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SUMMARY

Keywords: Li-ion, LFP, Carbon, Graphene, specific capacity, cycle life.

The development of new electrode materials with superior electrochemical
capabilities, primarily dictated by the cathode materials, is required for widespread and
extended applications of Li-ion secondary batteries. Because of its excellent stability,
availability, and environmental friendliness, LiFePO4 (LFP) is widely recognized as a
viable cathode material. This study used a low-cost iron (111) as the base material to
manufacture single-phase LFP material with submicron particles using a simple
solution combustion process based on the glycine—nitrate technique. The optimal
Glycine to LiFePOg4 ratio was found to be as 1:4 to produce high purity LiFePO4 and
produced LiFePO4 showed 102 mAh/g discharge capacity at the constant rate of C/20.

Sucrose was utilized as a carbon source to obtain carbon-coated LiFePO4 powders.
The discharge capacity of the as-prepared LiFePO4/C sample with 12% carbon content
is around 157 mAh/g at a 0.1 C rate and 88 mAh/g at a 5 C rate. Furthermore,
throughout the 50-cycle at varying current rates, the electrodes showed excellent
cycling performance.

To enhance the capacity of carbon-coated LiFePOa, different amount of Graphene was
reinforced to the cathode material. The carbon-coated lithium iron phosphate with 4
wt.% graphene showed a specific capacity of 197 mAh/g. The highly conductive
graphene flakes wrapped around carbon-coated lithium iron phosphate enhance
electron migration during charge and discharge operations, decreasing irreversible
capacity during the first cycle and resulting in a coulombic efficiency of 99% at varied
C-rates.
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LITYUM iYON PILLER iGiN YUKSEK KAPASITE
LiFePO4/C/rGO NANOKOMPOZIT POZITiF ELEKTROT

OZET

Anahtar kelimeler: Li-Iyon Pil, LFP, Karbon, Grafen, Spesifik Kapasite, Cevrim Omrii

Li-ion ikincil pillerin yaygin ve genisletilmis uygulamalar igin, oncelikle katot
malzemeleri tarafindan belirlenen {stiin elektrokimyasal yeteneklere sahip yeni
elektrot malzemelerinin  gelistirilmesi ~ gereklidir. ~ Miikemmel stabilitesi,
kullanilabilirligi ve gevre dostu olmasi nedeniyle, LiFePO4 (LFP), uygulanabilir bir
katot malzemesi olarak yaygin olarak kabul edilmektedir. Bu ¢alismada, glisin-nitrat
teknigine dayali basit bir ¢ozelti yakma islemi kullanilarak mikron alt1 pargaciklara
sahip tek fazli LFP malzemesi liretmek i¢in temel malzeme olarak diigiik maliyetli bir
demir (III) kullanilmistir. Yiiksek saflikta LiFePOs iiretmek icin optimal
Glisin/LiFePO4 orani 1:4 olarak bulunmus ve iiretilen LiFePOa, sabit C/20 oraninda
102 mAh/g desarj kapasitesi gosterdi.

Karbon kapli LiFePOs tozlar1 elde etmek i¢in karbon kaynagi olarak sakroz
kullanilmistir. %12 karbon igerikli LiFePO4/C numunesinin desarj kapasitesi 0,1 C
akim hizinda 157 mAh/g ve 5 C hizinda 88 mAh/g olarak elde edilmistir. Ayrica, 50
dongii boyunca degisen akim hizlarinda elektrotlar miikkemmel dongii performansi
gostermistir.

Karbon kapli LiFePOs'lin kapasitesini arttirmak i¢in katot malzemesine farkl
miktarlarda grafen ile takviye edilmistir. Agirlikca %4 grafenli karbon kaplanmis
lityum demir fosfat, 197 mAh/g'lik bir spesifik kapasite gostermistir. Karbon kapli
lityum demir fosfatin etrafina sarilmis son derece iletken grafen pullari, sarj ve desarj
islemleri sirasinda elektron gogiinii hizlandirmis ve ilk dongii sirasinda tersinmez
kapasiteyi azaltmis ve farkli C-hizlarinda %99'luk bir kulombik verim sergilemistir.

Xii



CHAPTER 1. INTRODUCTION

In recent years, due to various factors including global warming, pollution challenges,
and the increase of fossil fuels, attention has been redirected to finding an alternative
source to fossil fuels or reducing their usage. One of these considerations is the use of
electricity from battery energy, which is considered both an efficient and safe method
in the long-term reflection of reducing fossil fuels, leading to a decrease in emissions
of greenhouse gases and air pollution. Despite the fact that battery development has
played an important role in the development of portable gadgets and mobile
technologies, even though technology has been around for over a century, it cannot
still offer the performance necessary for huge devices. The inability is due to the lack
of providing these services at a competitive cost, due to their requirements of a high
energy density, a compact size, a low price, and quick charging rates as well as the
ability to store and run at a high current. However, the usage of batteries in large

appliances continues to increase (Larry Feinberg, 2016).

Primary and secondary batteries are the two types of batteries available, with both of
them considering the battery to be a powerful device that provides electricity from
chemical energy. Primary batteries contain material that cannot be returned to their
original form after reaction occurs (due to chemical reasons being hard to reverse),
because of this, it makes them generally non-chargeable and disposable. This is
different from secondary batteries, which can be recharged many times over. This
occurs as the chemical reactions can be reversed after each discharge using an electric
current during discharging, allowing the reusability of the battery. Because of its
optimal volumetric and gravimetric power output, the lithium-ion battery presented in
this study is regarded as the best among the other varieties. (M.S. Whittingham, 2004).
Different electrochemical performances of LIBs compared to other rechargeable
batteries can be exhibited in Table 1.1. Firstly, there is practically no memory effect

for LIB, hence, they allowed for charge ability at any time. It can also be seen that



LIBs have an energy density and a cell voltage that are double of that other types of
rechargeable batteries. Furthermore, while they are at a significantly higher cost, LIBs
feature low self-charge, long-life cycle, stability, and wide operating temperatures
betwwen -20 °C and +60 °C. Taking all these factors into account, LIB utilizations can
provide a safer and more efficient transportation system, due to its ability to act as a
reliable rechargeable system. However, LIBs, due to of low charge/discharge rate, still
act as a limitation in the application of high power tools and devices, including electric
cars and bikes. In 1991 SONY company first commercially produced LIBs, from then
they have been the most popular rechargeable batteries for portable and low energy
devices, including laptop computers, cell phones, and cameras.
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Figure 1.1. Comparing the volumetric and gravimetric power densities of various rechargeable batteries
(Larry Feinberg, 2016).
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As a consequence, LIB will find it challenging to meet the operational needs of the
large appliances in the future, such as electric cars (EVs) or hybrid vehicles (HEV).
As a consequence, further research is needed to improve the performance of the
frequently used LIB to achieve an excellent performance battery, especially in terms

of power/energy density, life cycle, and safety concerns.



The anode, cathode, and electrolyte components all have an impact on LIB's
performance. Nonetheless, the cathode material, which has a lower specific
capacitance than the graphite anode material, is presently the most important factor in
LIB energy density (Larry Feinberg, 2016). In the LIB system, the primary step for
rate determination is Li transfer/diffusion on the cathode (M.S. Whittingham, 2004).
LiCoO: is a popular cathode material in LIB applications. However, because of CO, it
is exceedingly costly and undesirable for the environment (‘Electrochimica Acta’,
2004). Because of its inexpensive cost, great thermal stability, abundance in nature,
and environmental friendliness, LiFePOg is the best cathode material among the option
(Padhi, Nanjundaswamy and Goodenough, 1997).

However, it has some disadvantages, such as low electrical conductivity, low
charge/discharge current densities, and ion diffusion is low, which restricts its use in

large types of devices. (Padhi, Nanjundaswamy and Goodenough, 1997).

Table 1.1. Variations in rechargeable battery performance characteristics (Ravet et al., 2001).

Types of Energy density Cycle Self-discharge Cell voltage Charge
battery (Wh/kg) durability (peer month) 2 time (h)
NiMH 30-80 500-1000 25%-30% 1.2 2-4
NICD 40-60 1500 10%-20% 1.25 1
Lead-acid 30-40 600-800 5%-20% 2.1 8-16
Li-ion 100-170 1200 5% 12% 3.5 1-3

Reduced particle sizes and coatings with high conductivity materials, such as
carbon(Yamada, Chung and Hinokuma, 2001; Herle et al., 2004), have been used to
try to solve these problems. As a result, it is expected that by optimizing particle size,
morphology, and carbon coating, the performance of these materials will be improved

at higher current rates.

Differences in crystallinity, particle sizes, purity, morphology, and electrochemical
performance of LiFePO4 depend on the procedures and conditions of the preparation
(Ferrari et al., 2010; Gong and Yang, 2011). Certainly, obtaining high-performance

materials will require a successful installation and optimal preparation. Since LiFePOa4



was introduced by Padhi et al. in 1997 (Padhi, Nanjundaswamy and Goodenough,
1997), several methods have been proposed to prepare LiFePOas. including solid state,
sol-gel, hydrothermal, co-precipitation, polyol process, microwave processes, etc
(Jugovi¢ and Uskokovi¢, 2009; Gong and Yang, 2011). The solid state synthesis is the
most widely used technology owing to its simple approach and simplicity of scaling.
(Arumugam, Paruthimal Kalaignan and Manisankar, 2009; Song et al., 2010).
However, this method has several disadvantages, such as high temperature sintering
processes for long periods and high energy consumption. In addition, this method

suffers from uncontrollable particle growth and agglomeration.

The hydrothermal synthesis yields LiFePO4 materials with well-controlled shapes and
small crystal particles in a fast, low-cost, scalable, and low-energy method. (Ellis et
al., 2007; Ou et al., 2008; Zhang, 2010). Sol-gel, as another important method, ensures
small particle size and higher purity, homogeneity due to optimum mixture of
precursors (Chernova et al., 2009; G. Wang et al., 2010; Devaraju and Honma, 2012).
Additionally, LiFePO4 can be prepared simply and economically. As a result, sol-gel
and hydrothermal processes are two of the most effective ways to make high-quality

LiFePO4 materials.



CHAPTER 2. LITHIUM ION BATTERIES

2.1. The Principle of Lithium Ion Batteries

Lithium ion rechargeable battery electrodes are made up of lithium intercalation
compounds that reversibly accommodate lithium ions into their crystal structure.
Unlike conversion electrode reactions, these can maintain their crystal structure during
charge and discharge processes. Because the structure is stable throughout the charging
and discharging operations, this mechanism allows for high power and cycle
capability. On the other hand, intercalation compounds have a restricted capacity of
roughly 250 mAh/g, which corresponds to a one-electron redox potential
(Whittingham, 2008). In contrast to the intercalation process, conversion reaction
molecules have a larger energy storage capacity. Figure 2.1. depicts a schematic
depiction of these systems. In traditional lithium ion batteries, the cathode and anode

often have a layer or tunnel structure.
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oy I Conversion
ssseol ., Moo R
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Figure 2.1. Electrochemical energy storage: intercalation and conversion reactions (Palacin, 2009).



A common lithium cell architecture is depicted in Figure 2.2. There are three pieces to
a battery. They are the anode (positive electrode), the cathode (negative electrode), and
the electrolyte (electrolyte). The differential in lithium atom concentration in the
cathode and anode is the process by which lithium-ion batteries function. When the
battery is charged, Li* flows from the anode to the negative electrode. Li* will return
to the anode after the battery is drained. An electrochemical oxidation reaction occurs
in the anode materials during the discharge operation. Li-ions are freed into the
electrolyte during the electrochemical oxidation reaction. The cathode will gather Li-
ions as they travel through the electrolyte. At the same time, electrons are traveling
across the outside circuit and towards the negative electrode. The discharge period is

the inverse of the charging period.

The cell potential is determined by the difference between the anodic and cathodic
chemical potentials of lithium in these two host substances. A lithium ion cell's open
circuit or theoretical standard potential is characterized as a rocking chair movement
in which the chemical potential of Li ions (Equation-2.1) varies at each state between

anodes and cathodes.
Eo = -(uLi/+ - uLi/-)/nF (2.1)
Here, Eo represents equilibrium cell potential, pLi+ and pri- represent the chemical

potentials of lithium in positive and negative electrodes, respectively; n represents the

number of electrons involved in the reaction, and F is Faraday’s constant.
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Figure 2.2. A rechargeable lithium ion battery's charging and discharging processes (Oh et al., 2010).

The electrolyte in a high-power cell must sustain a high current on produced species
throughout each cycle while avoiding irreversible processes and side products such as
the solid electrolyte interface (SEI). If the galvanic cell potential goes below open-
circuit voltage, battery power and cycle time are reduced. For a high-power cell,

certain kinetic requirements of an electrode material are as follows:

1. In comparison to the Li/Li* couple, there is a large electrochemical potential
gap between the positive and negative electrodes.

Lithium diffusivity in solids is high.

Lithium intercalation capacity is high.

Stable to electrochemical cycling.

Simple lithium intercalation Kinetics.

o g H» wD

Conductive to electricity.

2.2. Materials for the Lithium Ion Batteries

The anode, cathode, and electrolyte elements all play a significant role in LIB's
performance (Armand and Tarascon, 2008; Larry Feinberg, 2016). Therefore, many
research efforts have been undertaken to improve new materials for components of
LIBs, Specifically, anode and cathode active compounds. The following are the

primary characteristics of premium active substances:



1. Big quantity of Li* ions for intercalation/de-intercalation to increase the
capacity.

2. Intercalation/de-intercalation of electrons and Li* ions is efficient and quick.

3. During the Li* ions intercalation/de-intercalation process the reversibility is
good with a little or no change in host structure.

4. It retains chemical stability in the presence of an electrolyte without
interacting with it.

5. Excellent electrical conductor to heat generation and reduce polarization.

6. Environmental friendly, inexpensive, lightweight, simple to synthesize.

when the LIB was introduced two decades ago. Most studies focused on cathode
materials to progress the performance of LIBs due to the intercalation capacity of
cathode material is substantially lower, especially when it is compared with anode
materials in long-term cycles (M.S. Whittingham, 2004). Additionally, other aspects
of a positive cathode material include materials prices, safety concerns, recyclability,
and environmental toxicity. As a result, the cathode material is the focus of lithium-

ion battery electrode research.

2.2.1. Anode materials

Lithium metal was utilized as the anode in the first LIB since it is the lightest metal
with the lowest voltage (-3.045V) as well as a high capacity (3826 mAh g). Which
can easily release the electron. Nevertheless, because of the short circuits caused by
the growth of lithium dendrites on the surface of the lithium metal anode during
cycling, the use of lithium metal as an anode poses a significant risk in lithium batteries
(Balakrishnan, Ramesh and Prem Kumar, 2006). It's also extremely reactive to oxygen
and moisture. As a result, dry rooms or glove boxes are required for the LIB to be
assembled. Furthermore, while the Li-Al alloy eased the safety issue, it was still unable

to prevent fast capacity decline (Rao, Francis and Christopher, 1977).

After sundry researches, graphite with a specific capacity of 379 mAh/g was presented

as the anode material that could host Li* ions during interaction with the metering of



the elements in LiCs (Yazami and Touzain, 1983). Sony commercialized graphite as
an anode for LIBs in 1991 (] Nagaura .T, 1990). using graphite instead of lithium metal
not only solves the safety problem but also minimizes the cost (Ferg et al., 1994;
Winter and Besenhard, 1999).

The elements used in lithium-ion batteries are depicted in Figure 2.3. (Nitta and
Yushin, 2014). Tin (Sn), tin oxide (SnOy), silicon (Si) and silicon dioxide (SiOy) are
some of the anode materials that have gotten a lot of interest from researchers. The Si

anode material has shown favorable characteristics among these anode materials.
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Figure 2.3. Li-ion battery anode materials investigated for high capacity (Nitta and Yushin, 2014).

Batteries require both anode and cathode materials to function properly. There has
been a lot of work done to improve the anode and cathode characteristics. Power
density, energy density, and cycle life are all factors in anode material performance.
When used as an anode material, it has the maximum energy density when the voltage

is low.
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2.2.2. Cathode materials

The cathode materials in lithium ion batteries have drawn a lot of attention from
researchers since they have a big impact on the batteries (Larry Feinberg, 2016). As a
cathode for LIB applications, a premium material must meet the following
requirements (M.S. Whittingham, 2004):

1. Inorder to get a high voltage output from the battery, the metal ion should have
a high redox potential.

2. Inorder to get high battery capacity, the structure should allow a large number
of lithium ions reversible interaction and extraction.

3. To give appropriate capacity, host high lithium ions.

4. High surface area to raise the rates of reduction/redox reaction.

5. The electronic conductivity should be high to rapidly transfer the electron and
reduce heat generation.

6. High ionic conductivity to assure high capacity and minimal polarization.

7. The material structure must maintain stability during repeatedly charging and
discharging operations to ensure a good cycle ability.

8. Abundant, low cost, environment friendly, and easy to prepare.

As illustrated in the diagram below (Figure 2.4.), intercalation cathode materials for
LIBs are classified into three categories based on their crystal lattice: layered, spinel,
and olivine (Thackeray, 2002):
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layered LiCoO2 spinel LiMnZO4 olivine LiFePO4
2D 3D 1D

Figure 2.4. Models for Li* transport in layered, spinel, and olivine structures (Thackeray, 2002).

Table 2.1. lists the cathode materials for each of the three frameworks. The transition
metal oxide is currently the focus of the majority of cathode material research. Since
the invention of lithium-ion batteries in 1990, LiCoO has been the first transition
metal oxide material. It has a layered structure. LiCoO> has a high theoretical specific
capacity of 274 mAhg?, 1363 mAhg? theoretical volumetric capacity, low self-
discharge, high discharge voltage, and strong cycle performance (Du Pasquier et al.,
2003).

Table 2.1. Cathode materials classified by different framework (Julien et al., 2014).

Framework Compound

LiCOOz

layered
LiNi1/3Mn1/3Co1/30;
LiMnO4

spinel
LiMn3/2Nil/204
LiFePO4

olivine
LiFel/2Mn1/2P0O4
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Table 2.2. The comparison between different cathode materials (Julien et al., 2014).

Cathode LiCoO- LiMnO, LiNiO> LiFePO4
Capacity/mAhg? 274 148 274 169
Potential/V 3.90 4.05 3.60 3.40
Density/g cm™ 5.10 431 4.85 3.60

However, these cathode materials have limitations in terms of cost, thermal stability,
and capacity decline at high current rates (Nitta et al., 2015). Because of the Mn, the
spinel LiMnO4 has a cheap cost and is environmentally friendly. However, the capacity
and other characteristics are are comparable to LiCoO,. Polyanions have been
developed as a result of a recent study into cathode materials. SO4, PO4, and SiO4 are
examples of polyanions. They take up lattice sites and raise the redox potential of the
cathode. The olivine structure LiFePO4 belongs to the polyanions (Nanjundaswamy et
al., 1996).

2.2.3. Binder for the lithium battery

In lithium ion batteries, the binders have a significant important on the performance of
the electrode. The active anode particles are mixed with conductive carbon particles
and a binder to make a battery cell (3-15 % ). Polyvinylidene fluoride (PVDF), a
thermoplastic polymer with poor elastomeric properties, is the typical binder for
graphite and metal anodes. As a result, it's reasonable to think that an alternate
elastomer binder, such than PVDF, might be better at supporting significant volume
changes in alloy particles (Chen et al., 2004). Using cross-linking polymers and an
elastomer binder system, this notion has been shown to improve the cycling stability
of various alloy anodes (Liu et al., 2005). The premise was challenged when it was
discovered that a stiff, brittle sodium carboxymethyl cellulose (CMC) binder was even
more effective than PVDF or a styrene-butadiene rubber (SBR) elastomer binder in
boosting the capacity retention of Si anode (Chen, Christensen and Dahn, 2003). This
finding indicates that other parameters play a significant role in addition to elastic
elongation. The CMC binder may operate as a surface modification, helping to
establish a stable SEI passive layer.The expanded structure of CMC in solution,

according to Lestriez et al (Lestriez et al., 2007), resulted in a more homogenous
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dispersion and networking of the conductive carbon and active particles. Winter et al
(Hochgatterer et al., 2008). claimed that the improved reversibility of Si/C electrodes
made with CMC binder was due to the establishment of a strong chemical link between
the binder and the active particles (Si). They claim that the cohesive strength of the
binder and active particles are crucial components. In a recent paper, it is reported that
a lithium polyacrylate (Li-PAA) binder performed even better than CMC binder (Chen
et al., 2006). Capacity retention was good at 450 mAh/g when employing a Li-PAA
binder on an amorphous SnCoC electrode for at least 100 cycles, compared to fewer
than 20 cycles when using PVDF or CMC binders. These findings indicated that the
binder system used has a significant influence on the performance of active materials.
More research is needed to properly understand the beneficial effects of diverse binder

systems.

2.2.4. Electrolyte for lithium batteries

The electrolyte composition, in addition to the binder, has a considerable influence on
the cycle stability of lithium batteries (Zhao et al., 2008). The most extensively utilized
electrolyte for lithium-ion batteries is LIPF6 dissolved in carbonates, such as ethylene
carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC). This
electrolyte performs admirably under normal conditions, but its low temperature
performance will be limited below -20°C. Lithium batteries' poor performance at low
temperatures is due not only to the high viscosity and low transference of Li-ions in
the electrolyte but also from the high de-solvation energy of the Li*. The electrolyte
composition has a significant impact on lithium-ion battery cycling stability.
Furthermore, the electrolyte is crucial for lithium battery safety. The following are

some of the issues with current LIFPs organic carbonate solution electrolytes:

1. Thereis arelatively narrow range of cathode stability, so high voltage cathodes
are not acceptable.
2. The high vapour pressure and the flammability have a negative impact on

safety and health, and result in serious manipulation risks.
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A lot of work is being done to improve the safety and dependability of Li-ion battery
electrolytes, including:

Additives to create a stable SEI and/or improve it's thermal stability.
Redox shuttles provide overcharge protection.
Separators are turned off to prevent thermal runaway.

M wnp e

Lithium salts as a low-toxicity alternative to LIPFe.

2.2.5. Separators

The separator in a lithium-ion battery prevents a short circuit in the battery by
preventing electron passage between the cathode and the anode, while also allowing
lithium ions to flow between the cathode and the anode in the electrochemical cell.
The separator in lithium-ion batteries allows ions to travel through while preventing
contact between the anode and the cathode. placed between the positive and negative
electrodes. The separator must be thermally, chemically, and electrochemically stable
to the electrolyte, have a micrometer-sized porous structure, and be mechanically
durable to tolerate high currents.

Polypropylene (PP) and polyethylene (PE) films are commonly used in commercial
lithium-ion batteries. The reason why polypropylene and polyethylene are preferred is
that they allow the battery to work without deterioration even in long cycles in lithium
ion batteries and are protected inside the battery without deterioration. However,
polypropylene may not have the width to prevent a short circuit and may cause a short
circuit. This ensures that the battery does not work. Therefore, polyethylene is used

more in lithium-ion batteries than polypropylene.



CHAPTER 3. LiFePO4s BASED CATHODE

3.1. LiFePOs4 Electrode

Lithium iron phosphate (LiFePQOys) is a promising alternative to lithium cobalt oxide
as the cathode in lithium-ion batteries attributed to its inexpensive cost, abundance in
nature, great thermal stability, nontoxicity, andlong cycle life (Padhi and
Goodenough, 1997; Liu et al., 2009). Preparing LiFePO4 can involve several methods,
including but not limited to the sol-gel method (Hu et al., 2004), the hydrothermal
method (Kim et al., 2008; Song et al., 2011), co-precipitation (Yang, Zavalij and
Whittingham, 2001), microwave processes (Ding et al., 2010), the solid-state method
(Liu et al., 2006). The low electrical conductivity of pristine LiFePO4 and its poor
ability to diffuse ions make it unsuitable for large applications due to its poor diffusion
properties (10 *4cm?s™) (Huang, Yin and Nazar, 2001). To counteract this, particle
size reduction, carbon coating, and metal doping are among the several strategies
proposed (Wang and Cao, 2008; Cheng et al., 2010). From these, carbon coating has
the most support regarding its further study compared to the other methods, such as
doping and particle sizes reduction, due to a more significant impact on performance

from experimental results (Belharouak, Johnson and Amine, 2005; Zhang et al., 2008).

The problem with poor electrical conductivity might be fixed by using conductive
porous films of carbon to apply a coating on the surface of particles (Cheng et al.,
2010). Furthermore, By covering the electrode material with carbon, the material is
prevented from dissolving in the electrolyte and the electrolyte from seeping into it, so
resolving the issue of direct interaction between the electrode and the electrolyte (Noh
et al., 2005). When carbon coating is applied, undesirable particle formation during
the production of LiFePOQg is also inhibited. This is because it will function as a
reducing agent, preventing the oxidation of Fe?* to Fe®" (Chen et al., 2008; Zaghib et
al., 2008).
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Various sources of carbon can be used in this application and are considered suitable,
including ascorbic acid (Yang et al., 2011), lactose (Liang et al., 2008), sucrose
(Wang, Shen and Yao, 2009), glucose (Zhou et al., 2011), carbon nanotube (Saravanan
et al., 2010), graphene (Su et al., 2010), however, the source must be inexpensive.
Moreover, in order to assure LiFePQO4 particles have excellent conducting properties,
two features need to be considered, the first being a uniform carbon coating while the
second being an optimized amount (Spong, Vitins and Owen, 2006; Doeff et al., 2008).
The latter point is of importance, as if large amounts of carbon are used, a significant
number of side effects can occur as a result, for instance, the reduction of LiFePO4 to
Fe2P, porosity decreases, as does energy density (Dominko et al., 2005; Kang et al.,
2012). The former regarding the uniform application, of the homogenous carbon
coating on the surface of LiFePOs particle is currently a challenging process,
specifically, no current literature fulfills the conditions for lithium-ion batteries (L.
Wang et al., 2010). To maximize the performance of the electrode based on these
electrodes, the amount of carbon utilized for the coating, the uniformity of the coating,
and the physicochemical parameters of the coating should be considered. This shows,
therefore, that the objective is to enhance the carbon quantity, in order to obtain a
homogenous covering while retaining its energy density. To examine the effect of
carbon on the structure, morphology, performance, and electrochemical properties of
LiFePO4, LiFePO4 with varying concentrations of sucrose as a carbon source is

produced.

3.2. Structure of LiFePQO4

LiFePO4 has an orthorhombic olivine structure (Padhi et al., 1997). Figure 3.1. depicts
its crystal structure. The unit cell volume of LiFePOa is 0.291392nm?3, and the lattice
parameters are a=0.6008nm, b=1.0334nm, and ¢=0.4693nm. The oxygen atoms in
LiFePO4 are placed in a somewhat deformed hexagonal close packing fashion, P atoms
occupy tetrahedral positions to create the PO4 tetrahedron, and Li and Fe atoms fill the
oxygen octahedral gap (Andersson and Thomas, 2001). Li atoms occupy common
edge octahedral M1 (100) sites while Fe atoms occupy common angle octahedral M2
(010) sites, respectively, to produce the LiOs octahedron and the FeOs octahedron. The
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layered scaffold structure is made up of LiOg octahedrons, FeOg octahedrons, and PO4
tetrahedrons that are alternately organized. On the bc plane, adjacent FeOg octahedrons
produce FeOg layers by sharing oxygen atoms as common vertexes. An adjacent LiOs
octahedrons use two oxygen atoms along the same edge to build a chain in the b
direction among the FeOe layers. Two oxygen atoms are shared along the border of
one POy tetrahedron and one FeOg octahedron.

Figure 3.1. Schematic of the crystal structure of LiFePO4 (Padhi et al., 1997).

3.3. Intrinsic Problems of the Olivine Structure

In LiFePOg, the FeOe octahedrons share the same vertices, but they are separated by
the PO4 tetrahedrons. As a result, the FeOe octahedrons are unable to create a
continuous octahedron network since their structures share the same edges. The
electronic conductivity of the material will be drastically reduced as a result of this
feature (Wang, He and Zhou, 2011). It is an intrinsic n-type semiconductor by
definition. However, due to the huge band gap of 3.7eV calculated by the First
Principle (Andersson et al., 2000), intrinsic LiFePO4 has a relatively low electrical
conductivity at ambient temperature, resulting in weak electrochemical performance
when subjected to high current loads. Meanwhile, due to the hexagonal close packing
order of the oxygen atoms, they can only supply a limited number of pathways for Li*
ions. As a result, at room temperature, the rate of Li* ion migration is relatively low
(Yamada et al., 2003; Morgan, VVan der Ven and Ceder, 2004).
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Padhi (Padhi et al., 1997) was the first to report the use of LiFePO4 for potential
application in Li-ion batteries. At ambient temperature and low current density, there
were only 0.6mol Li* ions (equal to 110mAh/g) participating in the
intercalation/extraction reaction per mole of LiFePO4 (Tarascon and Armand, 2001).
The LiFePOs charge-discharge method, according to Padhi, is a Li* ion diffusion
control process. When the current density is increased, the specific capacity drops
dramatically; if the current density is reduced further, the specific capacity returns to
its former value. Takahashi et al. (Takahashi et al., 2002) later investigated the effect
of current density on discharge capacity at various temperatures. With an increase in
current density at 20°C, the discharge capacity dropped. Along with the increase in
temperature, the discharge capacity increased as well. The rate of diffusion increases
with an increase in operating temperature. The Li" ion diffusion control theory is
backed up by this study.

3.4. The Mechanism of Lit Extraction and Insertion in LiFePQO4

The primary functioning concept of LiFePOs is the Li* diffusion process. This
diffusion process comprises the insertion/extraction of lithium. Understanding this
process is essential for comprehending the LiFePOs cathode technique. During
charging, Li* exits from LiFePO4 and moves towards the anode electrode. Two phases
can be observed in this charge/discharge process. Both LiFePO4 and FePO4 phases can
exist simultaneously. LixFePOs is generally described as this two-phase reaction
(Takahashi et al., 2001). A unigue model was proposed by Laffont (Laffont et al.,
2006) to clarify the LiFePO4/FePOs phase change process. During the
charge/discharge process, it resembles the fundamental structural models. When the
battery is charging, lithium ions are extracted from the particles' centers at first. Li*
will begin to be injected from the outer layer during the discharge process. This implies
that LiFePO4/FePO4 always has a fundamental structure. Another suggestion from
Delmas (Delmas et al., 2008) to describe the process of transformation is the domino-
cascade. In accordance with his model, when Li* begins to be inserted/extracted into

a single particle, the particle will become fully charged or discharged. As a result,
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utilizing X-ray microscopy to monitor the change between the LiFePO4 and FePO4
phases throughout the charge/discharge process is an essential step. The charge and

discharge reactions are as follows (Takahashi et al., 2001):

- Charge reaction: LiFePO4 - XLi"- xe” = xFePO4 + (1-x)LiFePO4
- Discharge reaction: FePO4 + XLi*+ xe"= xLiFePOs + (1-x)FePO4

Fully charged Fully discharged

FePO, LiFePO,

Dlscharge Li,,FePO, Discharge l

@ | lifeP0, || m—
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Figure 3.2. Li* insertion process (discharge process).
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3.5. The Challenges of LiFePO4

LiFePOs4 is still having some problems as the cathode material. It has low tap density.
It also performs poorly at low temperatures. The bulk density of a material is expressed
as the quantity of numerous particles split by the entire volume of the particles. From
table two, LiFePO4 has the lower theoretical density as compared with the other
cathode materials. It’s only 3.60 gem™. Most LiFePO4 has a density of only 1to 1.4 g
cm? (Yuan et al., 2011). For materials as a powder, both particle morphology and
theoretical density can determine the bulk density. The particle morphology comprises

both particle distribution, particles size, and geometric shapes. Like the higher carbon
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content will reduce the density, and smaller particle size will also reduce the density
(Yuan et al., 2011). For LiFePO4 cathode materials, both carbon coating and small
particle size are important for modifier performance, so this results in a paradoxical
issue that causes low LFP density. Lower tap density will result in limited LFP use in
a handheld device. Another disappointing performance is the LFP's bad performance
at low-temperature. As the report of the 45th Battery Symposium in Japan proved
(Yuan et al., 2011), Lowering the temperatures result in lower capacity for LFP
batteries. This flaw prevents the battery from meeting the standards for electric cars.
The LFP battery's electrolyte suffers from the same issue. The Li* diffusion between
the electrode and the electrolyte is limited as the temperature decreases, especially
under -20°C.

3.6. Improvement of LiFePO4

As mentioned earlier, LiFePOs is beneficial in aspects of safety, non-toxicity,
environmental friendly, low cost, high quality ability, good life cycle, etc. But it has
limited lithium ion diffusion rate and poor electrical conductivity, and this is not
suitable for high current discharge/charge. The shape, crystalline size, and carbon
coating are three aspects that might be modified to increase the performance of LFP
batteries. As the particle size decreases, Li* will have a larger electrolyte/electrode
contact area and shorter diffusion lengths. Spherical shapes can have higher bulk
density when compared with irregular shapes. For this reason, controlling the shape,
like a sphere, is one of the important points. Enhancing electronic conductivity with
carbon coating is the most effective way. Carbon is substantially lighter and less
expensive than other coating materials like silver or copper. The goal of this
experiment is to produce a nano-sized hollow sphere LFP/C structure and decorate it

with graphene.

3.7. The Effect of Particle Size Refinement on LiFePO4 Performance

Gaberscek et al. (Gaberscek, Dominko and Jamnik, 2007) suggest that the particle size

IS very important to optimize the performance of LiFePO4 batteries. They believe that
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the rate of electrochemical reactions can be controlled as the particle size becomes
smaller. When the particle is very small (less than 70 nm), the modifier performance
of LiFePOs would be to control the electrochemical reaction rather than to control
diffusion. In this regard, Allen (Xia, Yoshio and Noguchi, 2006), Experimentally. The
solid state method uses carbonless LiFePO4 composites with a high specific surface
area of 24.1 m?/g. The discharge capacity at 5/C was reported to be 115 mA/g. It is
evident, from the experimental results, that the particle size also has a substantial
impact on LiFePOg electrocatalytic activity. So long as LiFePO4 has a small particle
size (nanoscale level) (Allen, Richard Jow and Wolfenstine, 2007), whether or not it
is coated with carbon, its modifier performance will be superior to the larger LiFePO4

size.

3.8. The Effect of Surface Carbon Coating on LiFePO4 Performance

Surface carbon coatings can boost electronic conductivity, which significantly
improves LiFePOgs's electrochemical performance. Ravet et al (Whittingham et al.,
2005) investigated the carbon surface coating of LiFePO4 for the first time in 1999.
They explored two distinct ways to include carbon into the LiFePO4 product. One
method was to mix LiFePO4 powder with a sugar solution and sinter it at 700°C. The
other method was mixing the precursor with carbon and sintering it at 700°C. The
carbon content in the LiFePOs synthesized by the latter technique was 1wt%.
Following that, systematic research on LiFePO4/C synthesis methods were carried out,
including the carbon source types, total amount of carbon added to the precursor, and

the structure of the added carbon, among other things.

The product's surface carbon coating improves its electronic conductivity while also
successfully inhibiting the growth of LiFePOs particles. Gaberscek et al. (Gaberscek,
Dominko and Jamnik, 2007)investigated the particle sizes of LiFePOs produced by
several research organizations and the link between particle size and electrochemical
performance. They attributed the carbon coating's enhancement to the presence of
LiFePOg4 particle growth.
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It is widely acknowledged that the carbon coating improves kinetic performance in
two ways. The coated carbon, on the one hand, improves the electrical interaction
between the particles. The coated carbon, on the other hand, inhibits the growth of the
LiFePO4 resulting nanoparticle product. Small particles in LiFePO4 shorten the Li*
diffusion channel, increasing the diffusion rate. Carbon coating significantly lowered
the material's tap density, and hence its volumetric energy density (Doeff et al., 2006).
The key to the surface carbon coating research for LiFePOs is to get uniformly

distributed and small particle size LiFePO4 with the least amount of carbon.

3.9. Boosting the LiFePO4 Electrode with rGO

The volumetric and gravimetric energy densities of conventional lithium ion batteries
(LIBs) are decreased by the insulation separators needed to protect against short
circuits, and the metal-foil current collectors that support the conductor sheets
(Golubkov et al., 2014; Gallagher et al., 2016). Metal foils, for example, in a
commercial lithium ion battery, they make up about 24% of the weight and 13% of the
volume (Figure 3.3.). Increase the electroactive layer's mass loading (thickness) to
minimize the volume and fractional mass of the separator and current collector , hence
reducing energy density losses. However, due to insufficient lithium diffusion,
concentration polarization limits the electroactive layer's electrolyte-accessible depth,
limiting electrode thickness to ~100-125 um. Thicker electroactive coatings are
additionly more vulnerable to volume changes during cycling, delamination and
cracking from the metal current collector. Studies are targeted at enhancing the
performance of thick electrodes with large loadings of active electrode (Wood, Li and
Daniel, 2015).
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(a) (b)
Weight occupied by Li-ion cell components: Volume occupied by Li-ion cell components:
Al foil Anode Al foil Anode
(3%) (18%) (4%) (29%)

Cu foil Cu foil

Cathode Separator & Cathode Separator &

(53%) Electrolyte (42%) Electrolyte
(5%) (14%)

Figure 3.3. Diagram illustrating (a) mass and (b) size of a lithium ion battery's internal cell components
(Golubkov et al., 2014).

Instead of slurry-coated metal foil current collectors, porous, free-standing,
conductive, and elastic composites with high mechanical endurance can alleviate some
of these limits. This improvement minimizes the metal foil's weight and volume, and
the integrated architecture allows for deformation during cycling while avoiding
structural degradation (Cha et al., 2018). Several other proposed electrode scaffolds
made of porous metals (Abe et al., 2016), elastomeric polymers (Wang et al., 2011),
or carbons (e.g., carbon nanotubes, graphene, etc.)(Xiao et al., 2017) have been
proposed in academic literature to have improved mechanical and electrochemical
properties when compared to traditional metal-foil electrodes. Despite the fact that 3D
composite electrodes provide compelling performance increases, their use in battery
technologies has been hampered by a variety of issues: (1) long/complex synthesis
methods that are difficult to scale up, (2) a limitation of processability, and/or (3) the
usage of nanoscale electrode material, which result in lower active-material loadings

and energy densities than metal foil cells (Cha et al., 2018).

Graphene and its derivatives have emerged as prominent possibilities for 3D electrode
structures due to its superior mechanical qualities, strong electrical and thermal
conductivities, and wide surface area. Graphene is a two-dimensional lattice of carbon
atoms that is atomically thick. These 2D "sheets" can be wrapped into 0D fullerenes,
curled into 1D carbon nanotubes, or layered in 3D graphite and are the fundamental
elements for graphitic materials of various dimensions (Geim and Novoselov,

2007). In commercial applications, the fundamental disadvantage of graphene
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materials is the high cost and time-consuming procedures necessary to obtain high
purity forms (Chabot et al., 2014). Using a precursor such as graphene oxide is an
effective technique to minimize these problems while keeping graphene's
advantageous features (GO). GO is primarily made by oxidizing and exfoliating
graphite using a method known as "Hummer's Method" (Hummers and Offeman,
1958). Hummer's method oxidizes and enhances electrostatic repulsion of graphite
sheets using a highly oxidizing KMnQO4/H>SO4 solution, and when combined with

rapid stirring or sonication, the graphite sheets are exfoliated, or ripped apart.

The presence of reactive groups on GO, such as carboxylic acids, hydroxyls, epoxides,
and quinones, converts some sp?-hybridized carbons into sp3-hybridized carbons with
oxygen functional groups. Even though the oxygen capabilities of GO give it a
versatile reaction platform, the higher sp® carbon concentration reduces electrical
conductivity as compared to graphite. As a result, the GO must be reduced to form
reduced graphene oxide (rGO) by thermal annealing at high temperatures in an air-free
atmosphere (e.g., nitrogen, argon, or ammonia) or chemical reducing agents (e.g.,
hydrazine, ethylenediamine, ascorbic acid, or hydriodic acid) to displace oxygen
groups, restore carbon sp? hybridization, and increase electrical conductivity. (Kim et
al., 2009; Ha, Shanmuganathan and Ellison, 2015).



CHAPTER 4. EXPERIMENTAL

4.1. Raw Materials

The raw materials used to synthesize LiFePOs, LiFePO4/C powders are listed in Table
4.1. In this research, lithium nitrate (LiNO3) was used as a source of lithium. Due to
the possibility of losing lithium salt during the sintering process, the quantity of lithium
content added to the precursor was optimized. And Iron nitrate (Fe(NOz)3.9H20) was
selected as a source of iron. While Ammonium dihydrogen phosphate (NH4H2PO4)
was used as the source of phosphate ions. Glycine (C2HsNO2) was used as a fuel.

Sucrose was used as a carbon source in this work.

Table 4.1. Description of chemicals used in my master's study.

Name Chemical formula Vendor
Lithium nitrate LiNOs ABCR

Iron nitrate Fe(NOs)3.9H,0 CARLO ERBA
Ammonium dihydrogen phosphate NH;H2PO, MERCK
Glycine C2HsNO; CARLO ERBA
Sucrose C12H2,011 Sigma Aldrich
Graphite | - Sigma Aldrich
Sulfuric acid H2SO4 Sigma Aldrich
Nitric acid HNO3 Sigma Aldrich
Sodium nitrate NaNO3 Sigma Aldrich
Potassium permanganate KMnO4 Sigma Aldrich
Hydrogen peroxide H20; Sigma Aldrich
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Name Chemical formula Vendor
Hydrochloric acid HCI Sigma Aldrich
Lithium nitrate LiNO3 ABCR
Iron nitrate Fe(NO3)3.9H20 CARLO ERBA
Hydrochloric acid HCI Sigma Aldrich
Dimethylformamide (CHs3):NC(O)H Sigma Aldrich
Polyvinylidene fluoride (PVDF) (CH2CF2)n Alfa Aesar
N-Methyl-2-pyrrolidone (NMP) CsHgNO Alfa Aesar
Lithium metal Li China
Aluminium foil Al China
Carbon black C MTI
Electrolyte 1.0 M LiPFgin 1:1 China
EC/DMC

4.2. Experiment Background

LiFePO4 was prepared using solution combustion synthesis (SCS) from metal
precursors of iron nitrate (Fe(NO3)3-9H20), ammonium dihydrogen phosphate
(NH4H2PQOg4) and lithium nitrate (LiNO3) in a molar ratio of 1:1:1. Glycine (C2HsNO>)
was used as a fuel. While Sucrose was used as a carbon source. Afterwards, Hummer's

method was used to synthesize rGO, which was then introduced to LiFePO4/C powder.

4.2.1. Solution combustion synthesis (SCS)

Combustion synthesis (CS), one of many powder synthetic processes, has recently
attracted a lot of attention (Chick et al., 1990; Aruna, Muthuraman and Patil, 1997). It
is capable of producing a wide range of commercially viable materials with a variety
of unique features at a reasonable cost. At relatively low temperatures, solution

combustion synthesis (SCS) enables the successful production of a wide range of nano-
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sized substances. An auto reaction that occurs in a homogeneous solution of various
inorganic salts (e.g., metal nitrates) and fuels (e.g., urea, glycine). These fuels are used
for two purposes: (a) They are the sources of C and H, which when burned produces
CO2 and H20 and liberates heat, (b) They form complexes with metal ions, which
allow for uniform cation mixing in solution. It has been used to successfully
manufacture many electrode materials for lithium ion batteries, including LiCoO>
(Julien et al., 2000) and LiMn204 (Yang et al., 1999) for the cathode and pristine or
doped LisTisO1. (Raja et al., 2009) for the anode. Another benefit of SCS is that the
technique allows for simultaneous carbon coating and the production of
nanostructured materials for lithium-ion batteries. A very important point, during the
production of pure phase LiFePOs, reduction of Fe** to Fe?* must be prevented. Since
Fe?* is rapidly oxidized during the combustion, extracting phase-pure LiFePO4 from
Fe?* raw materials is typically difficult. Therefore, the process must be performed in
the presence of inert gases (N2, Hz, Ar), which are necessary for reducing iron to a

lower oxidation state and forming the olivine LiFePO4 phase.

4.2.2. Synthesis of LiFePOa4

The initial stage in the experimentation will be to produce samples of LiFePOs..
Separately, 2.52 g LiNO3, 13.5 g Fe(NOz)3.9H20, and 3.83 g NH4H2PO4 are dissolved
in a minimum amount of distilled water using magnetic stirrer at 300 rmp. The molar
ratio of Li:Fe:POg4 is 1:1:1. Then mixed all the solutions (LiNO3z, Fe(NOz)3.9H.0 and
NHsH2POy4, respectively) one by one at the interval of 10 minutes. Then a calculated
amount of glycine was added dropwise to the solution while stirring. The solution was
kept stirring at 80°C at 300rpm until a gel had formed. The gel was then placed to a
pre-heated oven at 150°C to produce a fluffy powder. After collecting the powder,
heating it up to 700°C in a nitrogen-gas-protected tube furnace for 4 hours to get

crystalline LiFePO4 powder. The method is depicted in detail in Figure 4.1.

The following equation can be used to explain the synthesis of LiFePO4 via Solution

combustion process (SC):
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LiNO3z + Fe(NO3z)3 + NH4H2PO4 + 2C2HsNO2= LiFePO4 + 7/2N2 + 4CO2 + 8H20 (4.1)

LiNO3 Fe(NO3)3.9H20 NH4H2PO4

8-12hours

Oe%e we O] T[]
l
Furnance | @—3’% —> 0 0 — Oveno

] 75°C
700°C for 4h LiFePO4 \l/
under N2 gas powders \L
85wt.% LiFePO4
8wt.% carbon black
swt.% (PVDF) binder LiFePOy4Electrode Sheet

Figure 4.1. Flow diagrams of LiFePO4 powder products.

4.2.3. Sucrose as a carbon source

The surface charge transfer process and surface conductivity of LiFePOg are typically
improved by a carbon coating, since it has low electrical conductivity naturally. The

introduction of sucrose was attempted in three different ways:

- (wayl) It was added before the formation of the gel during the solution stage.

- (way2) The principal product of auto combustion was mixed in ball milling.

- (way3) It was combined with the LiFePOs that was created during the
calcination at 700°C, and then burned in a nitrogen atmosphere at 700° C to

help the sucrose decompose.
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For a more comprehensive explanation, the results will be provided in the results and

discussion section.

4.2.4. Synthesis of graphene oxide

A modified Hummers method (Hummers and Offeman, 1958) was used to synthesize
graphene oxide from natural graphite. Basically, graphite powder (2g) and NaNOs (1g;
>99 wt%) were mixed together, then immersed in an ice bath with concentrated H.SO4
(96 ml; 98 wt%). KMnOa (6g; 99.5 wt%) was added gradually with vigorous stirring,
and the mixture was maintained at a temperature below 20 °C. It was then stirred in a
water bath at 35 °C for 18 hours after it was taken out of the ice bath. The mixture
became pasty with a brownish color during the reaction. Following that, 150 ml H,O
was progressively added to the mixture while keeping the temperature beneath 50 °C.
Following dilution with 240 mL H20, 5 mL 30 wt% H20- dropped into the mixture,
which caused the solution to turn vivid yellow and bubble. HCI aqueous solution (250
mL, 1:1 by volume) was used to filtered and washed the mixture, DI water, and ethanol
(anhydrous) to get rid of additional ions after 2 hours of continuous stirring. Finally,
the solid obtained was vacuum dried. This collected powder was GO. The reactions

occurring are shown in Equations 4.2 and 4.3.

KMnO4 + 3H2S04 — K* + MnO3* + H30" + 3 HSO4 4.2)
MnOz*+ MnOs— Mn207 (4.3)

Graphite Graphene Oxide

“Hummer’s Method”
KMnO,, H,S0,

Sonication

Figure 4.2. Illustration Hummer's Method for converting graphite to graphene oxide.
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Thermal annealing was employed to convert synthesized GO to rGO at 800°C for 5
hours in an argon atmosphere. To prepare the colloidal solution, the pre-calculated
amounts of rGO were dispersed in a DMF solution (250 p.p.m.) and sonicated for 30
minutes. After the rGO was completely dispersed, a pre-calculated amount of
synthesized LFP/C was mixed into the solution and sonicated for another 30 minutes.
Then moved the solution to gentle stirring at 180°C. The resultant product was dried
at room temperature. The van der Waals interactions between graphene sheets and
LiFePO./C particles cause the creation of graphene-wrapped LiFePO./C particles on

their surfaces.

Y\ Heating

H,0

19 Graphite

/so mLH,0,

' Heat at 800°C Oven at 40°C
Q Centrifugation
Sh 24h 2500 rpm
GO

Figure 4.3. The schematic diagram of sample preparation process.
4.3. Basic Equipment Utilized
The synthesis of LiFePO4/C powders includes sol-gel formation, drying, and elevated

heat sintering. Figures 4.4. , 4.5. and 4.6. showed the actual setup images for sol-gel
processing, drying, and high temperature sintering, respectively.
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Figure 4.4. synthesize process.

Figure 4.5. Oven.
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MSE Furnace

Figure 4.6. Tube furnace for sintering the dried precursor.

4.4. Preparation of Cathode Electrode Material

The electrochemical properties of the produced LiFePO4 samples were investigated
using coin-shaped cells with metal lithium sheets as the reference electrode. The cells
used a Li metal (-) | electrolyte | LiFePO4 (+) configuration with a liquid electrolyte
(1 M LiPFe) electrolyte in a dimethyl carbonate (DMC) and ethylene carbonate (EC)
mixed solvent of 1:1 (v/v) (EC). The separator was constructed using microporous
polypropylene film (Celgard 2400). The electrochemical testing working electrodes
were made by homogeneously combining 85 wt.% LiFePOs or LiFePO4/C powder, 8
wt.% conductive carbon Super P and 7wt.% polyvinylidene fluoride (PVDF) binder in
an N-methyl-2-pyrrolidone (NMP) solvent. The slurry was then cast onto an aluminum
foil current collector (10 mm). After drying at 80°C for about 12 h, the electrode disks
(14 mm) were punched and weighed. The amount of active material that was loaded
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onto the electrode disks was about 2.5 mg cm. The cells were assembled in a glove
box filled with pure argon, which is shown in Figure 4.8. A glove box is a closed box

that allows someone to work inside while being isolated from the outside environment.

«. | Positive
case

Electrode

Electrolyte
Separator
Lithium
Spacer
Sprin

Negative
case

Figure 4.7. Coin cell configurations.
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Figure 4.8. Glove box.

Figure 4.9. shows the cathode sludge and foil coated by the sludge in our laboratory.

Figure 4.9. Images of electrode materials and slurry.
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The size of each chip is appropriate for the coin cell battery. To compute the current
of each coin cell battery, the weight of each electrode material is necessary. After
cutting, each chip-shaped aluminum foil weighs 5.2 mg. So, after deducting 5.2 mg,
the precise weight of electrode components should be approximated. Assemble each
coin cell battery according to the coin cell assembly shown in Figure 4.7. When
assembling the coin cell battery, electrolyte will be poured into the cell. Then, using

the crimping machine, seal the coin cell, which is shown in Figure 4.10.

Figure 4.10. Coin cell crimping machine.

The battery test device can detect differing electric currents in coin cell batteries. The
current is a parameter that must be estimated based on the cathode materials' active
mass. As a result, the weight of electrode materials predicted previously can be used
here. The theoretical capacity of LFP is 170 mAhg™* with 1C current and it shows a
plateau at around 3.5 V vs. Li*/Li. Calculate the current for each battery based on the

actual weight of each coin cell and input it into the battery testing equipment.

The coin cell battery system, shown in Figure 4.11. is a product from the MTI vendor.
We examined the charge and discharge capacities of LiFePO4/C specimens in this

experiment using the following standard charge/discharge conditions: 2.5-4.3.



Figure 4.11. Coin cell battery test system.
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CHAPTER 5. RESULTS AND DISCUSSION

5.1. Investigation of Fuel to Oxidant Ratio

5.1.1. Thermal analysis

A thermogravimetric analyzer was used to characterize the sample, which were burned
at arate of 10°C/minute from ambient temperature to 850°C in a nitrogen environment.

The thermal behavior curves for LiFePO4 sample is shown in Figure 5.1.

The TG curve of the LiFePO4 sample has three stages, as shown in Figure 5.1. Water
evaporation causes a modest drop in mass in the first stage, which takes happen at
temperatures between 60 and 300°C. An endothermic process culminates at 227°C,
which characterizes this occurrence. As a result, LiFePO4 decomposition would be
impossible in this temperature range. In the second part, at 325-610°C, the weight
increases around 3.86% with three exothermic reactions at 348°C, 540°C and
605°C. This reaction is an oxide decomposition of amorphous LiFe''POs into

LisFe2(POa4)3 and Fe20s3, as described in the reaction below:

LiFe"PO4 (amorphous) + ¥ 02 — 1/3 LisFe; ""((PO4)s + 1/6 Fe; "'O3 (5.1)

In order to continue oxidation of LiFePQOas, the following stage is a continuous plane
with little weight loss. This result is consistent with that obtained by others, in which
that olivine LiFePOg oxidizes to LisFe2(PO4)s and Fe,O3 at temperatures varying from
250 to 550 °C. without the presence of any other compounds that protect LiFePO4,
even when 30 mL/min Nz is still flowing. The third stage is at 510-750°C, where the
weight drops by 4.8% due to carbon oxidation into CO3, leaving the LiFePO4 coupled
with the excess carbon. The carbon content of LiFePOs was estimated using the

formula; total carbon contributed minus burned carbon = leftover carbon. In this case,
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the carbons that remain active in the material are 5%-4.8% = 0.2%. It is obvious from
this decomposition behavior that carbon's role in the calcination process is primarily

to protect LiFePO4 from oxidation.
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Figure 5.1. Thermal analysis curve of LiFePO4 powder produced by combustion technique in a N2 environment

at a heating rate of 10°C/minute.

5.1.2. Structural analysis of LiFePO4

Using Fe(lll) as the raw substance and conducting the combustion synthesis in the
open atmosphere, the fuel to oxidant proportion within the reactant mixture will indeed
ascertain the structure and the combustion temperatures of the surrounding
atmosphere during the combustion process, that further could impact the formation of
the LiFePO4 phase. As a result, different fuel to oxidant ratios were investigated. The
fuel to oxidant ratio was represented by the molar ratio of glycine to LiFePO4 (x) for
simplicity. The matching products were designated x-LFP, and the ratio (x) was chosen
tobe 1, 2, 4,5, and 6. Color variations were observed in the primary products of auto
combustion. Samples 1LFP and 2LFP took on the color brown, indicating the existence

of a Fe»O3 phase. It shows that during the combustion process, at least some iron (111)
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in the reactants was not reduced to Fe*2. The color changed to dark grey with a further
rise in fuel to oxidant ratio, indicating that the majority of Fe** had been successfully
reduced after auto-combustion. Since the direct combustion samples showed poor
crystallization and a considerable proportion of restriction organics, they were all
calcined in nitrogen gas for 4 hours at 700 °C. The XRD patterns of the various
products following calcination are shown in Figure 5.2. The olivine LiFePO4 phase
diffraction peaks were visible in samples 1LFP and 2LFP. There are also high intensity
diffraction peaks at 24.4° and 33.3°, corresponding to Fe O3z diffraction planes [101]
and [112], and low intensity peaks at 26.7° and 27.5°, corresponding to LizFe>(POa4)3
phase diffraction planes [113] and [122], were also detected. These results indicated
that the ferrous in those specimens was predominantly in the Fe(lll) form, which
corresponded to the primary products’ brown color. The olivine LiFePOs phase
appears to dominate most of the diffraction peaks in sample 4LFP, unless there are a
few weak diffraction peaks with a very low intensity around 40°, possibly attributed
to the form of iron phosphocarbides, iron carbide, or iron phosphides. Further peaks
appear at 40.3°, 44.2°, and 47.2° correspond to the Fe2P phase, with incidence planes
of [111], [210], and [201], respectively, as the amount of fuel increased, i.e. for sample
S5LFP, in addition to the olivine LiFePO4 phase, whereas for sample 6LFP, the olivine
phase was almost absent, with Fe2P as the dominant phase. It indicates that the samples

were too reduced at those high fuel to oxidising agent ratios.

Theoretically, the most stable gaseous products are CO2, N2, and H20. LiNOs and
Fe(NOs)3 act as oxidising agents, meanwhile NHsH2PO4 and glycine act as fuels. This
indicates that at a fuel-to-LiFePO4 ratio (x) of 2:1, the combustion may be self-
sufficient, requiring no external oxidant (O2). The fuel stoichiometric condition
describes this circumstance. If x is less than 2, there isn't enough fuel to completely
reduce the oxidant, and the system is in a fuel-deficient state. If x is more than 2,
Nevertheless, It is running on a lot of fuel. In principle, at x of 2, the Fe(l1l) must be
entirely converted to Fe(ll); but, since the combustion took place in the open air,
oxygen from the atmosphere likewise also participated in the combustion process,

consuming some glycine fuel, putting the reactor in a fuel-insufficien state. It therefore
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clarifies why some unreduced Fe(lll) is present in the initial product of auto

combustion at x = 2.
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Figure 5.2. The XRD patterns of LiFePO4 powders synthesized with various quantities of glycine ( A: Fe20g, +:

LisFe2(PO4)s; *: FexP ).

5.1.3. Morphology of LiFeP

Os4

Figure 5.3.(a),(b) displays FESEM pictures of as-prepared LiFePO. powders with the

optimal glycine to LiFePQOg4 ratio. The sample was made up of agglomerated particles,

as illustrated in the photos. The grain size of sample 4LFP was on the level of several

micrometers, indicating that the particle size was significantly sintered. The EDS

analysis (Figure 5.3.(c)) suggests that the 4LFP sample contain about 0.83%C.

The component distribution is shown by EDS mapping of the FESEM. Figure 5.4

depicts the EDS mapping of a single particle with a carbon sheet substrate. The
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element scanned are iron, phosphorus, oxide and carbon. Lithium cannot be scanned
using FESEM since it's too weak. EDS mapping further confirms the successful

incorporation of LFP.
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Figure 5.3. (a) and (b) FESEM images of the 4-LFP sample at various magnifications, (c) EDS of the 4-LFP.

NN * »
Figure 5.4. EDS mapping images of 4-LFP.
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Figure 5.4. Continue.

5.1.4. Electrochemical performance of LiFePO4
5.1.4.1. Charge discharge properties

Figure 5.5. depicts the charge-discharge curves of the various products at a 0.1 C rate.
The capacity of The capacities of specimens 1LFP and 2LFP were just 5 and 22
mAh/g, respectively. 1LFP and 2LFP was only 5 and 22 mAh/g, respectively.
Furthermore, there was no discharge and charge highlands, which is consistent with
weak olivine LiFePO4 phase formation, as shown by XRD in Figure 5.2. The discharge
capacity improved considerably to 102 mAh/g when the glycine to LiFePOs weighed
amount was raised to 4:1 (x = 4), and discharge-charge highlands at 3.39 and 3.45 V
were clearly apparent, which is compatible with the production of well olivine phase,
as shown in Figure 5.5. The discharge capacity of the sample (5LFP) was dropped to
roughly 73 mAh/g as x was increased to 5. For sample 6LFP, it was reduced to around
38 mAh/g. Meanwhile, the discharge highlands were constant in both samples (5LFP
and 6LFP). The significant reduction of iron (I1l) during the synthesis of FeP,
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according to the XRD data, likely reduced the concentration of LiFePOs in the
compounds, resulting in decreased charge-discharge capacities. The results showed
that a sufficient fuel-rich environment was crucial for the high-capacity synthesis of

pure phase LiFePO4 from Fe(111) raw material via solution combustion synthesis.
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Figure 5.5. The voltage profiles for the first cycle charging and discharging (with a rate of 0.1 C) for different

LiFePO4 samples synthesized with varied glycine concentrations at a 0.1C rate.

5.1.4.2. Cyclic voltammetry (CV)

The CV curve of the LiFePO4 sample with the glycine ratio of 1:4 at at 0.1 mVs? in
the voltage range 2.5-4.5 V are shown in Figure 5.6. The area of the curve represents
the charge and discharge capacity of a battery. The oxidation peak is located in the
upper half of the curve, corresponding to the charging process. Whereas the lower half

peak is the reduction peak, corresponding to the discharging process. When the battery
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Is in the charging status, the voltage increase from 2.5V to 4.5V. Li-ions delithate from
the LiFePOg4 structure, portion of the LiFePO4 becomes FePOa, with an oxidation peak
voltage of 3.7V. And when the voltage scan returns from 4.5V to 2.5V, indicating that
the battery is discharging, The voltage corresponding to the reduction peak is 3.23V,
as Li ions lithiate back into the LiFePO4 structure. The polarization between the
electrodes is reflected in the distance between the peaks of oxidation and reduction.
The larger the gap, the higher the polarization. Therefore, the deviation of the actual
potential will be larger than the equilibrium potential. On the contrary, the smaller the
polarization, the narrower the gap. Therefore, the deviation of the actual potential will
be lower than the equilibrium potential. As we can see in the figure, the oxidation and
reduction peaks are identical in form and exhibit high symmetry. The oxidation peak
to reduction peak ratio is 0.31, indicating that this material has good
lithiation/delithiation reversible ability. Its oxidation peak and reduction peak barely
changed in shape after 10 cycles. This demonstrates that the material has good cyclic

reversibility.
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Figure 5.6. Cyclic voltammetry curves of LiFePO4 with the glycine ratio of 1:4 first and tenth cycles at 0.1 mV/s .
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Figure5.7. is the CV curves of LiFePOg at different scan rates. The redox peak currents
will increase when the scan rate is increased, as seen in the figure. In addition, when
the scan rate increases, the potential differentiation among both the oxidation and
reduction peaks also increases. This indicates that as the scan rate is increased, the
polarization of this material becomes larger. When the scan rate is increased,
polarization during the charge transfer process causes the oxidation peak to shift to the

high potential areas, meanwhile the reduction peak moves to the low potential areas.
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Figure 5.7. Cyclic voltammetry curves of LiFePO4 with the glycine ratio of 1:4 at different scan rates (from inner
to outer: 0.02, 0.05, 0.075, 0.1, 0.2 mV/s).

5.2. Carbon Coated of LiFePO4

The theoretical gravimetric capacity of the olivine LiFePOs phase is around 170
mAh/g. However, the sample synthesized using combustion synthetic at the desirable
glycine-to-LiFePOq ratio of 4:1, that included approximately 0.83 wt. percent carbon,
had a maximum discharge capacity of just 102 mAh/g at a 0.1 C rate, as previously

demonstrated. Since LiFePOs has a low electrical conductivity by nature, a carbon



46

coating is usually used to increase the conductivity of surfaces as well as the process
of surface charge transfer. Obviously, the sample 4LFP's carbon content of 0.83 wt%
is insufficient. Although increasing the fuel (glycine) to oxidant ratio can enhance
carbon content, it also causes iron overreduction and the formation of Fe2P.
Consequently,, capacity was reduced. The mass ratio of glycine to LiFePO4 (x)
equaled 4 was chosen since the principal product from auto combustion had the fewest
contaminant phases. The introduction of sucrose was attempted in three different ways.
The LiFePO4 sample synthesized without sucrose was named 4LFP, whereas samples
synthesized with sucrose via wayl, way2, and way3 were named as 4LFP1, 4LFP2,
and 4LFP3, respectively. The overall calcination time for samples 4LFP, 4LFP1 and
4LFP2 at 700° C in a nitrogen environment Was kept constant at 5 h since the sintering
degree is significantly connected to calcination time. For sample 4LFP3, which should

be calcined twice at 700°C, different calcination times were tried.

5.2.1. Structural analysis of LiFePO4/C

Sucrose decomposition was carried out in a complicated manner. In the synthesized
LiFePO4/C composite, different decomposition mechanisms could produce various
levels of carbon, and that would have an effect on its electrochemical performance.

Figure 5.8. illustrates the XRD patterns of the four samples. Interesting to note is that
samples 4LFP, 4LFP2 and 4LFP3 showed excellent olivine LiFePO4 structures, while
sample 4LFP1, showed an obvious Fe;P phase, while sample 4LFP1, showed an
obvious Fe2P phase, which was created from the addition of sucrose during the
solution process. The sucrose also served as fuel during the combustion process after
it was introduced in the solution stage. The fuel-rich situation resulted in larger
concentrations of reducible CO and H», as well as higher combustion temperatures,
both of which resulted in the overreduction of Fe(lll) throughout the combustion

process.
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Figure 5.8. LiFePO4 XRD patterns, produced by multiple sucrose introduction methods (*: Fe2P) for four different
samples (4LFP, 4LFP1, 4LFP2 and 4LFP3)(*: FezP).

5.2.2. Morphology of LiFePO4/C

Figure 5.9.(a) and (b) are the FESEM pictures of LiFePO4/C prepared by way3. From
Figure 5.8.(a) shows that the material has a high magnitude of agglomerations. The
material the material contains uniformly distributed nanoparticles with size of particles
smaller than 1 um, as illustrated in the high magnification image in Figure 5.9. (b).
The particles are virtually spherical, going to lead a considerable increase in the
interface's specific surface area. A thin carbon coating coats the surface of the particles,
resulting from the in-situ decomposition of sucrose at high temperatures.The carbon
layer that is coated on the top of LiFePOs4 may significantly improve electrical
connection between the nanoparticles. To facilitate Li ion and electron transport in the
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active substances, resulting in better utilization of LiFePO4. The EDS analysis (Figure
5.9.(c)) suggests that the LiFePO4/C sample contain about 3.4% C.
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Figure 5.9. (a) and (b) FESEM images of the LiFePO4/C sample prepared by way3, (c) EDS of the LiFePO4/C.

Figure 5.10. depicts the elemental mapping produced with FESEM-EDS analysis for
LiFePO./C generated by method 3. The pictures of the elements Fe, P, O, and C are
almost identical to the matching FESEM image, demonstrating the sample's

homogeneous chemical composition.
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Figure 5.10. EDS mapping images of LiFePO./C.

5.2.3. Electrochemical performance of LiFePO4/C

The electrode performance of various LiFePO4/C samples was first evaluated by
evaluating their capacities at various rates, the results of which are shown in Figure
5.11. Ata 0.1 C rate, the discharge capacities of the 4LFP, 4LFP1, 4LFP2, and 4LFP3
electrodes were 100, 102, 121, and 143 mAh/g, respectively. At higher rates, sample
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4ALFP3 demonstrated a substantially larger capacity than the others. At a 12 C rate, it
reached 72 mAh/g, compared to 27 mAh/g for 4LFP and 13 mAh/g for 4LFP1 at the

exact rate.
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Figure 5.11. The discharge capacity of the LiFePO4/C samples was compared based on the various sucrose
introduction methods (4LFP1, 4LFP2, and 4LFP3).

The data on impedance backed up this conclusion. Figure 5.12. depicts the EIS of the
LiFePO4/C composite electrodes in a Characteristic curve. In the high to medium
frequency range, all of the profiles had a depressed semicircle, and in the low
frequency range, all of the profiles had an inclined line with a constant angle to the
real axis. The semicircles showed a high-frequency intercept, indicating the
electrolyte's ionic conductivity. The resistance associated with charge transfer between
the electrolyte and the active material may be observed at lower frequencies. A third
zone formed at extremely low frequencies, exhibiting classic Warburg behavior
associated with lithium ion diffusion in the cathode active material. A smaller

numerical value of the semicircle diameter along the Zr axis is related with reduced



51

charge transfer resistance (Rct) and, as a result, improved lithium reaction Kinetics. As
demonstrated in Figure 5.12., sample that synthesized by way3 had the shortest R,

followed by sample with way 2, with sample that synthesized by wayl having the
biggest.
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Figure 5.12. A variety of sucrose introduction methods were used to obtain EIS of LiFePOa4 electrodes.

As previously established, the powder made using method-3 performed the best.
Nevertheless, at 0.1 C, its capacity was only 143 mAh/g, compared to the predicted
value of 170 mAh/g. It implies that the carbon concentration remains inadequate.
Various amounts of sucrose were employed during the synthesis to determine the

required carbon content..:

The steady initial charge-discharge curves of the LiFePO./C electrode constructed
according to method-3 with carbon concentrations of 10, 12, and 15% are shown in
Figure 5.13. The discharge capacity was around 148, 157, and 140 mAh/gata 0.1 C
rate, respectively. The greatest capacity was reached at a 0.1 C rate with a carbon
content of approximately 12wt.%. In LiFePO4/C (1), the actual LiFePO4 capacity was
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157 mAh/g, which was close to the theoretical value of 170 mAh/g. It means that

LiFePOs (1) is virtually totally electrochemically active.
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Figure 5.13. The voltage profiles of charging and discharging (at a rate of 0.1 C) based on various carbon contents.

The carbon content of LiFePO4 has a significant impact on its discharge capacity. If
the carbon concentration is excessive, the surface carbon will be thicker, making it
easier to obstruct the movement of electrolyte and Li ions. Carbon, on the other hand,
is a non-active material. The volumetric energy density will decrease as the carbon
concentration increases. As a result, the carbon content should be as low as possible

as long as it is sufficient to coat the active substances.

The CV profiles of the LiFePO4/C sample obtained by method 3 are shown in Figure
5.14. There are two types of peaks: oxidation and reduction. These peaks are caused

by a multiple interaction between the lithiated phase, LiFePQOs, and the delithiated
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phase, FePO4. The potential difference between the cathodic (3.75V) and anodic
(3.1V) peaks, on the other hand, is 0.65V. During the redox process, the gap among
both the cathodic and anodic peaks (0.65V) shows a smaller polarization potential.
Furthermore, the oxidation/reduction peaks are sharp and symmetric, indicating that
the lithium intercalation and de-intercalation processes are reversible and
electrochemically active. Its oxidation peak and reduction peak barely changed in

shape after 10 cycles. This demonstrates that the material has good cyclic reversibility.
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Figure 5.14. Cyclic voltammetry curves of LiFePO4/C sample produced in way 3 first and tenth cycles at 0.1 mV/s.

In addition, the CV was obtained at various scan rates, as shown in Figure 5.15. Table
5.1. displays the anodic and cathodic peaks at various scan speeds. As the scan rates
rise, the cathodic peak changes into the lower cell potential, while the anodic peak
shifts towards the higher cell potential, increasing the potential difference between the
redox peaks. This suggests that the polarization would be higher with higher charge

discharge rates, and conversely.
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Table 5.1. The cathodic and anodic peaks, as well as the potential difference.

Scan rate Cathodic Anodic Potential
(mV/S) peak peak difference
0.02 3.26 3.59 0.33
0.05 3.21 3.67 0.46
0.075 3.16 3.72 0.56
0.1 311 3.76 0.65
0.2 2.99 3.89 0.89
1.0
08 1 |——0.02mV/s
“71 |=——0.05mV/s
] |—/——0.1mV/s
< 044 0.2 mV/s
é 4
= 0.2
(=
3 ]
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Figure 5.15. Cyclic voltammetry curves of LiFePO4/C sample at various scan rates (from inner to outer: 0.02,
0.05, 0.075, 0.1, 0.2 mV/s).

5.2.4. Raman spectroscopic analysis

The Raman spectra of LiFePO4 and LiFePO4/C composites are shown in Figure 5.16.
The symmetric (PO4)* stretching mode of LFP is shown by a band at 950 cm™ in all
of the spectra. All of the curves have two distinct peaks at 1380 and 1570 cm-1, which
correspond to the D and G carbon bands. The D and G bands in pure LFP are derived
from leftover carbon from combustion synthesis. The G band develops in faulty
graphene and graphite owing to planer vibrations of carbon atoms in the crystalline

graphitic material and reflects the sp? carbon domains, whereas the D band appears
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due to disordered vibrations of carbon atoms (sp® defects). The D band is missing or
extremely weak in flawless graphite, and it is only active in the presence of defects
and a reduction in the size of the in plane sp? domain. Furthermore, the ratio of these
two bands measures the amount of flaws in carbonaceous material, with a lower ID/IG
value indicating a higher graphitizing degree of the carbons. The measured I1D/IG
ratios for LFP and LFP/C composites are 1.382 and 0.907, respectively.
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Figure 5.16. Raman spectra of LiFePOs and LFP/C composite.
5.3. Graphene Supported on a Carbon Coated LiFePO4

The capacity of LiFePO4/C which is 157 mAh/g still does not meet the theoretical
capacity of LiFePO4 which is 170 mAh/g and this is due to the fact that some lithium
ions are unable to be entirely removed from the ordered-olivine structure, as a result
of which capacity is lost. To explain why, two fundamental limiting factors have been
identified: (i) Lithium ion phase-boundary diffusion is restricted due to the one-
dimensional channels in LFP, which allow ionic disorder, foreign phases, and stacking

defects to disrupt Li* transport. The mobility of a LiFePO4/FePO4 phase boundary is
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impeded when Li* diffusion is disrupted, preventing parts of the cathode from
accessing a reversible Li intercalation (Franger et al., 2002). (ii) Low electron
conductivity: the charges must be balanced throughout the charging and discharging
processes due to the insertion/extraction of Li* via electron transfer. Electron
movement will restrict Li* insertion/extraction and induce deterioration in
electrochemical properties if electrons cannot travel quickly enough. Several efforts
have been undertaken to enlarge the olivine structure's one-dimensional channels in
order to enhance Li* transport and ease these difficulties. The properties of rGO make

it an excellent choice for solving these issues.

5.3.1. Structural analysis of GO and rGO

The XRD profiles of GO and rGO are shown in Figure (5.17.). The graphene oxide
diffraction peak at 26=11.0° at reflection plane (001) confirmed the formation of
graphene oxide. After the thermal treatment, the reduction of GO was confirmed by
diffraction peak that appeared at 20=26.8°, reflection plane (002) (Huang et al., 2016).
As shown in the diffractogram, the peak of GO disappeared, confirming the reduction
of GO into rGO (Liu et al., 2015).
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Figure 5.17. XRD patterns of graphene oxide (GO) and reduced graphene oxide (rGO).



5.3.2. Morphology

FESEM micrographs of GO made using a modified Hummers technique are shown in
Figure 5.18.(a&b), indicating that the GO has a two-dimensional sheet-like structure.
The FESEM pictures clearly show that GO has many lamellar layer structures, and the
boundaries of each sheets can be recognized. The films are placed on top of one
another and have wrinkled sections. The thickness of the GO sheets differed at the
edges as well. because oxygen-containing functional groups were mostly joined at the
GO's margins The GO sheets were securely suspended and did not bend, as seen by
FESEM photos. According to the EDS analysis in Figure 5.18.(c), the GO comprises

approximately 72.21 at. percent C and 27.79 at. percent O.
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Figure 5.18.(a,b) FESEM of GO and Figure (c) EDS of GO.
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The FESEM pictures of rGO gained from GO by the thermal reduction of GO. Figure
19.(a) & Figure 19.(b) shows the morphology of multilayer graphene. As can be seen
in the Figure 5.19. , graphene layers have a wrinkled and transparent structure. The
EDS analysis (Figure 19.(c)) indicates that the rGO sheets contain about 99.43 at.% C
and 0.57 at.% O.

Figure 5.20 shows FESEM images of LFP/rGO with different amount of rGO (2-4%).
RGO sheets in Figure 5.19. exhibit a curled morphology, with thin, wrinkled "paper-
like' structures. Additionally, The LFP nanoparticles were equally dispersed on the
surface of rGO, according to FESEM (as with the FP particles).

c
549
488 C
[
427
366
305
244
183
12
61 i
0 - . ') A e s By S VT Ny p————— e to e o0 e Lot 088 -t A4 i - ooy
000 100 200 3.00 400 5,00 600 7.00 800 9.00

Figure 5.19. (a,b) FESEM of rGO and Figure (c) EDS of rGO.
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Figure 5.20. FESEM images of (a,b) LFP with a content of 2 wt% rGO , (c,d) LFP with a content of 4 wt% rGO.

Figure 5.21. shows the energy dispersive scanning spectroscopy (EDS) mapping
images and EDS pattern of LFP/rGO with a content of 4% rGO, confirming that LFP
and graphene were successfully combined. The EDS analysis of LFP/rGO sample
suggests that the LFP/rGO sample contain about 7% C.
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Figure 5.21. EDS mapping images and EDS spectrum of LFP/rGO with a content of 4% rGO.
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5.3.3. Electrochemical performance of cLFP.rGO

The cLFP/rGO cathodes deliver the capacity from 175 to 197 mAh/g, based on the
weight ratio of rGO (2 - 4 wt%) as shown in Figure 5.22. This is higher than the
previously reported value of 120-160 mAh/g for synthesized cLFP. Interestingly, the
measured values are higher than the theoretical capacity of 170 mAh/g theoretical
capacity for LFP. The fact that the specific capacity rises with rGO concentration
implies that rGO nanosheets are involved in Li* ion storage in the cLFP/rGO and that

the storage process is reversible.
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Figure 5.22. The first cycle of charging and discharging voltage profiles (at 0.1 C) of the carbon-coated LiFePO4

containing varying amounts of graphene (2 - 4 wt%).

The long-term charging and discharging of cLFP/rGO with 4% rGO has been
performed (as shown in Figure 5.23. ). After 100 cycles at 1C, the composites still

provide a specific capacity of 170 mAh/g, thus showing 91% retention of initial
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discharge capacity of 187 mAh/g while it was only 82% regard to cLFP and and the
retention value for commercial LFP powder is 85%, whereas the retention value for
bare LFP is higher (96%), indicating that this powder has few impurities. rGO resulted
in a considerable increase in the electrochemical performance of LFP during charging
and discharging, as a result of which outstanding cycling behavior was achieved. Two
main factors are responsible for this improvement. One explanation is that it is feasible
to input or remove lithium ions from both sides of rGO nanosheets. Another factor to
consider is that during charging and discharging, the highly conductive rGO
nanosheets that anchor the LFP particles function as rapid transport routes for electrons
and lithium ions, improving the kinetics and reversibility of the lithium insertion-
extraction cycles. Furthermore, the shape of rGO-wrapped LFP particles may
contribute to increased rate performance, since electron transport on the LFP's surface
may be rapid enough to tolerate high discharge/charge rates. The rGO also acts as a
medium for the transfer of Li* ions across the boundaries of LiFePOs and FePOs,

allowing Li* ions to move swiftly during charging and discharging.
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Figure 5.23. Cycling performance of bare LFP,commercial LFP, cLFP and cLFP.rGO( 4% rGO ) at 1C.
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Figure 5.24. shows the discharge rate capability at various current densities of lithium
ion battery cells with cathodes enhanced with 4wt% of graphene. For comparison, the
graphene-free cLFP rate performance is also displayed. In line with expectations, with
increased discharge rates, the capacity deteriorates very quickly due to the high
discharging current that cannot be sustained (rapid Li* intercalation). Nevertheless,
When operating at lower rates, 0.1-1C, cLFP.rGO delivers 24% more capacity; when
operating at higher rates, 3-15C, it delivers 27% more capacity, clearly demonstrating
the advantages of graphene. More specifically, the composite cathode material,
CcLFP.rGO, can provide a capacity of 131 mAh/g at a high discharging rate of 10 C,
which is approximately 26% higher than the 98 mAh/g result from cLFP alone. For a
range of C-rates, the coulombic efficiency of cLFP.rGO remains between 98 and 100
%.
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Figure 5.24. Rate performance of LiFePO4 with 4wt% rGO

at varying densities.
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Figure 5.25. This graph depicts the cLFP/rGO cyclic voltammetry curve at a scanning
rate of 0.1 mV/s. The LFP displays a pair of redox peaks in the anodic and cathodic
directions, related to the extraction and insertion of lithium ions, at 3.82 V and 3.03 V,
respectively. This reveals the mechanism of a single-electron reaction. The shapes of
its oxidation peak and reduction peak barely changed after 5 cycles. This suggests that
the material has good cyclic reversibility.
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Figure 5.25. Cyclic voltammetry curves of LFP.rGO sample at 0.1 mV/s .

Electrochemical impedance spectroscopy was used to analyze the effect of rGO on
internal resistance. The results are presented as Nyquist plots. Figure 5.26. shows the
Nyquist plots for commercial LFP, 2LFP.rGO, and 4LFP.rGO. It is found that charge
transfer resistance (R2) decreases with increasing rGO. Li-ion diffusion is represented
by a constant slope at low frequency owing to Warburg impedance (W>). There is a
higher diffusion of Li-ion with 4LFP.rGO than with LFP and 2LFP.rGO, as this line
slopes upward.
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Figure 5.26. EIS of the commercial LiFePO4, 2LFP.rGO, 4LFP.rGO electrodes.
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CHAPTER 6. CONCLUSION

In this study, LiFePO4 material can be synthesized through the energy-efficient
solution combustion process from a cheap trivalent iron compound. Different
quantities of glycine fuel were used. The ratio of fuel to oxidant will determine flame
temperatures and the composition of the surrounding atmosphere, which may affect
the formation of LiFePO4 phases. Carbon residuals and the degree of graphitization of
carbon increased as the ratio of fuel to oxidant in the r reactant molecules increased.
The increase in carbon content was always accompanied by a decrease in discharge
capacity due to the formation of FeyP. Despite this, a sample synthesized by
combustion synthesis with a 4:1 glycine to LiFePO4 ratio had only 102 mAh/g greatest
capacity of discharge ata 0.1 C rate.

Sucrose is a highly effective organic carbon source for enhancing LiFePO4's surface
conductivity. Variable methods for introducing the organic carbon source resulted in
different powder morphologies and carbon structures, which could lead to differences
in the electrochemical performance of the LiFePO4/C composites as-
synthesized.Through adjusting the quantity of glycine and the manner of the addition
of sucrose, the as-synthesized LiFePO4/C sample demonstrated a high discharge
capacity of 157 mAh/g at 0.1 C and outstanding rate performance at a high current

density.

To further increase the capacity of carbon coating LiFePO4the graphene sheets were
used to surround the LiFePO4/C that had been produced. The addition of a little amount
of graphene (2—4 wt.%) in LiFePO4/C allows it to provide a discharge capacity of 175,
197 mAh/g, respectively, exceeding the theoretical capacity of 170 mAh/g of LiFePOa4
without causing obvious voltage polarization. A reversible redox interaction between

the electrolyte's lithium ions and the graphene flakes is primarily responsible for the



67

increased capacity. The great redox potential of graphene flakes suggests that it could
apply to other cathode materials for Li ion batteries as well.
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