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ABSTRACT

UTILIZATION OF COLLOIDAL PRINCIPLES IN CARBON COATING
OF ELECTROACTIVE MATERIALS

Akkar, Yasemin
Master of SciengéMetallurgical and Materials Engineering
SupervisorAssoc. Prof. Dr. Simge ¢énar

Co-SupervisorProf. Dr. BoraMa v i K

September 202230 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 s@oas 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 materialgjJsoplaysasignificantrole in the agglomeration of
theparticles For this reason, in this thesismisaimed to develop a suitable carbon
coating procedure in such a way that individual electroactive materials maintain their
dispersibility. Herein, as a novel approgatolloidal principles anda proceeding

pyrolysisstep were usei synthesize dispersilyparticles with full carbon coverage.

LiFePQ: (LFP) electroactive material was chosen as the model sylstdividualy
dispersible LFP particles were produced with the polyol method. 2dtarpotential
analyses on pristineFP particles CTAB (cetyltrimethylammonium bromide) was
choseras the surfactant and used as a carbon starggrolysis The criticalratio

of CTAB to LFP at which zeta potential reverses sign and stabilieesdetermined



and a twostage pyrolysis procedure was designed. Themgbticarborcoated
individual particles produced in this process and bareweé&ie compared in terms

of theirdispersibility, tap density, and electrochemical performance. The tap density
of the pristine LFP (1.14 A ©)mand carbostoated LFP particles (16 gdm®) was
obtained quite similarResults demonstrate the applicability of the zeta potential
analysisbased approach utilized herein producing homogeneous carbon coating
without any loses itap densityanddispersibility.

Keywords: Carbon CoatingColloidal Stabilization, Dispersible Electroactive
Material Synthesis, Lithium Iron PhosphaistyltrimethylammoniunBromide
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ELEKTROAKTKF MALZEMELERKN KARBON KAPLANN
KOLOKDAL KLKELERKN KULLANI LMASI

A K Kk dasemin

Y¢ ksek,Meitsad nusr j i ve Mal zeme M¢{ihendi
Tez YP©° nAestsiocci.s iPir of . Dr . Simge ¢énar
Ortak Tez ¥Pneticisi:Pr o f . Dr . Bora Mavi K

Ey |l ¢ 1,13R92a2

Artan enerji talebiy ¢ k sek haci msel ener ji yojunl uju
gerektirmektedir, bu nedenl e mevcut he
yé¢kl enebil ecek aktif mal zeme mi ktaréné

partike¢llerin dajrete&k!|l gkksdak umaci mheeli | gn

el de etmek i-in dajeéelabilir parti ke¢ll er
il etkenliJini artter mak I -1n kul |l anél
aglomerasyonunda °nemli r ol tekl glekteoakdfk t ad & r
mal zemel erin dajetelabilirlijini kor uyac

prosed¢r ¢egnegn gemawBamrmadadanesyemimabilmanyakl a
kar bon kapl amal e, daj él abi |l ir ilkplein - acékl

kull anémé ve ardéndan piroliz iklemi ger:

Model sistem olarak LiFeP(d LFP) el ektroakti f mal zemesi
pol yol y°nt emi il e tekil ol arak dajeéetek
par - aceéekl ar ézeta ¢ pomnsiyeh dan&izlerinden sonra, CTAB

(setiltrimetilamonyum bromg¢gr) yézey akti
kaynajeé ol arak kull anél méexkt ér . CTAB' i n
i karetinin dejixktii5]i vieersmiaktiilri zee oil Kiuj @
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piroliz prosed¢re¢ tasarl anméxkteéer . Bu proses
par -aceéekl ar vV e yal én LFP numunelver i daj et €
el ektrokimyasal perfor mBM(kllgmBPwkkabork ar K €1 akt
kaplé LFP par-adékdalrenréma (ylajlwnlgucum ol duk -
edi |l mi ktir. Sonu-1ar, burada kull anélan zet
uygul anabilirlijini dol dur ma yor] ukndyu§punda Vv

ol maksézen homojen karbon kaplama ¢retimi i

Anahtar Kelimeler: Karbon Kaplama, Koloidal Stabilizasypra ] ét e k El ekt r oakt

Malzeme Sentezi, Lityum Demir Fosf&etiltrimetilamonyunBr o my¢, r
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i.e., increasing the volumetric energy density A&hbesides gravimetric energy
density. Therefore, the compactness (packing density or tap déHsi#)pof the
system becomes a ¢cidl design parameter. In order to improve the volumetric
energy density, the effects of particle design parameters such &¥zand
morphology*°'®l on the tap density of electroactive materials have been
investigated. Even though, the highest tap densities were achieved when individual
particles were us€dH*€l, the effect of agglomeration state of electroactive particles
has not been explicitly studied. Moreover, the influence of carbon coating process

parameters othe 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 betweeividual particlesand

carlon 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 Liion batteries are reviewed (Chapter 2). Experimental details to
achieve objectives of the thesis are presented in Chapter 3 and results of the study
were reporte@nd discussed in Chapter 4. The conclusions and the potential future

directions of this thesiwork were summarized in Chapter






Commonly, battery systems consist cthode and anode electrodes in an
electrolyte, a membrane in between, and current collectors connected to an external
circuit (Figure 2.1a and b). The working principle is based on the oxidation and
reduction (redox) reactions between anode and catlde#8. Transfer of lithium

ions and electrons takes place during charging and discharging between anode and
cathode sidesalso, ence these reactions are reversible these battery systems are
rechargeable. The followinglectrochemicaleactiors can be usd to describe the
charge and discharge mechanism of a lithiombattery Here, as an examplg-P

and graphite are theathodeandanode respectivellft: 22

Cathodehalf reactionLiFePQi Z LiixFePQ + x Li*+ x €
Anodehalf reaction6 C +x Li*+ xe Z LixCs
Overall Reaction: &€ +LiIFePO1z lLxFePQ + LixCs

The electrochemical reaction in LdBnvolves he migration of Li" into (insertion/
intercalation)and out of (extraction/ deintercalation) cathode and anode materials.
During dischargingL.i* travelsfrom anode thenthroughthe electrolyte to cathode
meanwhile electron is released for everyibvolved in thereaction to an external
circuit where i can power a deviceand vice versa happens during charging.
Regardingthese reactions, the efficiency of electrochemical energy storage and
conversion during chargidjscharging isstrongly dependent on the ionic and
electronic conductivity of the electroactive mateHalsin other wordspoth ionic

and electronicconductivites of the electroactive materials directlgetermine
electrochemical performan@nd rate capabilityi.e., how quicky battery charge

and discharge)of the batteries Additionally, depending on the electroactive
materials used in both anode and cathode swt#ametric and specific energy
density of the systems changésthium ion has the lowest reduction potential,
compared to other elements and it is one of the lightest elements, having small ionic
radius. Due tothese advantages, using-ibn based cathode materials in these
systems, allows having theoretically higher gravimetric and volumetric capacity, as

well as high power density compared to other chemi€tfigdowever, Liion based



cathode materials have low electronic and imaicductivities andhave limitations
in achieving theoretical electrochemical performé&ic& 261 To overcome these
drawbacks, doping/??, size reductiod® 31, morphology contrdl 32 33 metal
oxide mating** * approachesave beerstudied. Amonghese the most common

methodhas beermarbon coating of electroactive materfgIs7]

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 partielel§ the electoactive materials

are fully covered with carbon as schematized in Figur@2l2e electrons are carried

over the conductive layer on the surface of the particles instead of passing through
the electroactive materialith thelow electrical conductivityHence, 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 carbotayer (Figure 2.2b). For thisreason, fast electron
transfer requires not only the presence of carbon, but also complete carbon coverage
around patrticle.

a) Nano-sized Frameworks  Carbon b) LiFePO,
LiFePO, Particle of

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

Figure2.2. 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 attretion 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 ovelissurface 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 lithiuaon diffusivity into/out of an edctroactive material would be
poorer since thick layer acts as a physical barrier (Figure 2.3). fhieu$ickness of

the carbon coatinghould be adjusted in such a way that it does not prevent ionic
diffusion while increasing electronic conductiify. In addition too thick of a
carbon coating layer decreases the volumetric energy density of bt lue

to inactive material loadifj!. Consequently, full carbon coverage with optimal
thickness is required for faster electronic and ionic transport as well as high

volumetric energy densiy: 4% 42

ionic transport

electronic
transport

-—————— -

Conductance

v

Carbon layer thickness or contents

Figure2.3. Schematic representation of effect of carbon layer thickness on ionic and

electronic conductivity of an electroactive material (LiMePK@e= Mn, Nij, Fe}*?

Furthermore, electrochemical polarization, linked to internal resistancbaiteay

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



times*> 44 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 anelectrons.Hence, the homogeneous carbon

coating aids$n minimizing the polarization phenomentm?el

Under the conditions batteries are generally exptisedcondary reactions between

the surface of the electroactive material and electrolyte (aqueougamic) or air

can be expected and detrimerttaperformanc 47 481 Another advantage of the
carbon coating is creating a protective layer on the surface of the paagicliest

these reactiofs*” 81 Because carbon has a chemically stable structeamplete
carbon coverage forms a physical barrier on the electroactive material surface and

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

One of the most common salt electrolytes used in batteries is. L\When it
decomposes HF (Hydrofluoric Acid) is formed and hydrolysis of HF give rise to
dissolution of transion metals and corrosion of the surface of the electroactive
material (Figure 2-4). As a result, the cathode structure is destroyed and the
capacity of the battery declineshd shielding carbon layer that surrounds the
particles inhibits the dissolutio of the metal iods 4" 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 mdkegare 2.4b)

and structural stability of the electroactive material is sust&irféd 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 partiéle . From another point of viewprganic
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
systemB8%%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 andtiaeprotec



layer is formed against water, minimizing the degradation of electrochemical

performance in aqueous LIBE%,

(a) Without coating f_\‘
w Dissolution

Surface oxidation Surface corrosion
In air In electrolyte
(b) With coating
@ Q[:lon
In air In electrolyte

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

(b) existence of carbon lay®r

One further advantage of the carbon coating is theglgs the particle maintain its
structural integrit{?> 5%, Phase transitiorendrepetitive lithiation and déthiation

that occur during chargdischarge cycles, lead to repeated expansion and
contraction in an electroactive material. Accordingljructural,and volumetric
changeoccurin the material during cycling. As a result, the electroactive material
may break down and lose its integrifyne carbon sheath allows the electroactive

material to preserve its structure for a longer time and prolongs its serie life

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 o#r during battery operation, carbon coating is criticalbtaininga
structurally stable electroactive mateaaldhigh electrochemical performance.



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

method.

2.2.1.1 Agglomeration State of the Particles

Thephysical properties of the electroactive materiads,dgglomeration state of the
particleg determine how they influence the properties of materials dispersions and,
in turn, the electrochemical performance of a battery syséexordingly, before
addressing thehysical properties of the carbon coated piagjcit should be
understood the meaning of dispeds agglomerated,and aggregatd particle
systemg?8: 59|

A well-dispersed system costs of individually separated particles and is stable in
the liquid phase due to interparticle repulsive forces (Figure 2.9 he formation

of agglomerate@~igure 2.5 11) is due to attractive or weakly repulsive interactions
between particles in thdéiquid, whereas the formation of aggregatésard
agglomerates, fused, unbreakable particles) (FigurdI2)%s usually chemical and
often occurs during the synthesis and/or preparation of parfitias, agglomerates

are reversible (Fig. 2-B) and ca be redistributed within the system, while
aggregategbarticles create an irreversible system and cannot be initially separated
into dispersed patrticles (Fig. 28).

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 mmponents. Thus, aggregated systeanticularly, cause underutilization

of the patrticles due to reducadailablesurface area and leads to losses in capacity

and rate capability.
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Figure2.5. Dispersed particles (Bgglomerated (lI) and aggregated (l11) particles.
In the agglomeration process (A)e initially dispersegbarticles interact with each
other in a reversible way by weak forces, whereas they atdigbtly together by

strong forces, in an irreversible way, upon aggregatiof’{B)

Furthermore, aggregad carbon coated particles decrease the tap density, which, in
turn, causes reduced energy density in the full battery*€elBesides, severe
aggregation creates detrimdnfaoblems in the processability of electrodes in
conventional LIBEY 62 while it requires high pump energy in SFBs, leading to
lower efficiency in both types of LIES!. Since SFBs are flowassisted systems, the
effect of aggregation will be much more pronounced in SFBs than in the case of
conventional LIB&4. 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 @rbon coatingrocesgesponsible fothe particle agglometteon statedirectly
and affects the processabilipf an electrodeand in turn, the electrochemical
performance of a battery systenus in this sectiopeach carbon coating procedure

was addressed in termsprticles” physical properties

Carbon coating process can be employed in two waysitu and exsitu carbon

coating.

In thein-situcarbon coating, all the precursors of an electroactive material are mixed
with a carbon sourgevhich is generally an organic molecutsd treatedinde the
reaction conditions. Then, heat treatment is applied for crystallization of the active
material and carbonization of the carbon sdtréd. During heat treatment,
pyrolysis takes place in which organic compounds decompose and amorphous
carbon transforms into graphitic carbdétresencef an organic molecule that has
inherent functional groups or a potential of hyanedponding with crystal surfaces

can intermingle with botthe nucleatiomndgrowth of thecrystallites and secondary
particles. In some cases, this may even leadatwosized particl&S: 51 Small
particlescommonly exhibit better electrochemical performance than the larger ones
due to their higher ionic conductivignd narrowed the diffusion path of*1§°l.
Recent studies have shown that special morphological and surface design of the
active materials is advantageous in terms abhidiffusion, structurastability,and
electrochemical performance during battery cyc¢tfif§. In line with this,in-situ
carbon coating method is usefukynthesi®f carbon coated electroactive materials,
having a wide range of morphologid3espite these advantages;situ carbon
coatingrequires fine tuning of the reactigmrametersuch as precursor type and
ratio, feeding sequence of the precursor, carbonceodype 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 ofBhuvaneswari and KalaiselMior example,it was shownthat by
settingthereaction pH and reagetd carbon source ratian-situ carbon coating of

LFP electroactive materiahd various particle morphologies could be achievidu
different carbon sourcE¥. While using glucose as a carbon souszktoirregularly
shaped LFP particleasingcarboxy methyl cellulose, ascorbic acid and polyacrylic
acid resulted inmicrorods, flakes and platelet morphologissspectively (Figure
2.6). In connection with the carbonwrces, 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 densilso, it was statedhait 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 reducingrtieespheric gas pressure
and thus maintaining the concentration of the reagéntsor this reason, the
combination of the reagents as well as the reaction conddicet and control the
properties of theesultingpowders.

Figure2.6. in-situ carboncoated LFP particles witthifferent morphologies using
various carbon sources of glucose (G), carboxy methyl cellulose (CMC), ascorbic
acid (AA) and polyacrylic acid (PAAY!

12



Because there are multiple parametersmiémagean the in-situ methodcontrolling

the size, shape, and coating layer at the same time becelawggely complicated
with this metho, andthus,tuning the electroactive particle characteristics is not
a straightforward proce$¥72l,

The study of Qi'set. al. compared pristine LFP, and-situ carbon coated LFP
particles, synthesized in an autocl&eThe pristine particles were synthesized in
microsphere morphologwith the aim of closepacking. In-situ carbon coated
particles weresynthesizeavith different amourgof sucrose (with the 10 and 15 wit.

% of LFP) (Figure Z). The resulting particles were sphdike butagglomerated

As a resultjn-situ carbon coated particles showmsabr dispersion qualitgompared

to the pristine one, but carbon coated particles exhibiteyher initial discharge
capacity (~80, 118, 130 mA' at 01 C with increasing sucrose amount of 0, 10
and 15 wt. % sucrose, respectively). In other words, optimization of the coating with
the amant of sucrosded to thehighest specific capacity, bt the cost of

aggregatiomf the particlesnd irreguladistributionof carbon betweethe particles

Figure2.7. Effect ofin-situ carbon coating of LFP on the dispersion quality: with
the changing amount of sucr&se

Obviously, the increasing amount of carbon affected the dispersion of the particles
even though it enhanced the battery performa@oatrol on spherical morphology

was possible during bare electroactive makeyathesishoweverdispersibility of

the particles was affected in samples witisitucarbon coatingThis is an indication
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that introducing the carbonaceous material into the reaction medium requires a

meticulous design of the reaction parameteggéserve dispersibility gbarticles.

Apart from the amount of the carbon, type of the carbon source remarkably changes
the physical and chemical properties of the electroactive matdndlse study of
Pratheeskshat. al, LFP particles weren-situ carbon coated with similar type of
carbons; glucose, fructose, and sucraseler same synthesis and pyrolysis
condition&¥. Glucose and fructose at®th monosaccharidehaving equivalent
formula but distinct isonré&c forms. They caralso act as reducing agenBucrose

on the other hands adisaccharidelt hasmore carbon andoes not have a reduction
power.Even when similar types of carbon sources (glucose and frjigtese used

in the synthesisthe particls showedhuge differencesin morphology,size, and

dispersiorcharacteristicg§Figure 28).

Figure2.8. in-situ carbon coating of LFP with similar type of carbon sources
glucose (GLFP-G), fructose (ELFP-F), sucrose (€.FP-S)"4

Although the carboftoated particles with sucrosxhibited the highest initial
discharge capacity (116 mAn) than thoseaated using fructose (98 mAjt) and
glucose (63 mARly!) at 0.1 C, at a higher current rate (at 1 C), casmated

particles using sucrose faded out quickly and carbon coated particles using fructose
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had the higher capacity (42 mAjt) than using thelgcose (24 mARy™Y). 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 abovementionedstudies it should be noted thadbesidesproperties like
particle size or agglomeration statke primary crystallite characteristics malgo
change in théaseelectroactive materiallhereforewith in-situ carbon coating, it
is hard toattribute any electroch@cal improvementoldy to the effect of the
carbon clearlyAlthoughit can lead taarboncoated active materials with enhanced
electrochemical performanctherewould always bea high risk of synthesizing

fusedandaggregated particlés the absencef adescribed reaction mechaniéin
75]

Another in-situ carbon coating studyas done with phospholivine family of
electroactive materidfé (LiMePQs, Me (transition metal) = Fe, Mn, Co, Nr
mixed transition metal ratio MReg/) and indicated materials were synthesized with
two different precipitation order, sequential (s) and coprecipitatioffRigure 29 -

a and b). Duringhe precipitationstage they were treated with the same amoafnt
carbon source, CTABgegardless of thenixing order.Resultingpowders showed
similarly shaped particlesvith severe aggregatidifrigure 2.9c and d) Depending

on type of the transition metal and the precipitatowder, both adsorptionand
carbonizabn of the carbon source, CTABRjaried considerably with distinct
carbonizationefficiendes (dc denotes the carbonization degree of the adsorbed

carbon (Figure B)).
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(a) Sequential precipitation (b) Co-precipitation

LiOH (aq) MeSO,(aq)
HiPO4 (aq) —) HisPO4(aq) —f
3
pH10.5 ’pH 1.0
LisPO; (s) CTAB (aq) —>
MeSO,(aq) —> LiOH (aq) —>
+ CTAB (aq)
oH 6.6 PpH 6.3
v

LisPO; (s) + Me3(POy); (s)

- Washing with water
- Drying in vacuum (100 °C, 1 hr)
- Calcination (6 hr)
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Figure 2.9. in-situ carbon coating of different electroactive materials with two
different precipitation order (a and,l§EM images of thée (c), Mn (d) and Ni (e)

containing particles resulting in different CTAB adsorption and carbonization
degreg(f) 42
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Fe-containing electroactive materials exhibited higher adsorption and carbonization
degree with morearbon content, othehad almost no carbollniform distribution

of carbon was obtained in Fe and Mn containing electroactive materials, but there is
uneven coating on Niontaining active material (Figurel®). Homogeneity of the
carbon layer changed plending on the transition metal type of the electroactive

materials.

cleaninterface

carbon
agglomerates

Figure2.10. Carbon distribution on different electroactive matetals

The in-situ carbon coating method is unique to the reaction medium, and the
materids used The coating procedure is specific to the synthesized material and has
to be reinvented for aimost any type of material to be co&tétfl. Due to fact that

in an electroactive material synthesis, there is no consestise 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
materiak. Furthermorejn-situ carbon coating method obviously reeas unique

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

In theexsitu carbon coating, an electroactive material that is already synthesized is
combined with a carbon source ambeat treatment employed for pyrolysis to take
placé* 4" Since thecoating stepis employed separatglglectroactive particle
characteristicéi.e., particle sizeshape andispersibility)become independent from

the carbon coating step and can freely be tdffe®. For academic purposes, this
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process also allows one tavestigate the sole effect of carbon coating on the
properties of electroactive particles as all the other characteristics of the particles can

be kept constakt-"°l.

As aconvenienbption, sugaibased carbon sourcesmeften used in this method

as well®%8l |n the study of Murugaet. al assynthesized nanorod shaped LFP
particles were mixed with 18 wt.% of sucrd®eth respect to LFPand carbonized

to achieve carbon coatift]. In Figure 2.1 (a) and (b)it was showrthat carbon
coated particles were dispersible and had homogeneous carbon layer. In another
study usingex-situcarlon coating, it was stated that 9.%tsucrose was used to coat
nanorod shaped LFP active materials 248m A h Aimjtial dischargecapacity(at

0.1 C)was obtained aftehecoating process. It was seen in Figure ZHhd 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 usethiecoatingsolutions Even though dierent
amount of sucrose was resulted in dispersiéeticles, havinghigh specific

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

Figure2.11. TEM and HRTEM nangraphs ofexsitu carboncoated LFP particles
with varied amount of sucrose; (a) and (b) using 18 wt.% su#loge) and (d) using
9 wt.% sucrogé’!
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In the study of Swet. al, exsitu coating were done with various amounts of
sucros&% and it was reported that aonat of the sucrose changed both the dispersion
and specific capacity of the powders (Figure2p.Despite the same carbon source,
different amount oft caused aggregaticamongparticles,as it can beseen in the

SEM images in Figure 221a, b, and c.
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Figure 2.12. SEM images ofexsitu carboncoated LFP particles with various
amounts of sucrose a) 0.1 M b) 0.5 M and c) 1 M sucrose, and corresponding d)

initial charge and discharge curves atO.fate of powlerd®!

The optimal amount of sucrose was chosen based on the pospeific capacity.

In Figure 2.2-d showed that carbecoated particles coated with 0.5 M sucrose
(Figure 2.2-b) had highest specific capacity (~154 n&d. However, no
information was indicated related to carbon layer and its effecégyglomeration
stateof the powders. Similar situations were also valid for various kinds of carbon
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sources. For instance, in the studies of Deh@l®”! and Xionget al'®®, LFP was

carbon coated with different amounts of dopamine usiegjtu method.In Figure

2.13, particles can be seen as dispersible and carbon layer was uniformly distributed
with similar thickness, between 23nm. However, while there were carbaridges
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.

L.

e
+ R001
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100

L 010] _ o« *

5 nm

Figure2.13. TEM and HRTEM images of thexsitu carboncoated (a), (b) nanorod
shapeff”! and (c), (d) nanosphere shaB8dLFP particles using dopamine,

respectively

In the literature, it can be noticed that hihw type and amount of tiearbon sources

were determinewvas uncleaandis difficult to find the optimum amount of carbon
with respecto synthesizedlispersible particlesas it can vary with the type of the
electroactive materials, typand amount of the carbon source in aitheethod.

Although tere are numerous studies investigating the carbon coating of
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electroactive particles in the literature, there is no -defined straighforward
methodology, neither fan-situ nor ex-situ coating methodsyhich can be applied

to any material.

2.2.3 Pyrolysis in Carbon Coating

Pyrolysisis a thermal degradation/decompositioncafbonaceous material, mostly
organic compoungsn an inert atmospher@r very low oxyger vacuum)©® 901

During pyrolysis, large complex hydrocarbon moleculethetarbon sourcereak

down into relatively smaller and simpler moleculies., some of carbon and nen
carbon atoms release in various forargl someremainas pyrolysis products in
different formsThe product antheyield of pyrolysis changdepending on the type

and chemical structure of the precursor, its decomposition kinetics, applied pressure
(if any), temperature, time, heating radad thermodynamic stability of pyrolysis
productd®4, Depending on thse parameterspme of the pyrolysis precursors can

be converted to solid carbon residues (carbon rich solid) or carbonaceous gaseous
species or their mixture with pyroly8§S. During pyrolysis of carbonaeous
materiab, sp, si, and sp hybridizations of carbon take plabepending on these
hybridizations, it becomes possible to obtain catbasednaterialswith the desired
properties in terms of mechanical, thernadtical, or electrical aspect®> %l and
thesecarbonbased materials with outstanding propertas be usedor various
applicationd®” %8l

Pyrolysis of any organic material, whether synthetic or biological, results in a carbon
rich solid (carbonization), with thdiversechemistry and structuré °®. Most of
these carbon materialsinvolve amorphouscarbon structure (Figure 2.13a),
containing a mixture of @nd sp hybridized carbon atomsnd has no longange
crystalline order throughout their structure and its surface typichly many
reactive dangling bondsSomeof these carbon materials, on the other hanwvalves
graphitic carbongFigure 2.13b), comprised of sphybridized carboratoms,and
display long range ordefhesurfaceof carbon materials including graphitic carbon
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is morechemially stable than thamorphously structurecdounterpartsWith this
motivation, there areconsiderablenumber ofattempts to synthesize and develop
nanostructured graphitic carbon materiis®!

Figure2.144. Carbon Structuref a) Amorphous and b) Graphitic Cartih

Nanostructured graphitic carbons aneghly preferred inenergy storage and
conversion applicatiordue to their high chemical stability, large accessible surface
areas as well as high thermal and electronic conductimithe carbon coating of an
electroactive material, for examplgraphitic carbon structuiis required primarily

to obtain an electically conductive layer and to enhane electrochemical
performance An amorphous carbon (disordered/rgraphitic) sourcecan be
converted into a graphitic carbon structure (ordered/ graphitizéd) pyrolysis
which dependon the heating conditions atioe nature of the precursdherefore

the pyrolysis parametersuch astemperature, time, and heating radtave been
extensively studietb obtain electronically conductive (graphitic) carbon.

The heat treatment temperature to be applied during pysdigsi a direct effect on

the crystal structure of the electroactive material and the electrical conductivity
(graphitization) of the carbon coated on iTo this end,high temperatures are
preferred®: °1. 9. 100, 101l However in some caseslectroactive materials tend to
decompose and lose gguctureor unwante byproducs are formedn thestudy of

Chenget. all*®Li4TisO12 (lithium titanate oxideL TO) particles were carbon coated
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at different temperatures aritthas been shown thatcreasing the temperatures
resulted in higher eleatal conductivity(Figure 2.5-a). The corresponding TEM
nanoegraphs obtained at 650, 800 and 0GFigure 2.5- b, ¢, and d respectively
showed thatvhen thetemperaturevasincreased, the coating layer was much more
clearly seen as a result of the increase in carbon graphitiziatreas also indicated
that nosecondaryphase vasdetected in the XRD analysis and LTO partichese
stable at these temperaturese ven .at 900 AC

T v T v L} v T
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a) 14 d
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3: 750 °C LTO/C '
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Figure 2.155. Electrical conductivity of carbenoatedLisTisO12 prepared under
different temperatures a) and correspondigM nanographf carbon coated
Li4TisO12 underb) 650, c) 800,andd) 900A Gemperaturd&®!

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

(HRTEM) under a nitrogen atmosph&?é. It was shown that LFP started to form
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at 400 AC aw dignifitant crystatidgraphid changes up to 2T ;

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 shaehanges in this temperature range.

The carbon | ayer formed on t-hBaevasiméerB sur f ace
homogeneous and graphitized thanb),the one f
therefore, it wagexpected to conduct electricity better. In thght of these results,

t he i deal temperature for carbon coating
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 2.26 ) . Whi l e t he bare LI!Bpgecifiparticles
capacity, this valakténctrleaskdat ot Odammhadiyg
hours. Under the same pyrolysis conditions, the cadoated particles exhibited the

speci fic capacity tas high as 141 mAhAg
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Figure2.166. HRTEM images of carbenoated LFP after pyrolysis performed at
(@)700 and (b)750\ Cand Electrochemicaprofiles at C/12,of the coated and
uncoated LFP samplesm@trolyzed a7 0 0 foA6Gourd*?

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 stud§f?,

The

sampl es

w elBOeminkitesphowewet, it 7 0 0 A

was also noted that the graphitization of the carbon source on the electroactive

material started after only 45 minutes. In another, but similar $88idi was shown
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t hat the carbon coating can be stable up 1
temperatures, and it was observed that the carbon coating peeled off from the LFP

surface as the LFP expanded and leavinigpwocarbon 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 batmgformance depending on

the type of impurity forme8°%1%l, These stdies 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 duringbca coating was also effective on the carbon

coating mechanism and may cause the formation of impufitfe¥®® In the study

of Wanget. al.[’%l 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 from6anm 100 Om were used
heat treatment employed in the temperature range oft30®M 0 A C. |t was al
reported that even for particles with the same chemistry and phase structure, the
graphitization reaction and coating quality might differ with the diffiee 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 heatingHatging rate

(101, 110] determines the kinetics of carbon source decompositiaige$ not only
affect the yield of the carbon contét but also affects the fusion of the particles
111131 As the heating rate gets slowgf 5land temperaturé!® 17lis 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 toviolwmetric energy density in battery
systems. In the study of @ al, in-situcarbon coated LFP particles were pyrolyzed

at different temperatures and it was report
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had 1. U« denpsity the particleymwlyzed at other temperatures of 650, 700,
750 and 850 AC |l ed to pa?. tThus, ldeesminimg v i n g
pyrolysis conditions is vital in carbon coating process also due to its detrimental
effects on the particle dispersibility. Iddition, curing the conversion of the carbon
source to graphite, different gases may be released depending on the carbon source
used. The formation of carbdrased gases, such as carbon monoxide (CO) or carbon
dioxide (CQ), reduces the amount of carbomtthvill remain on the particle, and

even in some conditions can completely prevent the formation of the carbon coating
Studies in the literature show that carlmmmtaining gas formation is triggered at

high heating rate$!®l. Therefore, it may be necessary to reach the high temperatures
required for the conversion of the carbon source to graphitelestroactive
materialswith low heating rates. Different heat treatment profiles can be applied to

optimize the dwell timé&?: 94 119]

2.2.3.1 Pyrolysis Conditions and Secondary Phase Formation

Byproducts have a significant impact on the electrochemical performance of
electroactive material$®® 1961%€ Depending on which secondary phase is formed,
theirimpacts 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.

. Rhoet. all*® for exampleyeported that LFP synthesis under inert or reducing
atmogphere led to surface reduction of LFP angPy, FeP and FeP phases were

formed. The samples synthesized under argon atmosphere AT @ not show

any peaks of secondary phases at the XRD
showed the presencé looth LisPQu, FeP 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 ofPthe Fe
changed and contributed greatly to tlatéry performance whereas FeP remained

almost constant and did not affect the battery performance. It was also reported that
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LisPQsphase was formed on the outer surface of the LFP particles uniRekase
which was located in the cross section of L particles. The authors did not
present any relation between the presence #5fQuiand the battery performance.

Yu et. all*? claimed that L4PQ: coming from synthesis cditions can be
eliminated by an appropriate washing. When it was removed, specific discharge
capacity of LFP increased. Therefore, they presented #ROLas an inactive
material, decreasing the energy density of the LFP because of the volume it accupied

The literature is controversial about the influences of second phases. While there are
studies supporting the abeweentioned positive effects of the impurities on the
electrochemical performarié®: 21 there are also articles that claimed the
opposité?? 1221 Some researche reported that iron phosphitfé! was formed
frequently at high temperaturesegi,> 600
LiFe(P07)*?% Fe (Il, 1) pyrophosphates or phosphatesFei(PQ:)s?8! and

LisPQs 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 pyrolysigemperature to increase the graphitization degree of the carbon
sources. Inorganic carbon sourcesg(, carbon nanotubes, graphene, acetylene
black, etc) offer higher carbon quality (higher graphitization degree, higher
electrical conductivity) than therganic carbon source®.., sucrose, glucose,
lactose, citric acid, etc., which are mostly amorphous), therefore, the efforts have
been made to coat electroactive materials with already graphitic c&haties
showed that this approach is not as effectas using organic compounds and
subsequent pyrolysis of this source to carbon, because the organics can cover the
surface of the particles more homogeneously. Whadeganic carbon materials can

form a three dimensional (3D) conductive network, orgaaiton materials may

still be needed to form local conductive paths between particles” surfaces. Organic
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compounds usually offer the advantage of a uniform coating layer structure
(homogeneity in thickness, full coverage) on electroactive materials wWieen t
conditions wereoptimized andcan 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 @ different, the chemistry of carbonization during pyrolysis varies.
While some carbon sources are easily graphitized (graphitizing or soft carbon
sources), some carbdrased materials resist graphitization (fgraphitizing or hard

carbon sources). Evahough the same pyrolysis procedure was applied to those
materials, the response of the carbonization changes. In the study aftlafdg’],

LFP particles were carbon coated with asphalt (soft carbon source) and glucose (hard
carbon source) at 700 AC for 6 hours in
As observed in Figure 2.47and 2.17c, 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 patrticles.

Figure2.17. TEM images of a) bare LFP particles, and carbon coated LFP particles

using b) asphalt, c) glucose carbon soulcés

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

dispersible before (Figure 2./Hj, they were aggregated after carbon coating process
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regardless from the carbon soes 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, netkdorming 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 energydoseg 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 additimeged the
amounts and quality of carbon remaining on the surface of the electroactive material
(128, 1291 Although iron is the most studied catalyst for graphitization, many other
elements arerfown 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 tadies, 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 dissarge 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 energymisity of the carbol® 2% These elements modify

the electron structure of carbons, improving their performance in energy storage
materials. Nitrogen (N) doping into Shybridized carbon materials, in paxiar,

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 electrochemicatrparfoe

of the electroactive materidf§: 1301

2.2.3.4 Advantages of High Graphitization Degree

Graphitization degree of tlwarbon 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 tegort with more ordered structure of the carbon
layet3l, Moreover, poorly graphitized carbon layer has sometfanal groups on

the surface, and these groups causes high viscosity inlbesged electrode slurries

due to interactions between the functional groups and water. It was stated that the
commercial electroactive materials, having different graphitizategree showed
inconsistent flow behavior even if the powders were supplied from the same
companyi*3#13%1 (Figure 2.18 a and b). Therefore, the graphitization degree of the

carbon layer is esseatifor the processability of the electrodes.

Figure2.18. Commercial LFP powders supplied from the same company, showing
different flowability, the formerwas suspended in the aqueous slyayand the

latterwasgelled(b) *2°!
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In order to obtain individually carbon coated electroactive materials having high
electrochemical performae and better processability, takeme messages of

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

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

pyrolysis time) should be studiedrefully,

1 The crystal structure of electroactive materials should be examined before

and after pyrolysis for phase purity,

1 Additional substrate/ catalyst used in the carbon coating might be helpful to
adjust the temperature and offer high graphitizatiegree.

2.3 Volumetric Energy Density of a Battery Systemand Properties of

Carbon Coated Electroactive Materals

Volumetric energy density of a battery system is the amount of energy that can be
delivered from per unit volume of electrode materials @mel of the most critical
design parameters for new generation batté#e$*’! Increasing the volumetric
energy density of the electrode is critical, diexe 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 designirdientevices 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 demdy, 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 studi¢o improve volumetric energy density.
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The particle size, for example, inversely related to the tap density.-$izew
electroactive particles have advantages due to theirrhighcapacity and cycling
performance originating from the shorteneedadu transfer paths within the particle.
However, for the same amount of particles, the tap density of nanoparticles are much
lower compared to the micresized counterparts because of the more prominent
interparticle interactions and higher agglomeration tecigg™*®l. Ohet. al.showed

that dense carbon coated micmined LFP particles comprised of nasieed
particles (206800 nm) had the tap density of 1.Am3. This density value is much
greater than the tap density value obtained for common-siaed LFP, which is
about 10 gam3 8 139 Even though they exhibited similar rate capability, the tap
density was higher when the particles were packed effici¥fily

The study of Zhongt al.l*4! showedhe importance of particle size distribution on
the tap density. In this study, first, two differenfFerecursors werased,and the
resulting particles exhibited two different size distributions. Then, in one case the
particles were mixed in differeproportions and the tap density of 1.46ngi were
obtained. When the micrometsized particles were used, on the other hand, the tap
density was 1.19 g/cinThis density differenceasexplained with the fact that the
voids in the packs of micresized particlesKigure 2.19%) were filled with nane

sized particles in the mixed particle cagség(re 2.19a) and resulted in denser
packing, and thus, higher tap densities.
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Figure2.19. Particle size distribution effect on tap density wahhigher packing in
the presence of smaller particles that fills the spaces between particles and (b) less

packing in the absence of small partictés

The particle morphology is also important in achieving high performance and
volumetric energy density. The particles with lospact ratio, particularly the
spherical ones, lead to higher tap densities because of their high packing
efficiencies®® %2 In Liuetald s 't uap gensity of carbon coated 1 micron
sized spherical LFP and Li&éMgo.sPOQu particles was measured as 1.75 and 1.77
g&m3 (theoretical density of LFP is 3.6801°) and specific discharge capacities
were recorded as 148 and 157 mphat 0.1 C (theoretical capacity of LFP = 170
mAh&tat 1 C), respectively.

In the literaturethe studies regarding to tap density of electroactive materials, the
main focus was on particle design and the efforts madgnihesize perfedized

(in the micrometer range) and shaped (commaplyerical) individualsecondary
particles to obtain aiggh 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 ratigf414l,
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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 inidividua
particles becomes crucial in packing of partickiee powders have the tendency to
form agglomerates or aggregates (durisgnthesis)’%. Hard agglomerates
(aggregates) which do not break up during processing leads to a nonuniform size
distribution, which results in low tap densit{* "3 Therefore, when particles are
severely aggregated, Efent packing cannot be obtained (Figure 2alé@nd 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)

Figure2.20. 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,

respectiely)

The carborcoated particles are mostly in the form of clusters: they are either
composed of secondary particles that are chemically connected, then carbon coated
(Figure 2.20a) or they were dispersible at tbeginning butagglomerated 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 studylitetaire

explicitly investigating the relation between carbon coating and the agglomeration
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state of the particlesEven though there were relatively well carbon coated
dispersible particles in the literatuté 8 888147 35 schematized in Figure 2-20

the carbon coating procedure was overlookad,@mmonly 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 patrticles is critical becdaheepacking 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™*® 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 systeigan#nt of the
dispersible particles enables the system to have a high tap #efsiyspersible
(i.e.,individual) particles are required to obtain high tap density irtrelées.

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 electraactiegals.
InChang Zetald s 85t Ut was found that the tap density of carmwated LFP
particles decreased from 2.15 to 1.@nw®with 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 repdr 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 €8 g

The most of the commercially available electroactive materials reports the carbon
content of 15 wt.%!**%, tap density less than &gr3and specific discharge capacity

of 120160 mARy 8 Particles with higher carbon cent leads to capacity loss
due to the dead ma¥s’®. Thus,it might be said thatineven and irregular carbon
coating results in low specific and volumetric capacity, thus amount and uniformity

of the carbon should be optimized properly
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Allin all, it is concluded that specific capacity and volumetnergy 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 apiplittte 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

241 Colloidal Stabilizations

Colloidal principles are employed to obtahomogenously dispersed particle
systems. Stability of a colloidal system can be achieved by tuning the interparticle
interaction8%2. 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. Therera three main mechanism that can be used to stabilize particles in a

solvent; electrostatic, steric and electrosteric stabilizations (Figuré'220)

(a) (b) (c) 20 Pl

Figure2.21. Colloidal stabilization methods: a) Electrostatic b) Steric and
c) Electrosteric Stabilizatidi?®!
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Electrostatic stabilizatioris the counterbalancing the attractive (van der Waals)
forces by the repulsivegulombic) 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 étectrical repulsion between the particles and

prevent their agglomeration (Figure 2-2)1

Steric stabilizationis 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 (Figureb2.21

Electrosteric Stabilizationis a combination of the electrostatic and steric
stabilization methods. In this concept, polymers are used and dependirey i,
dielectric properties, and ionic strength of the soReht stabilization can be

achievedFigure 2.21c).

The interactions used in the colloidal stabilizations could be applied in carbon
coating. In the study of Wast. all*®®] for example, it has been shown that, full
wrapping graphene oxide nanosheet (GON) onto electroactive material of LFP was
driven by electrostat interactions. For this purpose, two type of coating presess
were designedin Figure 2.22a, it has been shown that the LFP and the carbon
source, GONs, were oppositely chargadd thus, the full encapsulation of LFP
would be provided bglectrostatic interactions between LFP and GONs. Based on
this scenario, the LFP particles which are negatively charged at7phas first
coated with positively charged CTAB in acidic aqueous solution. Then, negatively
charged GONs were added and wrappleel 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 4C600 2

hours. Afterall, itwas stated that these electrostatic irgoas resulted in perfectly

GO wrapped LFP particle (Figure 2:22 In the second design (Figure 222 a

similar route was followed, except the CTAB part. Then, partially coated particles
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were obtained (Figure 2.29. It was reported thahe insuffcient 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 fudathtan
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.
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Figure2.22. a) Fulland b) Partial graphene wrapping of LFP parficie

2.4.2 Surfactants

Surfactantsare special molecules which are commonly used in colloidal
stabilizatioft®51¢%,  Surfactantsexhibit amphiphilic characteristicdue to their
hydrophilichead groups and hydropibic tail groupgFigure 2.22).
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Figure2.23. Structure of a surfactant monomer (unimer)

Head group molecules are polar, hydrophilic functional groups, whereas
hydrophobic parts are nonpolar, hydrocarbon rchéalkyl 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 icbarge;
ionic, anionic, cationic and zwitterionit®® 1621 Non-ionic surfactantslo not carry

any charged groups and they are distinguished amongst themselves based on the
length of the chainand commonly usedexamples includeTriton X-100
(polyethylene oxide, GH220(C2H4O)n (n = 9 - 10), Tween 80 (Polysorbate 80,
CsaH124026 etc. Anionic surfactanttiave a negatively charged head group and SDS
(Sodium dodecyl sulphate, Naf2sSQ:) and DBS (Sodium dodecylbeene
sulfonate, GsH29Na(sS) can be given as examplesatOnic surfactanthave a
positively charged head group and CTAB (Cetyltrimethylammonium Bromide,
C19H42BrN) and benzalkonium chloride (§8sCH2N(CH3)2R]CI) are the most
common examplegZwitterionic (Amphoteric) surfactantsave 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,
C19H3sN203) etc). The correspornidg chemical structures of the most commonly
used surfactant examples for each groupeeeentedn Table 2.1.
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Table2.1 Examples of Som€ommon Surfactants

Type of _
Chemical Structure Ref.
Surfactant
0
o
: >r7<© i
S n [163]
5
2 .
Triton X-100
0
\ o
-
NN N Y et [163]
0"
%) Sodium dodecyl sulphate (SDS)
= .
8 I
QC: —S—0" Na'
[164]
Sodium dodecylbenzene sulfonate (DBS)
\/\/\/\/\/\/\/\/'l‘/ o
N [165]
Cetyltrimethylammonium Bromide (CTAB)
o
f=
e
5
e ©
\.
H;C\/\/\/\/\/ N\ [166]
CH,
Benzalkonium chloride
9 H, + 0
s | me H\/\j‘/\g/
5 CH, [167]
E] Cocamidopropyl betaine (CAPB)
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In a bulk solutionbehavior 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 irwater. 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 @amtration (CMQ (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, surfactarigsselinble in

such a way that nepolar 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
assenbled in the opposite directiong., the hydrophilic head groups would be
clustered towards each other, and the hydrophobic tails of the surfactants would be
exposed to the nepolar solvent. This structure is called reverse micelle structure.
The behawr of a surfactant is mainly dependent on these interactions. Depending
on the chain length, branching and (if any) aromatic groups of a surfactant, its
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hydrophobicity, solubility, micellization tendency (e.g., CMC for CTAB and SDS
are 1, 8.2 mM, respect!'®), and adsorption efficiency vd§fl. Therefore,
surfactants offer a wide range of application dt&&sWwith 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 grdpgtization degree of the carbon layer. In éti al.’s study*%8,

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 alykkaain

length formed more graphetike carbon during pyrolysis and consequently more
graphitizedcarboncoated particles exhibited better electrochemical performance.
Although the surfactants were only used in few studies as a carbon source to coat
electroactive materidl§*173] all these studies were udaesitu 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 interaaiith a variety of hydrophobic and hydrophilic surfdtés

Since they havento differently behaving groups, they can modify different kinds of
surfaces. For example, when a charged surfactant is added in an aqueous
environment, including charged patrticles, the interaction between the surfactant and
particles is determined by coidtal principles. If the particles and the surfactants are
oppositely charged, the interaction between thetially is driven by the
electrostatic attractions. Surfactant molecules attach to the surface of the particles
from the ionic head group and tgiloup (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, paeis surface is covered by a single layer of

surfactantTh e head

group

exposed to the bulk solution. during monolayer coverage, the hydrophobicity of the
s ur f aydrephabic gpartictea destabilizedamtiee pdlah e s e h

aqueous media and separated. When additional surfactant molecules are introduced

particl eds

to the system, they preferentially orient in such a way that head groups are extended

i nteracts with

t he

towards the bulk solution while the tailayips 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 ossambly structures of CTAB on negatively

charged citrate capped gold nanopatrticles proposed that CTAB was adsorbed on the

gold nanopatrticles initially by forming an incomplete monolayer. With increasing

concentrations of CTAB, a complete monolayer coverags 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 partiélé5Figure 2.25)It was indicated

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

achieved.
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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 (176179 The main condition for stability against agglomeration starts by
defining the possiblenteractions 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

2.4.4 Zeta Potential

The zeta potential is a commonly utilizexetric to predict the stability of a
suspensiofts? 180182 and understandhargeon a particle surface. When a particle

is dispersed in a liquid, two layers exist around the particteinner layer (Stern
layer), where the ions are tightly bongdeddthe outer layer (Diffuse layer), where

the ions e loosely connected. There is a hypothetical border within the diffuse
layer,where ions and particles are stable, and ions within this biorolegs with the
particleas the particle moveas solution The zeta potential is the potential at this
interfacecalled slipping planéFigure 226).

The magnitude of the zeta potential provides information about the system'’s stability.
In general, when zeta potential spot.) betweer30 and +30 mV, the system is
unstable. When zeta potential is more than +30anless thar30 mV the system

is electrostatically stadl€®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 potetdrad to come together and sediment
quickly (8 181 Ag sych, the changes on a particle surface can be analyzed by

changes in zeta pential measurements
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Figure2.26. Schematic illustration of Zeta Potenti&

By analyzing the zeta potential afparticlewhile increasing theoncentration of a
surfactanthat hasoppositely chargetiead groups, ishould be possible to detect
the surfaceassembly modes of the surfactantd detect the conditions sfability
that would be reached upon bilayer formatibhe quantitativedetermination othe
optimum amount®f carbon sourcé.e., surfactant)can be useful when aiming to

achievethe 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 systedmnce 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 carefaéiecting 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 posstbl@btain full carbon

coverage.
Consequentlythe 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 amouwftcarbon 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 dengig/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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After being stirred for another 15 minutes for homogenization, the mixture was
transferred to théhreeneck round bottom flasky e at e d u pin atheating6 0 A C
mantle, magnetically stirreahd refluxed fo6 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 to25n an ice illed ultrasonic bath
(Sonamak Ultrasonic Cleaneith 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 centrifugatid®#&00 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 ultrasonino {@andelin,
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
anddriedat9&% C f or 1.5 hour s.

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, agueous suspensions
with 0.01 wt.% of LFP and determined amount of CTAB weepared. 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 aqueus 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(aq) and resulting 10 ml of suspension was kept in the

ultrasonic bath for 5 minutesif 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 amatiof LFP by 10 times (0.1 wt. %) the CTAB to LFP ratio was kept
constantUnlike the dilute systemmmixing sequencdan the concentrated system, 9

ml of CTABq)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 ant CTA
molecules.In the enl, 0.1 wt.% of LFP with [CTAB] between-Q0 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 After the

supernatant was carefully separated from the sediment, the sediment was dried at
120 AC for 2 hours and the dried powders

3.5 Pyrolysis of the LFP Particles with/without CTAB Coating

The dried powders were heated @ tubular atmosphemontrolled furnace

(Protherm, PTF 14/50/25Q@nder Argon atmosphei@ure Ar, 99.995 %, Linde).

Before heating the samples, the furnace was purged with Ar gas flowing with a rate

of 2 5lfor 28 minutes, then the flowrate ofthga s was decreased t
1 during heating. A gradual heating procedure were performed as follows: the
samples were heated from room temperatur
at that temperature for 1 hour, then the temperature increasedhgdetermined
temperature 0 0, 600 awidt h7 0a0 rAaQ)e and lield &t@hatA C/ mi n

temperature for 3 hou(Eigure 3.1). The samples were naturally cooled dovit®@
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A @inder Ar atmosphere anaken out of the furnace. The heating profile is sthow
in Figure 3.1.
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Figure3.1. The gradual heating procedure used in the pyrolysis experiments
3.6  Characterizations

Crystal structure of the powders were analyzed #¥ay Diffraction (XRD, Rigaku
Ultima-IV)withCuKU r adi ation (0.154 nm), operating e
10A and 70A at a &Scanning speed of 2A min

To find the optimum CTAB concentration for carbon coating of individual LFP
particles, the changes in the zeta potential of particles andbtitrictivity 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 prepachtibB®

AC. Three separate samples were prepared from the same batch, and the zeta potential
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measurements of each sample were repeated three times to determine the
reproducibility of results. Then, the pH of the suspensions was measured at room
temperatue. 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 partisiee 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 ultrasooitioperating at 75 % power

for 5 minutes was used. Then, the sample was kept in an ultrasonic bath for 5 minutes
and the measurement was conducfed CTABq) solutions; CTAB was dissolved

at interested concentration and after it dissolved it wasikeipé 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 pafotheed 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.
Al'l analyses were conducted at 25 AC.

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

supernatants (Figurk.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
suspensin 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 transforminfrared 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, SIIGIDTA7300, Hitachi Exstar) were
conducted in alumina crucibles underdtmosphere, using 9 mg powder. The same

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

The highresolution transmission electron microscope (HRTEM) aralysas
performed using Jeol 2100F (with Orius SC1000 Model 832 11 Megapixel CCD
camera). The HRTEM samples were prepared by dispersing particles in effoanol
dispersion, suspensions were kept in an ultrasonic Batidelin Rk210H) for 45

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

The Raman analyses were performed viR#mnishaw, inVia Raman Microscope,
using HeNe laser, 633 nm wavelength at 10% power. Curve fitting was done using
Fityk-Curve and Fitting software progr&fil. Pearson7A function was used for
fitting.

Surface analyses of the powders were conducted byay photoelectron
spectroscopy (XPS), using XHSIl instrument, equipped with an aluminum
monochromatic anode (Al,d< 1486.6 eV). Carbon C 1s peak at 284.6 was used as
a reference for the correction. Curve figgiwas done using Fity€urve 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 tubth wolume of 0.1 crh 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 Nmethy-2-pyrrolidone (NMP) (PVDF/NMP of 5:95

by weight)) in 80:10:10 weight fraction, LFP: CB: PVDF, respectivehe mixture

was homogenized using a mixer mill (Retsch MM400) at frequency of &6y 45
minutes. This cathode slurry was coated onto aluminum foil with @ 20€lectrode
thickness using doctor blade and dried on a hot plate in a fume hood/st &
hours. The foil was cut into disc8 18 mm) and were dried in a vacuum oven for
12 hours and directly transferred into Argdted glovebox. (Unilab mBraurk120

< 0.1 ppm; @< 0.1 ppm).

All the electrochemical measurements were conducted usirgdgjic instrument
potentiostat/ galvanostat (Blogic, VMP-300) at 25C. Half cells were fabricated

in an Argon filled glovebox. LiP&E(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
discharg@d galvanostatically under different specific currents with a potential range
of 2.5- 4.2 V, at room temperature and cycled at different C rates (1 C= 17&mAh

1. The electrochemical impedance spectroscopy measurements (EIS) were carried
out between 2@HZ and 10 mHz, with AC amplitude of 5 mV.
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recorded as5002 mV in DIW.As known from literaturdg-pot.|greater thadomV
generallyallows to obtain electrostatically stable suspen$i$hsAs observed in
Figure 41-b, theaqueous suspensions prepared with synthesized LFP particles did
not completelysedimentThe height of the suspensidecrease by ~18, everafter

6 hours, supporting that the particles are individuphgsent and dispersed am

aqueousanvironment.

a)

Intensity (a.u.)

Ul

| x l ‘ JCPDS No: 83-2092
] I Y O T TRTITANTT H T 1F Y AT
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Figure4.1. Characterization of the @ynthesized LFP particles: a) XRD pattern, b)
Sedimentation test within 6 hours and zeta potential measurements, c¢) 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 catiosigrfactant, 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 changésarzeta potential and colloidal
stability of LFP particles occurred with increasing concentration of CTAB in

solution were analyzed.

Figure 4.2a (and Figure A.xa and b)shows the change in zeta potential of LFP
particles and the conductivity of suspems with the addition of CTAB. In the
absence of CTAB, the zeta potential of LFP particles was as hi@l2 asV, while

the zeta potential of the patrticles first sharply rose to zero with increasing amounts
of CTAB, and at around 0.05 mM CTAB concentratid 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 betwe8A mV and +30 mV, correspdimg to the CTAB
concentration 00.02 mMand0.09 mM, respectively (Figure 4-B and Figure A-

aand B. Thesolution 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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Figure4.2. a) Zetapotentialof LFP particles as a function of CTAB concentration

and corresponding conductivities for dilute (0.01 wt. %) suspensions. The regions
where the behavior change occurred dessoted asl]], [2] and [3],

b) Sedimentation behavior &FP particles with increasing CTAB concentration.
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The first increase in solution conductiviyith increasing CTAB concentration in
Figure 4.2a attributed tothe dissolution of CTAB molecules in water. Whileet
dissolved CTAions were expected to adsorb on negatively charged LFP surfaces,
the remaining bromide (B} ions are expected to be free in solution and increase its
conductivity. The decreasing zeta potential of LFP particles with increasing CTAB
coneentration reveals the specific interactions between ‘Gds 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 4.2a:(i) 07 0.05 mM CTAB,(ii) 0.051 0.5 mM CTAB,and(iii)) 0.57 1 mM

CTAB.

In the first region (0 0.05 mM CTAB), the zeta potential changed frés8 mV to

+10 mV and the solution conductivity increased. When the CTAB molecules were
introduced to the system, it dissociates into CBAd Br ions. Thepositively
charged CTA molecules conveniently position themselves on LFP surfaces due to
electrostatic attraction as illustrated in Figure fl3and free Brions increased the
solution conductivity. With adsorption of CTAn LFP surfaces, the zetatpntial
values decreased towards zero. Similar linear change was also observed in the
suspensiopH, and it increased from 7.15 to42. (shown in, Figuré.3.). Between
CTAB concentratiorof 0.04 and 0.05 mM and at pH between 7.2 andFigure

4.4), the zetapotential 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 ageous solution, and started to sediment (Figurdo4@d 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 partites with CTAB molecules (Stage [1] in Figure 4.3).
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In the second region ([CTAB] = 0.050.5 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 cleamaserved in Figure 4-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 théstaf the adsorbed CTAB
molecules by turning their ionized functional groups.{head) toward aqueous
environment (Stage [2] in Figure 4.3). Tigsa 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, thereforénteoduction 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-d)2Since the additional CTAB molecules
only interacted with the adsorbed CTAB molecules rathan the LFP particle
surfaces, theuspension pH (Figur&.2.) did notchange significantly, yet the zeta
potential increased slowly to more positive values as the particles covered by
positively charged CTAions, and suspensions become more turbii@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 isdle surf

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 ket 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 staot form micelles if their concentration reaches to the
critical micelle concentration (CMC) in the third region. A recent study of Li
et.all’”® provides a supporting explanation of this phenomenon. It was stated that

the cationic CTA ions adsorbed on the negatively charged citafgped gold
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nanoparticles and increasing CTAB concentralgaus to formation of incomplete
monolayer, complete monolayer, incomplettdayer, 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 repohtEt 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 liter&fiite

it was unknown in this system eto 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 anayysere performed based on 1 mM CTAB
concentration to detect the micelle formation in e suspensions as well. As
shown in Figure 4.3, the average size of CTAB (1 mM) in water was approximately
4.67 N 1.14 nm and the avokesiagaterwas26e of
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 absencdesf micel
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 were 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 systenmcreased the ionic strength

of the solution. In line with these results, the rise in the ionic strength which may
also cause thinner electrical double I&féraround the particle surfaces and might

have reduced the hydrodynamic radius of the system.
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Figure4.3. Patrticle sizalistributionof 1 mM CTAB in water, LFP (0.01 wt.%)n
water, andparticlessuspendedh the turbid part of th€LFP (0.01 wt. %)+ CTAB

(1 mM)] suspensiomfteraday of sedimentationn water

Whenall these results were combined, the proposed mechanism was illustrated in
Figure 4.4. The perfect bilayer of CTAB around Lp#&tticles 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 concentrdgdmo presence

of free CTAB molecules in solutiofi3] in Figure 4.4).
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Figure4.4. Schematics of the corresponding zeta potential stages dendtdd by
monolayer|[2] bilayer,[3] bilayer + excess free CTAB

Even though the dilute system (0.01 wt.% LFP in DIW) was helpfuhtterstand

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
ratiosbetween CTAB and LFP constant for each CTAB concentration (Figure 4.5,
secondary »axis on top). In order to investigate the critical concentrations, the

similar analyses were employed at higher LFP concentrations.

According to the Figure 4.8hree distict regions were detected in the concentrated
suspensions based on the rate of changes in zeta potential values and solution
conductivitiesas in the dilute cas¢) 07 0.1 mM CTAB,(ii)) 0.17 5 mM CTAB,

and(iii) 57 10 mM CTAB.

The zeta potential of the LFP particles weB® 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 risasywell (FiguréA.1.).In the first stage,
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the zeta potential changed fre60 mV to +20 mV as a result of adsorption of CTA
molecules. The complete surface coverage of the particles by @ibkecules
occurred between 0.05mM and 0.1 mM CTAB concentration, indicating the
isoelectric point of LFP pades 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 (Figuiig)4.5

In the second region (0115 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 bilayeofmation was estimated to be completed when the CTAB
concentration was around 5 mhh. the third region517 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 conductiatyhe 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, whichwas as high as CMC of CTAB for @a addition step,

thereforethe formation of micelles could be favorable
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Figure4.5. Concentrated system a) Zeta Potential and Conductivity change at

different CTAB concentrations I9edimentation test of corresponding suspension
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To check whether the micelles are formed or not at these concentrations of CTAB,
particle size analyses weperformed 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 -1260 nm and that of LFP was
around 300 nm at 0.1 Wb concentration (Figure.@). 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 LFETAB mixture resulted in a more homogeneasige
distribution. Considering the large size of CTABs in Figure 4.6, it was difficult to
comment on the presence of the individual micelles in-tétaining suspensions.
Nevertheless, the LFP particles prepared using 10 mM CTAB were labeled as
excessCTAB where fHexcesso indicates the CTAB
required for the bilayer formation whether the excess CTAB molecules were free or

formed micelles.

40 - —@— CTAB (10 mM)
f —P— LFP (0.1 wt. %)
—4&— LFP +CTAB (10 mM)

35
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Figure4.6. Particle size distribution &€TAB (10 mM),LFP particles (at 0.1 wit.
%) and LFP (0.1 wt. %) + CTAB (10 mM) suspensinDIW, takenfrom the

turbid part of thesuspensiomfter a day of sedimentation in water
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Whendilute 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 sgtem, 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 thardilute system. The bilayers, on the other
hand, were formedt the same CTAB(g) / LFP (g) ratio ofl-82 corresponding to

0.5 mM CTAB in the dilute system and 5 mM CTAB in the concentrated system.

In order to investigate the effect of LKFPTAB strudure 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 alst ase
reference and further analyses were conducted using these three samples. The
samples were labeled as LFP, LBPand LFPE for the bare LFP, the LFP coated

with bilayer CTAB (5 mM CTAB), and the LFP coated with bilayer CTAB, but
consisting of excesSTAB (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 Lp&rticles, the dried powders
were characterized by FTIR Spectroscopy (Figure 4.7). Characteristic peaks of the
LFP werebetween 1500 and 400 &nffingerprint region}®8. The CTAB coating
around LFRparticles was very thin, so the transmittance peaks were not all obvious.
However, the most dominant transmittance peaks of CTAB were expected between
30002750 cm* corresponding to & stretching peaks. These peaks were only
present in the CTAB treatedarmples, but absent in the bdrEP, proving the
presence of CTABs on LFP particles when treated. On the other hand, existence of
OH and GH/C-C stretching (between 12850 cm') in all samples drew attention
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and were attributed to the organic (mainly [® residues from the reaction

medium and partially remained on particles even after washing.
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Figure4.7. ATR - FTIR spectra of the samples: EG, CTAB, LFP,
LFP-B and LFRE
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 oheat treatment parameters on the CTedated 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 gnert N
atmosphere to 50&C, it completely decomposed to gas molecules regardless from
the heating rate employed42/min or 10AC/min) and no solid carbon residues left.
While the decmposition occurred at around 2BDwhen heating rate was®/min,

it decomposed at 308 when the heating rate was AUmin.

1(')0 ' 260 ' 3(')0 ' 460 ' 5(|)0
Temperature (°C)

Figure4.8. TGA of CTAB with 2AC/min and 10iC/min

The TGA of LFP, LFR and LFR were investigated using slow heating rate of 2
AC/min and the results were shown in Figure ZBere were three consecutive
events in each sample, occurring with different kinetidsese events for LFP
sample occurred approximately in temperatanges of 30 250AC, 2501 450/C,

and 450i 700AC. 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 700AC. For the first two events, maximum massloscurred at 158C and 200

AC, which might be equivalent to evaporation of adsorbed W&tét and pyrolysis

of the organic residue on the LFP surf&té 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 attempr at ures higher than 150 AC was attr.]
organic residues. The mass loss occurred at temperatures higher thah was

probably related to the degradation of LFP, which was also confirmed later with

further analysis of the LFF powders treated under similar conditions.

100-hgz-------- ,
- l-2.7 wt. % 2°C/min

| 160 | 260 ’ 3(I)0 l 4(I)0 ' 560 ' 660 ' 760 I 860
Temperature (°C)

Figure4.9. TGA of LFP, LFR and LFR samples with Z2C/min

For CTAB treated samples (LERNnd LFR), shown in Figure 4.10, three distinct
events, in temperaturenges of 30 260AC, 260i 500AC, and 500 700AC, were
observed as in the case of the baf® particles. The presence@TtAB on the LFP
(LFPs and LFR), led to higher weight loss compared to the Ha&fP. While the
maximum mass losses recorded during events occurring #&C1805AC, and 600
AC in the LFP, they occurred at around A25400AC, and 640°C for CTAB treated

samples.The maximum mass $ happened synchronously in CTAB treated
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samples, but with retarded compared to LHiRe 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 wi%% for LFPs; and 5.8w:t.% for LFR:. In

total ~ 12.6 wt.% and 13.5 wt.% of mass lost in EBRd LFR, respectively.

The presence of more organic content is evident from the higher mass loss occurred
during pyrolysis of CTABcontaining sample. However, it wouldtbe 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 coeld b
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 pyrolyss. It is known form the literature that catalytic carbonization of CTAB
may occur due to the existence of transition metal, which is iron iHY*EH195],
Presence of transition metals or some iron compounds are known to act as catalyst
in carbonization and promote the syntlesi carborbased materials from organic
carbon sources at temperatures as low as D0 700 AC. Also, ferrites are

commonly used in biological processes due to the interaction between iron and
carbomt95197]

At faster heating rate, 10 AC/ mins, showr
within the temperature ranges of B@50AC, 250 AC 1 500 AC and 500 700AC

were observed similar to the case where the slower heating rate were emphayed.

mass losses for these three consecutive events were approximatety%2,3.3

wt.%, and 57 wt.%, for LFP, while they were 3 wt.%, 4 wt.%, and %% for

LFPs and LFR respectivelyln total there was 11\®t. % mass loss in LFP and 11.1

wt.% mass loss in CTABreated samplesn comparison, less mass loss occurred

when the heating rate ireased from Z2C/min to 10AC/min. The maximum mass

losses of the CTABreated samples were synchronous with each other but delayed
according to LFP in the fasteating rate.
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Figure4.10. TGA of LFP, LFR and LFR samples with 1@C/min

Based on the TGA results, the heat treatment procedure which employed in
atmospher&ontrolled oven was designed as following: The first event, ended
around ~250°C, regardéss of the carbon content or heating rate. Because the mass
loss was less when heat treatmesats employed at lower heating rates, it was
decided to increase the temperature first to/&D@ith slower heating rat& AC/min,

and the system wadst to get stabilized at this temperatufer an hour. The time
spent at high temperatures are critical for carbon coating ofpafitles because

long heat treatments at high temperatures will favor the graphitization of carbon, but
it will also favor the oxidatioof LFP. That is why, the second step in heat treatment
procedure were decided to increase the temperature with higher heating rates, 10
AC/min, and the dwell time was fixed to three hours. Isothermal heat treatment at this
stage were employed at differéamperatures (508, 600AC and 700iC), and the
carbon coating characteristics and the content of LFP particles were analyzed to

determine the optimum pyrolysis conditions. After the heat treatmesyndisesized
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LFP was denoted by LFRAT and CTABcoaked samples were denoted as kP
and LFR/C. Thetemperature reached at the second stage of the heat treatment was
also indicated in the label. Heating procedures employed to each sample were

presented in Figurg.l

The purity of the powders was characterized using XRD. As showigime 4.11

a, at relatively low temperature (50&C), the powders were pure without any
indication of secondary phase formation. At 68D, only assynthesized LFP
exhibited the secondanyisPOQs phase while CTABcontaining samples did not,
indicating that thgoresence of CTAB (or its carbonized form at these temperatures)
on LFP particles inhibiting the side reactions and chemically protect the particles
(Figure 4.11b). At even higher tengvature (700°C), the secondary phasezROy,

was present in all samples (Figure 4c)2indicating that even the presence of the

carbonized from of CTAB was not able to protect particles from secondary reactions.
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Figure4.11. XRD patterns of samples, pyrolyzed at a) 830b) 6004C, and c)

700/C, indexed by LiFeP©JCPDS Card No: 83092, asterisk states the
secondary phase of lithium phosphatel{P Q)
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The detrimentiaeffects of the presence of the secondary phases to electrochemical
performance were studied in detail in the literature as discussed in the pyrolysis
section of 2.2.1.For LFP electroactive material, the presence ¢?Qi would lead
to the formation bFeP and/or F# on particles surfacé®. Although LEPOs were
detected as;a secondary phase in some samples in the XRD datapased

impurities were not realized.

The morphology of the particles after heat treatment were analyzed as a function of
heat treatment temperature and the CTAB contbentFigure 4.12, the SEM
micrographs clearly showed that increasing temperature fromA500 700AC
caused morphology changes and neck formationssyratesized LFP particles. At

500 AC, particles preserved their shapes (Figure-&)12At6 0 GC, tife particles
seemed mostly individual, but their morphology deteriorated except from few
(Figure 4.12b). At 700AC, on the other hand, particles completely lost their initial
fusiform shapes and chemically joined to each other (Figure.d)1Zonsidering

the secondry 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 omaricles.
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LFP-HT

LFP./C

Figure4.12. SEM micrographs of the samples at different CTAB concentration

temperature

The LFP particles coated with bilayer CTAB (L#/€) was analyzed using SEM

after pyrolysis. After heat treaents at 508C and 600iC (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 matelles 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 individudiizen the LFP were treated

with a higher amount of CTAB (LFRC), 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 68D(Figure 4.12g and h). At 708C, as in other cases,
samples lost their initial morphology, becaseverely aggregated again regardless
of the carbon coating process (Figure 4.&2f, and e).

In order to investigate the dispersibility of the carbon coated LFP particles,
sedimentation behaviors were observed (Figure 4.13). The particles whicheobse

to be chemically interacted with each other after heat treatment AT 3@dimented

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 zatmbpote
of-50 N 2 mV, the zeta potential values
were measured betwee#2 and-46 mV and supporting the stable nature of the
samples in waterAfter pyrolysis, samples with differing zeta potentials from the

bare LFP demonstrated that the pyrolysis altered the particle surface.

LFP-HT LFPg/C LFPc/C
LFP |500°C | 600°C | 700°C  500°C | 600°C 700°C | 500°C | 600°C
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Figure4.13. Sedimentation photos of the corresponding SEM micrographs

In order to understand the influence of carbon coating process dadtre@emical
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-sfathesized LFP

(LFP) started with 92 mA§tat 0.1 C and dropped to 30 mAtiat 0.5 C When it

was treated at 500 and 64D (LFP-HT samples), 110 and 80 mAjtwere obtained
respectively, indicating the improvement in discharge capacities obtained A% 500
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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 ramed on LFP particle surfaces after synthesis.
However, at higher temperatures, the specific discharge capacity values decreased to
the levels lower thmassynthesized LFP particles. This result might be related to the
presence of I3PQu phase detected in XRD analysis and/or the changes in the crystal
structure observed in SEM micrographs.
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Figure4.14. Galvanostatic charge/discharge profiles of theyahesized LFP and

samples of 508C and 608C heat treatment samples
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When the particles coated with CTAB bilayer (l8RP) and treated at 500 and 600

AC, the initial dischrge capacity were almost same and were 130A7iAR he
difference between two samples were observed when the discharge rate increased to
0.5 C and the sample treated at 80(Qperformed slightly better than the one treated

at 500AC. Moreover, since theommercial carbon coated LFP particles had specific
capacity of in the ranges of 12060 mAhky 1% | FPs/C, synthesized in this study
exhibited appreciable electrochemical performance (130AnAh

When the LFP particles coated with excess CTAB, and the samples were treated at
5004C (labelled as LFRPC-500 in Figure 4.14), the specifitischarge capacity
values started with 95 mAit and faded quickly and became zero at 0.5 C. When
the powders with same CTAB coating treated at&D@abelled as LF®/C-600 in

Figure 4.14), the best battery performance was obtained with specific rdischa
capacity of 130 mARy! 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

higherdischarge 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 resistagcan®

correlated to the electrochemical reactions at the papatcle contact and at the
electrodeelectrolyte interfac8°*2%Y, The smaller the diameter of the semicircle, the

lower the resistance of the system. The slope appearing at low frequency region

refers to the Liion diffusion in the bulk electrode and it is mathematically converted

to the Warburg aefficient, then soliestate diffusion coefficient of Eiion can be

estimated through Warburg elemét2%4, In general, higher the slope means

higher the diffusion coefficient of Lion. Accordingly, the plots in Figure 4.4b6

showedthat, as synthesized LFP's;RRas ~260 and t her mal tr eat me
the resistanceto~360. The carbon coating obtained
heat treatment at 500 AC |l oweYedndhetehees
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coating obtainedusin excess CTAB and treated at 500 AC
back to a higher resistivity of 400 Y. The
was expected the best'lion diffusion kinetics. In results presented in Figure 4.15

b showed that pyrolysisf assy nt hesi zed L F-AT-680),le6©00 AC ( LFF
decrease in the resistance more than the one observed when heat treatment was

empl oyed at -HTe00). BiGilarly, LthE Poilayer CTAB coated

LFP(LFRs/C-600) exhibited thdowest resistance whereabe presence of extra

carbon (LFR/C-600) led to higher resistance.
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Figure4.15. a) Electrochemical Impedance Spectroscopy of tisyathesized LFP
and samples of 50&C and 600C heat treatmergamples

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 oyatential gap (difference between charge and

discharge voltage at the half capacity of the first cy®Rsdecreases with the

increase of the current rat&@he voltage differences between thikame 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 4.18); 236 and 1077 mV for the LFP sample after heat

treat ment at 500 A Gh). When thelER dampleavasycarborFi gur e 4

coaed wusing bilayer CTAB concentration at 5
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decreased to 135 (0.1 C) and 660 mV (0.5 C) (Figure-d)1Bowever, when the

LFP sample was carbon coated using exces

potential difference incread to 803 mV at 0.1 C, this difference increased
significantly at 0.5 C, and the cell became dead (Fig.-§.1s seen on the graphs
(Figure 4.16a, b, d, f), the voltage difference greatly increased while going from 0.1

Cto 0.5C, after heattreatmemtin d t he car bon coating at

5

between 0.1 C and 0.5 C decreased remarkably except using excess amount of carbon

concentration (Figure 4.18.

The potential gap of LFP sample after
351 and1204 mV at 0.1 C and 0.5 C current rates (Figure-4A}6respectively.
Carbon coating of the samples using-assumed bilayer concentration further
decreased these differences such as 90.5 and 473 mV (Figwey.Mbile the
carbon coating using egss carbon concentration increased this potential gap to 129

and 942 mV at 0.1 and 0.5 C current rates respectively (Figureg}.16

The flat voltage plateaus between 3.3 and 3.6 V imply theptvese LiFeP©Z

FePQ+ Li* + € reactio®®. The slight voltage differences indicate the good
electronic conductivity of the LFP/C composite. The increase ingeliiference
implies that the resistance of the electrode increases, and the lithium diffusion
becomes sluggish and electrochemical performance is deteritffatdd other
words, lower over potential reflects lower internal resistance and better ion transfer
capability of the electroactive material® 2°¢1 Thus it can be deduced théte
reaction kinetics and electrical conductivalyLFP (Figure 4.16) were improved

after heat treatment at 5@0QFigure 4.17b) andcarbon coating at bilayer CTAB
concentration (Figure 4.1@) at 500A CYet, the reactioneterioratedand capacity
faded outrapidly when LFP wagarbon coated excessively500A GFigure 4.16

f). Similarly, the heat treatment and carbon coating @ A0ded to the same
responsdo the heat treatment and CTAB concentratideat treatment at 608 C
(Figure 4.16c) enhanced thelectrochemical reaction atmver overpotentialthan

LFP (Figure 4.1€) was observed The carbon coating at bilayer conaatibn
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(Figure 4.16ee) further improved the kinetics specific capacity got higher and low

potential wasbtainedCar b on ¢ o a t, usingexads CBAB GoncAn@ration

made the reaction slower and the conductivity of the carbon layer lower (Figure 4.16

0); thus, higher polarization occurrgdthe cell and a higher potential gap than the

bilayer concentration was noticed at this concentratidanerally, he reaction

kinetics at 600 AC was further improved than
was observedlt was noticed thathe carbon coated LFP sample using bilayer
concentratior{Figure 4.16e) hadthe beselectrochemical reaction kinetics atte

lowesteledrode resistancand exhibited the lowest potential gap. These results were

in agreement with thiempedance measuremems. described above, the impedance

spectra are composed of a samncle and aninclined line. The sermircle is

assigned to the chaxgransfer impedance (R on the electrode, and the inclined

line corresponds to the lithiwdiffusion process within LFP electrodes. As shown

in Figure 4.5-a and b the Rof the electrode was decreased and lithiam

diffusion kinetics was increasedittv carbon coating. Accordingly, within the

samples, the better cell performance delivered byI®B00, which was consistent

with the results from Figure HWwhere LFR/C-600 exhibited the lowest resistance

and highest ionic conductivity. Depolarizatieffects of the electrode were lowest

at carbon coated samples using bilayer conc
that carbon coating at a relatively optimum carbon content greatly enhance the

electrochemical performance.
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Figure4.16. The charge/discharge voltage curves of a) LFP, and samples treated at
500/C; b) LFFHT-500, d) LFR/C-500, f) LFR/C-500 and 60@C; c) LFFHT-
600, e) LFR/C-600,g) LFR/C-600
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Since thd.FPs/C-600showed better electrochemical performance and conductivity,
the optimum temperature was chosen as &RQTherefore, further analyses were
done only with the samples of 6@0. The carbon layer around LFP particles were
further analyzed using TEM (Figure 4.17). In TEM analysis of the-HFF600
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. Afte pyrolysis of these samples at a0 the residue carbonized and

formed a very thin carbon layer around patrticles.

200nm
Co—

i

-

d 50nm 50nm
 C— -—

Figure4.17. HRTEM images of the samples after B0Meat treatment a) LFRT-
600 b) LFR/C-600 c) LFR/C-600 d), e) 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 ofCTAB 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 4.1@. Oppositely, the LFFC-600 samples were
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coated in clusters, the particles were buried in the carbon (Figureyahd the
necks between the particles were noteworthy. Even in the individual particles, the
carbon layer was inhomogeneous (Figure 4)1TEM nanegraphs 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 ezarlhon
determinator as 1.380.04 wt.% and 1.580.04wt.% for LFR:/C-600 and LFE/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 ugiexcess CTAB led to a thicker one.

The amount of sulfur, on the other hand, was measured asND3B wt.% in
LFPs/C-600 and 3.5K 0 wt.@7h LFP/C-600 sample. The presence of sulfur in

the bulk samples was attributed to Fe®€agent used in theisthesis of LFF209,

It was also concluded that the presence of the sulfur in the samples might affect the

electrochemicaleaction during charging and discharging negatilféty

Molecular structure of the samples was investigated before and after heat treatment
with ATR-FTIR analysis (Figure 48.) effect of the heat treatment and carbon

coating on the surface of the particles were examined
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Figure4.18. The ATRFTIR spectra of the samples before heat treatment, LFP, and
after 600°C heat treatment; LFAT-600 LFR/C-600 and LFE/C-600

The fingerprint region of the LFP electroactive material wertveen 1500 400

cmt 21 The part of the spectrum between 40647 cm® are bending modes:
vibrations of symmetric and antisymmetrieR80 and lithiun¥'. The range of the
spectrum between 946139 cm' corresponds to the stretching mode of the4fPO
polyhedral units. The shift of-B vibration around 957 cmtowards 1000 crhis
correlated to the lithiuaron (Li-Fe) antisite defect concentration of the LFP
electroactive materigl?. As the shift was towards 1000 émthe antisite
concentration increases and the opposite shift was reported vice versa. It was also
reported that the increase in the antisite ddfkarks the lithiurAion migration and

reduce the electrochemical performance. In this study, it was seen observed that heat

treatment of the asynthesized LFP shifted the®vibration towards 957 cty and
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carbon coating of the samples caused furthiér telivards 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 waticed that the reaction kinetics

of the samples were improved after carbon coating.

The peak, seen in the LFP sample, in the range of-3d&@M cm! was assigned to

the OH stretching mod&®! and this peak déppeared after heat treatment of LFP
(LFP-HT-600). In the same sample, a new peak arose at 2340 which was
attributed to CC triple bond and it can be stemmed from carbonization of the
ethylene glycol residue. The peaks seen at 1615amnd 1395 cm was ascribed to
C=C or C=0 bond&*, arising from ethylene glycol used in the LFP synthesis
medium. These peaks skift towards lower wavenumber after heat treatment, as can
be seen from the arrows, in Figurd8.The same changes were seen in the carbon
coated samples (LBRC-600 and LFE/C-600).

As stated in the introduction, the large particle size of active miatasa significant
negative impact on electrochemical properties due to limited lithiumdiffusion

into solidstate agglomerated particles. In the current study, similar behavior was
observed; as the current rate increased, the discharge capacitgsddc(eigure
4.16-b-d-f) and it might be due to the ndmomogeneous 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 playgubatant

role in improving the electrochemical performance.

The chemical composition and valence state of Likef@ LiFeP@C material

was confirmed by XPS analys{gigure 4.B). In the figure, in the wide range
scanning spectrum shows peakdHd, P, O and C components confirming formation
of LiFePQJ/C material.The Fe 2p spectrum exhibited two major peaks (ke &md

Fe 2p/2) at binding energies of 710.9 eV and 724.2 eV indicating Fe(ll) valence state
which is characteristic of the olivirtgpe LiFePQ products?'®.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 literatiit8. However, the samples prepared in this
study, nitrogen was not detected. Therefore, it catpbeludedhat 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®2.
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Figure4.19. XPS spectra of the samples LFP and afte80teat treatment; LFP
HT-600 LFR/C-600 and LFE/C-600

Analyzing the C 1s core levapectra, the deconvolution (Figure2@). clearly
displayed the lower binding energy featured at 284.62 eV correspondingCto C
carbon (spC) and the higher binding energy, featured around 285 eV corresponded
to C-C (sp' C)?'"l. They were followed by @©-C type carbon at 286 eV and a
shoulder at 288.9 eV, which was typically assigned-©=@!2'" 218l Graphitization
degree of the samples were compared by the area under the peaks, denct€d by sp
and spC. The area ratio of $psp’ was 1.06for LFP (Figure 20-a), 3.07 for LFP
HT-600 (Figure £0-b). It was observed that the?spabon content on the as
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