mL in a flask followed by ultrasonic dispersion at room temperature for 30
minutes. The mixtures were transferred into a horizontal ball mill for 9 hours, heating

up at 90 °C for 5 hours to form a suspension and cooling down at room temperature.

) = =

Fe, O3 Hs;PO, Deionized Water

1) Ultrasonic Dispersion
2) Horizontal Ball-milled

3) Heating at 90 C

FePO,-2H,0 precursor

Figure 3.2 The schematic illustrations for the FePO4-2H,0 precursor

3.3.2 Preparation of the chitin

In order to form chitin, 10 g of ground shrimp shell were mixed with
20 mL of acetone (Dimethyl Ketone) solution before gradually adding 200 mL of
hydrochloric acid (HCI; 37%), stirring in an ice tank until completely dissolved, and
storing at 4 °C for 24 hours. After 24 hours, a 600 mL ethanol solution (50%) was
added to the precursors and continuously stirred while waiting for precipitation and

draining out the top layer of the water. The deionized water was then added in the
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same amount as the drained water. After that, the pH balance was determined to be
7.0. The precursors were centrifuged at 5,000 rpm for 10 minutes before being

steamed in an autoclave at 120 °C for 15 minutes and then kept at 10 °C.

Acetone Solution 1) Stirred it in a flask HCI
2) Keep at 4°C

- — L]

Ethanol Solution Deionized Water

1)pHat7.0
2) Centrifugation at 5,000 rpm
3) Autoclave at 120 °C

Chitin

Figure 3.3 The schematic illustrations for preparation of the chitin

3.3.3 Preparation of the LFP material

The FePO4-2H,0 precursor, lithium carbonate (LioCO3) synthesis
from Sigma Aldrich (Japan), chitin, and deionised water (DW) were used to create the
LFP material. At room temperature, the FePO4-2H,0 precursor, Li,COs3, chitin, and
deionised water were mixed in the following proportions: 1 g: 0.485 g: 0.1 g: 32 mL.
The mixtures were then placed in ultrasonic dispersion for 30 minutes. The mixed
slurries were then dried in an 85 °C oven for 24 hours. To obtain LFP material, the
mixture was sintered for 10 hours at 650 °C in a tube furnace with a 3 °C/min argon

flow.
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1) Ultrasonic Dispersion
2) Horizontal Ball-milled

3) Autoclave at 120 °C
Chitin FePO,-2H,0 precursor Li,COs
@ Shrimp shell waste 1) Ultrasonic Dispersion
@ Acetone solution 2) Horizontal Ball-milled
@ Hydrochloric acid 3) Drying at 85 C
Ethanol solution 4) Heating at 650 e

® LFP material

Figure 3.4 The schematic illustrations for the preparation of the LFP material

3.3.4 Preparation of the LFPM material

In this thesis, LFP, LFPM5, LFPM10, LFPM15, and LFPM20
materials were microwave-irradiated in a specially designed single-mode microwave
furnace at 2.45 GHz and 800 W for 5, 10, 15, and 20 minutes, respectively. Following
that, the electrical conductivity of the five samples mentioned above (LFP, LFPM5,
LFPM10, LFPM15, and LFPM20) was measured at room temperature, as shown in
Figure 3.5.
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CEPTRMVT LTS ),

Figure 3.5 The schematic illustrations for the preparation of the LFPM material:
(@) LFPM20, (b) LFPM15, (c) LFPM10, (d) LFPMS5, and (e) LFP

3.4 Procedure for producing cathode materials

The forming process of cathode materials, which used the LFP and LFPM
materials and polyvinylidene fluoride (PVDF), was added with acetylene black in an
80:10:10 ratios into a horizontal ball mill for 1 hour. It was coated by doctor-blade on
aluminum foil and dried for 12 hours at 120 °C. The weight and loading levels were
~4.3 mg and 1.0 cm?, respectively. The acetylene black coated by doctor-blade on

copper plates was used as the counter and reference electrode, as shown in Figure 3.6.

-~

(a) Cathode and anode materials ‘ (b) LFP and LFPM materials |
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Figure 3.6 The schematic illustrations for the cathode materials: (a) Cathode and
anode materials, and (b) LFP and LFPM materials

3.5 Physical characterizations

As shown in Figure 3.7, there are two pieces of equipment for
investigating the physical characteristics of LFP and LFPM materials. Firstly, X-ray
diffraction (XRD; PANalytical Empyrean) is used to define the crystal structure of the
LFP and LFPM materials. Secondly, the scanning electron microscope (SEM-quanta
400; Thermo fisher scientific quanta) coupled with energy dispersive X-ray analysis
(EDX; Oxford) is a type of electron microscope that creates images by scanning a

subject's surface with a concentrated beam of electrons.

(b) SEM-quanta 400

(a) X-ray diffraction —

Figure 3.7 The equipment for investigating the physical characteristics of LFP and
LFPM materials: (a) X-ray diffraction (XRD), and (b) SEM-quanta 400

3.6 Electrochemical measurements

Preparing the cathode material, the LFP and LFPM material, chitin, and
poly- (vinylidene fluoride) (PVDF) solution were mixed in an 80:10:10 weight ratio
before being mixed into a various slurry in N-methyl-2-pyrrolidone (NMP). The
mixture was coated with aluminum foil and dried in a vacuum at 100 °C for 5 hours.
This composition was dried and formed into a film, which was loaded at the level of

~4.3 mg/cm? and used as the cathode. LFP and LFPM cathode materials were used as
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cathode materials, whereas copper plates were used as counter and reference
electrodes, electrolyte, and cathode materials. The electrolyte consisted of a solution
of 1 mol/L LiPFe in ethylene carbon (EC)/dimethyl carbonate (DMC) (1:1 w/w)

Figure 3.8 The Autolab electrochemical for electrochemical measurements

The cell was measured at room temperature using Autolab
electrochemical as galvanostatic charged-discharged between 2.0 and 4.2 V at a scan
rate of 0.1-0.5 mV/s. Electrochemical impedance spectra (EIS) were also
characterized by Autolab electrochemical adjusting frequency range of 0.01-1000
kHz.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Physical Characterization

4.1.1 Measurement of the conductivity

To measure the conductivity, microwave irradiation was used to
irradiate LFP, LFPM5, LFPM10, LFPM15, and LFPM20 materials, in a specially
designed single-mode microwave furnace at 2.45 GHz and 800 W for 5, 10, 15, and
20 minutes, respectively. Afterwards the conductivity of the five samples (LFP,
LFPM5, LFPM10, LFPM15, and LFPM20) was measured using a resistivity meter
(Mitsubishi Resistivity Meter Loresta GX MCP-T700).
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Figure 4.1 The resistivity plots of cathode materials (LFP, LFPM5, LFPM10,
LFPM15, and LFPM20) at the temperatures of 30, 70, and 120 °C
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For the internal resistance measurement, the samples were
compressed into cylindrical pallets with a 12 mm diameter and a 2 mm thickness
through a hydraulic press. The four-probe method was used to test resistivity at 30,
70, and 120 °C. The values of the five samples’ resistivity are shown in Figure 4.1. As
can be seen, all samples' resistivity values drop as temperature rises, which is
consistent with other studies [175, 176]. It is interesting to note that LFPM5 had the
lowest resistivity of all the materials, with a value of 0.77 Q/cm at 30 °C, followed by
values of 0.69 Q/cm at 70 °C and 0.68 Q/cm at 120 °C. Additionally, with a
correlation value of R®> = 0.9478, the average experimental power function
approximation of resistivities and temperatures represents the best condition.
Therefore, the low resistivity denotes strong conductivity [177], which will lead to
excellent efficiency in lithium iron phosphate batteries.
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Figure 4.2 The resistivity plots of cathode materials (LFP, LFPM5, LFPM10,
LFPM15 and LFPM20) as a function of inverse temperature

Figure 4.2 shows the resistivity of LFP, LFPM5, LFPMI10,
LFPM15, and LFPM20 as a function of inverse temperature. It is clear that the band
gap energy of LFPMD5 is 0.018 eV, which is the lowest value of band gap energy. The
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lower band gap energy suggests better conductivity [178], and microwave irradiation
can significantly increase cathode materials' conductivity. The best conductivity was
discovered after 5 minutes. As a result, LFPM5 was selected as the best condition to

use in this thesis, and the term LFPM is now used to refer to LFPM5.

4.1.2 X-Ray Diffractometer (XRD) measurements

LFPM
LFP
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Figure 4.3 The XRD patterns of LFP and LFPM materials compared with standard
LiFePO4

Figure 4.3 compares the XRD patterns of LFP and LFPM materials
to standard LiFePO,. There is no noticeable difference between the LFP and LFPM
materials. This implies that the LFP and LFPM materials were kept in good condition
during the preparation process. All sharp diffraction peaks in the regions 17.16, 20.80,
22.69, 25.58, 29.74, 32.24, 34.72, 35.62, 42.31, 52.57, 56.67, 61.75, 61.76 correspond
to the planes (200), (101), (210), (111), (020), (301), (220), (311), (401), (222), (331),
(512), and (040). As can be seen, all XRD peaks correspond to the standard data
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JCSD (Inorganic Crystal Structure Database) card No. 200155, demonstrating the
formation of LiFePO, with an orthorhombic structure (Pnma, 62). The lattice
parameters are a = 10.3254 A, b = 6.0035 A, and ¢ = 4.6879 A, in that order. The
main XRD peaks for both LFP and LFPM materials are strong and sharp, indicating

good crystallinity and purity, and no excess impurity peaks are identified.

Furthermore, no obvious impurity peaks can be seen in the
diffraction patterns of the two materials, indicating that the purity of the material is
relatively high. At the same time, the carbon diffraction peak could not be found in
the spectra, which could be due to the very low carbon content dispersed in the
materials [44, 179]. This indicates that both materials were well prepared and
organized during their preparation processes, which increased the crystallinity and

purity of the product.

4.1.3 Scanning Electron Microscope (SEM) images

SEM images of LFP and LFPM materials are shown in Figure 4.4.
The morphology is regular in shape and has a fairly smooth surface; therefore, the
mechanical activation process is particularly efficient for synthesizing small particles
with homogeneous morphology [38]. It is beneficial in terms of shortening the
diffusion path of Li-ion for batteries.

LFP and LFPM materials both have a large number of particles with
particle sizes ranging from 170-400 nm to 250-500 nm. The average particle size of
LFP materials was noticeably smaller (~300 nm) than LFPM materials (~380 nm),
with a more intimate particle connection in the LFPM materials. This could be due to
the carbon coating layer's importance in particle size control. Furthermore, carbon
coating can prevent particle growth and decrease particle agglomeration [180], which
corresponds to the carbon content of LFP materials being 36.60wt %. It is higher than
the carbon content of LFPM materials being 19.80wt % as shown in Figures 4.5 and

4.6, respectively.



46

< & Ll

LB Soow 30 13pA A+B_T1 49477 mm 4.14 pm 50000 X

Figure 4.4 The SEM images of LFP and LFPM materials: (a) LFP, scale bar: 2 um,
(b) LFP, scale bar: 1 um, (c) LFP, scale bar: 500 nm, (d) LFPM, scale bar: 2 um, (e)
LFPM, scale bar: 1 um, and (f) LFPM, scale bar: 500 nm

Consequently, the small particle sizes benefit in shortening the
migration paths of lithium ions and electrons during the lithiation/delithiation process
and, as a result, efficiently improve the electrochemical performance of LFP [155].
Higher carbon content is advantageous because it results in a LiFePO, that is well-
carbon coated and has uniformly ornamented pores. The electrochemical performance
of the material should improve as the number of carbon increases. The conductivity of

the LiFePO, material is determined by the amount of carbon deposited on it.
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4.1.4 Energy dispersive X-ray spectrometer (EDX mapping)

EDX mappings are shown in Figures 4.5 and 4.6 to estimate the
elemental mappings of the films. The films show that the elements C, O, P, and Fe are
homogeneously distributed in the LFP and LFPM materials (Li cannot be detected
due to its relatively small molecular mass) [181, 182], indicating a well-
interconnected conducting framework and that the carbon network interconnected
channel structure is evenly distributed among the particles of the LFP and LFPM
materials[183, 184]. Therefore, uniformly coating carbon material on cathodes is
critical for improving battery electrical conductivity and electrochemical

performance.

As can be seen, the carbon is uniformly distributed across the entire
surface, which benefits the conductivity properties of LiFePO, and improves the
electrochemical performance of lithium-ion batteries [87]. Furthermore, the C and O
are derived from the organic compounds found in chitin [185, 186], while the P and
Fe are derived from the procedure used to create the LFP materials. Al impurity can
be found in very small amounts in LFP and LFPM materials. Al,O3 substrates are
produced during the sintering process and can be identified as a source of Al impurity
[187].

Figures 4.5 and 4.6 demonstrate the EDX map of LFP and LFPM
materials containing carbon particles derived from chitin. The elements are 45.10 and
48.90wt% oxygen (O), 36.60 and 19.80wt% carbon (C), 10.60 and 19.20wt% iron
(Fe), and 5.20 and 10.10wt% phosphor (P), respectively. When microwave heating is
applied to LFPM materials, the element carbon (C) decreases while oxygen (O), iron
(Fe), and phosphor (P) increase. This could be due to the reason that carbon materials
generally are excellent microwave absorbers. This property enables them to be
transformed by microwave heating, resulting in new carbons with tailored properties;
to be used as microwave receptors to heat other materials indirectly; or to act as
catalysts and microwave receptors in various heterogeneous reactions [188, 189].
Because of the presence of LFP and LFPM materials, the carbon was uniformly
distributed across the entire surface, benefiting the batteries’ conductivity and

electrochemical performance.
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4.2 Electrochemical Characterizations

4.2.1 Electrochemical Impedance Spectroscopy (EIS)

Figure 4.7 represents Nyquist plots of LFP electrochemical
impedance spectra curves at 2.6 V, 3.1 V, and 3.4 V. A depressed semicircle in the
high-frequency region corresponds to the charge transfer resistance (Rct), whereas an
inclined line in the low-frequency region corresponds to Warburg impedance or
lithium-ion diffusion resistance [150, 190]. As seen in the spectrum, the high-
frequency impedance of the LFP material electrode decreases as Li deintercalation
progresses. High-frequency impedance is approximately 46, 48, and 51 at potentials
of 2.6V, 3.1V, and 3.4 V, respectively.
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Figure 4.7 The Nyquist plots of electrochemical impedance spectra curves of LFP
material at 2.6 V, 3.1V and 3.4 V

Figure 4.8 illustrates Nyquist plots of LFPM electrochemical
impedance spectra curves at 2.5 V, 3.0 V, and 3.3 V. All spectra have a depressed
semicircle, which corresponds to the charge transfer resistance (Rct), and an inclined
line in the low frequency region, which represents Warburg impedance or lithium-ion

diffusion resistance. As shown in the spectrum, the high-frequency impedance of the
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LFPM material electrode decreases as Li deintercalation increases. At 5 V, 3.0 V, and

3.3 V potentials, high frequency impedance is at about 71, 75, and 79, respectively.
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Figure 4.8 The Nyquist plots of electrochemical impedance spectra curves of LFPM
material at 2.5V, 3.0 Vand 3.3V

The high-frequency response of impedance spectroscopy is higher
than expected for LFP and LFPM materials, as shown in figures 4.7 and 4.8. The
reasons could be the poor distribution of carbon on the surface of LFP and LFPM
materials, as well as the quality of carbon used in slurry preparation [150].
Furthermore, the high impedance is caused by the LiPFg electrolyte used during
electrochemical measurements. The high frequency (HF) trend in LiPFg can result in
the formation of surface LiF films. These films are resistant to Li-ion migration, and
their presence likely increases the positive electrode’s charge transfer resistance [150,
191]. The high resistance protects the batteries from high currents and extends battery

life because less current is drawn.
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4.2.2 Cyclic voltammetry (CV)

Figures 4.9 and 4.10 represents the CV curves of LFP and LFPM
materials measured at room temperature and at a scan rate of 0.1 mV/s, respectively.
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Figure 4.9 The CV curves of LFP material at scan rate of 0.1 mV/s
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Figure 4.10 The CV curves of LFPM material at scan rate of 0.1 mV/s
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The sharp oxidation and reduction peaks’ symmetry confirms the
good reversibility of lithium extraction-insertion reactions in LFP and LFPM
materials. LFP and LFPM materials have oxidation and reduction peaks of 3.19 and
2.99 V vs. Li/Li", respectively. The symmetrical has a good symmetric and poignant
shape, and a small potential separation (0.20 V). The narrow peak separation indicates
that the electrodes are polarized, indicating that the electrochemical reverse reaction
of Fe** to Fe** during the Li* insertion-desertion process is simple [155, 179], and that
the batteries have good electrochemical performance. These redox reaction peaks
correspond to lithium-ion insertion (discharge reaction) and extraction (charge
reaction) from LFP and LFPM materials. The ratio of oxidation to reduction peak
currents is close to 1, suggesting that lithium intercalation into and deintercalation
from LiFePO,/C batteries is reversible [150, 192]. The ability of lithium-ion batteries

to be completely reversible during the charge and discharge process is a key feature.

Figures 4.11 and 4.12 illustrates the effect of the potential scanning
rate on the CV curves of LFP and LFPM materials measured at 0.1, 0.3, and 0.5
mV/s, respectively. In both cases, the shapes of the oxidation and reduction peaks
were nearly symmetrical. It is clear that increasing the scan rate leads to increased
polarization, as indicated by the increase in separation between the reduction and
oxidation peaks [193, 194], implying that the electrode material becomes more
polarized with increasing scan rates [136]. Due to the low kinetics mechanism of
lithium extraction and insertion in the LiFePO, crystal structure, the oxidation and
reduction peaks increased as the scan rate increased. A possible reason could be the
presence of some impurities [150, 191], or it could be due to an increase in the cell's
internal impedance during charge and discharge cycling [195]. Most electrode
materials demonstrate quasi-reversible processes in which the peak potential increases

with increasing scan rate.
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Figure 4.11 The CV curves of LFP material at scan rate of 0.1, 0.3, and 0.5 mV/s
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4.2.3 Galvanostatic charge—discharge capacity

Figures 4.13 and 4.14 illustrates the initial charge and discharge
performance of cells using the LFP and LFPM materials at 1C-rate in the 2.0 to 4.2 V

voltage range, respectively.
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Figure 4.13 The initial charge and discharge curves of LFP material
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Figure 4.14 The initial charge and discharge curves of LFPM material
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The LFP and LFPM materials had a flat voltage plateau at 3.04 V,
indicating the two-phase nature of the lithium-ion extraction and insertion reaction
between LiFePO, and FePO,, which was lower than the theoretical value of 3.45 V
[194, 196]. It obviously shows that LFP and LFPM materials have a lower
polarization, which would be highly advantageous in practical applications. At 1C-
rate, the initial charge and discharge capacities of LFP and LFPM materials were
108.72, 112.22 mAh/g and 108.77, 112.22 mAh/g, respectively. The difference
between charge and discharge potential is minimal, i.e., 0.13 V and 0.12 V,
respectively, indicating low polarization of the electrode and good redox reaction

kinetics [38]. The cyclic curves in Figures 4.11 and 12 confirm this.

4.2.4 Specific capacity and cycle number

Figures 4.15 and 4.16 demonstrate the charge and discharge
capacity curves of LFP and LFPM materials at 1C-rate. The cycling performance was
also measured and plotted in Figure 4.15. The LFP materials had an initial discharge
capacity of 112.22 mAh/g and, after cycling, up to 20 cycles of 107.10 mAh/g, with
capacity retention of approximately 95.43%. Figure 4.16 shows that the LFPM
materials had an initial discharge capacity of 112.23 mAh/g and after cycling up to 20
cycles of 112.22 mAh/g, with capacity retention of approximately 99.99%, indicating
that both have excellent cycling performance with no noticeable fade [197]. This is
demonstrated by microwave irradiation of activated carbon for porous structure
preservation and high regeneration efficiency after many cycles [189, 198]. The
cycling performance of batteries is determined by the number of charges and

discharge cycles a battery can complete before losing performance.
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Figure 4.15 The charge and discharge capacity curves of LFP material
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Figure 4.16 The charge and discharge capacity curves of LFPM material
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The LFP materials had a reversible initial discharge capacity of
112.22 mAh/g and a charge capacity of 108.89 mAh/g with a high coulombic
efficiency of 97.03%. Also, the LFPM materials demonstrated a reversible initial
discharge and charge capacity of 112.23 mAh/g, and 108.88 mAh/g, respectively with
a high coulombic efficiency of 97.01%. It confirms excellent electrochemical
reversibility [159].

Another essential point is that the charge and discharge profiles did
not change and were hardly even polarized until the final cycle. Both charge and
discharge values show good reversible capacity, with a capacity retention rate of more
than 97% after 20 cycles in both cases, implying excellent cyclic reversibility [159].
Batteries have a high electrochemical reaction due to their good cyclic reversibility.

4.2.5 Discharge capacity and energy density

The energy density curve and cycle number for the LFP and LFPM
materials at 1C-rate of 20 cycles are shown in Figure 4.17. At the early stage and 20
cycles, the energy density of the LFP materials was 336.67 Wh/kg and 321.29 Wh/kg,
respectively, whereas the LFPM demonstrated 336.68 Wh/kg and 336.66 Wh/kg,
respectively. The LFPM materials have a slightly higher energy density than LFP
materials. There are two main reasons for this. First, as shown in Figures 4.15 and
4.16, the energy density of batteries is normally determined by the specific capacity of
the active material; the discharge capacity of LFPM materials is greater than that of

LFP materials.
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Figure 4.17 The energy density curves with cycle number for the LFP and LFPM

materials

Another reason is that the conductivity of LiFePOy is a significant
limiting factor in the capacity of an electrochemical power system [199, 200], which
is consistent with the data in Figures 4.1 and 4.2. The conductivity of LFPM materials
is greater than that of LFP materials. It suggests that the more energy stored in a given

system or region of space per unit volume, the higher the energy density.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

As previously mentioned, the cathode material is not only the crucial
component of lithium iron phosphate batteries but is also well known for its low cost,
non-toxicity, safety characteristics, and environmental friendliness. On the other hand,
the disadvantages are poor electronic conductivity and lower energy density.
However, the synthesis method, and carbon coating methodologies can be used to
improve the performance of the cathode materials. In this thesis, the microwave-
assisted solid-state synthesis of cathode materials was performed using chitin, an
organic carbon source for lithium iron phosphate batteries. X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray spectrometer (EDX),
and electrochemical characterization measurements were used to investigate the
physical and chemical characterization of cathode materials. The results yielded the

following conclusions:
1) Solid state synthesis for cathode materials (LFP)

The element carbon from chitin was used to coat LFP materials,
revealing an element of 36.60wt% carbon (C) that can be homogeneously mixed for
LFP materials with an average particle size of ~300 nm. With initial charge and
discharge capacities of 108.89 and 112.22 mAh/g at 1C-rate, it indicated good rate
capability. Furthermore, it had a high columbic efficiency of 97.03%, and an initial

energy density of 336.67 Wh/kg after cycling up to 20 cycles.
2) Microwave-assisted solid-state synthesis for cathode materials (LFPM)

The carbon element generated from chitin was used to coat LFPM
materials, revealing a carbon (C) element of 19.80wt.% that can be homogeneously
mixed for LFPM material, as well as an average particle size of ~380 nm. The

microwave-assisted solid-state method for 5 minutes is the most appropriate time that
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reveals the production of phase pure, high-quality crystalline, and the most electrical
conductivity for the optimal synthesis of LFPM materials using microwave heating.
The initial charge and discharge capacities of 108.88 and 112.23 mAh/g at 1C-rate,
respectively, demonstrate a high columbic efficiency of 97.01%, as well as capacity
retention of 99.99 % after 20 cycles and an initial generated energy density of 336.68
Wh/kg.

This thesis used a simple method of microwave-assisted solid-state
synthesis of cathode materials to investigate the performance of chitin used in lithium
iron phosphate batteries due to its low cost, non-toxicity, and environmental
friendliness. The results show that cathode materials coated with carbon derived from
chitin have greater energy storage, high cycling stability, excellent reversibility, and
good electrochemical performance, all of which can be fabricated on a large scale and
are commercially feasible.

5.2 Future Work

To better understand the effects of the nature of the carbon coating on the
electrochemical properties of these materials, the synthesis of LFP material by carbon
coating from other organic materials should be investigated. Furthermore, to improve
electrochemical performance, it would be interesting to develop LFP cathode

materials that are low-cost, non-toxic, and environmentally friendly, such as LiFePO,.
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