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ABSTRACT

UTILIZATION OF COLLOIDAL PRINCIPLES IN CARBON COATING
OF ELECTROACTIVE MATERIALS

Askar, Yasemin
Master of Science, Metallurgical and Materials Engineering
Supervisor: Assoc. Prof. Dr. Simge Cinar Aygiin
Co-Supervisor: Prof. Dr. Bora Mavis

September 2022, 130 pages

The increasing energy demand requires battery systems with high volumetric energy
density, therefore one of the current aims is to maximize the amount of active
material that can be loaded per unit volume. This situation is directly related to the
particle agglomeration state and dispersible particles are required to achieve high
volumetric energy density. Carbon coating, which is used to increase the electrical
conductivity of active materials, also plays a significant role in the agglomeration of
the particles. For this reason, in this thesis, it was aimed to develop a suitable carbon
coating procedure in such a way that individual electroactive materials maintain their
dispersibility. Herein, as a novel approach, colloidal principles and a proceeding

pyrolysis step were used to synthesize dispersible particles with full carbon coverage.

LiFePOs (LFP) electroactive material was chosen as the model system. Individually
dispersible LFP particles were produced with the polyol method. After zeta potential
analyses on pristine LFP particles, CTAB (cetyltrimethylammonium bromide) was
chosen as the surfactant and used as a carbon source for pyrolysis. The critical ratio

of CTAB to LFP at which zeta potential reverses sign and stabilizes were determined



and a two-stage pyrolysis procedure was designed. The optimal carbon-coated
individual particles produced in this process and bare LFP were compared in terms
of their dispersibility, tap density, and electrochemical performance. The tap density
of the pristine LFP (1.11 g-cm™) and carbon-coated LFP particles (1.16 g-cm=) was
obtained quite similar. Results demonstrate the applicability of the zeta potential
analysis-based approach utilized herein producing homogeneous carbon coating
without any loses in tap density and dispersibility.

Keywords: Carbon Coating, Colloidal Stabilization, Dispersible Electroactive

Material Synthesis, Lithium Iron Phosphate, Cetyltrimethylammonium Bromide
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ELEKTROAKTIF MALZEMELERIN KARBON KAPLANMALARINDA
KOLOIDAL iLKELERIN KULLANILMASI

Askar, Yasemin
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi
Tez Yoneticisi: Assoc. Prof. Dr. Simge Cinar Aygiin
Ortak Tez Yoneticisi: Prof. Dr. Bora Mavis

Eyliil 2022, 130 sayfa

Artan enerji talebi, yiiksek hacimsel enerji yogunluguna sahip batarya sistemlerini
gerektirmektedir, bu nedenle mevcut hedeflerden biri, birim hacim basina
yliklenebilecek aktif malzeme miktarini maksimize etmektir. Bu durum dogrudan
partikiillerin dagitiklik durumu ile ilgilidir ve yiiksek hacimsel enerji yogunlugunu
elde etmek icin dagilabilir partikiiller gereklidir. Aktif malzemelerin elektriksel
iletkenligini  arttirmak  i¢in  kullanilan  karbon kaplama, partikiillerin
aglomerasyonunda 6nemli rol oynamaktadir. Bu nedenle bu tezde, tekil elektroaktif
malzemelerin dagitilabilirligini koruyacak sekilde uygun bir karbon kaplama
prosediiriiniin gelistirilmesi amag¢lanmistir. Burada, yeni bir yaklagim olarak, tam
karbon kaplamali, dagilabilir pargaciklar1 sentezlemek i¢in kolloidal ilkelerin

kullanimi1 ve ardindan piroliz islemi gergeklestirilmistir.

Model sistem olarak LiFePOs (LFP) elektroaktif malzemesi se¢ilmistir. ilk olarak,
polyol yontemi ile tekil olarak dagitik LFP pargaciklari iiretilmistir. Yalin LFP
pargaciklar1  iizerindeki zeta potansiyel analizlerinden sonra, CTAB
(setiltrimetilamonyum bromiir) yiizey aktif madde olarak se¢ilmis ve bir karbon
kaynagi olarak kullanilmistir. CTAB'in LFP'ye kritik orani zeta potansiyelinin

isaretinin degistigi ve stabilize oldugu nokta ile belirlenmistir ve iki agsamali bir

Vil



piroliz prosediirii tasarlanmistir. Bu proseste iiretilen optimum karbon kapl tekil
parcaciklar ve yalin LFP numuneleri dagitilabilirlik, doldurma yogunlugu, ve
elektrokimyasal performans agidan karsilastirildi. Yalin LFP (1.11 g-cm®) ve karbon
kapli LFP parcaciklarinin (1.16 g-cm™) doldurma yogunlugu olduk¢a benzer elde
edilmistir. Sonuglar, burada kullanilan zeta potansiyeli analizine dayali yaklagimin
uygulanabilirligini doldurma yogunlugunda ve dagitilabilirlikte herhangi bir kayip

olmaksizin homojen karbon kaplama tiretimi ile gdstermektedir.

Anahtar Kelimeler: Karbon Kaplama, Koloidal Stabilizasyon, Dagitik Elektroaktif

Malzeme Sentezi, Lityum Demir Fosfat, Setiltrimetilamonyum Bromiir
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CHAPTER 1

INTRODUCTION

Energy storage materials and systems are being more critical than ever due to the
increase in energy demand and depletion in fuel-based resources. Lithium-ion (Li-
ion) based electrochemical energy storage systems, suspension flow and
conventional lithium-ion batteries, are promising candidates due to their safety(!],
high energy density! and environmental friendlinesst®l. Nonetheless, electronic and
ionic conductivities of the cathode electroactive materials are intrinsically low!*l. The
most prevalent and proven method to improve these inherently low conductivities of
the electroactive materials is carbon coating. Carbon coating further provides: (i)
protective layer between the electroactive material and external environment
(electrolyte or air)B! (ii) mechanical integrity (structural stability) during charging/
discharging®™!. As a result, most, if not all, of the commercially available Li-ion based

electroactive materials are currently carbon coated.

Carbon coating process is based on mixing the electroactive material and the carbon
source either via ex-situ (after particle synthesis)[“® or in-situ (during particles
synthesis)“"®1 methods and followed by pyrolysis process. In studies reported in the
literature, the synthesis of carbon coated electroactive materials were mainly based
on crude parameter optimization (carbon source type, amount, temperature etc.) with
the main aim of achieving high gravimetric energy density (Wh-kg™). With perfectly
designed particles, examples of which are few, the high theoretical capacity is
accessible with the added advantage of carbon coating putting less emphasis on
particle design. Yet, with the recent developments in stationary (grid) energy
storagel’M M the electrical vehicles and portable electronics®! 1 yltimate goal has

become to squeeze in higher amounts of electroactive materials in smaller volumes,



i.e., increasing the volumetric energy density (Wh-I) besides gravimetric energy
density. Therefore, the compactness (packing density or tap density)*+2 of the
system becomes a critical design parameter. In order to improve the volumetric
energy density, the effects of particle design parameters such as sizel*I4 and
morphology!*®61 on the tap density of electroactive materials have been
investigated. Even though, the highest tap densities were achieved when individual
particles were used*"M8 the effect of agglomeration state of electroactive particles
has not been explicitly studied. Moreover, the influence of carbon coating process

parameters on the agglomeration state of particles is lacking.

In this study, it is hypothesized that the carbon coating of electroactive materials can
be engineered by promoting colloidal interactions between individual particles and
carbon source, and by thorough optimization of the pyrolysis conditions. When the
critical parameters were determined, such a carbon coating process will then, have a
potential to be adopted for other particle systems. In the subsequent sections, firstly
fundamental concepts of carbon coating, tap density and colloidal stabilization
regarding with Li-ion batteries are reviewed (Chapter 2). Experimental details to
achieve objectives of the thesis are presented in Chapter 3 and results of the study
were reported and discussed in Chapter 4. The conclusions and the potential future

directions of this thesis work were summarized in Chapter 5.



CHAPTER 2

LITERATURE REVIEW

2.1 Lithium-ion Based Electrochemical Battery Systems

With the depletion of fossil fuels and their detrimental effects on the environment,
the need for alternative energy storage and conversion systems is growing rapidly.
Among various options, Li-ion based batteries offer high capacity, safety, lower cost,
cycling performance etc. advantagesil. Therefore, rechargeable Li-ion batteries
(LIBs) are being extensively investigated and integrated to various aspects of
everyday life. Depending on the application/utilization area, required LIB types vary.
While conventional LIBs (Figure 2.1-a) are desired in portable devices and
transportation (electrical vehicles, hybrid electric vehicles), flow assisted LIBs
(suspension flow battery or semi solid LIBs) ! (Figure 2.1-b), which are yet to be
commercialized, would be preferred in large scale energy storage systems due to

their potential flexibility in design and competency in scaling cost.
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Figure 2.1. Li-ion based electrochemical battery systems:

a) Conventional Li-ion Battery, b) Suspension Flow Battery



Commonly, battery systems consist of cathode and anode electrodes in an
electrolyte, a membrane in between, and current collectors connected to an external
circuit (Figure 2.1-a and b). The working principle is based on the oxidation and
reduction (redox) reactions between anode and cathode sides??l, Transfer of lithium
ions and electrons takes place during charging and discharging between anode and
cathode sides, also, since these reactions are reversible these battery systems are
rechargeable. The following electrochemical reactions can be used to describe the
charge and discharge mechanism of a lithium-ion battery. Here, as an example LFP

and graphite are the cathode and anode, respectively!?* 2l:

Cathode half reaction: LiFePOs <> Li1-xFePOs + X Li* + x €
Anode half reaction: 6 C + x Li* + x e < LixCs
Overall Reaction: 6 C + LiFePO4 <> Lii-xFePO4 + LixCs

The electrochemical reaction in LIBs involves the migration of Li* into (insertion/
intercalation) and out of (extraction/ deintercalation) cathode and anode materials.
During discharging, Li* travels from anode, then through the electrolyte, to cathode
meanwhile electron is released for every Li* involved in the reaction to an external
circuit where it can power a device and vice versa happens during charging.
Regarding these reactions, the efficiency of electrochemical energy storage and
conversion during charging/discharging is strongly dependent on the ionic and
electronic conductivity of the electroactive materialst?®l. In other words, both ionic
and electronic conductivities of the electroactive materials directly determine
electrochemical performance and rate capability (i.e., how quickly battery charge
and discharge) of the batteries. Additionally, depending on the electroactive
materials used in both anode and cathode sides, volumetric and specific energy
density of the systems changes. Lithium ion has the lowest reduction potential,
compared to other elements and it is one of the lightest elements, having small ionic
radius. Due to these advantages, using Li-ion based cathode materials in these
systems, allows having theoretically higher gravimetric and volumetric capacity, as

well as high power density compared to other chemistries?*l. However, Li-ion based



cathode materials have low electronic and ionic conductivities and have limitations
in achieving theoretical electrochemical performancel® 2% 261 To overcome these
drawbacks, doping®?”?%, size reduction®® 33 morphology controll® 32 331 metal
oxide coating®* 3 approaches have been studied. Among these, the most common

method has been carbon coating of electroactive materials¢ 371,

2.2  Carbon Coating of Electroactive Materials

2.2.1 Advantages of Carbon Coating

The main purpose of the carbon coating is to accelerate electron transfer by creating
new conductive paths on the surface of the particlest®e. If the electroactive materials
are fully covered with carbon as schematized in Figure 2.2-a, the electrons are carried
over the conductive layer on the surface of the particles instead of passing through
the electroactive material with the low electrical conductivity. Hence, the electron
transfer is facilitated. Otherwise, when the particles are uncoated (bare) or partially
coated, electron transport would be limited as it occurs through the particles and over
the partially existing carbon layer (Figure 2.2-b). For this reason, fast electron
transfer requires not only the presence of carbon, but also complete carbon coverage

around particle.
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Nano-sized Frameworks Carbon b) LiFePO, .
LiFePO, Particle of +

Carbon

/
e

Electrons can not dlreclly reach some
positions where Li* intercalation takes place.

Figure 2.2. Electron transfer pathways when there is a) complete coating b) partial
coating!®!



Besides enhanced electrical conductivity, ionic conductivity of the particles is
increased concomitantly as a result of the carbon coating. When the full coverage of
carbon coating is achieved, electrons move homogeneously around the particle and
leads to attraction of positively charged lithium ions from the electrolyte. Hence, it
allows the particles to access lithium ions from all directions and ionic conductivity
of the particles are improved®). In addition to the overall surface coverage of carbon
layer, its thickness has a remarkable effect on both ionic and electrical conductivities.
Electrical conductivity is improved with more amount of carbon (a thick carbon
layer), whereas lithium-ion diffusivity into/out of an electroactive material would be
poorer since thick layer acts as a physical barrier (Figure 2.3). Thus, the thickness of
the carbon coating should be adjusted in such a way that it does not prevent ionic
diffusion while increasing electronic conductivity'®. In addition, too thick of a
carbon coating layer decreases the volumetric energy density of battery system due
to inactive material loading[“®l. Consequently, full carbon coverage with optimal
thickness is required for faster electronic and ionic transport as well as high

volumetric energy density? 4% 421,

ionic transport

electronic
transport

Conductance

v

Carbon layer thickness or contents
Figure 2.3. Schematic representation of effect of carbon layer thickness on ionic and
electronic conductivity of an electroactive material (LiMePOs; Me= Mn, Ni, Fe)[#?]

Furthermore, electrochemical polarization, linked to internal resistance of a battery

during charging/ discharging, decreases the power density and lengthens charging



times*> 4. The continuous and uniform carbon coating allows the particles to
undergo electrochemical reaction homogeneously across the surface and leads to the
uniform transport of both ions and electrons. Hence, the homogeneous carbon

coating aids in minimizing the polarization phenomenon[#s: 461,

Under the conditions batteries are generally exposed to, secondary reactions between
the surface of the electroactive material and electrolyte (aqueous or organic) or air
can be expected and detrimental to performancel® 47 481, Another advantage of the
carbon coating is creating a protective layer on the surface of the particles against
these reactionst 4781, Because carbon has a chemically stable structure, a complete
carbon coverage forms a physical barrier on the electroactive material surface and

avoids direct contact of the particles with the electrolyte and surface oxidation.

One of the most common salt electrolytes used in batteries is LiPFs. When it
decomposes HF (Hydrofluoric Acid) is formed and hydrolysis of HF give rise to
dissolution of transition metals and corrosion of the surface of the electroactive
material (Figure 2.4-a). As a result, the cathode structure is destroyed and the
capacity of the battery declines. The shielding carbon layer that surrounds the
particles inhibits the dissolution of the metal ions® 41 and it provides an
improvement in the specific capacity and cycle performance of the particles as well
as maintaining the energy density of the battery system. The carbon layer also keeps
oxygen and moisture in the air away from the active cathode material (Figure 2.4-b)
and structural stability of the electroactive material is sustained®™ 41, Thus, side
reactions are minimized, surface degradation is suppressed, the electrochemical
performance is improved, and also capacity fading is reduced through the complete
carbon coverage of the particle™” 4. From another point of view, organic
electrolytes, which are flammable and toxic, are attempted to be replaced by aqueous
electrolytes in order to enhance the safety of next generation energy storage
systemsl®®-%2. Although using aqueous electrolyte results in poor cycle life and low
energy density, it is still under investigation for the mentioned safety concern. For
this reason, both anode and cathode materials are carbon coated and a protective



layer is formed against water, minimizing the degradation of electrochemical

performance in aqueous LIBs[2 54,

(a) Without coating f\‘
i
w Dissolution

Surface oxidation Surface corrosion
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(b) With coating

@ Qr:lon
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Figure 2.4. Surface degradation of an electroactive material with the (a) absence and

(b) existence of carbon layerf®

One further advantage of the carbon coating is that it helps the particle maintain its
structural integrity™> 561, Phase transitions and repetitive lithiation and de-lithiation
that occur during charge/discharge cycles, lead to repeated expansion and
contraction in an electroactive material. Accordingly, structural, and volumetric
changes occur in the material during cycling. As a result, the electroactive material
may break down and lose its integrity. The carbon sheath allows the electroactive

material to preserve its structure for a longer time and prolongs its service lifel>],

Allin all, the carbon coating of electroactive materials is advantageous in three major
mechanisms: enhancing conductivity (electronic and ionic), chemical stability, and
structural stability. As these three advantages of carbon coating will affect and
support each other during battery operation, carbon coating is critical in obtaining a
structurally stable electroactive material and high electrochemical performance.



To fully benefit from the merits of the carbon coating, the previously discussed
characteristic of the particles (i.e., dispersibility) and coating (i.e., optimum
thickness with full coverage) must be considered in designing the carbon coating

method.

2.2.1.1  Agglomeration State of the Particles

The physical properties of the electroactive materials (i.e., agglomeration state of the
particles) determine how they influence the properties of materials dispersions and,
in turn, the electrochemical performance of a battery system. Accordingly, before
addressing the physical properties of the carbon coated particles, it should be
understood the meaning of dispersed, agglomerated, and aggregated particle

systems(®® 591,

A well-dispersed system consists of individually separated particles and is stable in
the liquid phase due to interparticle repulsive forces (Figure 2.5 - I). The formation
of agglomerates (Figure 2.5- 1) is due to attractive or weakly repulsive interactions
between particles in the liquid, whereas the formation of aggregates (hard
agglomerates, fused, unbreakable particles) (Figure 2.5- 111) is usually chemical and
often occurs during the synthesis and/or preparation of particles. Thus, agglomerates
are reversible (Fig. 2.5-A) and can be redistributed within the system, while
aggregated particles create an irreversible system and cannot be initially separated
into dispersed particles (Fig. 2.5-B).

The irregular cluster of particles forms in both agglomerated and aggregated system.
In agglomerated system, external surface area tends to approach the sum of the
surface areas of the individual components, whereas in aggregated system external
surface area is significantly smaller than the sum of calculated surface areas of the
individual components. Thus, aggregated system, particularly, cause underutilization
of the particles due to reduced available surface area and leads to losses in capacity

and rate capability.
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Figure 2.5. Dispersed particles (1) agglomerated (I1) and aggregated (111) particles.
In the agglomeration process (A), the initially dispersed particles interact with each
other in a reversible way by weak forces, whereas they are held tightly together by

strong forces, in an irreversible way, upon aggregation (B)®"!

Furthermore, aggregated carbon coated particles decrease the tap density, which, in
turn, causes reduced energy density in the full battery cells“l. Besides, severe
aggregation creates detrimental problems in the processability of electrodes in
conventional LIBs®! 62 while it requires high pump energy in SFBs, leading to
lower efficiency in both types of LIBs®l. Since SFBs are flow-assisted systems, the
effect of aggregation will be much more pronounced in SFBs than in the case of
conventional LIBs®. As a result, the physical properties of the carbon coated

particles are critical in achieving high energy density battery systems.
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2.2.2 Carbon Coating Methods and Optimizations

The carbon coating process responsible for the particle agglomeration state directly
and affects the processability of an electrode and, in turn, the electrochemical
performance of a battery system. Thus, in this section, each carbon coating procedure

was addressed in terms of particles™ physical properties.

Carbon coating process can be employed in two ways: in-situ and ex-situ carbon

coating.

In the in-situ carbon coating, all the precursors of an electroactive material are mixed
with a carbon source, which is generally an organic molecule, and treated under the
reaction conditions. Then, heat treatment is applied for crystallization of the active
material and carbonization of the carbon sourcet® #71. During heat treatment,
pyrolysis takes place in which organic compounds decompose and amorphous
carbon transforms into graphitic carbon. Presence of an organic molecule that has
inherent functional groups or a potential of hydrogen bonding with crystal surfaces
can intermingle with both the nucleation and growth of the crystallites and secondary
particles. In some cases, this may even lead to nanosized particles*” 1. Small
particles commonly exhibit better electrochemical performance than the larger ones
due to their higher ionic conductivity and narrowed the diffusion path of Li* %],
Recent studies have shown that special morphological and surface design of the
active materials is advantageous in terms of Li-ion diffusion, structural stability, and
electrochemical performance during battery cyclingf-%°. In line with this, in-situ
carbon coating method is useful in synthesis of carbon coated electroactive materials,
having a wide range of morphologies. Despite these advantages, in-situ carbon
coating requires fine tuning of the reaction parameters such as precursor type and
ratio, feeding sequence of the precursor, carbon source type and amount,
temperature, pressure in some synthesis conditions, stirring the reaction medium,

pH, time, reaction kinetics and so on.
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In the study of Bhuvaneswari and Kalaiselvi, for example, it was shown that by
setting the reaction pH and reagent to carbon source ratio, in-situ carbon coating of
LFP electroactive material and various particle morphologies could be achieved with
different carbon sources’. While using glucose as a carbon source led to irregularly
shaped LFP particles, using carboxy methyl cellulose, ascorbic acid and polyacrylic
acid resulted in microrods, flakes and platelet morphologies, respectively (Figure
2.6). In connection with the carbon sources, the carbon layer of the samples displayed
different uniformity and graphitization degree. Thus, different morphology and
carbon layer features of the particles resulted in different electrochemical
performance and tap density. Also, it was stated that the carbon coated electroactive
materials were synthesized hydrothermally in an autoclave. It is well known that in
a sealed reaction system, pressure is a significant parameter and addition of
carbonaceous material into the system helps reducing the atmospheric gas pressure
and thus maintaining the concentration of the reagents’l. For this reason, the
combination of the reagents as well as the reaction conditions direct and control the
properties of the resulting powders.

Figure 2.6. in-situ carbon-coated LFP particles with different morphologies using
various carbon sources of glucose (G), carboxy methyl cellulose (CMC), ascorbic
acid (AA) and polyacrylic acid (PAA)"
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Because there are multiple parameters to manage in the in-situ method controlling
the size, shape, and coating layer at the same time becomes relatively complicated
with this method™!, and thus, tuning the electroactive particle characteristics is not

a straightforward processt¢172l,

The study of Qi's et. al. compared pristine LFP, and in-situ carbon coated LFP
particles, synthesized in an autoclavel”]. The pristine particles were synthesized in
microsphere morphology with the aim of close packing. In-situ carbon coated
particles were synthesized with different amounts of sucrose (with the 10 and 15 wt.
% of LFP) (Figure 2.7). The resulting particles were sphere-like but agglomerated.
As a result, in-situ carbon coated particles showed poor dispersion quality compared
to the pristine one, but carbon coated particles exhibited higher initial discharge
capacity (~80, 118, 130 mAh-g* at 0.1 C with increasing sucrose amount of 0, 10
and 15 wt. % sucrose, respectively). In other words, optimization of the coating with
the amount of sucrose led to the highest specific capacity, but at the cost of

aggregation of the particles and irregular distribution of carbon between the particles.

Figure 2.7. Effect of in-situ carbon coating of LFP on the dispersion quality: with
the changing amount of sucrosel’

Obviously, the increasing amount of carbon affected the dispersion of the particles
even though it enhanced the battery performance. Control on spherical morphology
was possible during bare electroactive material synthesis, however dispersibility of

the particles was affected in samples with in-situ carbon coating. This is an indication
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that introducing the carbonaceous material into the reaction medium requires a

meticulous design of the reaction parameters to preserve dispersibility of particles.

Apart from the amount of the carbon, type of the carbon source remarkably changes
the physical and chemical properties of the electroactive materials. In the study of
Pratheesksha et. al., LFP particles were in-situ carbon coated with similar type of
carbons; glucose, fructose, and sucrose under same synthesis and pyrolysis
conditionst™. Glucose and fructose are both monosaccharides having equivalent
formula but distinct isomeric forms. They can also act as reducing agents. Sucrose
on the other hand, is a disaccharide. It has more carbon and does not have a reduction
power. Even when similar types of carbon sources (glucose and fructose) were used
in the synthesis, the particles showed huge differences in morphology, size, and

dispersion characteristics (Figure 2.8).

Figure 2.8. in-situ carbon coating of LFP with similar type of carbon sources
glucose (C-LFP-G), fructose (C-LFP-F), sucrose (C-LFP-S)["4

Although the carbon-coated particles with sucrose exhibited the highest initial
discharge capacity (116 mAh-g™*) than those coated using fructose (98 mAh-g*) and
glucose (63 mAh-g?) at 0.1 C, at a higher current rate (at 1 C), carbon-coated

particles using sucrose faded out quickly and carbon coated particles using fructose
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had the higher capacity (42 mAh-g?) than using the glucose (24 mAh-g ). Thus, it
was stated that because the carbon layer was more uniform and conductive in the

carbon coating using fructose, these particles had higher stability at 1 C.

In the above-mentioned studies, it should be noted that besides properties like
particle size or agglomeration state, the primary crystallite characteristics may also
change in the base electroactive material. Therefore, with in-situ carbon coating, it
is hard to attribute any electrochemical improvement solely to the effect of the
carbon clearly. Although it can lead to carbon-coated active materials with enhanced
electrochemical performance, there would always be a high risk of synthesizing

fused and aggregated particles in the absence of a described reaction mechanism{’
75]

Another in-situ carbon coating study was done with phospho-olivine family of
electroactive materialsi*? (LiMePO4, Me (transition metal) = Fe, Mn, Co, Ni or
mixed transition metal ratio MnxFey) and indicated materials were synthesized with
two different precipitation order, sequential (s) and coprecipitation (c) ((Figure 2.9 -
a and b). During the precipitation stage, they were treated with the same amount of
carbon source, CTAB, regardless of the mixing order. Resulting powders showed
similarly shaped particles, with severe aggregation (Figure 2.9-c and d). Depending
on type of the transition metal and the precipitation order, both adsorption and
carbonization of the carbon source, CTAB, varied considerably with distinct
carbonization efficiencies (nc denotes the carbonization degree of the adsorbed

carbon (Figure 2.9)).
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Figure 2.9. in-situ carbon coating of different electroactive materials with two
different precipitation order (a and b), SEM images of the Fe (c), Mn (d) and Ni (e)

containing particles resulting in different CTAB adsorption and carbonization
degree (f) 142
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Fe-containing electroactive materials exhibited higher adsorption and carbonization
degree with more carbon content, others had almost no carbon. Uniform distribution
of carbon was obtained in Fe and Mn containing electroactive materials, but there is
uneven coating on Ni-containing active material (Figure 2.10). Homogeneity of the
carbon layer changed depending on the transition metal type of the electroactive

materials.

cleaninterface

carbon
agglomerates

Figure 2.10. Carbon distribution on different electroactive materialst*?l

The in-situ carbon coating method is unique to the reaction medium, and the
materials used. The coating procedure is specific to the synthesized material and has
to be re-invented for almost any type of material to be coated"®*2, Due to fact that
in an electroactive material synthesis, there is no consensus on the method in
practical use, it was concluded that this method is specific to materials used in the
reaction, and it is tricky to adapt the formulation for various kinds of electroactive
materials. Furthermore, in-situ carbon coating method obviously requires unique

synthesis conditions with specific reagents for each type of the active materials.

In the ex-situ carbon coating, an electroactive material that is already synthesized is
combined with a carbon source and a heat treatment employed for pyrolysis to take
placel* 471, Since the coating step is employed separately, electroactive particle
characteristics (i.e., particle size, shape and dispersibility) become independent from

the carbon coating step and can freely be tuned I’" 781, For academic purposes, this
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process also allows one to investigate the sole effect of carbon coating on the
properties of electroactive particles as all the other characteristics of the particles can
be kept constantl’7-7°l,

As a convenient option, sugar-based carbon sources were often used in this method
as well %83 In the study of Murugan et. al, as-synthesized nanorod shaped LFP
particles were mixed with 18 wt.% of sucrose (with respect to LFP) and carbonized
to achieve carbon coating®4. In Figure 2.11 (a) and (b), it was shown that carbon
coated particles were dispersible and had homogeneous carbon layer. In another
study using ex-situ carbon coating, it was stated that 9 wt.% sucrose was used to coat
nanorod shaped LFP active materials and 149 mAh-g? initial discharge capacity (at
0.1 C) was obtained after the coating process. It was seen in Figure 2.11-c and d that
carbon layer around the particles were homogeneous, and particles were crystalline.
These studies used similarly shaped and sized crystalline LFP particles, however
different amount of sucrose was used in the coating solutions. Even though different
amount of sucrose was resulted in dispersible particles, having high specific

capacity, how to determine the amount of carbon sources is questionable.

B 010] et

Figure 2.11. TEM and HRTEM nano-graphs of ex-situ carbon-coated LFP particles
with varied amount of sucrose; (a) and (b) using 18 wt.% sucrose®4, (c) and (d) using

9 wt.% sucrosel®!
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In the study of Su et. al., ex-situ coating were done with various amounts of
sucrosel® and it was reported that amount of the sucrose changed both the dispersion
and specific capacity of the powders (Figure 2.12). Despite the same carbon source,
different amount of it caused aggregation among particles, as it can be seen in the

SEM images in Figure 2.12-a, b, and c.
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Figure 2.12. SEM images of ex-situ carbon-coated LFP particles with various
amounts of sucrose a) 0.1 M b) 0.5 M and ¢) 1 M sucrose, and corresponding d)

initial charge and discharge curves at 0.1 C rate of powders!®!

The optimal amount of sucrose was chosen based on the powders' specific capacity.
In Figure 2.12-d showed that carbon-coated particles coated with 0.5 M sucrose
(Figure 2.12-b) had highest specific capacity (~154 mAh-g?). However, no
information was indicated related to carbon layer and its effects on agglomeration
state of the powders. Similar situations were also valid for various kinds of carbon
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sources. For instance, in the studies of Ding et al.B”l and Xiong et al.[%8, LFP was
carbon coated with different amounts of dopamine using ex-situ method. In Figure
2.13, particles can be seen as dispersible and carbon layer was uniformly distributed
with similar thickness, between 2.5-3 nm. However, while there were carbon bridges
between nanorod shaped LFP particles, nanosphere shaped particles were coated
individually. Even though the same kinds of active materials were carbon coated
with the same method and carbon source, the dispersion of the powders was not the

same.
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Figure 2.13. TEM and HRTEM images of the ex-situ carbon-coated (a), (b) nanorod
shaped® and (c), (d) nanosphere shaped® LFP particles using dopamine,

respectively

In the literature, it can be noticed that how the type and amount of the carbon sources
were determined was unclear and is difficult to find the optimum amount of carbon
with respect to synthesized dispersible particles, as it can vary with the type of the
electroactive materials, type, and amount of the carbon source in either method.

Although there are numerous studies investigating the carbon coating of
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electroactive particles in the literature, there is no well-defined straight-forward
methodology, neither for in-situ nor ex-situ coating methods, which can be applied
to any material.

2.2.3 Pyrolysis in Carbon Coating

Pyrolysis is a thermal degradation/decomposition of carbonaceous material, mostly
organic compounds, in an inert atmosphere (or very low oxygen/ vacuum) [ 91,
During pyrolysis, large complex hydrocarbon molecules of the carbon source break
down into relatively smaller and simpler molecules, i.e., some of carbon and non-
carbon atoms release in various forms and some remain as pyrolysis products in
different forms. The product and the yield of pyrolysis change depending on the type
and chemical structure of the precursor, its decomposition kinetics, applied pressure
(if any), temperature, time, heating rate and thermodynamic stability of pyrolysis
products [°*-*4, Depending on these parameters, some of the pyrolysis precursors can
be converted to solid carbon residues (carbon rich solid) or carbonaceous gaseous
species or their mixture with pyrolysis®. During pyrolysis of carbonaceous
materials, sp?, sp?, and sp hybridizations of carbon take place. Depending on these
hybridizations, it becomes possible to obtain carbon-based materials with the desired
properties in terms of mechanical, thermal, optical, or electrical aspects [*> %I and
these carbon-based materials with outstanding properties can be used for various

applications [°7: %1,

Pyrolysis of any organic material, whether synthetic or biological, results in a carbon
rich solid (carbonization), with the diverse chemistry and structure [ %1, Most of
these carbon materials involve amorphous carbon structure (Figure 2.13-a),
containing a mixture of sp? and sp® hybridized carbon atoms and has no long-range
crystalline order throughout their structure and its surface typically has many
reactive, dangling bonds. Some of these carbon materials, on the other hand, involves
graphitic carbons (Figure 2.13-b), comprised of sp? hybridized carbon atoms, and

display long range order. The surface of carbon materials including graphitic carbon
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is more chemically stable than the amorphously structured counterparts. With this
motivation, there are ,considerable number of attempts to synthesize and develop

nanostructured graphitic carbon materials 8 %1,

Figure 2.144. Carbon Structure of a) Amorphous and b) Graphitic Carbon[®

Nanostructured graphitic carbons are highly preferred in energy storage and
conversion applications due to their high chemical stability, large accessible surface
areas as well as high thermal and electronic conductivity. In the carbon coating of an
electroactive material, for example, graphitic carbon structure is required primarily
to obtain an electrically conductive layer and to enhance electrochemical
performance. An amorphous carbon (disordered/non-graphitic) source can be
converted into a graphitic carbon structure (ordered/ graphitized) with pyrolysis,
which depends on the heating conditions and the nature of the precursor, therefore
the pyrolysis parameters, such as temperature, time, and heating rate, have been
extensively studied to obtain electronically conductive (graphitic) carbon.

The heat treatment temperature to be applied during pyrolysis has a direct effect on
the crystal structure of the electroactive material and the electrical conductivity
(graphitization) of the carbon coated on it. To this end, high temperatures are
preferred [90: 91 96,100, 1011 “However, in some cases, electroactive materials tend to
decompose and lose its structure or unwanted byproducts are formed. In the study of

Cheng et. al.r% i, TisO12 (lithium titanate oxide, LTO) particles were carbon coated
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at different temperatures and it has been shown that increasing the temperatures
resulted in higher electrical conductivity (Figure 2.15-a). The corresponding TEM
nano-graphs obtained at 650, 800 and 900 °C (Figure 2.15- b, c, and d, respectively)
showed that when the temperature was increased, the coating layer was much more
clearly seen as a result of the increase in carbon graphitization. It was also indicated
that no secondary phase was detected in the XRD analysis and LTO particles were
stable at these temperatures, even at 900 °C.
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Figure 2.155. Electrical conductivity of carbon-coated LisTisO12 prepared under
different temperatures a) and corresponding TEM nanographs of carbon coated
LiaTisO12 under b) 650, ¢) 800, and d) 900 °C temperatures

One of the studies investigated the effects of the pyrolysis temperature on the carbon
coating on material using in-situ high-resolution transmission electron microscopy

(HRTEM) under a nitrogen atmosphere%?]. It was shown that LFP started to form
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at 400 °C and did not show significant crystallographic changes up to 700 °C;
however, at higher temperatures, LFP began to lose its crystalline structure and
secondary phases formed. When the structure of carbon coated on the LFP was
examined (Figure 2.16), the carbon also showed changes in this temperature range.
The carbon layer formed on the LFP surface at 700 °C (Figure 2.16-a) was more
homogeneous and graphitized than the one formed at 750 °C (Figure 2.16-b),
therefore, it was expected to conduct electricity better. In the light of these results,
the ideal temperature for carbon coating was reported as 700 °C to obtain
homogeneous and conductive coating. The electrochemical performance of the bare
and carbon coated LFP particles was also investigated before and after the heat
treatment (Figure 2.16-c). While the bare LFP particles had 76 mAh-g** specific
capacity, this value increased to 94 mAh-g* after the heat treatment at 700 °C for 6
hours. Under the same pyrolysis conditions, the carbon-coated particles exhibited the

specific capacity as high as 141 mAh-g™.
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Figure 2.166. HRTEM images of carbon-coated LFP after pyrolysis performed at
(@700 and (b)750 °C and Electrochemical profiles at C/12, of the coated and
uncoated LFP samples at pyrolyzed at 700 °C for 6 hours 12

In addition to the temperature, the exposure time of the material to the pyrolysis
conditions directly affect the electrochemical properties of the material. In the above-
mentioned study!?, The samples were kept at 700 °C for 180 minutes, however, it
was also noted that the graphitization of the carbon source on the electroactive

material started after only 45 minutes. In another, but similar study!°?, it was shown
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that the carbon coating can be stable up to 700 °C but decomposes at higher
temperatures, and it was observed that the carbon coating peeled off from the LFP
surface as the LFP expanded and leaving hollow carbon sphere. In other studies
presented in the literature, different temperature ranges have been specified for
homogeneous carbon coating of LFP, and it has been stated that temperature may
create different impurities and negatively affect battery performance depending on
the type of impurity formed [2°21%1 These studies are found critical as they explicitly
showed that high temperature heat treatments were not only effective on the
graphitization of the carbon source, but also changes the crystallinity of the

electroactive material.

Reducing atmosphere used during carbon coating was also effective on the carbon
coating mechanism and may cause the formation of impurities 1% 1% In the study
of Wang et. al. !9 it has been reported that the carbon coating properties changed
according to the pyrolysis atmosphere, namely argon, argon/hydrogen, and argon/
ammonia, when LFP particles ranging in size from 60 nm to 100 um were used and
heat treatment employed in the temperature range of 300-1000 °C. It was also
reported that even for particles with the same chemistry and phase structure, the
graphitization reaction and coating quality might differ with the difference in particle
size or in crystal orientation. For this reason, the pyrolysis parameters should be
optimized for each electroactive material.

Another important variable in the pyrolysis method is the heating rate. Heating rate
[101, 110 determines the kinetics of carbon source decomposition, it does not only
affect the yield of the carbon content [°% but also affects the fusion of the particles
[111-113]* As the heating rate gets slower 14 115 and temperature [116: 1171 js kept high
for long times, graphitization degree (high quality, conductive carbon) increases, but
particles are prone to fusing and necks may form between particles. This problem
results in aggregated particles and leads to low volumetric energy density in battery
systems. In the study of Oh et. al., in-situ carbon coated LFP particles were pyrolyzed

at different temperatures and it was reported that while particles pyrolyzed at 800 °C
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had 1.09 g-cm™ tap density, the particles pyrolyzed at other temperatures of 650, 700,
750 and 850 °C led to particles having lower tap density 1°. Thus, determining
pyrolysis conditions is vital in carbon coating process also due to its detrimental
effects on the particle dispersibility. In addition, during the conversion of the carbon
source to graphite, different gases may be released depending on the carbon source
used. The formation of carbon-based gases, such as carbon monoxide (CO) or carbon
dioxide (CO2), reduces the amount of carbon that will remain on the particle, and
even in some conditions can completely prevent the formation of the carbon coating.
Studies in the literature show that carbon-containing gas formation is triggered at
high heating rates [**8], Therefore, it may be necessary to reach the high temperatures
required for the conversion of the carbon source to graphite on electroactive
materials with low heating rates. Different heat treatment profiles can be applied to

optimize the dwell time [82 941191,

2.2.3.1 Pyrolysis Conditions and Secondary Phase Formation

Byproducts have a significant impact on the electrochemical performance of
electroactive materials [0 106-1081 Depending on which secondary phase is formed,
their impacts on the battery performance may be positive or negative. Because these
formations are mostly determined by the pyrolysis conditions, the optimization of

the heat treatment is required in battery material synthesis.

. Rho et. al.t%1 for example, reported that LFP synthesis under inert or reducing
atmosphere led to surface reduction of LFP and LisPOas, Fe2P and FeP phases were
formed. The samples synthesized under argon atmosphere at 600 °C did not show
any peaks of secondary phases at the XRD analysis, yet Mossbauer and XPS analyses
showed the presence of both LisPOs, Fe2P and FeP phases originating from either
carbothermal reaction and/or hydrogen reduction of carbon source. Depending on
the reducing degree of the atmosphere and temperature, the amount of the FezP
changed and contributed greatly to the battery performance whereas FeP remained

almost constant and did not affect the battery performance. It was also reported that
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LisPOa4phase was formed on the outer surface of the LFP particles unlike FezP phase
which was located in the cross section of the LFP particles. The authors did not
present any relation between the presence of LisPOs and the battery performance.
Yu et. al.lt? claimed that LisPOs coming from synthesis conditions can be
eliminated by an appropriate washing. When it was removed, specific discharge
capacity of LFP increased. Therefore, they presented the LisPOs4 as an inactive

material, decreasing the energy density of the LFP because of the volume it occupied.

The literature is controversial about the influences of second phases. While there are
studies supporting the above-mentioned positive effects of the impurities on the
electrochemical performancel*® 21 there are also articles that claimed the
opposite'? 1231 Some researchers reported that iron phosphidel*?*! was formed
frequently at high temperatures (> 600 °C), or various other impurities, e.g.,
LiFe(P207)*%31 Fe (11, 111) pyrophosphates or phosphates LisFe2(POas)s*?®! and
LisPO4 M might be formed depending on the pyrolysis conditions.

2.2.3.2  Type of The Carbon Source and Pyrolysis Parameter Optimization

A few studies attempt to use already synthesized, highly graphitized carbon sources
in the carbon coating process of electroactive materials so that there is no need to
apply high pyrolysis temperature to increase the graphitization degree of the carbon
sources. Inorganic carbon sources (e.g., carbon nanotubes, graphene, acetylene
black, etc.) offer higher carbon quality (higher graphitization degree, higher
electrical conductivity) than the organic carbon sources (e.g., sucrose, glucose,
lactose, citric acid, etc., which are mostly amorphous), therefore, the efforts have
been made to coat electroactive materials with already graphitic carbon. Studies
showed that this approach is not as effective as using organic compounds and
subsequent pyrolysis of this source to carbon, because the organics can cover the
surface of the particles more homogeneously. While inorganic carbon materials can
form a three dimensional (3D) conductive network, organic carbon materials may

still be needed to form local conductive paths between particles™ surfaces. Organic

28



compounds usually offer the advantage of a uniform coating layer structure
(homogeneity in thickness, full coverage) on electroactive materials when the
conditions were optimized and can be easily transformed into carbon during the
pyrolysis process, but the carbon quality (including conductivity and graphitization
degree) is difficult to control. Since the chemical structures of the organic
compounds are different, the chemistry of carbonization during pyrolysis varies.
While some carbon sources are easily graphitized (graphitizing or soft carbon
sources), some carbon-based materials resist graphitization (non-graphitizing or hard
carbon sources). Even though the same pyrolysis procedure was applied to those
materials, the response of the carbonization changes. In the study of Jiang et.al. (271,
LFP particles were carbon coated with asphalt (soft carbon source) and glucose (hard
carbon source) at 700 °C for 6 hours in a vacuum oven.

As observed in Figure 2.17-b and 2.17-c, the soft carbon coating (asphalt), was more
uniform than the hard carbon coating (glucose). The analysis of the graphitization on
the carbon coated samples analyzed by Raman spectroscopy and asphalt coated
sample showed higher graphitization degree than the glucose coated LFP particles.

Figure 2.17. TEM images of a) bare LFP particles, and carbon coated LFP particles

using b) asphalt, c) glucose carbon sources *27]

In line with these results, while the former one had 156.3 mAh-g, the latter one had
131 mAh-gtat 0.1 C. Better electrochemical performance and more uniform carbon
layer were obtained with soft carbon. On the other hand, even though particles were

dispersible before (Figure 2.17-a), they were aggregated after carbon coating process
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regardless from the carbon sources of being asphalt or glucose, and thus have
limitations in the utilization of the particles when used in cathode. Different carbon
sources do not necessarily lead to the same graphitization degree due to differences
in the bonding characteristics, network forming capabilities and the type of the

defects forming during the pyrolysis.

2.2.3.3  Substrate Effects on Pyrolysis

In order to reduce the pyrolysis temperature depending on the carbon source and the
electroactive material used, and to reduce the energy loss during production,
catalysts can be used during the carbon coating. In this context, the additives
containing iron (such as iron nitrate, ferrocene) or polyaromatic material (such as
pyromellitic acid) were used during carbon coating and these additives changed the
amounts and quality of carbon remaining on the surface of the electroactive material
[128,129] * Although iron is the most studied catalyst for graphitization, many other
elements are known to drive graphitization. Transition metals, especially iron, cobalt
and nickel, are known to be the most efficient. Among these three metals, the highest
catalytic activity is normally found for iron, followed by cobalt, and then nickel. In
the same studies, it was also reported that different amounts of catalyst and
polyaromatic additives during the heat treatment required for carbon coating differ
in the quality of the produced particles, thus different conductivity values, and thus
the specific discharge capacity, can be obtained. Furthermore, the presence of
heterogeneous atoms in the carbon layer, such as metal (Pt, Fe, Co, Ni, Zn, and Mo)
and some nonmetal atoms (B, N, O, S, and P), contributes to the electrical
conductivity and specific energy density of the carbon [*8 1201, These elements modify
the electron structure of carbons, improving their performance in energy storage
materials. Nitrogen (N) doping into sp? hybridized carbon materials, in particular,
tailors the local electron structures and/or induces substitutional defects in carbon

materials, thereby increasing their chemical activity. It was reported that existence
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of N, for instance, in the carbon layer can improve the electrochemical performance

of the electroactive materials [88: 1301,

2.2.3.4  Advantages of High Graphitization Degree

Graphitization degree of the carbon source is advantageous in different aspects aside
from the electrical conductivity. Graphitized carbon presents fewer defects in the
structure. Accordingly, the highly graphitized carbon layer offers higher ionic
transport as well as electrical transport with more ordered structure of the carbon
layer™3Y, Moreover, poorly graphitized carbon layer has some functional groups on
the surface, and these groups causes high viscosity in water-based electrode slurries
due to interactions between the functional groups and water. It was stated that the
commercial electroactive materials, having different graphitization degree showed
inconsistent flow behavior even if the powders were supplied from the same
company 1321351 (Figure 2.18- a and b). Therefore, the graphitization degree of the

carbon layer is essential for the processability of the electrodes.

Figure 2.18. Commercial LFP powders supplied from the same company, showing
different flowability; the former was suspended in the aqueous slurry (a) and the
latter was gelled (b) %91
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In order to obtain individually carbon coated electroactive materials having high
electrochemical performance and better processability, take-home messages of

this section can be summarized as following:
e The carbon source should be selected appropriately,

e The pyrolysis process variables (atmosphere, temperature, heating rate,

pyrolysis time) should be studied carefully,

e The crystal structure of electroactive materials should be examined before

and after pyrolysis for phase purity,

e Additional substrate/ catalyst used in the carbon coating might be helpful to

adjust the temperature and offer high graphitization degree.

2.3 Volumetric Energy Density of a Battery System and Properties of

Carbon Coated Electroactive Materials

Volumetric energy density of a battery system is the amount of energy that can be
delivered from per unit volume of electrode materials and one of the most critical
design parameters for new generation batteries™™*® 371 Increasing the volumetric
energy density of the electrode is critical, because when the same amount of energy
can be stored in smaller volume, the electrode occupies less space, the overall size,
weight, and manufacturing cost of the battery decrease. Moreover, more energy can
be stored in the same volume, therefore designing smaller devices with longer battery
life becomes possible. In electrical vehicles, for example, longer distances can be
travelled without a need for charging.

One way to increase the volumetric energy density is to pack the electroactive
particles more densely, i.e., increasing its tap density. The tap density, the ratio of
the mass of the powder to the volume it occupies, mainly depend on the size, size
distribution and the morphology of the particles. Therefore, the particle design

become a focus in studies to improve volumetric energy density.
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The particle size, for example, inversely related to the tap density. Nano-sized
electroactive particles have advantages due to their high-rate capacity and cycling
performance originating from the shortened Li-ion transfer paths within the particle.
However, for the same amount of particles, the tap density of nanoparticles are much
lower compared to the micron-sized counterparts because of the more prominent
interparticle interactions and higher agglomeration tendencies!*®l. Oh et. al. showed
that dense carbon coated micron-sized LFP particles comprised of nano-sized
particles (200-300 nm) had the tap density of 1.5 g-cm™. This density value is much
greater than the tap density value obtained for common nano-sized LFP, which is
about 1.0 g-cm 138 1391 Even though they exhibited similar rate capability, the tap
density was higher when the particles were packed efficiently™4%,

The study of Zhong et al. [*41 showed the importance of particle size distribution on
the tap density. In this study, first, two different Fe3* precursors were used, and the
resulting particles exhibited two different size distributions. Then, in one case the
particles were mixed in different proportions and the tap density of 1.40 g/cm?® were
obtained. When the micrometer-sized particles were used, on the other hand, the tap
density was 1.19 g/cm?. This density difference was explained with the fact that the
voids in the packs of micron-sized particles (Figure 2.19-b) were filled with nano-
sized particles in the mixed particle case (Figure 2.19-a) and resulted in denser
packing, and thus, higher tap densities.
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Figure 2.19. Particle size distribution effect on tap density with (a) higher packing in
the presence of smaller particles that fills the spaces between particles and (b) less

packing in the absence of small particles [+

The particle morphology is also important in achieving high performance and
volumetric energy density. The particles with low aspect ratio, particularly the
spherical ones, lead to higher tap densities because of their high packing
efficiencies™®® 142 In Liu et al.’s study ], tap density of carbon coated 1 micron-
sized spherical LFP and LiFeo9sMgo.1PO4 particles was measured as 1.75 and 1.77
g-cm (theoretical density of LFP is 3.68 g-cm™) and specific discharge capacities
were recorded as 148 and 157 mAh-g™ at 0.1 C (theoretical capacity of LFP = 170
mAh-gtat 1 C), respectively.

In the literature, the studies regarding to tap density of electroactive materials, the
main focus was on particle design and the efforts made to synthesize perfect sized
(in the micrometer range) and shaped (commonly spherical) individual, secondary
particles to obtain a high tap density. On the contrary, there are examples where non-
spherical particles were used yet high tap density values could be obtained based on

their aspect ratiolt44-1461,
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In fact, one of the most critical properties of the particles that affects the tap density
is the state of agglomeration of the particles. In an aggregated particle system, the
size, shape, and size distribution of aggregate particles rather than individual
particles becomes crucial in packing of particles. Fine powders have the tendency to
form agglomerates or aggregates (during synthesis) [l Hard agglomerates
(aggregates) which do not break up during processing leads to a nonuniform size
distribution, which results in low tap density >3, Therefore, when particles are
severely aggregated, efficient packing cannot be obtained (Figure 2.19-a and b).
Conversely, using dispersible particles in an electrode would provide higher solids

loading per unit volume due to their narrower size distribution.

a) b) c)

Figure 2.20. Tap density of carbon coated particles in the forms of a) aggregated, b)
carbon bridges between particles and c) dispersible/individual (blue colored forms
and black colored thin forms represent electroactive material and carbon layer,

respectively)

The carbon-coated particles are mostly in the form of clusters: they are either
composed of secondary particles that are chemically connected, then carbon coated
(Figure 2.20-a) or they were dispersible at the beginning but agglomerated after
carbon coated process through carbon bridges formed between particles (Figure
2.20-b). Even though the carbon coating step seems to have a direct effect on the
agglomeration state of the electroactive particles, there is no study in the literature

explicitly investigating the relation between carbon coating and the agglomeration
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state of the particles. Even though there were relatively well carbon coated
dispersible particles in the literature [*7- 83 8688, 1471 ‘a5 schematized in Figure 2.20-c,
the carbon coating procedure was overlooked, and commonly optimized to increase
specific capacity of particles, rather than increasing their volumetric energy density.
As discussed before, in order to achieve high volumetric energy density, the
agglomeration state of the particles is critical because the packing density of the
particles are determined based on the agglomeration state of particles (the
characteristics of the secondary particles) rather than the characteristics of primary
particles [148. 1491 Similarly, as the shape of the irregular aggregates or agglomerates
deviates from sphericity, the tap density of the particles are significantly decreased,
and a further reduction is observed for randomly packed systems. Alignment of the
dispersible particles enables the system to have a high tap density!™. Dispersible

(i.e., individual) particles are required to obtain high tap density in electrodes.

The presence of carbon coating, on the other hand, has an adverse influence on the
tap density. Since the carbon has lower specific density than electroactive materials
and it is an inactive material, it decreases the tap density of electroactive materials.
In Chang Z. et al.’s study!*®!, it was found that the tap density of carbon-coated LFP
particles decreased from 2.15 to 1.66 g-cmwith an increase in carbon content from
3 wt.% to 9 wt.%. Even though the carbon content effect on the electrochemical
performance of the particles was reported, the impact of carbon content on the

particle dispersion was not examined explicitly in this study.

Among samples with various carbon contents, the highest electrochemical
performance attained with 7 wt. % carbon, which resulted in tap density of 1.8 g/cm®.
The most of the commercially available electroactive materials reports the carbon
content of 1-5 wt.% 351, tap density less than 1 g-cm3and specific discharge capacity
of 120-160 mAh-g* [8 | Particles with higher carbon content leads to capacity loss
due to the dead mass * 1. Thus, it might be said that uneven and irregular carbon
coating results in low specific and volumetric capacity, thus amount and uniformity

of the carbon should be optimized properly.

36



All in all, it is concluded that specific capacity and volumetric energy density can be
increased by special particle designs, but there is a need for a common strategy that
can be applied to all electroactive materials during carbon coating. Although carbon-
coating of particles have been widely studied and even applied in the industrial
scales, the relation between the carbon coating process and the agglomeration of

particles during carbon coating is still a gap in the literature.
2.4  Colloidal Principles

24.1 Colloidal Stabilizations

Colloidal principles are employed to obtain homogenously dispersed particle
systems. Stability of a colloidal system can be achieved by tuning the interparticle
interactions(*®, When the total interparticle interaction is repulsive enough, particles
resist to agglomerate, and more homogeneous dispersions can be obtained.
Depending on the surface properties of particles, proper stabilizing agents can be
selected. There are three main mechanism that can be used to stabilize particles in a

solvent; electrostatic, steric and electrosteric stabilizations (Figure 2.20)[%%1,

(a) (b) (c) 20 Pl

Figure 2.21. Colloidal stabilization methods: a) Electrostatic b) Steric and

c) Electrosteric Stabilization[*53!
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Electrostatic stabilization is the counterbalancing the attractive (van der Waals)
forces by the repulsive (coulombic) forces acting between charged particles. Surface
charge on the particles is either created or modified by pH adjustment or surface
functionalization. At the end, particles become surrounded by the same positive or
negative charges which leads to electrical repulsion between the particles and

prevent their agglomeration (Figure 2.21-a).

Steric stabilization is creating repulsive forces between particles using organic
molecules. Basically, the organic substance either dissolves in the suspension or
adheres onto the surface of the particles and, by occupying space (as a physical
barrier) between them, keeps the particles apart (Figure 2.21-b).

Electrosteric Stabilization is a combination of the electrostatic and steric
stabilization methods. In this concept, polymers are used and depending on the pH,
dielectric properties, and ionic strength of the solvent!*>¥, stabilization can be
achieved (Figure 2.21-c).

The interactions used in the colloidal stabilizations could be applied in carbon
coating. In the study of Wei et. al.'*®l, for example, it has been shown that, full
wrapping graphene oxide nanosheet (GON) onto electroactive material of LFP was
driven by electrostatic interactions. For this purpose, two type of coating processes
were designed. In Figure 2.22-a, it has been shown that the LFP and the carbon
source, GONSs, were oppositely charged, and thus, the full encapsulation of LFP
would be provided by electrostatic interactions between LFP and GONs. Based on
this scenario, the LFP particles which are negatively charged at pH< 7 was first
coated with positively charged CTAB in acidic aqueous solution. Then, negatively
charged GONs were added and wrapped the LFP surfaces. After GONs were
converted into graphene nanosheets (GNs) by hydrazine, the leftover surfactant was
removed by washing and thermally breakdown when heat treated at 600 °C for 2
hours. Afterall, it was stated that these electrostatic interactions resulted in perfectly
GO wrapped LFP particle (Figure 2.22-c). In the second design (Figure 2.22-b), a

similar route was followed, except the CTAB part. Then, partially coated particles
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were obtained (Figure 2.22-c). It was reported that the insufficient driving force
between GO and LFP was the reason to obtain partial coating. Even though full
carbon coverage of LFPs were obtained by managing the electrostatic interactions,
as seen in TEM nanographs, the resulting particles were chemically fused, and not
dispersible, therefore they expected to have low tap density. Moreover, how the
amount of CTAB or GONs was decided to be used to fully cover the particles surface
was not reported.

e
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Figure 2.22. a) Full and b) Partial graphene wrapping of LFP particle!**°

24.2 Surfactants

Surfactants are special molecules which are commonly used in colloidal
stabilization[*%¢-16% Syrfactants exhibit amphiphilic characteristics due to their
hydrophilic head groups and hydrophobic tail groups (Figure 2.22).
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Figure 2.23. Structure of a surfactant monomer (unimer)

Head group molecules are polar, hydrophilic functional groups, whereas
hydrophobic parts are nonpolar, hydrocarbon chains (alkyl chains). Depending on

the type of the surfactant hydrophobic tail varies in length and number.

Surfactants can be classified into four groups based on their head group charge; non-
ionic, anionic, cationic and zwitterionic [*6% 1621 Non-ionic surfactants do not carry
any charged groups and they are distinguished amongst themselves based on the
length of the chain and commonly used examples include Triton X-100
(polyethylene oxide, C14H220(C2H4O)n (n = 9 - 10), Tween 80 (Polysorbate 80,
Ces4H124026) etc.. Anionic surfactants have a negatively charged head group and SDS
(Sodium dodecy! sulphate, NaCi2H25S04) and DBS (Sodium dodecylbenzene
sulfonate, CisH20NaOsS) can be given as examples, Cationic surfactants have a
positively charged head group and CTAB (Cetyltrimethylammonium Bromide,
C19H42BrN) and benzalkonium chloride ([CeHsCH2N(CH3)2R]CI) are the most
common examples. Zwitterionic (Amphoteric) surfactants have both positively and
negatively charged groups. Depending on the pH of the solution they can act as either
like cationic or anionic surfactants (e.g., CAPB (cocamidopropyl betaine,
C19H38N203) etc.). The corresponding chemical structures of the most commonly
used surfactant examples for each group are presented in Table 2.1.
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Table 2.1 Examples of Some Common Surfactants

Type of .
Chemical Structure Ref.
Surfactant
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e ©
\.
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CH,
Benzalkonium chloride
Q R o
5 He K ¢
5 CH, [167]
E] Cocamidopropyl betaine (CAPB)
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In a bulk solution, behavior of a surfactant is strongly affected by the type and
amount of the surfactant in the solution. For example, when a surfactant is added into
water, firstly it dissociates and hydrophilic head groups of the surfactants become
charged, if soluble in water. After a threshold concentration (changing for each
surfactant) of surfactants in a solvent was reached, surfactant monomers self-
assemble into clusters. These clusters are called micelle and the threshold
concentration is called critical micelle concentration (CMC) (Figure 2.24).

a) b)

<
et

Figure 2.24. Structural forms of surfactant a) molecule and b) micelle in a polar

solvent

The direction of the surfactant molecule is directed by the interaction of between
themselves and the solvent molecules. In the case of water, which is a polar solvent
and since the tail group of the surfactant is nonpolar, surfactants self-assemble in
such a way that non-polar groups are directed to each other and protect themselves
from the interaction with polar water molecules. The hydrophilic head groups of the
surfactant are exposed to the bulk solution, since they are polar and favorably interact
with polar water molecules. In the case of a nonpolar solvent, the micelle would be
assembled in the opposite direction, i.e., the hydrophilic head groups would be
clustered towards each other, and the hydrophobic tails of the surfactants would be
exposed to the non-polar solvent. This structure is called reverse micelle structure.
The behavior of a surfactant is mainly dependent on these interactions. Depending

on the chain length, branching and (if any) aromatic groups of a surfactant, its

42



hydrophobicity, solubility, micellization tendency (e.g., CMC for CTAB and SDS
are 1, 8.2 mM, respectively*®®) and adsorption efficiency vary!*®l. Therefore,
surfactants offer a wide range of application areas®%l. With the diverse chemical
structures and properties surfactants offer, they were used in carbon coating of
electroactive materials. To illustrate, type and amount of the surfactants are useful in
regulating the graphitization degree of the carbon layer. In Li et al.’s study!*®],
carbon coated LFP, electroactive materials, were synthesized with solid state
reaction using surfactants, Tween 20, Tween 40, and Tween 80, as carbon sources.
Graphitization rate of the carbon layer changed depending on the chain length of the
surfactant used. It was indicated that the surfactant with shorter alkyl C-C chain
length formed more graphene-like carbon during pyrolysis and consequently more
graphitized carbon-coated particles exhibited better electrochemical performance.
Although the surfactants were only used in few studies as a carbon source to coat
electroactive materialst*6®1731 all these studies were used in-situ coating methods and
the advantage of specific interactions between a surfactant and electroactive

materials on coating process were not designed or discussed explicitly.

2.4.3 Interparticle Interaction Control with Surfactants and Colloidal

Stabilization in an Aqueous Medium

Surfactants can interact with a variety of hydrophobic and hydrophilic surfaces!*4l,
Since they have two differently behaving groups, they can modify different kinds of
surfaces. For example, when a charged surfactant is added in an aqueous
environment, including charged particles, the interaction between the surfactant and
particles is determined by colloidal principles. If the particles and the surfactants are
oppositely charged, the interaction between them initially is driven by the
electrostatic attractions. Surfactant molecules attach to the surface of the particles
from the ionic head group and tail group (alkyl chains) exposed to the bulk solution.
Addition of more surfactant molecules to the system continues to selectively interact
with the particle surface due to the electrostatic attractions. After a certain
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concentration of the surfactant, particle's surface is covered by a single layer of
surfactant. The head group interacts with the particle’s surface making the tail group
exposed to the bulk solution. during monolayer coverage, the hydrophobicity of the
particle’s surface increases, and these hydrophobic particles destabilized in the polar
aqueous media and separated. When additional surfactant molecules are introduced
to the system, they preferentially orient in such a way that head groups are extended
towards the bulk solution while the tail groups are interacted with the monolayer's
tail group. After the bilayer formation, the system is stabilized again and possess an
opposite potential with respect to the initial surface potential. In line with this, results
of a thorough study conducted on assembly structures of CTAB on negatively
charged citrate capped gold nanoparticles proposed that CTAB was adsorbed on the
gold nanoparticles initially by forming an incomplete monolayer. With increasing
concentrations of CTAB, a complete monolayer coverage was possible. After
monolayer formation, assembly structure passed through an imperfect bilayer,
perfect bilayer, a combination of perfect bilayer and micelles, with ever increasing
CTAB concentrations with respect to the particlesi*”®! (Figure 2.25). It was indicated

that after the optimization of the CTAB concentration the stability of the system was

achieved.
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Figure 2.25. Assembly of CTAB onto citrate capped gold nanoparticles™"!
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In the case of oppositely charged particles and surfactants, this mechanism is
dominant and for each type of surfactants there would be different mechanism to
follow [17617°1 The main condition for stability against agglomeration starts by
defining the possible interactions between the components and manipulating them
accordingly. Further, these colloidally stabilized particles are surface modified and

in a way the particles become coated with a carbon rich layer after stabilization.

24.4 Zeta Potential

The zeta potential is a commonly utilized metric to predict the stability of a
suspension 152 180-182 and understand charge on a particle surface. When a particle
is dispersed in a liquid, two layers exist around the particle; the inner layer (Stern
layer), where the ions are tightly bonded, and the outer layer (Diffuse layer), where
the ions are loosely connected. There is a hypothetical border within the diffuse
layer, where ions and particles are stable, and ions within this border moves with the
particle as the particle moves in solution. The zeta potential is the potential at this
interface called slipping plane (Figure 2.26).

The magnitude of the zeta potential provides information about the system's stability.
In general, when zeta potential is ((-pot.) between -30 and +30 mV, the system is
unstable. When zeta potential is more than +30 mV or less than -30 mV the system
is electrostatically stablel'®l. At stable regions, there is often a sufficient repulsive
force between particles that they can stay separated. In an unstable suspension on the
other hand, particles that have low zeta potential tend to come together and sediment
quickly [18. 181 As sych, the changes on a particle surface can be analyzed by

changes in zeta potential measurements.
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Figure 2.26. Schematic illustration of Zeta Potential (184!

By analyzing the zeta potential of a particle while increasing the concentration of a
surfactant that has oppositely charged head groups, it should be possible to detect
the surface assembly modes of the surfactant and detect the conditions of stability
that would be reached upon bilayer formation. The quantitative determination of the
optimum amounts of carbon source (i.e., surfactant) can be useful when aiming to

achieve the individual carbon coating.
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2.5  Thesis Objectives

Carbon coating plays a crucial role in particle agglomeration state and affect the
volumetric energy density of a battery system. Since a good dispersion of the
particles is required for higher volumetric energy density, the carbon coating process
should not intermingle with an already established agglomeration free particle
system. Accordingly, it is hypothesized that by carefully selecting a surfactant and
probing the bilayer formation conditions via zeta potential measurements and setting
up the pyrolysis steps for carbonizing the surfactant layers and graphitizing this
carbonized layer with high efficiency, it should be possible to obtain full carbon

coverage.
Consequently, the aim of the thesis is

to design individual carbon coating process of an electroactive material using
colloidal principles and to reveal the effects of carbon coating process
parameters (primarily the amount of carbon source and pyrolysis conditions)
on the particle dispersibility, crystal structure and the purity of LFP, the
carbon coating characteristics (the degree of graphitization, amount, etc.),
electrochemical behavior of particles and the tap density. As a result, it is
aimed to design a carbon coating procedure enabling to produce individual

particles and that can be generalized to other electroactive particles.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Materials

All materials were used as received, without any further purification. Ethylene glycol
(EG, mono-ethylene glycol, > 99.5 %,) and isopropyl alcohol (IPA, 99.5 %) were
purchased from Tekkim. Lithium hydroxide (LiOH, 99%), ortho-phosphoric acid
(H3PO4, 85%), and iron (Il) sulfate heptahydrate (FeSO47H20, 99+%,) were
purchased from Merck. Deionized water (DIW) with resistivity of 18.2 MQ was
used. Cetyltrimethylammonium bromide (CTAB, 98%) was purchased from Alfa

Aesar.

3.2 LFP Particle Synthesis

LFP powders were synthesized by polyol method in a reflux setup. The
stoichiometric ratio of Li:Fe:PO4 was adjusted as 3:1:1 respectively (based on 0.14
M iron source) in the total volume of precursor suspension of 180 ml. EG was
preheated to 50 °C to speed up the dissolution of the reagents and kept at that
temperature during preparation of reagent suspensions.

EG was separated into two bottles, as 140 ml, and 40 ml. 0.08 mol LiOH and 0.08
mol of DIW was added into one bottle of EG (140 ml) and stirred for 30 minutes.
Meanwhile, FeSO4-7H20 was added into the other EG bottle (40 ml) and stirred for
15 minutes, then 0.027mol of H3PO4 was added and the mixture stirred for another
15 minutes. At the end of the 30 minutes, LiOH containing batch was added into this

mixture containing Fe and POa4 precursors. Black, viscous mixture was obtained.
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After being stirred for another 15 minutes for homogenization, the mixture was
transferred to the three-neck round bottom flask, heated up to 160 °C in a heating
mantle, magnetically stirred and refluxed for 6 hours. The reaction temperature was
controlled using the thermocouple connected to the heating mantle and double-
checked with the thermometer placed into the reaction medium. At the end of the
reaction, the suspension was cooled up to 25 °C in an ice filled ultrasonic bath
(Sonamak Ultrasonic Cleaner). In order to wash out the particles from the mother
liquor, the suspension was, first, centrifuged at 12,500 rpm for 15 minutes. Then, it
was washed once with DIW, then once with IPA with centrifugation at 12,500 rpm
for 15 minutes. After each centrifugation step, the supernatant removed, the sediment
was mixed with solvent. To effectively wash the particles, the obtained suspension,
first, magnetically stirred for 15 minutes, then mixed with ultrasonic horn (Bandelin,
Sonopuls HD 2070, at 75 % power) for 5 minutes, and magnetically stirred again for
another 15 minutes. At the end of the washing procedure, the sediment was collected
and dried at 90 °C for 1.5 hours.

3.3  Coating of LFP Particles with CTAB

3.3.1 Preparation of Dilute Suspensions of LFP and CTAB

Dilute suspensions of LFP and CTAB were prepared to understand the mechanism
of CTAB adsorption onto the LFP surface. For this purpose, aqueous suspensions
with 0.01 wt.% of LFP and determined amount of CTAB were prepared. The CTAB
concentration ([CTAB]) ranged between 0 and 1 mM. To adjust the CTAB
concentration, first 0.1 wt. % of LFP powders were dispersed in DIW and
homogenized with the ultrasonic horn for 5 minutes (75 % power). Simultaneously,
a 9 ml of aqueous CTAB (CTAB(aq)) solution was taken from a stock solution and
held in the ultrasonic bath for 5 minutes . Then, 1 ml of LFP suspension was
introduced into 9 ml of CTAB(aqg) and resulting 10 ml of suspension was kept in the

ultrasonic bath for 5 minutes for homogenization.
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3.3.2 Preparation of Concentrated Suspensions of LFP and CTAB

To increase the amount of the LFP powder coated with CTAB that can be prepared
in one batch, more concentrated suspensions were needed to be prepared. In order to
increase the amount of LFP by 10 times (0.1 wt. %) the CTAB to LFP ratio was kept
constant. Unlike the dilute system’s mixing sequence, in the concentrated system, 9
ml of CTAB@q) were added into the 1 ml LFP suspension. Then, the prepared 10 ml
suspension was mixed magnetically for 5 minutes instead of an ultrasonic bath used
in the dilute system in order to increase the probability of meeting of LFP and CTA"
molecules. Inthe end, 0.1 wt.% of LFP with [CTAB] between 0 -10 mM suspensions
were prepared.

3.4  Preparation of CTAB-Coated LFP Powders

The suspensions prepared according to the procedure described above were
centrifuged (Hermle, Z 36K, with 50 ml tubes) at 10,000 rpm for 20 min. After the
supernatant was carefully separated from the sediment, the sediment was dried at

120 °C for 2 hours and the dried powders were used in further analyses.

3.5  Pyrolysis of the LFP Particles with/without CTAB Coating

The dried powders were heated in a tubular atmosphere-controlled furnace
(Protherm, PTF 14/50/250) under Argon atmosphere (pure Ar, 99.995 %, Linde).
Before heating the samples, the furnace was purged with Ar gas flowing with a rate
of 25 I'min’* for 20 minutes, then the flow rate of the gas was decreased to 15 I'min’
! during heating. A gradual heating procedure were performed as follows: the
samples were heated from room temperature to 300 °C with rate of 2 °C/min, kept
at that temperature for 1 hour, then the temperature increased up to the determined
temperature (500, 600 and 700 °C) with a rate of 10 °C/min and held at that

temperature for 3 hours (Figure 3.1). The samples were naturally cooled down to 100
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°C under Ar atmosphere and taken out of the furnace. The heating profile is shown
in Figure 3.1.
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Figure 3.1. The gradual heating procedure used in the pyrolysis experiments

3.6 Characterizations

Crystal structure of the powders were analyzed by X-Ray Diffraction (XRD, Rigaku
Ultima-1V) with Cu-Ka radiation (0.154 nm), operating at 40 kV and 30 mV between

10° and 70° at a scanning speed of 2° min™

To find the optimum CTAB concentration for carbon coating of individual LFP
particles, the changes in the zeta potential of particles and the conductivity of the
suspension were measured using Malvern, Zetasizer Ultra. The concentration of the
samples was 0.01 wt. % for the dilute samples, and 0.1 wt.% for the concentrated
ones. The measurements were conducted right after the sample preparation and at 25

°C. Three separate samples were prepared from the same batch, and the zeta potential

52



measurements of each sample were repeated three times to determine the
reproducibility of results. Then, the pH of the suspensions was measured at room
temperature. The pH values were recorded after keeping the pH probe in the

suspension for 10 minutes due to fluctuations in the pH values.

Particle size analyses were conducted by dynamic light scattering (DLS) using
Malvern, Zetasizer Ultra Instrument. The particle size of three different samples
were measured and the sample preparation procedure for each type of sample was as
following: (i) The pure LFP suspensions; desired concentration of LFP amount was
first dispersed in water. For dispersion, first ultrasonic horn operating at 75 % power
for 5 minutes was used. Then, the sample was kept in an ultrasonic bath for 5 minutes
and the measurement was conducted. (ii) CTAB (g solutions; CTAB was dissolved
at interested concentration and after it dissolved it was kept in the ultrasonic bath for
5 minutes. (iii) Samples of CTAB and LFP suspensions were prepared according to
the same procedure used in zeta potential measurements. After the suspensions left
at rest for a day, the samples were taken from the turbid part that formed on the top
of sediment layer. For each case described above, three different samples were taken
from each batch and three different measurements were conducted from each sample.

All analyses were conducted at 25 °C.

Sedimentation profile of the suspensions, as prepared in the zeta potential
measurement, was determined using ImageJ software. The relative height of the
suspensions was taken from the top of the suspensions up to clear point of the

supernatants (Figure A.2).

Scanning electron spectroscopy (SEM, Nova, NanoSEM 430) was used to analyze
morphology of the samples. For sample preparation, particles were dispersed in DIW
(0. 25 wt. %) and homogenized using the ultrasonic horn for 2 minutes. A drop of
suspension was dropped on a silicon wafer and left to dry for 6 hours naturally. Then,
a thin layer of gold deposited using Emitech SC7620 Sputter Coater operating at 1.5
V, 10 mA for 2 minutes (and the SEM analysis was carried out at 20 kV.
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The fourier transform infrared spectra were recorded in a wavenumber range
between 4000 — 400 cm™* using Frontier IR (Perkin Elmer) with ATR (attenuated
total reflectance) attachment. The dried powders were used for analysis. (Section
3.4)

Thermogravimetric analyses (TGA, SII TG/DTA7300, Hitachi Exstar) were
conducted in alumina crucibles under N2 atmosphere, using 9 mg powder. The same

heating profile used in pyrolysis experiments were used for the analysis.

The high-resolution transmission electron microscope (HRTEM) analysis was
performed using Jeol 2100F (with Orius SC1000 Model 832 11 Megapixel CCD
camera). The HRTEM samples were prepared by dispersing particles in ethanol. For
dispersion, suspensions were kept in an ultrasonic bath (Bandelin RK-210H) for 45

minutes and dropped onto a carbon film grid and dried overnight.

The Raman analyses were performed with Renishaw, inVia Raman Microscope,
using He-Ne laser, 633 nm wavelength at 10% power. Curve fitting was done using
Fityk-Curve and Fitting software program[‘®l. Pearson7A function was used for
fitting.

Surface analyses of the powders were conducted by X-ray photoelectron
spectroscopy (XPS), using XPS-PHI instrument, equipped with an aluminum
monochromatic anode (Al, K.= 1486.6 eV). Carbon C 1s peak at 284.6 was used as
a reference for the correction. Curve fitting was done using Fityk-Curve and Fitting

software program. Pearson7A function was used for fitting.

Carbon (C) and Sulfur (S) amounts of the powder samples were measured by
ELTRA CS 800, Carbon Sulfur Analyzer.

Tap density was measured in a falcon tube with volume of 0.1 cm®. Powders was
added gradually, and after each addition the tube was slowly hit to a laboratory bench
(100 times). This was repeated until the entire volume was filled. For each sample

the experiment repeated three times.
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3.7  Electrode Preparation and Electrochemical Tests

Electroactive materials were mixed with carbon black (CB) and polyvinylidene
difluoride (PVDF) (PVDF in N-methy-2-pyrrolidone (NMP) (PVDF/NMP of 5:95
by weight)) in 80:10:10 weight fraction, LFP: CB: PVDF, respectively. The mixture
was homogenized using a mixer mill (Retsch MM400) at frequency of 20 s™* for 15
minutes. This cathode slurry was coated onto aluminum foil with a 200 um electrode
thickness using doctor blade and dried on a hot plate in a fume hood at 120 °C for 2
hours. The foil was cut into discs (®=18 mm) and were dried in a vacuum oven for
12 hours and directly transferred into Argon-filled glovebox. (Unilab mBraun, H20

< 0.1 ppm; O2< 0.1 ppm).

All the electrochemical measurements were conducted using Bio-Logic instrument
potentiostat/ galvanostat (Bio-Logic, VMP-300) at 25 °C. Half cells were fabricated
in an Argon filled glovebox. LiPFs (1 M) dissolved in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) in 1:1 vol% was used as electrolyte.
Whatman glass microfiber (GMF) was used as a separator. Li foil was used as
reference and counter electrode. After assembled in the glove box, the cell was kept
at room temperature for 2 hours to allow it to equilibrate. The cells were charged and
discharged galvanostatically under different specific currents with a potential range
of 2.5- 4.2V, at room temperature and cycled at different C rates (1 C=170 mAh-g’
1. The electrochemical impedance spectroscopy measurements (EIS) were carried
out between 20 kHZ and 10 mHz, with AC amplitude of 5 mV.
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CHAPTER 4

RESULTS & DISCUSSION

In order to obtain individual carbon coated LFP particles, first, dispersible LFP
particles were synthesized and characterized. Then, the LFP particles were coated
with a carbon source, CTAB, by controlling the interparticle interactions. For this
reason, the changes in colloidal behavior of LFP particles with increasing CTAB
concentration were thoroughly analyzed. In order to carbonize the CTAB on the
LFP surface, the effects of pyrolysis conditions on the LFP characteristics were
investigated. The individually carbon coated LFP particles under these optimized
conditions were characterized. Lastly, the improvement in the tap density and the

suspension rheology achieved using individual particles were demonstrated.

4.1  Properties of As-synthesized LFP particles

In this study, it is critical to use individual, dispersible bare LFP particles as a starting
material for coating, so that the particle characteristics can be preserved during the
carbon coating process and individual, dispersible carbon coated LFP particles can
be obtained. For this reason, first, LFP particles were synthesized in EG using reflux,
i.e., polyol route. The synthesized particles were characterized in terms of their
crystal structure, morphology, sedimentation behavior and the surface zeta potential,
and the results are presented in Figure 4.1. The XRD diffractogram in Figure 4.1a
showed that the synthesized particles were crystalline and indexed to the
orthorhombic olivine structure (space group Pnma, JCPDS Card No: 83-2092). The
SEM micrographs in Figure 4.1-c and 4.1-d, the particles are in fusiform shape and
mostly individual without any significant formation of chemical joints. As-
synthesized particles are sub-micron sized (< 1 um) and their zeta potential was
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recorded as -50 = 2 mV in DIW. As known from literature, |(-pot.| greater than 30mV
generally allows to obtain electrostatically stable suspensionst*®l, As observed in
Figure 4.1-b, the aqueous suspensions prepared with synthesized LFP particles did
not completely sediment. The height of the suspension decreased by ~1/3, even after
6 hours, supporting that the particles are individually present and dispersed in an

aqueous environment.
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Figure 4.1. Characterization of the as-synthesized LFP particles: a) XRD pattern, b)
Sedimentation test within 6 hours and zeta potential measurements, ¢) and d) SEM

micrographs
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4.2 Investigation of the Interactions with CTAB and LFP

After synthesis of individual LFP particles, the interactions between the carbon
source and the LFP particles were investigated. Since the LFP particles were found
to be negatively charged, a cationic surfactant, CTAB, was selected as a carbon
source to enable specific adsorption of positively charged CTAB ions on LFP
surfaces via electrostatic interactions. In order to reveal the extent of interactions
between the LFP particles and CTAB, the changes in the zeta potential and colloidal
stability of LFP particles occurred with increasing concentration of CTAB in

solution were analyzed.

Figure 4.2-a (and Figure A.1-a and b) shows the change in zeta potential of LFP
particles and the conductivity of suspensions with the addition of CTAB. In the
absence of CTAB, the zeta potential of LFP particles was as high as -52 mV, while
the zeta potential of the particles first sharply rose to zero with increasing amounts
of CTAB, and at around 0.05 mM CTAB concentration, it reached a positive value
of +10 mV, then gradually increased to +40 mV with further addition of CTAB. In
line with zeta potential values, the particles were completely sedimented when the
zeta potential values are between -30 mV and +30 mV, corresponding to the CTAB
concentration of 0.02 mM and 0.09 mM, respectively (Figure 4.2-b and Figure A.2-
a and b). The solution conductivity also showed a behavior change in this region.
While the conductivity of the system increased very slowly up to 0.1 mM CTAB
addition, the rate of increase in conductivity changed with further addition of CTAB

to the system.
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Figure 4.2. a) Zeta potential of LFP particles as a function of CTAB concentration
and corresponding conductivities for dilute (0.01 wt. %) suspensions. The regions
where the behavior change occurred was denoted as [1], [2] and [3],

b) Sedimentation behavior of LFP particles with increasing CTAB concentration.
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The first increase in solution conductivity with increasing CTAB concentration in
Figure 4.2-a attributed to the dissolution of CTAB molecules in water. While the
dissolved CTA" ions were expected to adsorb on negatively charged LFP surfaces,
the remaining bromide (Br °) ions are expected to be free in solution and increase its
conductivity. The decreasing zeta potential of LFP particles with increasing CTAB
concentration reveals the specific interactions between CTA" ions and the particle
surfaces. Three distinct regions were detected in the concentration range of the study
based on the changes in the slope of zeta potential and the solution conductivities in
Figure 4.2-a: (i) 0—0.05 mM CTAB, (ii) 0.05-0.5mM CTAB, and (iii) 0.5-1 mM
CTAB.

In the first region (0 — 0.05 mM CTAB), the zeta potential changed from -52 mV to
+10 mV and the solution conductivity increased. When the CTAB molecules were
introduced to the system, it dissociates into CTA" and Br ions. The positively
charged CTA" molecules conveniently position themselves on LFP surfaces due to
electrostatic attraction as illustrated in Figure 4.3- [1] and free Br™ ions increased the
solution conductivity. With adsorption of CTA* on LFP surfaces, the zeta potential
values decreased towards zero. Similar linear change was also observed in the
suspension pH, and it increased from 7.15 to 7.42 (shown in, Figure A.3.). Between
CTAB concentration of 0.04 and 0.05 mM and at pH between 7.2 and 7.4 (Figure
4.4), the zeta potential was almost zero corresponding to the isoelectric point of
CTAB coated LFP particles. At this concentration, the surfaces of the particles must
be covered with the hydrophobic tail groups of the surfactant, so particles became
unstable in aqueous solution, and started to sediment (Figure 4.2-b and Figure A.3-
b). The fluctuations in the zeta potential values in this range was attributed to these
instabilities. It was inferred that this region corresponds to the monolayer coverage
of LFP particles with CTAB molecules (Stage [1] in Figure 4.3).
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In the second region ([CTAB] = 0.05 — 0.5 mM), the zeta potential continued to
increase with the addition of CTAB, but with a slower rate compared to the first
region. The suspension was still clear as observed in Figure 4.2-b, but its turbidity
slowly increased with increasing CTAB concentration. As the CTAB concentration
increased after the monolayer coverage was obtained, the tails of the additional
CTA" molecules are expected to interact with the tails of the adsorbed CTAB
molecules by turning their ionized functional groups (i.e., head) toward aqueous
environment (Stage [2] in Figure 4.3). This is a condition where the CTAB covered
LFP particles became hydrophilic again and once this sets the stage for a potential
that is repulsive enough between the particles, particles started to suspend back in
solution. Redispersion of particles, therefore re-introduction of the charged units to
the solution, was the potential reason of the increase in the rate of conductivity
change in the second region (Figure 4.2-a). Since the additional CTAB molecules
only interacted with the adsorbed CTAB molecules rather than the LFP particle
surfaces, the suspension pH (Figure A.2.) did not change significantly, yet the zeta
potential increased slowly to more positive values as the particles covered by
positively charged CTA™ ions, and suspensions become more turbid as the particles
re-suspended with increase in their hydrophilicity. The bilayer formation was
predicted to be completed at around a concentration of 0.5 mM CTAB because after
this point the rate of change in the zeta potential was decreasing, that is the surface

of the particles was not changing with further additions of the surfactant.

In the third region, zeta potential values did not show significant difference since
probably the adsorption process reached to a saturation point, but solution
conductivity kept rising as free ions were introduced to the system. After formation
of bilayer coverage around LFP particles, if the CTAB concentration was further
increased, additional CTAB molecules were, first, considered to move freely in
suspension, then may start to form micelles if their concentration reaches to the
critical micelle concentration (CMC) in the third region. A recent study of Li
et.al.l!”® provides a supporting explanation of this phenomenon. It was stated that

the cationic CTA" ions adsorbed on the negatively charged citrate-capped gold
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nanoparticles and increasing CTAB concentration leads to formation of incomplete
monolayer, complete monolayer, incomplete bilayer, and complete bilayer,
consecutively. Further addition of CTAB to the suspension led to the formation of
perfect bilayer along with independent micelles. It was also reported that these
formations were not only dependent on the CTAB concentration, but as well as the

ratio of CTAB molecules to gold nanoparticles.

Although the CMC value of CTAB was indicated around 1 mM in the literature (541,
it was unknown in this system due to the existence of LFP. Considering the presence
of LFP would increase the CMC value of the CTAB and the CTAB concentration
range of the study being below this limit, micelle formation would not be expected
in this system. Yet, the particle size analyses were performed based on 1 mM CTAB
concentration to detect the micelle formation in LFP-free suspensions as well. As
shown in Figure 4.3, the average size of CTAB (1 mM) in water was approximately
4.67 = 1.14 nm and the average size of LFP (0.01 wt.%) particles in water was 267
nm. When the LFP particles (0.01 wt. %) were mixed with 1 mM of CTAB, the
particle size measurement showed only one peak with average size of 230 nm. The
absence of secondary peak at smaller dimensions supported the absence of micelles
in suspension. The apparent decrease in the size of LFP particles with the existence
of CTAB may be related to the better dispersion of LFP particles in water when
coated with CTAB. The narrower size distribution of LFP particles compared to the
case where only LFP particles present without any addition of CTAB supported this
argument. It has been also observed that the contribution of free ions to the system
caused an increase in the conductivity of the system, i.e. increased the ionic strength
of the solution. In line with these results, the rise in the ionic strength which may
also cause thinner electrical double layer™ around the particle surfaces and might

have reduced the hydrodynamic radius of the system.
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Figure 4.3. Particle size distribution of 1 mM CTAB in water, LFP (0.01 wt.%) in
water, and particles suspended in the turbid part of the [LFP (0.01 wt. %) + CTAB

(1 mM)] suspension after a day of sedimentation in water

When all these results were combined, the proposed mechanism was illustrated in
Figure 4.4. The perfect bilayer of CTAB around LFP particles was estimated to be
formed when the CTAB concentration was 0.5 mM corresponding to 1.82 g CTAB/
g LFP ([2] in Figure 4.4) and further increase in CTAB concentration led to presence

of free CTAB molecules in solution ([3] in Figure 4.4).
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Figure 4.4. Schematics of the corresponding zeta potential stages denoted by [1]
monolayer, [2] bilayer, [3] bilayer + excess free CTAB

Even though the dilute system (0.01 wt.% LFP in DIW) was helpful to understand
the CTAB adsorption mechanism onto LFP particles, the concentration of the
particles was too low to employ carbon coating process in useful scales. Therefore,
the LFP concentration was increased 10 times (0.1 wt.% LFP in DIW) keeping the
ratios between CTAB and LFP constant for each CTAB concentration (Figure 4.5,
secondary x-axis on top). In order to investigate the critical concentrations, the

similar analyses were employed at higher LFP concentrations.

According to the Figure 4.5, three distinct regions were detected in the concentrated
suspensions based on the rate of changes in zeta potential values and solution
conductivities as in the dilute case: (i) 0 — 0.1 mM CTAB, (ii) 0.1 - 5 mM CTAB,
and (iii) 5— 10 mM CTAB.

The zeta potential of the LFP particles were -60 mV at 0.1 wt.% concentration in
water. With the addition of CTAB, the zeta potential moved towards positive values

and the conductivity of the system kept rising as well (Figure A.1.). In the first stage,
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the zeta potential changed from -60 mV to +20 mV as a result of adsorption of CTA*
molecules. The complete surface coverage of the particles by CTA* molecules
occurred between 0.05mM and 0.1 mM CTAB concentration, indicating the
isoelectric point of LFP particles coated with CTAB is between pH 8 and 9. Also, at
this concentration, hydrophobicity of the particles increased due to the tail groups of
the CTA* molecules led to sedimentation of the particles completely (Figure 4.5-b).
In the second region (0.1 — 5 mM CTAB), particles were redispersed by formation
of bilayers and the zeta potential of particles raised. Since the driving force between
the particles were less than the first stage, the increase in the zeta potential were in a
slower rate. The bilayer formation was estimated to be completed when the CTAB
concentration was around 5 mM. In the third region (5 — 10 mM CTAB), the zeta
potential of particle was slowly increased from +60 mV to +65 mV with further
increase in CTAB amount. When the conductivity of the system was investigated, it
was seen that the change in conductivity trends occurred around the same regions
similar to the case of dilute suspensions. The only difference here is the amount of
CTAB additions, which was as high as CMC of CTAB for each addition step,

therefore, the formation of micelles could be favorable.
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Figure 4.5. Concentrated system a) Zeta Potential and Conductivity change at
different CTAB concentrations b) Sedimentation test of corresponding suspension

67



To check whether the micelles are formed or not at these concentrations of CTAB,
particle size analyses were performed for the case where the maximum amount of
CTAB was present in the systems, i.e. [CTAB] = 10 mM. The average particle size
of CTAB at 10 mM concentration was between 145- 200 nm and that of LFP was
around 300 nm at 0.1 wt.% concentration (Figure 4.6). When the LFP and CTAB
were mixed at these concentrations, the mean size of the samples prepared from the
top layer of the sediment occurred after a day were around 230 nm. Compared to the
LFP sample, the LFP-CTAB mixture resulted in a more homogeneous size
distribution. Considering the large size of CTABs in Figure 4.6, it was difficult to
comment on the presence of the individual micelles in LFP-containing suspensions.
Nevertheless, the LFP particles prepared using 10 mM CTAB were labeled as
excess-CTAB where “excess” indicates the CTAB amounts more than the one
required for the bilayer formation whether the excess CTAB molecules were free or

formed micelles.
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Figure 4.6. Particle size distribution of CTAB (10 mM), LFP particles (at 0.1 wt.
%) and LFP (0.1 wt. %) + CTAB (10 mM) suspension in DIW, taken from the

turbid part of the suspension after a day of sedimentation in water
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When dilute and concentration systems were compared, even though the general
behaviors were similar, the CTAB concentration at which the monolayers formed
were slightly different. While the monolayer is formed at 0.05 mM [CTAB] (0.18 g
CTAB/ g LFP) in dilute system, the same condition was reached at 0.1 mM [CTAB]
(0.04 g CTAB/ g LFP) in the concentrated system. Although, LFP and CTAB ratio
were kept constant during scale up, the required [CTAB] for the monolayer coverage
in the concentrated system was less than the dilute system. The bilayers, on the other
hand, were formed at the same CTAB(g) / LFP (g) ratio of ~ 1.82, corresponding to
0.5 mM CTARB in the dilute system and 5 mM CTAB in the concentrated system.

In order to investigate the effect of LFP-CTAB structure on the carbon coating
process, 5 mM and 10 mM CTAB additions to the concentrated suspensions (0.1
wt.% LFP) were selected to represent homogeneous bilayer formation and the excess
CTAB conditions, respectively. The bare LFP (pristine LFP) was also used as a
reference and further analyses were conducted using these three samples. The
samples were labeled as LFP, LFP-B, and LFP-E for the bare LFP, the LFP coated
with bilayer CTAB (5 mM CTAB), and the LFP coated with bilayer CTAB, but
consisting of excess CTAB (10 mM CTAB), respectively.

The samples to be used in the carbon coating were prepared, centrifuged, and dried
as described in Section 3.4, then these dry powders were used in pyrolysis

experiments.

To confirm the presence of CTAB molecules on LFP particles, the dried powders
were characterized by FTIR Spectroscopy (Figure 4.7). Characteristic peaks of the
LFP were between 1500 and 400 cm™ (fingerprint region)i*%l. The CTAB coating
around LFP particles was very thin, so the transmittance peaks were not all obvious.
However, the most dominant transmittance peaks of CTAB were expected between
3000-2750 cm™ corresponding to C-H stretching peaks. These peaks were only
present in the CTAB treated samples, but absent in the bare-LFP, proving the
presence of CTABs on LFP particles when treated. On the other hand, existence of -
OH and C-H/C-C stretching (between 1250-1750 cm™) in all samples drew attention
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and were attributed to the organic (mainly EG[®) residues from the reaction

medium and partially remained on particles even after washing.
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Figure 4.7. ATR - FTIR spectra of the samples: EG, CTAB, LFP,
LFP-B and LFP-E
4.3  Pyrolysis of the CTAB-Coated LFP Particles

In order to pyrolyze the organic content into carbon, heat treatment was employed.

First, the effects of heat treatment parameters on the CTAB-coated LFP particles

were revealed using thermogravimetric analysis (TGA). Based on the results,

pyrolysis parameters were determined, and the heat treatment procedure were

employed at larger scale in a tube oven.
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As shown in Figure 4.8, when the CTAB heated alone in a TGA oven under inert N2
atmosphere to 500 °C, it completely decomposed to gas molecules regardless from
the heating rate employed (2 °C/min or 10 °C/min) and no solid carbon residues left.
While the decomposition occurred at around 250 °C when heating rate was 2 °C/min,

it decomposed at 300 °C when the heating rate was 10 °C/min.

100

CTAB

10°C/min

1(')0 ' 260 ' 3(')0 ' 460 ' S(I)O
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Figure 4.8. TGA of CTAB with 2 °C/min and 10 °C/min

The TGA of LFP, LFPs and LFPe were investigated using slow heating rate of 2
°C/min and the results were shown in Figure 4.9. There were three consecutive
events in each sample, occurring with different kinetics. These events for LFP
sample occurred approximately in temperature ranges of 30 — 250 °C, 250 — 450 °C,
and 450 — 700 °C. The corresponding mass losses in these ranges were around 2.7
wt.%, 2.6 wt.%, and 6.3 wt.% respectively. In total ~11.6 wt.% of mass was lost up
to 700 °C. For the first two events, maximum mass loss occurred at 150 °C and 200
°C, which might be equivalent to evaporation of adsorbed water [1%°-1%21 and pyrolysis

of the organic residue on the LFP surface!®3l, respectively. LFP is an inorganic
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material, yet it had been confirmed by FTIR analysis that the organic residues
remained on its surfaces from the synthesis environment. Therefore, the mass losses
occurred at temperatures higher than 150 °C was attributed to the pyrolysis of these
organic residues. The mass loss occurred at temperatures higher than 450 °C was
probably related to the degradation of LFP, which was also confirmed later with

further analysis of the LFP powders treated under similar conditions.
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Figure 4.9. TGA of LFP, LFPs and LFPe samples with 2 °C/min

For CTAB treated samples (LFPs and LFPg), shown in Figure 4.10, three distinct
events, in temperature ranges of 30 — 260 °C, 260 — 500 °C, and 500 — 700 °C, were
observed as in the case of the bare-LFP particles. The presence of CTAB on the LFP
(LFPs and LFPe), led to higher weight loss compared to the bare-LFP. While the
maximum mass losses recorded during events occurring at 150 °C, 375 °C, and 600
°C inthe LFP, they occurred at around 175 °C, 400 °C, and 640 °C for CTAB treated

samples. The maximum mass loss happened synchronously in CTAB treated
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samples, but with retarded compared to LFP. The mass losses were about 4.20 wt.%,
3.50 wt.% for the first two events, respectively, and almost same for each sample.
For the third event, the values were 4.9 wt.% for LFPs; and 5.8 wt.% for LFPe. In
total ~ 12.6 wt.% and 13.5 wt.% of mass lost in LFPs and LFPg, respectively.

The presence of more organic content is evident from the higher mass loss occurred
during pyrolysis of CTAB-containing sample. However, it would not be realistic to
calculate the amount of carbon content originated from CTAB by subtracting these
values because during the CTAB coating of LFP particles, portion of the EG might
exchange with CTAB. It is also interesting to realize that the CTAB could be
converted to solid carbon during pyrolysis while it was known to completely
decompose into carbonaceous species in gas phase in the absence of LFP particles.
It can be concluded that the presence of LFP catalyzes the decomposition of CTAB
during pyrolysis. It is known form the literature that catalytic carbonization of CTAB
may occur due to the existence of transition metal, which is iron in LFPI1941112911195]
Presence of transition metals or some iron compounds are known to act as catalyst
in carbonization and promote the synthesis of carbon-based materials from organic
carbon sources at temperatures as low as 600 °C - 700 °C. Also, ferrites are
commonly used in biological processes due to the interaction between iron and

carbon(195-197]

At faster heating rate, 10 °C/min, shown in Figure 4.10., three successive events
within the temperature ranges of 30 — 250 °C, 250 °C — 500 °C and 500 — 700 °C
were observed similar to the case where the slower heating rate were employed. The
mass losses for these three consecutive events were approximately 2.9 wt.%, 3.3
wt.%, and 5.7 wt.%, for LFP, while they were 3 wt.%, 4 wt.%, and 4.1 wt.% for
LFPs and LFPe respectively. In total there was 11.9 wt. % mass loss in LFP and 11.1
wt.% mass loss in CTAB-treated samples. In comparison, less mass loss occurred
when the heating rate increased from 2 °C/min to 10 °C/min. The maximum mass
losses of the CTAB-treated samples were synchronous with each other but delayed

according to LFP in the fast-heating rate.
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Figure 4.10. TGA of LFP, LFPs and LFPe samples with 10 °C/min

Based on the TGA results, the heat treatment procedure which employed in
atmosphere-controlled oven was designed as following: The first event, ended
around ~250 °C, regardless of the carbon content or heating rate. Because the mass
loss was less when heat treatment was employed at lower heating rates, it was
decided to increase the temperature first to 300 °C with slower heating rate, 2 °C/min,
and the system was let to get stabilized at this temperature for an hour. The time
spent at high temperatures are critical for carbon coating of LFP particles because
long heat treatments at high temperatures will favor the graphitization of carbon, but
it will also favor the oxidation of LFP. That is why, the second step in heat treatment
procedure were decided to increase the temperature with higher heating rates, 10
°C/min, and the dwell time was fixed to three hours. Isothermal heat treatment at this
stage were employed at different temperatures (500 °C, 600 °C and 700 °C), and the
carbon coating characteristics and the content of LFP particles were analyzed to

determine the optimum pyrolysis conditions. After the heat treatment, as-synthesized
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LFP was denoted by LFP-HT and CTAB-coated samples were denoted as LFPs/C
and LFPe/C. The temperature reached at the second stage of the heat treatment was
also indicated in the label. Heating procedures employed to each sample were

presented in Figure 3.1.

The purity of the powders was characterized using XRD. As shown in Figure 4.11-
a, at relatively low temperature (500 °C), the powders were pure without any
indication of secondary phase formation. At 600 °C, only as-synthesized LFP
exhibited the secondary LisPOs4 phase while CTAB-containing samples did not,
indicating that the presence of CTAB (or its carbonized form at these temperatures)
on LFP particles inhibiting the side reactions and chemically protect the particles
(Figure 4.11-b). At even higher temperature (700 °C), the secondary phase, LisPOa,
was present in all samples (Figure 4.12-c), indicating that even the presence of the

carbonized from of CTAB was not able to protect particles from secondary reactions.
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Figure 4.11. XRD patterns of samples, pyrolyzed at a) 500 °C, b) 600 °C, and c)

700 °C, indexed by LiFePO4, JCPDS Card No: 83-2092, asterisk states the
secondary phase of lithium phosphate (*: LisPOa4)
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The detrimental effects of the presence of the secondary phases to electrochemical
performance were studied in detail in the literature as discussed in the pyrolysis
section of 2.2.3.1. For LFP electroactive material, the presence of LisPO4 would lead
to the formation of FeP and/or FezP on particles surfaces!'. Although LisPOs were
detected as a secondary phase in some samples in the XRD data, iron-based

impurities were not realized.

The morphology of the particles after heat treatment were analyzed as a function of
heat treatment temperature and the CTAB content. In Figure 4.12, the SEM
micrographs clearly showed that increasing temperature from 500 °C to 700 °C
caused morphology changes and neck formations in as-synthesized LFP particles. At
500 °C, particles preserved their shapes (Figure 4.12-a). At 600 °C, the particles
seemed mostly individual, but their morphology deteriorated except from few
(Figure 4.12-b). At 700 °C, on the other hand, particles completely lost their initial
fusiform shapes and chemically joined to each other (Figure 4.12-.c). Considering
the secondary phase formations detected in XRD analysis and the organic residues
left on particles detected in FTIR, it can be concluded that morphology changes can
be associated with the formation of secondary phases and/or pyrolysis of the organic
residues on particles.

77



LFP-HT

LFP./C

Figure 4.12. SEM micrographs of the samples at different CTAB concentration and

temperature

The LFP particles coated with bilayer CTAB (LFPs/C) was analyzed using SEM
after pyrolysis. After heat treatments at 500 °C and 600 °C (Figure 4.12.d and e), the
individuality and the morphology of the particles were seemed to be preserved. In
line with the XRD analysis, these results supported that carbon coating formed as a
result of the pyrolysis of CTAB molecules were able to chemically protect the LFP
crystals. Moreover, there was no indication of neck formations between particles
indicating that the particles could be coated individually. When the LFP were treated
with a higher amount of CTAB (LFPe/C), samples were aggregated and the ones
staying individuals were attached onto the aggregated clusters as a result of heat
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treatments at both 500 and 600 °C (Figure 4.12- g and h). At 700°C, as in other cases,
samples lost their initial morphology, became severely aggregated again regardless
of the carbon coating process (Figure 4.12 - ¢, f, and e).

In order to investigate the dispersibility of the carbon coated LFP particles,
sedimentation behaviors were observed (Figure 4.13). The particles which observed
to be chemically interacted with each other after heat treatment at 700 °C sedimented
right after the sample preparation while all other samples stayed dispersed even after
one day regardless of their carbon content. While the bare LFP had a zeta potential
of -50 £ 2 mV, the zeta potential values of the samples pyrolyzed at 500 and 600 °C
were measured between -42 and -46 mV and supporting the stable nature of the
samples in water. After pyrolysis, samples with differing zeta potentials from the

bare LFP demonstrated that the pyrolysis altered the particle surface.
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Figure 4.13. Sedimentation photos of the corresponding SEM micrographs

In order to understand the influence of carbon coating process on the electrochemical
behavior of LFP particles, specific discharge capacities were measured at 0.1 C and
0.5 C current rates (Figure 4.14). Initial discharge capacity of as-synthesized LFP
(LFP) started with 92 mAh-g™at 0.1 C and dropped to 30 mAh-g*at 0.5 C. When it
was treated at 500 and 600 °C (LFP-HT samples), 110 and 80 mAh-g™* were obtained
respectively, indicating the improvement in discharge capacities obtained at 500 °C
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even without CTAB coating. This improvement might be due to the better
crystallization of LFP particles with heat treatment and/or carbonization or
graphitization of the EG residue remained on LFP particle surfaces after synthesis.
However, at higher temperatures, the specific discharge capacity values decreased to
the levels lower than as-synthesized LFP particles. This result might be related to the
presence of LisPO4 phase detected in XRD analysis and/or the changes in the crystal
structure observed in SEM micrographs.
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Figure 4.14. Galvanostatic charge/discharge profiles of the as-synthesized LFP and
samples of 500°C and 600°C heat treatment samples
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When the particles coated with CTAB bilayer (LFPs/C) and treated at 500 and 600
°C, the initial discharge capacity were almost same and were 130 mAh-g*. The
difference between two samples were observed when the discharge rate increased to
0.5 C and the sample treated at 600 °C performed slightly better than the one treated
at 500 °C. Moreover, since the commercial carbon coated LFP particles had specific
capacity of in the ranges of 120 -160 mAh-g ™ [1*® | FPg/C, synthesized in this study
exhibited appreciable electrochemical performance (130 mAh-g?).

When the LFP particles coated with excess CTAB, and the samples were treated at
500°C (labelled as LFPe/C-500 in Figure 4.14), the specific discharge capacity
values started with 95 mAh-g™* and faded quickly and became zero at 0.5 C. When
the powders with same CTAB coating treated at 600 °C (labelled as LFPe /C-600 in
Figure 4.14), the best battery performance was obtained with specific discharge
capacity of 130 mAh-g? at discharge rate of 0.1 C, however, again the capacity
quickly faded when the discharge rate increased to 0.5 C. In either case the samples
prepared using excess CTAB could not maintain its electrochemical performance at

higher discharge rates.

To better understand the influence of carbon coating of LFP particles in
electrochemical performance, the conductivities of the samples were measured using
Impedance Spectroscopy. In the Nyquist plot of the samples, presented in Figure
4.15, the semicircle diameter indicates the charge transfer resistance (Rct) and
correlated to the electrochemical reactions at the particle-particle contact and at the
electrode-electrolyte interface [19°-2011 The smaller the diameter of the semicircle, the
lower the resistance of the system. The slope appearing at low frequency region
refers to the Li* ion diffusion in the bulk electrode and it is mathematically converted
to the Warburg coefficient, then solid-state diffusion coefficient of Li* ion can be
estimated through Warburg element 2922041 |n general, higher the slope means
higher the diffusion coefficient of Li*" ion. Accordingly, the plots in Figure 4.15-a
showed that, as synthesized LFP's Rct was ~260 Q and thermal treatment increased
the resistance to ~ 360 Q. The carbon coating obtained using bilayer CTAB after
heat treatment at 500 °C lowered the resistance of the system to ~230 € and the
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coating obtained using excess CTAB and treated at 500 °C, the resistance increased
back to a higher resistivity of 400 Q. The carbon coated using bilayer concentration
was expected the best Li* ion diffusion kinetics. In results presented in Figure 4.15-
b showed that pyrolysis of as-synthesized LFP at 600 °C (LFP-HT-600), led to
decrease in the resistance more than the one observed when heat treatment was
employed at 500 °C (LFP-HT-500). Similarly, the bilayer CTAB coated
LFP(LFPs/C-600) exhibited the lowest resistance whereas the presence of extra
carbon (LFPe/C-600) led to higher resistance.
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Figure 4.15. a) Electrochemical Impedance Spectroscopy of the as-synthesized LFP

and samples of 500 °C and 600 °C heat treatment samples

The charge and discharge voltage profiles for cells with different samples under
galvanostatic cycling at a current rate of 0.1 C and 0.5 C were compared in Figure
4.16. It could be seen that the over-potential gap (difference between charge and
discharge voltage at the half capacity of the first cycles?®®)) decreases with the
increase of the current rate. The voltage differences between the charge and
discharge curves of the samples at current rates of 0.1 C and 0.5 C were 233 and
1199 mV for LFP (Figure 4.16-a); 236 and 1077 mV for the LFP sample after heat
treatment at 500 °C, respectively (Figure 4.16-b). When the LFP sample was carbon
coated using bilayer CTAB concentration at 500 °C, the potential differences
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decreased to 135 (0.1 C) and 660 mV (0.5 C) (Figure 4.16-d). However, when the
LFP sample was carbon coated using excess CTAB concentration at 500 °C, the
potential difference increased to 803 mV at 0.1 C, this difference increased
significantly at 0.5 C, and the cell became dead (Fig. 4.16-f). As seen on the graphs
(Figure 4.16-4a, b, d, f), the voltage difference greatly increased while going from 0.1
C to 0.5 C, after heat treatment and the carbon coating at 500 °C, the potential gap
between 0.1 C and 0.5 C decreased remarkably except using excess amount of carbon

concentration (Figure 4.16-f).

The potential gap of LFP sample after heat treatment at 600 °C decreased and showed
351 and 1204 mV at 0.1 C and 0.5 C current rates (Figure 4.16- c), respectively.
Carbon coating of the samples using pre-assumed bilayer concentration further
decreased these differences such as 90.5 and 473 mV (Figure 4.16- e), while the
carbon coating using excess carbon concentration increased this potential gap to 129

and 942 mV at 0.1 and 0.5 C current rates respectively (Figure 4.16- g).

The flat voltage plateaus between 3.3 and 3.6 V imply the two-phase LiFePOs <
FePOs+ Li* + e reaction?%l, The slight voltage differences indicate the good
electronic conductivity of the LFP/C composite. The increase in voltage difference
implies that the resistance of the electrode increases, and the lithium diffusion
becomes sluggish and electrochemical performance is deteriorated?l. In other
words, lower over potential reflects lower internal resistance and better ion transfer
capability of the electroactive material 73 2081, Thus, it can be deduced that the
reaction kinetics and electrical conductivity of LFP (Figure 4.16-a) were improved
after heat treatment at 500 °C (Figure 4.17-b) and carbon coating at bilayer CTAB
concentration (Figure 4.16-d) at 500 °C. Yet, the reaction deteriorated, and capacity
faded out rapidly when LFP was carbon coated excessively at 500 °C (Figure 4.16-
f). Similarly, the heat treatment and carbon coating at 600 °C led to the same
response to the heat treatment and CTAB concentration. Heat treatment at 600 °C
(Figure 4.16-c) enhanced the electrochemical reaction and lower over-potential than

LFP (Figure 4.16-a) was observed. The carbon coating at bilayer concentration
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(Figure 4.16-e) further improved the Kinetics specific capacity got higher and low
potential was obtained. Carbon coating at 600 °C, using excess CTAB concentration
made the reaction slower and the conductivity of the carbon layer lower (Figure 4.16-
g); thus, higher polarization occurred in the cell, and a higher potential gap than the
bilayer concentration was noticed at this concentration. Generally, the reaction
kinetics at 600 °C was further improved than at 500 °C and even lower potential gap
was observed. It was noticed that the carbon coated LFP sample using bilayer
concentration (Figure 4.16-e) had the best electrochemical reaction kinetics and the
lowest electrode resistance and exhibited the lowest potential gap. These results were
in agreement with the impedance measurements. As described above, the impedance
spectra are composed of a semi-circle and an inclined line. The semi-circle is
assigned to the charge-transfer impedance (Rct) on the electrode, and the inclined
line corresponds to the lithium-diffusion process within LFP electrodes. As shown
in Figure 4.15-a and b the Rct of the electrode was decreased and lithium-ion
diffusion kinetics was increased with carbon coating. Accordingly, within the
samples, the better cell performance delivered by LFPs/C-600, which was consistent
with the results from Figure 4.15 where LFPs/C-600 exhibited the lowest resistance
and highest ionic conductivity. Depolarization effects of the electrode were lowest
at carbon coated samples using bilayer concentration at 600 °C. It can be concluded
that carbon coating at a relatively optimum carbon content greatly enhance the

electrochemical performance.
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Figure 4.16. The charge/discharge voltage curves of a) LFP, and samples treated at
500 °C; b) LFF-HT-500, d) LFPs/C-500, f) LFPe/C-500 and 600 °C; ¢) LFF-HT-
600, e) LFPs/C-600, g) LFPe/C-600
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Since the LFPe/C-600 showed better electrochemical performance and conductivity,
the optimum temperature was chosen as 600 °C. Therefore, further analyses were
done only with the samples of 600 °C. The carbon layer around LFP particles were
further analyzed using TEM (Figure 4.17). In TEM analysis of the LFP-HT-600
sample (Figure 4.17 a and d) a thin carbon layer observed around the particle, and it
was most probably originated from the EG residues remained on particles after
synthesis. After pyrolysis of these samples at 600°C, the residue carbonized and

formed a very thin carbon layer around particles.
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Figure 4.17. HRTEM images of the samples after 600°C heat treatment a) LFP-HT-
600 b) LFPs/C-600 c) LFPe/C-600 d), ) and f) are corresponding high magnification

images, respectively.

LFPs/C-600 samples were dispersible, as seen in SEM micrographs and
sedimentation analysis. The carbon layer was continuous and although the
attachment of CTAB onto LFP surface was physical in the preparation of the
suspension step, there was no gap at the interface of the particle surface and the
carbon layer formed after pyrolysis. The carbon layer was uniform around the
individual particles (Figure 4.17-e). Oppositely, the LFPe/C-600 samples were

86



coated in clusters, the particles were buried in the carbon (Figure 4.17-c) and the
necks between the particles were noteworthy. Even in the individual particles, the
carbon layer was inhomogeneous (Figure 4.17-f). TEM nano-graphs clearly showed
that the use of CTAB at optimum concentration was crucial to obtain homogeneous

carbon coating around individual particles.

The amount of carbon content in particles was measured with a carbon-sulfur
determinator as 1.38 + 0.04 wt.% and 1.52 + 0.04 wt.% for LFPs/C-600 and LFPe/C-
600, respectively. The thickness of the carbon layer, seen in the TEM nanographs,
showed that using CTAB at concentrations where bilayer is formed around particles

led to a thinner layer whereas using excess CTAB led to a thicker one.

The amount of sulfur, on the other hand, was measured as 2.94 + 0.23 wt.% in
LFPs/C-600 and 3.57 + 0.07 wt.% in LFPe/C-600 sample. The presence of sulfur in
the bulk samples was attributed to FeSOa reagent used in the synthesis of LFP 299,
It was also concluded that the presence of the sulfur in the samples might affect the

electrochemical reaction during charging and discharging negatively 219,

Molecular structure of the samples was investigated before and after heat treatment
with ATR-FTIR analysis (Figure 4.18.) effect of the heat treatment and carbon

coating on the surface of the particles were examined.
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Figure 4.18. The ATR-FTIR spectra of the samples before heat treatment, LFP, and
after 600°C heat treatment; LFP-HT-600 LFPs/C-600 and LFPe/C-600

The fingerprint region of the LFP electroactive material were between 1500 - 400
cm™ P The part of the spectrum between 400 — 647 cm™ are bending modes:
vibrations of symmetric and antisymmetric O-P-O and lithium[?'!]. The range of the
spectrum between 945-1139 cm™ corresponds to the stretching mode of the (PO4)*
polyhedral units. The shift of P-O vibration around 957 cm™ towards 1000 cm™ is
correlated to the lithium-iron (Li-Fe) antisite defect concentration of the LFP
electroactive material’?*?. As the shift was towards 1000 cm?, the antisite
concentration increases and the opposite shift was reported vice versa. It was also
reported that the increase in the antisite defect blocks the lithium-ion migration and
reduce the electrochemical performance. In this study, it was seen observed that heat

treatment of the as-synthesized LFP shifted the P-O vibration towards 957 cm™, and
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carbon coating of the samples caused further shift towards 957 cm™. It was implied
that antisite defect concentration of the samples were reduced with carbon coating
process. The effect of the improvement of the carbon coating process were consistent
with the electrochemical performance tests, it was noticed that the reaction kinetics

of the samples were improved after carbon coating.

The peak, seen in the LFP sample, in the range of 3600- 3100 cm™ was assigned to
the O-H stretching model®®! and this peak disappeared after heat treatment of LFP
(LFP-HT-600). In the same sample, a new peak arose at 2340 cm, which was
attributed to C=C triple bond and it can be stemmed from carbonization of the
ethylene glycol residue. The peaks seen at 1615 cm™ and 1395 cm™ was ascribed to
C=C or C=0 bonds®“, arising from ethylene glycol used in the LFP synthesis
medium. These peaks shifted towards lower wavenumber after heat treatment, as can
be seen from the arrows, in Figure 4.18. The same changes were seen in the carbon
coated samples (LFPs/C-600 and LFPe/C-600).

As stated in the introduction, the large particle size of active material has a significant
negative impact on electrochemical properties due to limited lithium-ion diffusion
into solid-state agglomerated particles. In the current study, similar behavior was
observed; as the current rate increased, the discharge capacity decreased (Figure
4.16-b-d-f) and it might be due to the non-homogeneous distribution of agglomerated
LFP particles in the cathode (supported by the SEM and TEM analyses). As a result,
agglomeration state of the particles after carbon coating process played an important

role in improving the electrochemical performance.

The chemical composition and valence state of LiFePO4 and LiFePO4/C material
was confirmed by XPS analysis (Figure 4.19). In the figure, in the wide range-
scanning spectrum shows peaks Li, Fe, P, O and C components confirming formation
of LiFePO4/C material. The Fe 2p spectrum exhibited two major peaks (Fe 2ps2and
Fe 2p112) at binding energies of 710.9 eV and 724.2 eV indicating Fe(ll) valence state
which is characteristic of the olivine-type LiFePOa products ?!%1.Due to fact that

there is nitrogen in the chemical structure of CTAB, presence of nitrogen was
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examined by XPS analysis in literaturel?'®l, However, the samples prepared in this
study, nitrogen was not detected. Therefore, it can be concluded that the head group
of the CTAB was decomposed during pyrolysis. Because the attachment of CTAB
onto LFP was physical, losing of the head group of the CTAB was probable in

pyrolysis step[9],
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Figure 4.19. XPS spectra of the samples LFP and after 600°C heat treatment; LFP-
HT-600 LFPs/C-600 and LFPe/C-600

Analyzing the C 1s core level spectra, the deconvolution (Figure 4.20) clearly
displayed the lower binding energy featured at 284.62 eV corresponding to C-C
carbon (sp? C) and the higher binding energy, featured around 285 eV corresponded
to C-C (sp® C)?*1. They were followed by C-O-C type carbon at 286 eV and a
shoulder at 288.9 eV, which was typically assigned to O-C=0 [?7:218]_Graphitization
degree of the samples were compared by the area under the peaks, denoted by sp? C
and sp®C. The area ratio of sp? sp® was 1.06for LFP (Figure 4.20-a), 3.07 for LFP-
HT-600 (Figure 4.20-b). It was observed that the sp? carbon content on the as-
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synthesized LFP sample was increased after heat treatment. It implied that the
ethylene glycol residue on the LFP sample were graphitized after heat treatment.
The samples pyrolyzed from CTAB-coated particles (LFPs/C-600-Figure 4.20-c and
LFPe/C-600- Figure 4.20-d), on the other hand, had the area ratio of sp? sp® of 8.23
and 1.01, respectively. Using CTAB at concentration to form bilayers around LFPS
had higher sp? hybridization, i.e., the degree of graphitization, after heat treated at
600 °C when compared to the one containing larger amount of CTAB. Even the as-
synthesized forms of these samples showed the same trend. As the carbonization of
CTAB was catalyzed by the presence of LFP particles according to the TGA results
and the carbon is more homogeneously distributed around LFP particles according
to TEM analysis, it is reasonable to conclude that the homogeneous distribution of
carbon source on LFP surface led to more homogeneous distribution and better

graphitization of carbon around LFP particles after the heat treatment.
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The particles were further analyzed by Raman spectroscopy in order to investigate
the nature of coated carbon Figure 4.21. The peaks appeared at 900 cm™ belongs to
the P-O vibration %2211 |n Figure 4.21., while there was not any peak related to
carbon, P-O vibrations were observed in the as-synthesized LFP sample. After
treating these particles at 600°C, the carbon related peaks were appeared as expected
from the presence of thin layer of carbon in TEM nanographs. The peaks denoted by
D (~1300 cm) and G (~1590 cm™?) referring to the disordered and the graphitized
carbon bands 16 220222 - As_synthesized LFP spectra did not show any carbon-
related peak. After heat treatment of LFP at 600 °C, D1 and G bands were observed.
D1 and G bands in samples prepared using CTAB were much more intense than the
as-synthesized LFP particles.

—— LFP
——— LFP-HT-600 D G
——— LFPg/C-600

——— LFPg/C-600 '\\,\' /“»\

Intensity (a.u.)

10100 ' 12l50 ' 15lOO ' 17150 ' 20100
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Figure 4.21. Raman analyses of the samples: LFP, LFP-HT-600, LFPs/C -600,
LFPe/C -600

The deconvolution of the carbon peaks observed in the Raman Spectroscopy analysis
presented in Figure 4.22. The Raman spectra deconvoluted into five peaks 54 129,223
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2241 G band is related to the E2g zone center mode of crystalline graphite. The D1
peak is assigned to the vibrational mode with Aig symmetry of disordered graphitic
lattice. The D2 band refers to highly defective graphitic lattice mode having Ez2g
symmetry. The D3 band is assigned to amorphous carbon. The D4 band is associated
with diamond like carbon with short range vibrations of sp® carbon. The area of D1
band and G band (Ac/Abi) is used to compare the degree of disorder between
samples. This value was calculated as 0.87, 0.64, and 0.35 for LFP-HT-600, LFPs/C-
600 and LFPe/C-600, respectively. It was observed that the ratio of the graphitized
carbon peak area to the disordered carbon peak area was higher, i.e., had larger
amount of graphitized carbon, when the powders were prepared at optimum
conditions, i.e., using bilayer concentration of CTAB and treated at 600 °C. In line
with XPS results, it can be deduced that the catalytic activity of LFP (or the iron in
it) might be resulted in enhanced graphitization of carbons that were in direct contact
with LFP particle surfaces. However, excess carbon that was trapped between the
particles became carbonized but not sufficiently graphitized, which decreases
conductivity and impairs dispersibility by resulting in neck formation. All in all, it
can be concluded it is not only the carbon amount, but the graphitization degree and
the distribution of carbon around particles are the critical properties what creates the

difference in electrochemical performance.
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Lastly, the influence of preserving dispersibility of particles during carbon coating
process on tap density of particles was investigated. As tabulated in Table 4.1, the
carbon coated LFP particles using bilayer CTAB concentration (LFPs/C) had almost
the same packing as the LFP particles, whereas the carbon coated LFP particles using
excess CTAB concentration (LFPe/C) had lower packing density than LFP and
LFPs/C. Even though carbon coating process were applied to LFP particles, carbon
coated particles preserved their individuality and dispersion quality when bilayer
CTAB concentration was used and, carbon coated particles using excess CTAB
concentration lost their dispersibility. It has been demonstrated that when the carbon
coating was designed meticulously, therefore when the individually carbon-coated
particles were synthesized, the carbon coating process would contribute to the
chemical stability, mechanical integrity, electrical conductivity, and the
electrochemical performance of the LFP particles without deteriorating its
dispersibility. Increasing the electrochemical performance while keeping the tap
density constant would lead to improvement in volumetric energy density in a battery
system.

Table 4.1 Mean tap density values of as-synthesized LFP, carbon coated LFP
samples; LFPs/C -600 and LFPe/C -600

Samples LFP LFPg/C -600 LFPe/C -600

Tap density (g-cm™) | 1.11 +0.06 1.16 + 0.08 1.01 +0.08
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CHAPTER 5

CONCLUSIONS AND FURTHER RECOMMENDATIONS

The carbon coating process is just as significant as particle design to improve
volumetric energy density of electroactive particles. In this thesis, an ex-situ carbon
coating procedure enabling to synthesize carbon coated individual particles was

developed.

To ensure full coverage and individual carbon coating, colloidal principles were
utilized. To this end, cationic surfactant, CTAB, was chosen as a carbon source
because it is positively charged in aqueous media, so that it preferentially interacted
with the negatively charged electroactive material, LFP. Based on the changes in the
colloidal behavior of particles, the mechanism of CTAB coating on LFP particles
were revealed. The isoelectric point of LFP particles was reached with addition of
0.05 mM CTAB into LFP suspensions with solids loading of 0.01 wt.%,
corresponding to monolayer CTAB coverage of LFP particles. At this point, particles
were destabilized and separated at the bottom of the container. Further addition of
CTAB into solution re-stabilized the LFP particles and homogeneous particle
suspension was obtained again. Based on the behavioral changes in the zeta potential
of LFP particles and the solution conductivities, the CTAB concentration at which
the bilayer as formed estimated as 1.82 CTAB(g) / LFP(g) corresponding to 0.5 mM
CTAB concentration. Further addition of CTAB molecules were predicted to move
freely between CTAB-coated-LFP particles.

In order to increase the amount of LFP particles coated with CTAB, the system was
scaled-up as an advantage of designed process, and the solids loading was increased
to 0.1 wt.%. All the critical parameters were re-determined. It was realized that the

monolayer coverage was obtained at the same CTAB concentration with the dilute
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system, at 0.05 mM of CTAB in both dilute and concentrated system, and the bilayer
coverage was obtained at the same CTAB(g) / LFP(g) ratio of 1.82, corresponding
to 5 mM CTAB concentration in concentrated system. Three samples were selected
to be used in the pyrolysis step: bare LFP, LFP with bilayer CTAB coverage, and
LFP with excess CTAB.

The heating procedure and the pyrolysis temperatures were investigated. From TGA
analysis, it was realized that CTAB completely transforms into gaseous species,
when heated alone, but it carbonized when it was located on LFP surface, and the
heating procedure were optimized. The heat treatment was employed in an oven tube
with controlled argon atmosphere. The powders were first heated to 300 °C with
heating rate of 2 °C/min, hold at this temperature for an hour, then heated to elevated
temperatures with heating rate of 10 °C/min and the sample hold at this temperature
for three hours. The heat treatments were employed at 500 °C, 600 °C and 700 °C,
and among them 600 °C were found to be optimum based on the purity and the

dispersibility of the treated samples.

According to the dispersibility of particles, carbon coating characteristics
(homogeneity, the degree of graphitization, homogeneity), conductivity,
electrochemical performance, and the tap density of particles, the CTAB
concentration corresponding to bilayer coverage was found to be optimum to
synthesize individual carbon coated particles. The excess amount of carbon source,
in our case, CTAB, caused negative effects in the dispersibility, the electrochemical
performance and the other properties of LFP particles. The LFP particles coated with
this optimum amount of carbon, 1.38 wt.% carbon, led to the specific discharge
capacity of 130 mAh-g* in an organic electrolyte and tap density of 1.16 g-cm. The
specific discharge capacity of the LFP particles were increased from 92 mAh-g*to
this value with the contribution of carbon coating. The electrochemical performance
of the particles can further be improved if the initial LFP particles with designed
crystal structure are used as a starting material. Moreover, sulfur was found to be
present in carbon coated particles. Elimination of this sulfur content with additional

washing procedure may result in further improvement in electrochemical
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performance. Pyrolysis conditions can further be optimized to preserve the head
group of the CTAB having nitrogen, to obtain nitrogen doped carbon layer, which
was reported to exhibit specific discharge capacities close to the theoretical value.
To increase the graphitization degree of the carbon layer without employing high
temperatures, graphitization catalysts such as ferrocene, pyromellitic acid etc. can be
introduced to the system before pyrolysis to improve the electrochemical
performance of the particles. None of these recommendations possesses a threat to

deteriorate the dispersibility of the particles obtained in this study.

Because particles were individually carbon coated, it was expected that using these
particles would lead to lower suspension electrode viscosity and better processing of
electrodes and higher volumetric energy density compared to agglomerated

counterparts.

The developed ex-situ carbon coating methodology enabled to compare the sole
effect of carbon coating and investigation of the direct influence of the carbon
coating characteristics. Moreover, utilization of the colloidal principles in carbon
coating enabled to determine the optimum carbon source amount and individual
carbon coating of particles and there is no obvious limitation to employ such a

procedure to any electroactive material.

Surfactants have a broad spectrum of functional groups and the carbon chain lengths.
The presence of aromatic groups, which may provide better graphitization and
adsorption ability or some elements such as nitrogen adapting the carbon electronic
structure of the carbon layer is advantageous to achieve a high degree of
graphitization and specific capacity. Using different surfactants with different
chemistry and/or chain length has a potential to tune the thickness and other
properties of the carbon coating layer. The procedure developed in this thesis can
simply be tuned to further optimized the carbon coating characteristics, and thus it is

robust.
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APPENDIX

A. Suspension Properties of the Dilute (0.01 wt. % LFP) and Concentrated (0.1
wt. % LFP) LFP-CTAB Systems
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Figure A.1. Changes in a) Zeta Potential and b) Conductivity of the Dilute (0.01
wt.% LFP) and Concentrated (0.1 wt. % LFP) LFP-CTAB Suspension System
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Figure A.2. a) Measurement of Sedimentation Length using ImageJ Software, b)
Sedimentation Rate of the Dilute (0.01 wt.% LFP) and Concentrated (0.1 wt. %
LFP) LFP-CTAB Suspension System
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Figure A.3. pH changes in the Dilute (0.01 wt.% LFP) and Concentrated (0.1 wt. %
LFP) LFP-CTAB Suspension System
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