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FOREWORD

As technology develops, our society becoimeavily energy dependent. This
dependency brought us to thenk of our own destruction since the neddmergy is
provided via fossil fueld~ossil fuel usage leaves carbon footprint in nature which has
tremendousffectson earth ecosystem. Reducing carbon footprint requires less carbon
emission and more renewable energy source usage. In this aspiea, iiith battery

(LIB) is the key enabling technology since it can reduce carbon footprint by enabling
the electrical vehicle (EV) usage and increasing the share of renewable energy sources
in energy production industry.

In this study, Nickel-ManganeseCobdt (NMC) cathode material is produced,
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REACTOR DESIGN, CHARACTERIZATION AND PRODUCTION OF
CATHODE ACTIVE MATERIAL VIA CO -PRECIPITATION METHOD
FOR LITHIUM ION BATTERIES

SUMMARY

Green- ecofriendly energy sources are one of the most researched topics since the
global warming and increase in the grieemse gas is a global concern. However, those
renewable energy sources may not be available for every day of a year. Winds may
not be able to provide sufficent force to turbines, solar energy may not be used on
cloudy days. Tese problems disrupts tlmntinous usage afenewable sources.
However, stasge technology can support the output of energy frese sourcesn

this aspect, lithium ion batteries (LIBs) are very promising and already on the use
energy storage systems. LIBs ardl eing researched extensivelylectrochemical
performance ofhe LIBs majorlydepend on the electrode materials such as anodes and
cathodesHowever, since commercial anodes are way ahead of the cathodes in the
aspect of capacity, majority of the researches are focused on cathode materials.

NMC cathode materials @arvery promising and currently being usedelectrical
vehicles and consumer electronics but they still require improvement. NMC mainly
consists of nickel, cobalt and manganese. Commercialized NMC is the NMC 111.
Numbers indicate that cathode materialteors transition metal at the ratio of 1:1:1
respectively NiMn:Co. There are many NMGtoichiometriessuch as NMC 433,
NMC 532, NMC 622 and NMC 811. Main idea is to increase nickel content of the
material while reducing the cathode content as much ag@ssowever, increasing
nickel content also increases the reactivity of cathode active material. This situation
not also distrupts electrochemical performance of the battery, it also jeopardises the
safety of battery. To be able to produce NMC 811 with ltapacity with no safety
issues requires optimization of synthesis methods.

Co-precipitation is the mainly used NMC synthesis method for commercial materials
and for scientific researches. Main mechanism of this method is to precipitate
transition meta together in hydroxide form very well controlled conditions. Even
though preparations are simple for tmethod parameter optimization plays a critical
role for high quality final product. There are numereous studies on the optimization of
reaction temprature, level of pHmolarity of chemical reagents, reaction tiraad
feedrate of chemicals and so on. However, there are very few reseanthesv
mixing paramatersaffect precipitates as well as mixing quality such as providing
homogenous mixing ofhemicalsin most of the studies done onprecipitation, oly

given information is thenixing rate

This studyconsists ofireemain pars. First via COMSOL Multiphysics software a
series of simulationswith different impeller geometries (type) at different
configurationss done Knowing that for the best homogeneity, a single loop must be
formed in the reactort is found thatpropellertype impeller is the best among the
other bladesvhich are hydrobil blade,pitchedblade andushton turbine. Iprovides
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single loop withthelowest possible mixing time. Moreover, impeller diameter should
be smaller than 0.55 T (T = reactor tank diameter).

Following the first part findings, in the second part itheellersgeometries used in
the simulationsare 3Dprinted and used to produce NMC 811 cathode matéilal.
parametes kept constant apart from the impeller type and configuraitorach
experiment.The output of ceprecipitation process, powders areusturaly and
morphologically analysed suir{RD and SEM, respectively.

XRD results show that impeller type does not significantly affect the crystal strucuture

of the synthesized Bl§Co.1Mno.1(OH).samples. Theyallalen dex ed as hexagonal
Ni(OH)2 structure. However, after thealcination, main effect of the impeller was

observed. Rietvield analysis of heat treated crystallineolglBtih.1Mno 102 samples

showed different cation mixing levels, which is attributed toukage of different

impellers during their precursor synthesis stage.

Effect on the morphology could not be investigated since the reaction time did not
allow for complete morphological development. This will be investigated in future
studies.However, avaage particlesizeis investigated for each impeller typié.is

found thataverageparticle size decreases wititreasing big loop to small loop ratio
(Rv) for the pitched blde and hydrofoil impeller typeOn the contrary, average
particle size increasewith increasing Rfor the propeller type impeller.

Last, using the powderslectrodes that produced cathodes have been preapared and
analysed electrochemically to see thaif-cell test results for lithium ion batteries.
For the electrochemicalkpformance analgs, cyclic voltammetry galvanostatiand
impedance tests are conducted.

As a result, iis understood that thienpellertype has an effean the cation mixing
andoxidation states dfransition metals in the crystal. This situation dieaffects
the electrochemical properties of the mateRalwders produced from the precursor
that is synthesized with rushton turbine impellghich has the lowest homogeneity,
showed theworst electrochemical performance witin inital discharge capdty of
102.68 mAhg. The propeller type impeller, which reached the highest level of
homogeneity, also showed the best performamtiee 2.8 4.3 V range with an initial
discharge capacity of 177.70 mAh/g at C/20 rate with a 75.62% capacity retention.
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LKTYUM KYON PKLLER K¢KN BKRLKKE ¢¥KT!RM
REAKT¥R TASARI MI, KATOT AKTKF MALZEMESEK
KARAKTERKZASYONU

¥ZET

Génegmezde ser a gazl arénén art masé vV e k
bakl adéj éndan ber i dogte remgtie n klaiylniak | avreé - gz
araktermal ar tem dénya -apeéenda hez k az
kaynakl aréndan ¢retilen elektri]i direk
¥rnejin, bir rézgar terbini e laedmb her kK ¢ r e
zaman yeterince r¢zgar ebekyebkl grevmgh i
duyduju g¢neke yéléen her g¢n¢, her saati
kaynakl ar én yaygénl akmaseéneé sekteye uij
kull anabil mesi i -in enerji depol ama si st
esmiyor ol sa da, géenek gokye¢gzegnde parl an
enerji kull anéelabilir. Bu a-édan | ityum I
ti car.i olarak kull anélan | ityum iyon bat
ye¢ksek kapasiteld ve daha wuzun °m¢grl ¢ b
bataryanén el ektrokimyasal °zellijini b ¢
Géenegmzidul | anél an anot mal zemel er i katot
y¢ksek kapasitelidir. Bu sebepten aracxkt
szerine yojunl akméxkt éér .

NMC pill er umut vaadeden ve hali.i hazeéerd
am -1l ara kadar kull anél an bir pil ter ¢der
verdi i gé - a-éséndan | imitine wul akmameék
devam et mektedir. NMC katot mal zemesi ni
kobal tt ékru &n yarsayaygeéen kull anél an NMC - e
sayeé, aktif mal zemenin hangi oranl ar da
belirtmektedir¥ r nej i n; NMC 433 i-erisinde séraseé
ve kobal't i -ermeéd&t edi € K € |k tate aa nv lgazne alh i@ € d kn
ki myasé mevcuttur. Bunl ardan en yaygeéenl a
622, NMC 811. Araktrémal ardaki genel tr
ol abildijince azaltmakta@&pasiBueaye easmrbedk , k
nikeldir. Ni*?i yonunun «karj/dekaf'f ormunamlygkisebbd
I ndirgenmesi pilin kapasitesinin be¢yék
maal esef pil kat ot aktif mald ZRundarem ni n r
yal nézca pilin el ektroki myasal perfor ma
stabiitesinide k°t ¢ y°nde etkileyekKoebadieanlaizlal 4
sebebi i se bu kendisinin pahale@l masémdanl
dol ayeé insan sajléjéna ve -evreye tehl:i
her hangi bir tehli ke texkkil et meyen NMC
se-ilmeli ve ¢retim parametreleri opti mi:
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Birlikte yehAkemr meger ek ticar.i NMC creti min
arakteéermalarda sék-a tercih edilen bir yo°nt.
fikir, ge-i kK metallerini-kaberabeel ayaie a&r ust
Kekil de -9kt @ermd Inme-sakdi fazlY nhazérl ek ger ekt
sécakl ekl arda ger-eklekiyor ol masénén yaneé
mor folojik ve yapésal ©°zelliklerinin, dol ayl
ediledl i yor o F anla a € d ékuonnl tarroél ng, ancak cretim par;
etkilerinin iyl anl akél masé ve kontrol edi |l m
seviyesi, kull anél an kimyasall arén mol arites
yapél mék bir-ok -alteywma dmewdkutotl amr.akHem&ji sni o
karéektérma prosesi czerine -ok az sayéda - al
yalnézca karéktréma prosesinin hangi d° nme h
Bu -al ekxmada, COMSOL Multephmsak@ehedy az el é mé
bladg, s u  k a nhgdrofoi plazlg, gervane (propeller) tipr e r usht on t ¢r bin
karéektéréceéelareéen -exitli konfig¢rasyonl aré s
s e- erperyanen i pi karegbPégémegknDf ckin] @kdésshsE K meac e k
s¢resinde tek akek d°ng¢se¢ olukturmayeée bakar
i se karéktéréce bea&kklara&an-5dp@ademu @lauwzjlua e jseer
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1. INTRODUCTION

Batteries are the electrochemical devices sht@atechemical energy and ceertit to
electrical energy through aetions when ragjred [1]. Batteries are essential parts of

our lives. Every day, millions of batteries are used in cellphones, laptops, pacemakers,
electrical vehicles (EVs), drones, military applications and s&prWithout them,
humanity would had tdive connected to the grid with eleical wires. The long
journey of batteries startingiith Alessandro Giuseppe Antonio Anastasio Vplta

inventor of first battery (see Figure 1.1), enabled us the mobility.

Figure 1.1 : Volta demonstrating his battery in front of Napoleon [3].

Most fundamental design of a battery consists obsatipe and a negative electrode
sefrated by a sepator in an electrolyte media (see Figure 1Q)rrent producing
reactions are basically redoeactions between positive and negative electrodes.
Electrons are forced to use an external route froenabectrode to other since segiar
inhibits electrical conductivity between electrodes whereas ions are transferred in the

battery through electrolg [4].
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Figure 1.2 : Simple battery design.

Batteries are mainly cajerized under two topics which arejrpary batteries and
secondary (rechargeable) battersmary batteries are comprise of finite amount of
reactant material. Once the reactant material is depleted, battery can not be used again.
However, secondary batteries can be regead via applying electrical curreatter
depleton of reactantsRedox reactions that occur in secondary batteries are reversible
reactions. Most common secondary battery type is lithium ion battery [2]B)

LIBs are unrivaled energy storage urdis it can be seeim Figure 1.3since they
combine higlpowerand high energy densiiy a small volumé¢5]. Even though LIBs
are dominatly used in consumer electronics such as laptops, smart phones and
wearable technology, they can play more major role in modern s@@jefyccording

to the European Strategic Energy Technolgggn (SETFPIlan), batteries have been
identified asKey Enablhg Technolog(KET) for accomodaon of more EVs and
integration of variable renewable sources in the energy segtof¢chnological
advances in LIBs are enabled EV and hybrid vehicle (K¢hnologieghat have
significant impact on reducing carbon esi. Moreover, market share of the-off
grid energy sources such as wind and solar increases lattechnology advances
[8]. CurrentLIBs arenot yet reached their limiig the aspect aheir energy density
by mass and by volume. Current energy deesiare at 9230 Wh/kg and 20®20
Wh/L. However, required eneyglensity to meet the demand350-400 Wh/lg and
750 WhL [9].



Decreasing storage weight

Comparison of specific power and specific energy w

10.000 Supercapacitor

1.000

Fuel Cell

100

Specific power (W/kg)

10
10 1.000

1
@ Specific energy (Wh/kg)
Increasing storage weight

Figure 1.3 : Comparasion between various battery technologies in the aspect of
specific powews. specific energys].

Currently optimised LIBs of generatiorl, generatior2a and generatio2b (see
Figure 1.4 is widely used in EVs and energy storage systéingse generatiorare
expected to remaiasdominant LIB chemistry in the market until 28. Researches
arefocused on the generatiora3nd further generations [].0

Table 2.1: LIBs generations[10].

Cell Generation Chemistry
Generation 5 9 Lithium-air
Generation 4 1 All-solid-state with lithium aode

Conversion materials (primarily lithikwsulphur)
Generation 3b 1 Cathode: HENMC, HVS (HighVoltage Spinel)
Anode: Silicon/carbon
Generation 3a 9 Cathode: NMC622 to NMC811
Anode: carbon (graphite) + silicon component(®6)
Generation 2b 1 Cathode: NMC323 to NMC622
Anode: carbon
Generation 2a 1 Cathode: NMC111
Anode: 100% carbon
Generation 1 i Cathode: LFP, NCA
Anode: 100% carbon







2. LITERATURE

2.1 Lithium lon Battery Chemistries

SinceLiCo02 (LCO) cathode is invented at 1980 bydaenough et al. []1trarsition
metalintercalationin LIBs have caught attentidd2,13. Categorized in the aspect of
crystal structure, commonly used cathodes are respectively layered. L8g@Del

LiM 204 and olivine LIMPQ (M = Mn, Ni, Co, F8. Characteristics o$everakahode
chemistriexcan be found in Figure.2. Layered LCO has acceptible cycle I{f00-

1000 cyclewih a decent capacity. However, due to the safety concerns and low cobalt
availability, this chemistrglid not become populaBpinel LMO exhibits long cye

life (10007 1500 cycle) and high safety due to the high thermal stability. This type is
commercially used in low energy demanding devices since it has low energy density
(10071 140 Wh/kg) compared to other chemistries. Olivine LFP chemistmery
durable and very safe cathode mateiiatan endure up to 2000 cyclétwever, just

as the LMO, low specific energy in the range of B0 Wh/kg. NMC and NCA
chemistries are very similiar to each other since they both originate from nickel oxide
cathodeNCA batteries shows an outstanding specific energy of 280 Wh/kg and

long cycle life up to 1500 cyclekow amount of cobalt makes this chemistry more
affordable than the most of the NMC typ@&sis chemistry is used by Tesla in their
EVs. On the otherdnd, NMC batteries have lower energy density compared to NCA,
in the range of 14@00 Wh/kg, however it shows longer cycle life up to 2000 cycles.
Another advantage of NMC is flexibilty. The composition of nickel, manganese and
cobalt could be adjuted tonfluence the battery characteristics for different
requirementaviost of the research focused MC and NCA chemistrie§wo topics

are beingextensivelystudied to improve the electrochemical performancého$e
cathodesThose topics aralteration ofthe chemistry of material angptimization of

the morphology.



2.1.1Lithium cobalt oxide

UNaFeO2 structured LCO cathodes were promising battery material with a high
theoretical capacity of 280 mAh/g [14However, pactical capacity could only
reached to 13BAh/g in the range of 3104.2 Vdue to the structural instabiliti€s5].

LCO belongs to the th¥od space group with alternating stacking layera8BEABC

(A=Li, B=0O, C=Co). Co atoms are centered in the octahedral sites of the ccp of the

oxygen staks that can be seen in Figure p12,16].

LCO LMO
Affordability
M Energy Maturity
f { bili Jaret L abIlity

Figure 2.1 : Properties of different LIB chemistries [7].

During charge, LiCo®@is delithiated to LjsCoQ; for high capacity retention. If
charging voltage exeels 4.2 V, especially beyond 4.5 V, structural stability is
jeopardized andhe impedace increasesvhich results in capacity fade and poor
cyclability [18,19] Main reasosn behind this artheirreversiblechangesn the crystal
structureand the high volime changg20]. Another problem isLCO tends to get
unstabilizel at elevated temperatures when unlithiate@¢hHrging voltage increases,
higher delithiation states dfix<o.sCoQ, will be reached.LiosCoO; readily shows

thermal runaway starting at 130 It will be worsefor higher voltage§1].



2.1.2Lithium manganese oxide

The LiMnG; is another layered cathode material that depends on lithium
intercalation/deintercalation for current production. It looks very promising since it
has high theoretical capacif®85 mAh/g) in the range of 2154.3 V [22]. Moreover,

it has low cost, low toxicity and it is abundant in the earth crust. However, this high
theoretical capacity can not be retained during cycling*Mmhich is in the layered
structure, is Jahfieller active material. It has a tendency to separate int&’ lsimd

Mn*. This phenomena leads layered structure to transform into spinel structure which
is the main reason for capacity loss [23]. In addition;Mives get dissolved in the
electrolyte gives ge to active material loss. It is observed that“Mtissolution

increases impedance of the batt@4].

Figure 2.2 : Layered strucutre of LiCoO2[17]

2.1.3Lithium ferro phosphate

LFP batteries uses olivine L&PQ compound as a cathode materiathium iron
phosphate is one of the most proimgspositiveelectrode materialue to its excellent
electrochemical propertigd70 mAh/gat 3.5 \), aswell as its low costthermal
stability, environment friendlined25]. Moreover, high structural stability delays or

minimizes the oxygen loss which happens in layered type cathddesolivine



structure of LiFeP®is shown inFigure 23. Red, yellow and blue indicates
respectively, lithium ion, P&xetrahedron and Fe@ctahedronThe FeQ@ octahedras

are shared by corners wherdasltiOs octahedra areshaedby edge.

Figure 2.3 : Olivine strucutre of LiFeP4]26].

Although LiFePQ shows both structural and electrosheal stability, its low
electronic conductivity, 1D limited ionic conductivity and laworking voltage are

major drawbacks [27].

2.1.4Nickel cobalt aluminium oxide

Lithium nickel oxide (LNO)eatures very closgtructural properties to LCO and close
theoreti@l capady of 275 mAh/g. Moreoversince nickel is much cheaper than the
cobalt, LNO is ery promisingcathode materiaHowever, pure or Niich cathodse
are not preferable due to thermation ofNi*? ions during the intercalation @nde
intercalation pocess thatould block the dfusion pathof Li ion, as a resulthe
capacitydecreaseafter several cycld28]. Introducing small amounts of substituting
atoms such as cobalt and aluminium can presatidn mixing. Thusgyclability and
stability improved during continious chargelischarge cycle$29,30]. As a result,
Li(Nio.sC00.15Al0.05)O2 (NCA) is invented.

Over the past0 years NCA is extensively studied by researchas acathode
material.Most common composition of NCA tee Nig.sC 15Al 0.0 It hastheoretical
capacity of 279 mAh/gPractical capacity dfiNio.sCa.15Al0.0s02 has reached to 198
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mAh/g capacityin the voltage range of 2:84.3 V with a 96% capacity retention,
which is higher compared to LiCe(LiFePOQiand LiNiG; [31]. SinceNCA chemistry

is commercialized by Tesla and Panasoihibas been proven to be suitable s

[7].

2.2 Nickel Manganese Cobalt Oxide (NMC)

LINIMNCoO, cathode compunds are very attractive due to their optimum
electrochemical performancempared td.iNi CoAlO,. Even though NMC provides
lesserenergy densityapproximatelyl40' 200 Wh/kg, it hasongercharge/discharge
life of 1000 to 2000T he adjustability in terms ohe proportions of nickel, manganese
and ©balt is adventageouso influence battery charamistics towards desired
charactersticsuch as specific capacity, ratepability and safet{82]. The tradeoff
relation of NMC material properties regarding to the composition can bedeignre
2.4,

NMC cathode materials are basically LiNi@ped vith substitutive atomst hasU-
NaFeQ layered structure withYod space groupCrystal stucture can be sedn
Figure 2.5 NMC crystal structure consists of repeating layers of@\i-O dong the
[001] direction [33. Ideally, charges of the transition metals in the structuréiie
Co"and Mrf*. Charge state of MAdoes not change during discharge. However, any
change in the oxidation stadé Mn leads tarreversiblestructural changes [34

Co
Rate Capability

NMC 111
®

NMC 532@ ONMC 62

@ NMG 811
Mn Ni
Safety Specific Capacity

Figure 2.4 : Ternary phase diagram of fNin-Co regarding theiproperties.



Increasingthe nickelamount offers higher capacity since the main source of the
cathode capacity comes from oxidation of'No Ni** at 3.61 3.9 V and Nf* to Ni*

at 3.91 4.4V [35, 36. Higher voltages yield more capacity by oxidising®Cion to

Co* at4.67 4.8 V; however, CY reacts with electrolg and leads to capacity fade
[37,38].

Radius of Ni* ions O . 6 )%aregloseto radius of Lt ions Q@ . 7 )6 Dujing charge
process, Ni" ions can easily migrate into the Li sites and gédised into smaller Nt

and N ions [39, 36. Calculations show that, this cation mixing will shrink Li
interslab thickness and this leads to increase ‘idiffusion activatiom energy 40].
Migrated Ni atoms are hard to move back into the TM layer &f/Ni exchangeThis
phenomena reduces the capacity at each consecutive cycles. NMC cathodes that
consists higherthan 75% Ni are more susceptible to cation mixing during
charge/discharge procegtl]. Similar exchange mechanism is not only observed fo

Ni, but also for both Co and Mn atomidowever, their contribution to the cation
mixing related capacityafle is relatively very small [38Generally, Xray diffraction

(XRD) or neutron diffraction analysis methods are used to detect the dégle=

cation mixing [43. Cationic disorder in the Li slab leads to destructive interference in
the (003) plane and a decrease in the intensity of (003) peak. However, this situation
creates constructive interference in (104) plane and increase in the intérisy)o

peak. As a result, intensity ratio of th@dd/l(104) iINnCreases as the cation mixing
decreases [42The value higher than the 1.2 showw levels of cation mixing [44

45]. Hexagonal ordering can be measured by the R value whildiireed asheratio

of the irtensites of (006) and (2Ddoublet peak tahe (101) peak. The lower the R
value, the tgher the hexagonal ordering [4&Researches show that NMC active
materialscalcinated att e mper at ures above 800 exhibit a
mixing. Moreover, the active materials that cadt&al atthose elevatetemperature

exhibit decreasingexagonal ordering. Optimum R value is achieved at 8(07].
To inhibit the cation mixing, there are mainly 3 methods;

A Various elements are doped inte ttrystal such as, Mg, Al and Zr. Researches
show that in the NMC doped with Zr, activation energy for Nickel to diffuse into Li
site is 3.5 eV whereas it is 1 eV for undoped NME].
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Figure 2.5: Crystal structure of NM@M = Ni, Mn, Co). [33]

A During calcination process, excess lithium source is used to compensate the
evaporated lithium and minimizing cation mixingdlowever, any residiual Li source

on the surface react with G@ndmoisture during storage of the active material and
form LIOH and LbCOs which negatively affects the slurry preparation and also
increases the implance of the cathode [F9Moreover, those undesired products
reacts with electrolyte in the battery and le@@mdbe gas evolutiofp0]. Water washing
method is ndesirable after the calcination since it makes the cathode more susceptible
to the moisture and CGOLee et.al. studied hydrophobic coating to prevent the

undesired compund formaton on the surface [$1

A Increasingatomic uniformity via synthesis methis, decreases the cation
mixing and also increases the crystal stabifigrmation of Mn or Co clusts in the

crystal is responsible for the phase degredation during cy&i#ig

Mn*4ion is an essential structural stabilizer sitiee TM1 TM bonds thainvolve
Mn** are themodynamically stable [§21t provides charge neutrality to the crystal.
However, when the amount of Mn is decreased hmidti NMC materials, it is not
sufficent to maintain charge neutrality of the crystal. Consequen@yim\irystal gets
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oxidized into N#*to reach charge neutrality. Increase in the amount BfrBsults in
undesired side reactions with the electrolyte.

As previously mentioned, during charge?Nis oxidised to Ni*. Ni** ions in the
highly delithiated crystattends toreduced to Ni* via forming oxyge containing
species [5B It is suggested that this oxygen defects causes local structural distortions
and this stresforces cation mixing [5¢ Highly delithiated NMC crystals are also

experiencing phase tramsfmation from layeretfod to spinel’O@é and then rock

salt"Odod structure which is poor in ionic conductivity. As a rescépacityfades
[55, 59.

2.2.1Synthesismethods

Electrochemical behavioof the NMC cathodes stronglgepends onthe particle
morphology, crystal structurerystallintyand surfacerea These characterisitcare
heavily rely on synthesis conditiofts/]. Therefore, the synthesis method tisaised

determines powder properties and, as a result, electrochemical performances

There are differenhethods to produce NMC powdgssich asolgelsynthesissolid-
state synthesjsnicrowave synthesjspray pyrolysisand co-precipitaion synthesis
For different synthesis methodsapacitiesand other electrochemical propertiefs o

NMC cathode materialstudied in literature are given Table2.1.

2.2.1.1Solkgel synthesis

NMC cathode material can be synthesized sad gel method First, Li andTM
precoursors are dissolved in deionized water according to desired molarity and then,
mixed.Necessary amounf chelating agent, such as citric géggraduallydropwise
addedinto the Lt TM solution.Level of pH is adjustethy, generally, using a NH
solution Mixed solution isheated umndcontinuou$y stirreduntil the transparent gel

is formed.Then the gel is heated and dried to obtain final powder. With this method,
Zhang et al[60] have achieved initial discharge capacity of 168 mAh/g at 1C rate. Lin
et al., [6] have producedl-doped NMCvia solgel. The cathode materiahve

shownan initial diharge capacity of 194.6 mAh/g.
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Table 2.1: Electrochemical properties of various NMC cathodes synthesized via
different methods.

SokGel Li[Ni 0.8MNo 1C00 02 1IC 250  66.9% 208-[55 ngh/g
Li[Ni 0.sMno.«Co0.]O> ile 50  81% 161[5r3]Ah/g
Li[Ni 0 3Mno s2C00 3902 1C 50 89% 168[ égiAh/g
LiNiozMnoaConAlodO: 40 10 saw  IOHE AN
P)?r%rlsgis Li[Nio.gMno.1Co01]O> 1IC 100  95% 173[6'2]Ah/9
Li[Ni 0.8Mno.05C00.16O2 01C 50  97.7% 208.[% Sr“;'lAh/g
Li[Ni 0.6sC00.078VIN0.07dO2 ile 80  93% 175[6r2]Ah/g
Solid State  Li[Nio . s (GGoalyIno.1Can.sJO2 0.2C 50 77.74% 151[6n51iAh/g
Li[Ni 0.8Mn0.1C00.]O> 1IC 100  71% 169[ gg]Ah/g
Li[Ni 0.8Mno.1Co 1O 0.2C 20 94% 200[6rg]Ah/g
'://Iv:x:\r/g Li[Ni 0.Mno.4C00 2]O; 02C 50  99.5% 156[6”‘83%/ 9
Pfeggitati Li[Ni 0.8Mno 1C0n1]O2 1C 200 81.3% 163-[‘;'3 g]‘Ah/ g
on
Li[Ni 0.sMno.1C00 1]O> 1C 150  84.5% 2oo[7r8]Ah/g
Li[Ni 0.8Mno.1C00 1]O2 02C 50  95% 198[7n11]Ah/g
Li[Ni 0.sMno.1C00.1]O> 0.33C 100  86% 190[7n21]Ah/g
Li[Ni 0 gMno.1Cao]O; 2C 100 86.95% 160[7fglAh/g
Li[Ni 0.sM10.1C00.1]O> 0.5C 100  89% 204[7r2]Ah/g
Li[Ni 0. 8Vino 1C00 02 1C 180 90% 215[7r751iAh/g
Li[Ni 0.8Mno.1C00.4]O2 0.5C 50 95.6% 193.[772]1Ah/g
Li[Ni 0gMno.1C00.1]O2 20mA/g 500 83% 169.[97;1]1Ah/g
Li[Ni 0 Mno1Can1]O, 05C 200  75.1% 183[;2]%/9

2.2.1.2Spray pyrolysis synthesis

The precursor solutiothat consists of TMs and lithium is initiallgtomized at a
desired frequencyia ultrasonic nebulizer. The sprayed droplate carried to the
reactor by oxygen gaand nucleation and growth occuteroughthe processs of

evaporation precipitation, drying pyrolysis and sintering amortge laminar flow
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aerosol reactor. The final produceistractecht the reactor outlet witle electrostatic
precipitator while the gassasecleaned up by pasgjrthem through a cold trdjg9].

2.2.1.3Solid-state synthesis

Solid-state synthesis ishe simplest method for powder synthessmong other
methodsBasically, oxides of TMs and lithium precoursor are mixed, preferably with
ball mill, and then calcinated at eléed temperatureélthoughthis method is facile,

this synthesis method is not commonly used for layered materials due to the possible
impurity formation in the crystal. Those impurities leads to poor electrochemical
performanceTan et al., [8D haveachieved the initial discharge capacity b41.3

mAh/g in the range of 2.6 4.5 V with NMC which syntlesizedvia the solidstate

me t h o d -Mn&:inangrod$Jas eagent

2.2.1.4Microwave synthesis

Microwave synthesigs an another method for NMC material prodostiMicrowave
irradiation heats up themixture of as prepared NiMnCo(Ok)precoursorand Li
precoursorin very short time. Fast production of material makes this metod
advantageouf1]. However, final product is generally not satisfactory in the aspect
of crystallinity. Poor crystallinity leads to poor electrochemical performahee. et

al., [89 have synthested LiNi0.4Mn0.4C00.202 active material via microwave
synthesisinitial discharge capacitig found to be 156 mAh/g at 0.2C in a range-of 3
4.3V.

2.2.1.5Co-precipitation synthesis

Co-precipitation is the most widely used method to synthesis layered cathode materials
such as NCA and NMC. This method requires good understanding of how co
precipitation mechanism works and good control over the synthesimgtara such

as reaction temperature, reagent molarities, feed rates, pH and mixing conditions.
Eventhough cgprecipitation methods more complicated than the other methods, it
yields the best NMC cathode materials in the aspect of electrochemical pederma
Advantages and disadvantages of thegxipiation synthes method are given in
Table 2.2
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Table 2.2 : Advantages and disadvantages cfcecipitation metho(i7]

Advantages Disadvantages
1 Allows to control of particle 1 Nor-applicable to neutral
size and composition charged species
1 Allows to modify particle 1 Reactants must have similar
surface state precipitation characteristics

Time consuming
Reproducibility is a problem

1 Homogeneous products
1 Low temperature
1 Low energy consumption

E ]

Several researces are conducted on the conditions of NiCoMa{@Hhation in the
presence of NkDH [83, 84. Studies show that dissolved TM ions first reacts with
ammonia in the aqueous solution to form metaimmonia compbe The metal -
ammonia complexwould then reaavith OH" ionsin the solution As the OHions get
close to metai ammonia complex, N#i ions, which are located at the ligand of the
metal ion, slowly releases TM ions and as a result hydroxide preciptatésrmed.

First stage of therecipitation reactiofs given in equation 2.1.

-. EAN -#1 AN --T AN @. (¢ (ANO
CBI-T L ( AN T(/7 @ 1.(/1 (AN (2.1)
Second stage mxfe atchhe omregeuwsa tpg dveetr?2 .02n
CBT-T L ( AN U/ q/°0.8i-117( O
U(/ ( 1T U.( (2.2)

Geneal process flow of theo-precipitation is; firstx molar transition metadolution

2x molarsodium hydroxide solutigras OH source anddesired amount acimmonia
solutionare prepared in different beakerfhen,to achieve homogeneous reaction,
basicaqueous media is prepared with ammonia and deionized water at a desired pH.
Aqueous basic media liquid is directly poured into the reactor, which has heater
(Jacketed tank can be used for this purpose.). Other three solutions are pumped slowly
into the reator tank under nitrogen atmospheis.the feeding of chemicals progress,

pH should be monitored and adjusted. After feeding is done, chemicals are left for
ageing. During the whole process, mixing should be excellent to get homogeneous

final products.
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The hydroxide that is synthesized via-meecipitation determines crystal structure,
particle size and morphology of the resulting oxide be able to control the particle
properties such as morphology and particle sizegrecipitation mechanism should
bewell understood. Gprecipitation consists of 3 stages which are nucleation, growth

and agglomeratigrrespectivel\85]. Each will be explained in detail.

NMC crytals have tendency to anisotraglig grow in [0QL] direction [83. Srinivasan

et. al. [86] took TM hydroxide samples from the reactor at different times as the co
precipitation progress and analyzed them via wide range XRBeenn Figure 2.6,
peaks corresponding to the (100), (101) and (102) planes change with time. However,
slope of (101plane is much greater than others. This shows that NMC grows faster in
the [001] directionShengming etal. [87] also studied the crystal growth during co
precipitation. Mean single crystal grain sizes along the different directions are
calculated for 2ours, which can be se@mFigure 2.5. Along the [101] direction,
crystal grows faster comparing to other directions. However, after 8 hours, when
crystal length reaches 24Q a sudden drop in the [101] direction indicates that crystal
breakage perperalilar to eaxis due to collisions. To understand the reasbe,

crystal structure of NIMnCo(OH) and ceprecipitation mechanism must be

understood.
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Figure 2.4 : Area of diffraction peaks of different plas regarding to timgs6].
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[87]
During precipitation, at first, when transition metal sources are feeded into ¢har rea
part of TM ionsreactwith free OH ioninstantaneously to form TM(OH)Unreacted
TM ions form an ammonia complex and consequently free metal ion concentration is
reduced in the solutiofhis reduction slows down the direct TM(QHQrmation. As
mentioned before, once TMammonia complex is formebdlHs ions does not release
the TM ion easilyto free OH ions in the solutionlnstead, through the electrostatic
forces, positively charged T ammoniacomplex 4 - . ( o is being attracted
to already formed TM(OR) crystals due to the unsaturated negatively charged
hydroxyl ions on the crystal surface. Once the complex is close enough to TM(OH)
crystal, TM- ammonia complex releases TM ion to the crystal surface andis\NH
released back to theolution for further complexation reactions.Figure 2.6, TM-
ammoniacomplex and anisotropic crystal growth is shov@mce the negatively
charged hydroxy ion density is higher in the (001) plane, csydtalds to grow
anisotropically. This is also he main reason needike morphology of primary
particles that is observed in NMC materials synthesized vi@ecipitation method.
As the reaction continues, formed neelike crystals are gets aggierated in order
to reduce theisurface energyburing agglomeration, sharp edges are gets dissolved
since those regions have high solubility and surface of the agglomerate smoothens,

spherical particles are form§gi7].
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Figure 2.6: Schematic explanatioof anisotropic crystal growth of NMC. Blue,
grey, red and pink spheres are respectively TM, N, O and H atoms. &) TM
ammonia complex is shown. Bpsitively charged complex is attracted to (100)

plane. c) Anisotropically grown TM(OHYrystal[85].

2.2.2Effect of co-precipitation synthesis parameters

Co-precipitation process stands out in the aspect of better control over the product
among the other methods. Howevére effect of each parameter must be well
understood such ake amount of chelating agent, kelvof pH, mixing, reaction

temperature antime; so, properties of the final product can be controlled.

2.2.2.1Level of pH

Many studies show that level of pH has a strong effect on the particle size and density.
It especially very important to be able to coppéate all three TMs simultaneously.
Moreover, Mn is easily oxidizeeven at low temperatures during-precipitation

takes place. If pH is not correctly adjusted, Mn gets oxidized long before it precipitates
with other TMs. This leads to impurities in theal product and poor electrochemical
performancd88§]. Li et. a. [89] studied the thermodynamic equlibrium of-Mn-Co
ternary system for combinétburbaixdiagram. Resultant diagram can be found in the

Figure 2.9.1t predicts the at what pH range, ts#tion metals hydroxide will
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precipitatelf pH is not correctly adjusted, it will lead to separate phase formations in

the solution.

2.0

- - -Ni-H,0
: --Co-H,0

.....

16
1.2
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Figure 2.7 : Predicted Pourbaix diagram @rbary NiMn-Co system at50 []8 9

Morphology of the particles also gets affected by the level of pH. Increasing pH is the
indicator of increasing amount of Otdns in the solution. Higher amount of Obins

will lead to increase in the possibilty of TM(OH®rmation in the solutio. Nucleation

of new crystals will dominate the growth of already formed crystals since precipitation

rate gets faster. As a result, particle size will be reduced at higher levels of pH. SEM
images of Nj.3aMno.33C .33 OH)2 synthesized at various pH isvgh in Fgure 2.8

2.2.2.2Amount of chelating agentNH4OH

Chelating agentis essential ingredient for spherical cathode material in co
precipitation process. Complex formation via chelating agent slows down the
precipitation reaction and makes it more controfjeacess. Nucleation formation is
dominated by the growth of already formed crystals as the amountGiiliHcrease.

Consequently, particle size increases.

Not only size is affected, but also crystallinty is affected by the chelating agent amount.
Studiesshow that as the N&TM molarratio increases, XRD peaks are sharpened and

crystallinty increases. However, Zhang et. al. [91] found that W molar ratio from
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0 to 0.175 increases hexagonal ordering of the crystal but beyond that, hexagonal
ordering isreduced. This shows that there is an optimum amount aONHCation

mixing is also gets affected by the MPH molarity. When the hexagonal ordering is
maximum, cation mixing is found to be the lowest. This directly electrochemical
performance of the catde material. Initial discharge capacities for 0, 0.05, 0.125,
0.175 and 0.25 N§ITM ratios are found to be 170 mAh/g, 167 mAh/g, 169 mAh/g,
175 mAh/g and 172 mAh/g, respectively.

SEM SEI 15.0kV

10pm WD 14mm

Figure 2.8: SEM images of I.3dVIne.3dC .3 OH)z sytnthesized at 11, 11.5 and 12
pH from up to down respectivel[90].
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2.2.2.3Reaction Temperature

Precipitation reactions are mainly crystallization reactions that takes place in solution
media. Transition from the solute phasehe crysalline phase requires energy. This
energy is provided to the system as a heat gireoipitation reetions. Jiang etal.

[92] investigated the effect of reaction temperature tpmzipitation. Four samples

are synthesized at 40 , 45 , 50 &hd 55
is easily oxidized into MgDs or MnQ; [93]. This leads to impurities in the crystal
structure.In Figure 2.9, een at4 5 Mn Dbased vediptherXRDy i s

analysis.

MnOOH '

I 55°C

_— Jb\._ JL"L_J'U o M AN

I ] 50°C

Intensity (a.u.)

Mw‘h}\') WMM

40°C

10 20 30 40 50 60 70 80
28(0)

Figure 2.9: XRD analysis of NMC materials synthesized/atious temperatures
[92].

2.2.2.4Reaction Time
Reactiontime is an important parameter that affects the morphology and, as & resul
electrochemical properties of the final prodiahn etal. [94] investigated the effect
of reaction time on thparticle properties. #the reaction time gets longer, particles
getlargerand spherical. Primary particles grow larger and &ily popsity that may
formed diring agglomeration. This increases the tap density of particles. In Figure
2.10, tap density change with time can be seen. Aftéroligs, no significant change

is observed in the particle tap density.
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Figure 2.10: Tap density change with tinj84].

Crystal structure is also affected by the reaction .tidfeang et.al. [91] produced

Li[Ni 13Co1sMny3]O2 from different precursors that is synthesized at 5 min, 1.5 h, 6 h

and 9 h. Theyfound that when the reaction time increased, XRD peaks become
sharper. Moreover, hexagonal ordering is increased whereas cation mixing is

decreased with increasing reaction time.

2.2.2.5Mixing

Mixing is generallyunderestimated avelooked even though it hascritical role in

the precipitationprocesses [95In such systemsnixing isusuallydonemechanically

via impellers. Impellersietermines the flow field @macteristics in the reactor tgn
which directly affects theconcentration homogenity, thus, edfing particle
morphology particle size andlistribution P6]. It is a known fact that particle
morphology has a great influence on the electrochemical stability of the battery
electrode material§97, 98]. However, in most of the studies, impeller getnye

information is not even given.

Huang et.al. [96] studied the effect of various impellers on the NMC 622 particle
morphology. In Figure 21 particle size and tap densitiestb&r samples regarding

to the used impeller is given. It is clear that itgrehas a huge effect on the patrticle
properties. This phenoma can be explaed with the flow pattern that forms in
reactor according to the impeller geometry and configuration. Radial flow impellers
are not suitable for this kind of reactioriisis because they create doubtm®p in the
reactor which leads to the considerable concentration differences. Single loop
formation is preferredn this study, effect of mixing is investigated thoroughly with

the help of CFD (computational fluid dynamics) siatigns.
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Another factor that defines mixing quality is the stirring speed. The secondary particles

that formed by the agglomeration of neelike primary particles during eo

precipitation can be enhanced by agitatidigh stirring speed facilitates thergtiale-

particle, particlampeller and particktank collisions.The effect of stirring speed on

particle morphology was investigatbg Cho etal. [99] and it is found that increasing

stirring speedhasincreasedhetap density and decreast particle size. Moreover,

particle size distribution is narrower at faster stirringisTexplains the increagethe

tap density. Small particles with narrow size distribution can tigthly packed.

Tap density (g/mL) Average size, dy, (um)
o

- [ a —=— Precursor
i e NCM622
T R
'_ -9
— .
e
oL =
@
| E—
Ba— ] "
O L 1 L 1
PT PBT FBT RT

Figure 2.11: Tap density and avarage size of as synthesized particles iregytod
the different impeller¢PT = Propeller, PBT = Pitched Blade, FBT = Flat Blade, RT
= Rushton)96].
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3. EXPERIMENTAL

To investigate the impeller design effect on the electroatanproperties of
NMC811, at first, CFD simulations of different impellers are carried out according to
the Taguchi experimental design. Simulated impellers are modeled and 3D printed
from acrylonitrile butadiene styrene polymer. Hydroxide precursors\arihesized

via coprecipitation method by using printed impellers. Later, NMC 811 cathodes
obtained by calcination of hydroxide precursors are characterized and

electrochemically teste@xperimental work flow can be found in Figure 3.1.

Taguchi experiment design H CFD simulations of impellers

3D Drawing of impellers ‘

\J

3D Printing of impellers

==

Battery assembly

—

e

Figure 3.1: Schematic of experimentalork flow.
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3.1 Modeling and Simulation of Reactor Tank

Reactor tank that is used in the production of cathode active material is 3D modeled
with Fusion 360 CAD progranfull assembly of tl reactor tank can be seen igufe

3.2 This 3D model has high level of detaihce it is used in 3D printing of the parts.
However,the high level of details in 3D mode$ very problematic for simulation.
Not-very-effective details should be discardeaim the simulation modetherwise,
processing powendaccessible memomgquiremers of the smulation dramatically

increasdo unaffordable levels.

> 01

[~ 0.05

Figure 3.2 : 3D Drawing to simulation model convess

Effects of impeller diameter (D), clearence (C) and number of bladgs(Nparticle
morphology arenvestigated for four types of impellers which are rushton turbine
(RT), pitched plade impeller (PB), propeller type impeller (P) and hydrofoil impelle
(H). To design simulation experiments, Tagucht (2 level, 3 factor) isused for

each impeller typsepaately. Main motivation to use Taguchi design igri@estigate
maximum number of parametassth minimum possiblenumber of experiments. If
eachcombination of parameters for four types of impellers were to be conducted, there
would be 32 experiments in total. This numisareduced to 16 experiments thanks to
Taguchi designin Table 3.1 each parameter for every simulation that is conducted is

given.
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Table 3.1: Simulation parameters.

Simulation ID D C NB
RT1 055T T/3 4
RT2 055T T/4 6
RT3 045T T/3 6
RT4 045T T/4 4
PB1 055T T/3 3
PB2 055T T/4 4
PB3 045T T/3 4
PB4 045T T/4 3

P1 055T T/3 3
P2 055T T/4 4
P3 045T T/3 4
P4 045T T/4 3
H1 055T T/3 3
H2 055T T/4 4
H3 045T T/3 4
H4 045T T/4 3

3.2 Production of Li1.0dNio.sC00.1Mn0.1)O2

To obtain final oxide product, first step is to producingdioo.1iMno.1(OH)2 precursor

via coprecipitation method4M NaOH solution, BM NHsOH solution and2M

NiSOs.6H.0, CoSQ.7H0O, MnSQs.H20 solution is prepareth deionisedDI) water

with the cationic ratio of Ni:Co:Mn = 8:1: These solutions require agueous media to

react honogeneously. Aqueous media is prepared withrBb®f DI water, 55mL of

NH4OH solution and InL of 4M NaOH. This solution is directly poured into the
jacketed 1L reactor tank and the temper a
level of this aqueoume di a is ~12. However, as the t
reduces to level of ~11.Before commencing the experimeaactor is deaerated with

Nof or 10 minutes when the aqueous media t

After the preparations are completednsidion metal solution as metal source, sodium
hydroxide as precipitant and ammonitgdroxide as chelating agent gnemped into
the reactor with m approximatdeed rate of 0.1BL/min. In the feeding stage, pH is

monitored andkept at 11.5 by controlljthe hydroxide feed rate when necessary.

When thefeededsolutions are depleted, ageing stage starts. Mixing is continued for
15 hours for agglomeration of primary partictesform secondary particles. During

whole process, including feeding and ageitagss, pH is set to 11.5, temperature is
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set t o 55 speedigdsetnad D000 mpypunder N atmosphereThe ce
precipitationsystem can be seen in Figure.3.3

Figure 3.3 : Co-precipitation system seip.

After 15 hours of ageing, product is filteredwashed with DI water to eliminasny

contamination in the NiogC0.1Mno.1y(OH).. Color of liquid and filtered
Nio.eCm.1Mno.1(OH). are respectively light green and dark green. However, after

dryingthefl t er ed powder in the air atmosphere at
color turns into brownEach powder is named according to the used impellerfP

3,R4, H1,H4,PB1,PB4andRT3. The reason for those i mpel

be expl aimddatiimniResul tso chapter.

To obtain LiNb.gC00.1Mno.10., dried powder is mixed with 3% molar excess

LIOH.H20 thoroughlyin a ball mill (VARSAN) at 900 rpmfor 45 minutes.Mixture

is fired at 800 for 12 hours Imm Aftearr at mosph
the oven is cooled down to room temperatiuie oA Nio.eC.1Mno.1)Oz> is collected

and powdered in agate morteach sample named aslFr, P-3-T, P-4-T, H-1-T, H-

4-T, PB-1-T, PB4-T and RF3-T after the calcination.

3.3 Half Cell Preparation

Theworking electrode was prepared by mixing 8@LiNi 0.eC.1Mno.102, 10%wt.
carbon black, 10%wt. Polyvinylidene Fluoride (PVDFbpinder dissolved in desired
amountof N-Methyl-2-pyrrolidone (NMP). This mixture poured in a small plastic
container with srall steel balls and then container is sealed. Later on, this container
was put into the ball mikat 900 rpm for 45ninutes. After process was done, slurry is
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collected Obtaned slurry was coated @maluminiumfoil via lamination metho@nd

then dried 8100 f oh. ThZk#ess of the coating is adjusted to b8 80mwith

doctor bladeDried foil was punched according to the CR2032 dygpe cell. Pure Li

foil was used aacounter electrodéd.i foils are punched iMbraun LabstaGlovebox
Celgrad 2400s used as separator between anode and cathode. As an electrolyte, 1 M
LiPFs in ethyl carbonate (EC)/dimethyl carbonate (DMC) (EC/DMC = 1:1 by volume)

was used. Battery cell was assembleth@glove box under argon atmosphere

3.4 Characterizaton

3.4.1Particle size analyses

Particle size andtheir distributionareanalyzed by using NanoPlus zeta/nano particle
analyzerEthanol is used asdispersant

3.4.2X-Ray fluorescencespectroscopy

Elemental analysis of synthesized powders are carried out WM K8000 Hitachi
XRF analayzer.

3.4.3X-Ray diffractometer analysis

XRD patterns of powders were achievedendy di f fractometer (PA
PRO), using C«K U1.54; ) as asourceSamples are scanned in a range 8ta®@C

degree with 2min. Rietvield analysis is calucted witf FullProf software for each

XRD results to be able to calculate cation mixing.

3.4.4Scanning electron microscopy analysis

To investigate the particle morphologpdparticle size SEM images were acquired
by ZEISS Gemini 500field emissim scanning lectron microscope Elemental

distribution in a particle is analyzed via EDS mapping method.

3.5 Electrochemical performance tests

3.5.1Capacity test

Galvanostatic discharge/chargests are conducted betweeni283V on Neware

BTS4000 battery analysero testcapacity, each coin cell is charged and discharged

29



at C/20 current rate fo25 cycles. C rate indicates that how fast the charging or
discharging occurs. 1C rate equals to current value that can charge or discharge the
cell at 1 hour C 2Quadsals hibumsumasd 40 on.

3.5.2Cyclic voltammetry test

Cyclic voltammetry analysigs carried out withGamry Insturementmterface 1000
GalvanostatPotentiostat Scanning sped for each cell is set tee 0.05mV/sec in the
range of 2.8 4.3V at Al €clic voltammetry data were recorded focyles.

3.5.3Impedance test

Impedancetests are camd out with the Gamry Insturementdnterface 1000
Galvanostat/Potentsbat for 3 V in the range of OHz7 100kHz at 20
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4. RESULTS AND DISCUSSION

4.1 Simulation Results

lllustratedresults of the each simulatiamas obtained via COMSOL Multiphysics.
However, results are graphical atw be able to compare and analyze each flow
pattern, it is required to have a mathematical valbese values are obtash&rom a

novel andsimple approachlt is desired to have single loop in a mixing where
homogenity is important. To compare how close a system to a single loop flow pattern,
area oflargerloop, Ay, is divided by area afmallerloop, A.. Result gives theatio of
loopswhich is named aR, value.As it gets higher, systemisore likely to besingle

loop since big loop dominates the small lodgrmula is given in equation (4.1).

Calculated Rvalues and axial, radial mixing times are given in Table 4.1.
RL=A1/ A (4.1)

Simulation results forydrofoil blades are given in Figure 4.1. Hydrofoiabé is an

axial flow type bladetiis likely to form single loop in the reactor. Among the hydrofoll
blade sinulations, H4 seems to have the best single loop formation with the highest
R. value. It is attributedo the small impeller diameter, small gap between blade and
the bottom of tank and lessimber of bladedf the blades aréoo long regarding to

the reator diameter flow vectorsthat going out from the impeller directly hit the
reactor wall and thewill not find a chance to reach to theactor bottomThis will

split the loop into twdoops.

Simulation results fopitchedblades are given in Figure24Since pitchedlade is an
axial flow type blade single loop formation is expected occur easily. The highest R
value is achieved with PB4 impeller configurati?®hen comapred with hydrofoil
blade results, they both are in good agreement in the agpext adiameter, clearence

and number of blades affects the loop formation.

Rushton turbine is not appropriate for single loop creation as it can be seen in Figure
4.3. Change in the parameters made nearly no difference at tredug. The main

reason is ushton turbine is radial flow type impeller. It is likely to split the loop.
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However, there is a special case for rushton turbine to create single loop. As the
clearance gets close zero, bottom lop gets smaller andeteriorates.100]

Table 4.1 : Simulation results.

Simulation 1D R Axial mixing - Radial mixing

time (s) time (s)
RT1 3.093 0.35103 0.12375
RT2 4.638 0.32877 0.11590
RT3 4.232 0.51548 0.18173
RT4 3.427 0.58413 0.20593
PB1 7.917 0.42254 0.148€6
PB2 13.741 0.39625 0.13969
PB3 30.850 0.66887 0.23580
PB4 60.516 0.59225 0.20879
P1 8.850 0.77514 0.27327
P2 45.879 0.76379 0.26927
P3 68.249 0.98603 0.34761
P4 Triple loop 1.5176 0.53501
H1 6.449 0.4392 0.1548
H2 12.900 0.45388 0.16001
H3 22309 0.79566 0.28050
H4 41.506 0.81191 0.28623

Eddy Diffusivity (m?%/s) Eddy Diffusivity (m?%/s)

os| @)

Figure 4.1 : lllustrated simulation results of a) H1, b)H2, c)H3, d) H4.
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Propeller type impeller is very promising in terms of single loop creation. Hovwaver,

P4, a strange phenomena is occured. As the impeller gets smaller and gets close to the
bottom of the tank, upper loop splinh half horizontally (see Figure 4.4). This is
attributed to effective area of the impellienpeller has lost its effect ondghupper loop

and as a result, loop could not keep its integrity. For that reasorglie of P4 can

not be calculated since there are more than two loops.

Eddy Diffusivity (m?/s) Eddy Diffusivity (m?/s)
T T T T T T T

o1s| a)

Figure 4.2 : lllustrated simulation results of 881, b) PB2, c) PB3, d) PB4.

Since the tank is cylindrical and height is longer than the diameter of the tank, radial
mixing is achieved faster than the axial mixing. Thus, axial mixing time is accepted as
the main mixing time. Rvalue is inversely proptional to axial mixing time. If the

RL value is greater than 40, that means single loop is formed in the tank. In other words,
axial mixing is carried out by just one loop. THere, achievingsteadystate in
mixing takeslongertime relative to the doull loop system. Because of that reason,

RT has the smallest mixing time since double loop system is active.
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Figure 4.3 : lllustrated simulation results of a) RT1, b) RT2, ¢) RT3, d) RT4.
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Figure 4.4 : llustrated simulation results of a) P1, b) P2, c) P3, d) P4.
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To see the effect of parameters for the H and PB type impéllagsichianalysis is
carried out. Results are given in Figure 4.5. It is cleardhdhe impeller diameter,
clearance and the number of blades decreas@ale increses. Plots are in good
agreement with our findings. It can be seen that levels of D=0.45T, C=T/4 and NB=3
would give thehighestR. for both pitched blade and hydrofoilddle.Luckily, this
parameter configuration is already in our Taguchi experiment design. To justify the
plots, regression equation is calculated for pitched blade and hydrofoil blade
separately. Since the effect of number of blades are negligible, itesl &derror in

order to calculate the’Rand R adjusted values of the equations.

Main Effects Plot for SN ratios
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Figure 4.5 : Main effect plots for a) Hydrofoil blade, b) Pitched blade
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Regression equation for the hydrofoil blade isegivin Equation 4.2. From the
simulation, RL of the D=0.45T, C=T/4 and NB=3 configuration for the hydrofoil blade
is measured to b&l.506whereas, it is calculated as 39.509aRd Ragjuseedvalues of

the equation are 97.81% and 93.42éspectively.

RL = 238.11 3.576 ImpellerDiameteri 1.469*Clearence (4.2)

Regression equation for the pitched blade is given in Equation 4.3. From the
simulation, RL of the D=0.45T, C=T/4 and NB=3 configuration for the hydrofoil blade
is measted to be 60.516 whereas, it is calculated as 54.60aNdRRgjustedvalues of

the equation are 91.50% and 74.50% respectively.
RL = 264.71 3.67*ImpellerDiameteri 2.24*Clearence (4.3)

Among the 16 simulations, 8 of timeselected to experimentally study on. For pitched
blade, hydrofoil and propeller type impellers, the ones with the highest and lowest R
is chosen; for rushton turbine impeller, BTs chosen randomly. It is becaused@es

not change significantly asdtblade number, impeller diameter or clearence change.

Additiondy, P-4 is selected due to the its unique flow pattern.

4.2 Characteristics of Nio.sC0o.1Mno.1(OH)2

Nio.eC.1Mno.1(OH)2 preaursor synthesis is carried dot all 8 samplesia semibatch
co-precipitation method in water jacketed reactor 22 hours Molar ratios of the
samples are analyzed via XRF and given in Table 4.2., which are very close to 8:1:1
TM ratio. As anticipated, mpeller type does not affect the molar ratio of the

precursors.

Table 4.2: XRF results of produced B&#Cao.1Mno.1(OH)2 precursors

Sample I.D. Ni Mol Mn Mol Co Mol
P-1 0.79 0.10 0.11
P-3 0.79 0.10 0.11
P-4 0.77 0.11 0.12
PB-1 0.79 0.10 0.11
PB-4 0.81 0.11 0.08
H-1 0.78 0.11 0.11
H-4 0.79 0.10 0.11

RT-3 0.78 0.10 0.12
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Particle size analysis for all tiNto.eCn.1Mno.2(OH)2 precursors are given in Table 4.3.
Investigating the particle size considering \Rlue showsthat there is corredtion
between flow pattern andverageparticle size. When each sample categorized
according to the impeller type (Propeller, Pitched Blade, Rushton Turbine or
Hydrofoil), it can be seen thd&_ differently affects the particle size for different
impeller types. In propeller typecreaingRL makes the particldargerhowever, in
pitched blade and hydrofoil impeller systems, as thi&eased, average partisize

is decresedl'hese different mechanisms can be attributed to the geometry of impellers.

It requires further research eomderstand it.

Table 4.3: Particle size distributionf Nio.eCa.1Mno.1(OH)2 precursors

Size P-1 P-3 P-4 PB-1 PB4 H-1 H-4 RT-3

Distributions  (em) (em) (em) (em) (em) (em) (em) (em)

D1o 0.50 0.57 0.70 2.90 1.62 1.33 0.69 0.52

Dso 0.60 0.72 18.00 3.88 1.91 1.65 0.84 8.04

Doo 1446 3285 40.34 557 3357 1225 2537 35.02
Average

. 0.94 1.31 1.80 4.82 3.11 2.13 1.28 1.3
Diameter

Figure 4.6 shows the effect of impeller configuration to the crystal structure. There are

no Co(OH) or Mn(OH), peaks. This idicates that Mn and Co did not precipitated
separately. Ni, Co and Mmasprecipitated as hydroxide all three tdggtin the same

lattice succesfullyEach sampl e i s wel | -Nif@Qddstrbceird. wi t h
The diffraction peaks could be indexed to a sgmoap offjad p. These XRD patterns

are well matched with literatufé7].

An unexpected phenomena abserved inP-4, PB4, H1, R1, PB1 and RT-3
samples. Around #4metallic Ni peak exists at these samples. There are two possible
explanations for this phenomena. First is, during precipitation, potential is assumed to
be zero for the whole process. However, since there are negativelgal@bions

in the solutionpotential of the reaction media midtgvedroppedbelow zero. Figure

4.7 shows Pourbaix diagram of the Ni. At pH of 11.5, Ni(&x&yion in the diagram

is just above the metallic nickel region. If any fluctuation occured gymiacipitation,

little amount of metallic nickel might have be formed. Second possible explanation is,
metallic nickel can be reduced from ammoniackel sulphate solution underlgas
atmosphere [101]. In all experiments, reaction atmosphere is wastied, gas.
However, ball bearing that is used to stabilize the mill is made from ZAMAK alloy

which is a type ofzinc alloy. It is known that zinc reacts with sodium hydroxide
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solutionand yields hydrogen gas as a prod@6®]. This might have createditable
conditions for metallic nickel formatiotn Figure 4.8, corroded ZAMAK alloy ball

bearing that is used during experimets can be seen.
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Figure 4.6: XRD pattens of produced hCan.1Mno.1(OH)2 precursrs via different
impellers.
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Figure 4.7: Pourbaix diagram of nickel [B].

38



Figure 4.8: Corroded ball bearing

Even though there is no obvious linear catienin literature comparing each XRD
result impellertype affects the crystallinty of the precipitatptecursor since it is the
only variable XRD results of P1, R3 and P4 are given in Figure 8, 410and 4.1,
respectively Among the propeller pe impellers, R impeller configuration resulted
in the most crystalline powder wherea8 Pesulted in least crystalline powdé¥1

and R4 show metallic Ni whereas®is phase pure.
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Figure 4.9: XRD patern ofP-1.
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Figure 4.10: XRD pattern ofP-3.
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Figure 4.11: XRD pattern ofP-4.

In Figure 4.2 and 4.8, XRD resultof PB-1 and PB4 are shown. Both saples have

similar crystallinty Both precursorpresents metallic Ni peak.
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Figure 4.12: XRD pattern ofPB-1.
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Figure 4.13: XRD pattern ofPB-4.

Powdes that synthesized by using hydrofoil type impellers are less crystalline than
the other types of the impellers. XRD results et ldnd H4 are given in Figure 441
and 4.5. H-1 sample shows more intense peaks compared4as&inple However,

H-1 has Niwhereas H4 is phase pure.

41



3200 -
2800 —
2400 —
2000 —

1600

Intensity

1200
800 |

400

10 20 30 40 50 60 70 80 90
20 (degree)

Figure 4.14: XRD pattern oH-1.
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Figure 4.15: XRD pattern oH-4.

Huang etal. claimedthat using rushton turbine yields Ni(Q4A 0 . sD5nktead of
Ni(OH). [96]. However,In Figure 4.8, XRD analysisof RT-3 shows that it has
Ni(OH). structure with no Mn(OH)or Co(OH» impurities.In additan, metallic nickel

peakis observedn RT-3.
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Figure 4.16: XRD pattern ofRT-3.

SEM images of precursors that synthesized via propeller blades can be found in Figure
4.17, 4.18 and4.19. Cottonlike structure on the particles are residual sulphates that
remained after washindr-4 containsmore acicular primary particles than thel P
whereas FB has no visible acicular particles. Primary particle formation enables the
agglomeration. As a result-#is more spherical than thelP R3 which has no
specific morphologyln addition, P4 exhilts plate like primary structure which can

not be observed in any other sample. This is attributed to inefficency of mixing due to
the triple loop formation. Poor mixing can lead to plate like structure during
precipitation [1@]. It is hard to relate Rand morphology in propeller type case due

to the incalculablitiy of R of P-4.
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Figure 4.17: SEM images of A precursor at10000magnification (upper) and
x40000 magnificatiorflower).
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Figure 4.18: SEM images of B precursor at x10000 magnification (upper) and
x40000 magnification (lower)

45



Figure 4.19: SEM images of P precursor at x1000@agnification (upper) and
x40000 magnification (lower)

SEM images of precursors synthesized via pitched blade can be found in Fifure 4.
and 4.4. Acicular primary particles are more visible in R2Bthan the PB!.
Additionaly, PB1 looks more agglomerd than the PH. In pitched blade type,
decreasing R favors the acicular primary particle formation as well as the
agglomeration.
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Figure 4.20: SEM images of PR precursor at x10000 magnificatiorpfier) and
x40000 magnification (lower)
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Figure 4.21: SEM images of PBI precursor at x10000 magnification (upper) and
x40000 magnification (lower)

SEM images of precursors synthesized by hydrofoil bladebe found in Figure 422

and 4.3. Results from the hydrofoil blade samples are also confirm our previous
findingsin other impellersin H-1, acicular structure is less visible than thd.H his
leads to poor agglomeration inHsampleas anticipatedMoreover, high Rleads to
acicular structure formation in hydrofoil blade contrary to pitched blade.
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Figure 4.22: SEM images of HL precursor at x10000 magnification (upper) and
x40000 magnification ¢wer).
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Figure 4.23: SEM images of H} precursor at x10000 magnification (upper) and
x40000 magnification (lower)

SEM images of precursor synthesized by rushton turbine can be found in Figure 4.2
Acicular primary particles are clearly visible in R3IprecursarThis resulted in high
agglomeration. Relation between existance of acicular primary particles and
agglomeration can be explained by entropyimary particles have high surface
energy. In order taminimize their energyas the entropy dictateshey tend to

agglomeratend reduce their surface arggh).
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Figure 4.24: SEM images of RT3 precursor at x10000 magnification (upper) and
x40000 magnificabn (lower)

4.3 Characteristics of LiNi 0.8C00.1Mn0.102

LiNi 0.8C.1Mno.10O> samples are obtained via calcination of hydroxide precursors with
LIOH (3% molar excess) & 0 O f o r . PharBicle sipeuanadysis results of
calcinated preursors are given in Tabl4.4. For propeller type impellers, average
particle size is increasdiy 106%atfter the calcination forB-T and96% forP-3-T.

P-4-T averageparticle size did not chaegvith calcinationFor the pitched blade type
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impellers, average particle size scteasethy 58.5% after the calcination f&B-1-T

and 2.25% forPB-4-T. There is no obvious pattern in thgdrofoil type impeller
blades regarding calcination and average patrticle size change.ldi, Fverage
particle size is decreasbyg 18.77%howeve, in H-4-T average partle size increased
by 238.28%after the calcinationfFor the rushton turbine, calcination increased the
average particle sizgy 215.38%

Table 4.4: Particle Size Distribution of LiNigC.1Mno.102 powders

Size P-1-T P-3-T P-4T PB1-T PB4T H-1-T HA4T R3T

Distributions (em) (em) (em) (em) (em) (em) (em) (em)

D1o 035 029 0.97 0.63 0.44 0.82 0.86 0.92

Dso 2476 19.37 55.62 30.87 16.23 1.04 43.83 45.06

Dgo 35.36 26.96 90.39 4551 52.49 4463 67.21 8358
Average

. 194 257 1.80 2.00 3.04 1.73 4.33 4.10
Diameter

In Figure 4.3, XRD results oLiNio.sC0.1Mno.102samples are compared. Samples do
not differ much from each other. Even some of shmpla did containmetallic Ni

before the calcination, nmetallic Niis observed afr calcination All the samples
haveU'NaFeQ layered structure with/od space groupHowever, each sample has

different crystallinty and cation mixingCation mixing levels are calculated by

Rietvield analysis.
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Figure 4.25: XRD patterns BLiNi 0.eC00.1Mno.102 powders
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Diffraction peaks of P-T, P-3-T and P4-T is given respectively in Figure £24.27
and4.28. P-1-T has the highest gytallinty among the samples that produced from
precursors synthesized via propeller type agit&ation mixing indicatior (o3)/(104)
peak ratios of the B-T, P-3-T and P4-T are found to be respectively856, 0849
and0.818.P-1-T and R3-T are close to each other howeue#-T has higher cation
mixing comparing to others. Triple loop formation seantreases the cation mixing.

In other words, triple loop can not maintain required homogenity to minimize the Li/Ni
disorder in the crytal. To eliminate cation mixinlge high level of homogenity is a

must B2].
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Figure 4.26: XRD pattern of P1-T.
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Figure 4.27: XRD pattern of P3-T.
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Figure 4.28: XRD pattern of P4-T.

X-ray dffraction patterns regarding toglPB1-T and PB4-T are given in Figure 42
and4.30respectively. It can be sedmatPB-4-T is more crystalline than tHeB-1-T.
l0o3)/(104)peak ratios of the RB-T and PB4-T are found to be respectively836and
0.898 Higher R leads to lower can mixing in pitched blade type impellers.
Additionally, PB4-T has very small peak around®3¢hich Fuijii et. al. attributed it
tothe (2D) plane of cubic spinel structure HI0They observed this peak in two cases.
First, when the calcinationiscare d out at 1150 ; second, when
smaller than 0.884However, in this study, cubic spinel peak is observed after the
cal ci nat iMoneovartLi:T810v@s adjusted as 1.03 during calcination. This
might be due to the particle size oétprecursor. PB has larger particles compared
to PB1 because ofhe flow pattern. Single loop led to smaller particles in1PB
whereas double loop led to larger particle formation irdPBuring calcination,
lithiation of the PB4 is much harder thathe PB1 under the same temperature
conditions due to thdarge particles. Poor lithiation of P8 resulted in spinel
formation at the PBA4-T.
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Figure 4.29: XRD pattern of PBL-T.
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Figure 4.30: XRD pattern of B-4-T

XRD patterns regarding to the-HT and H4-T are given in Figure 413and 4.2

respectivelyCrystallinty ofH-1-T and H4-T are similar to each othérhe peak ratios
l(003)/(104)Of the H-1-T andH-4-T arefound, respectively0.670and0.736. Just as in
the pitched blade case, increasingdBcreases cation mixigvel. Thisis due to the
higher level of homogenityachieved thankso the single loop formation at high. R

value.
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Figure 4.31: XRD pattern of H1-T
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Figure 4.32. XRD pattern of H4-T

Figure 4.3 showsthe X-ray diffraction pattern of the R3-T. Peak intensity ratio
l(003)/(104) Of the RT-3-T is 0.859 This is relatively high comparing to the other
samplesln other words, cation mixing is low in this sam@@en though the capacity

of the RTF3-T found to be low, it show very good capacity retention (Figure 4.50).
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Figure 4.33: XRD pattern of R¥3-T

Before SEM i magi ng, some samples are di
overnight. Fbwever, alcohol was becanyeHlike substance on the surface of the

samplesBecause of that, sa@msamples are look like covered with transparent matter.

SEM images of A-T, P-3-T and P4-T can be found in Figusst.34, 4.3% and 4.8
respectively. Even though particles does not show any specific geometry, they are in
correlation with the hydroxideprecursor morphologies. -# had agglomerated
morphology. In here,B-T also has agglomerated morphology comparedielfand

P-3-T. Additionaly, R3-T shows no agglomeration just as its precurs8r P
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Figure 4.34: SEM images of A-T precursor at x10000 magnification (upper) and
x40000 magnification (lower)
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Figure 4.35: SEM images of B-T precursor at x10000 magnification (upperdlan
x40000 magnification (lower)
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Figure 4.36: SEM images of -T precursor at x10000 magnification (upper) and
x40000 magnification (lower)

SEM images of the RPB-T and PB4-T can be seen in Figuwsd.37 and 4.3. In both
samples, acicular structures are vanished after the calcinatietTRas large and
separate particles whereas -BB has smaller buagglomerated auticles. This
difference after thecalcination may due to the different surfaceemy of their
respective precursoin order to reduce their surface energy, particles are tend to
agglomerat¢85)].
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Figure 4.37: SEM images of PR-T precursor at x10000 magnification (upper) and
x400@ magnification (lower)
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Figure 4.38: SEM images of PBI-T precursor at x10000 magnification (upper) and
x40000 magnification (lower)

SEM images of the H-T and H4-T can be seen in Figure £.and4.40Q It can be
observed that H-T has very low level of agglomeratio®n the other hand,-¥T
has no agglomeration. Similar behaviour can be setheir respective precursor SEM

images.
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Figure 4.39: SEM images of HL-T precursor at x10000 magnification (upper) and
x40000 magnification (lower)
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Figure 4.40: SEM images of HI-T precursor at x10000 magnification (upper) and
x40000 magnification (lower)

In Figure 4.4, SEM images of RB-T sample is given. After the calcinatiaiye to
the sintering effectno primary particle was observed in 1T, just as in the other

sampleslt consists of agglomeration of irregular shaped particles.
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Figure 4.41: SEM images of RI3-T precursor at x10000 magnification (upper) and
x40000 magnification (lower)

4.4 Electrochemical Properties ofLi 1.04Nio.eC00.1Mn0.1)O2

Capacity tests of each samples were carried out froi @8.3V at C/20 charge and
discharge rate. Discharge capacities of each sampléOfoycles can be found in
Figure 4.2. The hghest initial discharge capaciof 177.70 mAh/gs obtained from
P-3-T, which haghehighest R value during ceprecipitaton stage of the production.
Even though BB-T does not have the lowest cation mixing, it has narrowest particle
size distribution among the samples. Combination of tlhosditions resultechi the
highest capacity with acceptaldapacity retentionf 75.62% for P-3-T. On the other
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hand, R'-3-T shows the lowest initial discharge capacityt02.68 mAh/g which has
the lowest R value and wide particle size distribution. However, BT has the
lowest cation mixing. Although it has the lowest capacity, ifmcay retention is the
best among the produced sampidsch is 90.36%This proves theelation between
electrochemical performance of the cathode matenalmixing conditionsof the
reactor tank.Impeller type and configuration of it determines th@mlpattern and
quality of mixingwhich are directly related to the Ralue. Flow pattern and mixing
quality affects particle size, particle size distribution and cation mixing. It is
understood that cation mixing defines the capacity retention behawiog afaterial
more than the capacity itseHowever, more research is requirecsvablish a model

to predict the capacity and capacity retention of a material by just knowing the mixing

conditions.
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Figure 4.42: Discharge capacities of the all samples7/dcycles.

Chargedischarge curves of-B-T, P-3-T and P4-T samples can be seen in Figure
4.43, 4.44 and 4.45. P-1-T delivers #discharge capacity of 345 mAh/gwith 79.5%
capacity retention for th@0 cycles lo3)/(104) ratio is calculated to be 0.856 via
Rietvield analysisP-3-T delivers * discharge capacity of 177.70 mArdgd retains
75.62% of its capacity for 70 cycles. Kgos)(104) ratio is 0.849.P-4-T has initial
discharge capacity af31.25 mAh/g and a capacity retention®.724 for 70 cycles.
l003)/104) ratio of the P4-T is 0.818.Capacity retentionsfter 70 cyclefor the
consequernitOcycles are in a good acordance with cation mixintyTPhas the highest
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capacity retentioue to the fact that it has the lowest cation mixing among which
their precursors are synthesized prapeller typempeller. P-1-T, P-3-T and RP4-T
hasCoulombic efficency 089.08%, %.55% and 8.86% respectively a70" cycle.
When the patrticle sizeigitribution of the three samples are compare@;Pis the
narrowest and 8-T is the widest. Capacities are also in a good accordance with size
distributions. This is mainly due to the tap density of the material. If the particle size
distribution is naow, they can come closer and become denser. Since mixing

conditions affect the size distribution, they also affect the tap density.
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Figure 4.43: Galvanostatic capacity of BT at the rate of C/20.
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Figure 4.44: Galvanostatic capacity of&T at the rate of C/20.
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Figure 4.45: Galvanostatic capacity of#T at the rate of C/20.

Chargedischarge curves ¢1B-1-T and PB4-T samples are given in Figure 8.dnd
4.47. PB-1-T deliversinital discharge capacity of 124.86Ah/g. Capacity retention
of this sampleafter 70 cycles calculated a37.08%for 70 cycle. BB-4-T delivers
inital discharge capacity df1934 mAh/gwith a capacity retention G19.26%after70
cycles Since the cation mixing is less in PBT than PB1-T, It was expected that
PB-4-T to have higher capacity retention than-BB. However, even though R8T
has the lowest cation mixing in amples, capacity retention is not significantly high.
This shows that main degredation mechanism o#4HBis not cation mixing. It is
thought to be the spinel phase is the effective degredation mechanism4iT.PB
Coulombicefficencies of PBL-T and PB4-T are 2.44% and95.05% for the 70"
cycle respectively.
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Figure 4.46:. Galvanostatic capacity of PBT at the rate of C/20.
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Figure 4.47. Galvanostaticapacity of PB4-T at the rate of C/20.

Chargedischarge curves of #-T and H4-T samples are given in Figwé.48 and
4.49. H-1-T deliversinitial discharge capacity of 133.61 mAhfgapacity retention of
this sample is calculated @$.1446 for 70 cycles. H-4-T deliversinitial discharge
capacity of 107.12 mAh/g with a capacity retentio6®03% after70cycles.loo3)/(104)
ratios of the H1-T and H4-T are respectively, 0.670 and 0.736. It can be concluded
that hydrofoil blade is not suitable for nmmzing the cation mixing since these
samples ave the highest cation mixing among the Rikgarding cation mixing of H

1-T and H4-T, capacity retention of ¥-T is expected to be higher thtrat ofH-1-

T. However,the galvanostatic testesult shows hat H1-T has higher capacity
retention. This indicates the&ation mixing is not the effective degredation mechanism
fot the H1-T and H4-T. One possible explanation is, average particle diameter of H
4-T is 2.5 times larger than the-HT. Under the sam calcination conditions, large
particles are harder to lithiate. It requires more time compared to the small particles.
This can cause lithium defficency in the cryskdbreover, lithium ions that are unable

to diffuse remains at the surface leads t@ sighctions wgich adversely affects the
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capacity retention [33]Coulombic efficencies of H-T and H4-T are 8.12% and
95.41% for the70" cycle respectively
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Figure 4.48: Galvanostatic capacity of-#T & the rate of C/20.
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Figure 4.49: Galvanostatic capacity of-KBT at the rate of C/20.

In Figure 450, charge/discharge curve of B-T is given.lt deliversinitial discharge
capacity of 102.68 mAhAyith acapacityof 90.36%. This highcapacityretention was

an expected result since th&-R-T sample has™ lowest cation mixing among the

all samplesRT-3-T has widest particle size distribution due to the flow pattern. Low
RL leads to double loop and vdow level of homogenity in the reactor tank. This low
homogenity causes wide range of particle size which inhibits the particles to closely
packed. This loose packing is the main reason for low tap density and low capacity
[96]. Coulombic efficencyf RT-3-T is calculated a89.6% for the70" cycle,
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Figure 4.50: Galvanostatic capacity ofIR3-T at the rate of C/20.

Cyclic voltammetry test results of thelPT, P-3-T and P4-T can be found in Figure
4.51, 4.52 and4.53. All samples exhibit anodic oxidation peatound3.9 V at
cyclewith the exception of B-T. It shows that peak around 4 Vhat main anodic
reactionpeak is related tactivation of cathodgL06]. P-4-T requires higher activation
energycompared to A-T and R3-T. At the second cycle,-B-T and R3-T exhibits
one major and two secondary anodic pedk first oxidation pealcorresponds to
the phaseransbrmation of the hexagonal phase to the monoclinic phbhsesecond
weak pealcorrespords to the transformation efie monoclinic phast the second
hexagonal phase, and at last, third weak pmakesponds tohe transformation of
hexagonal phase to the a third hexagonal pHa€Z]. This unstable phase
transformationsreduces the chge capacity drastically in theonsequentycling
which can be observed from the capaciygle graphsVoltage gap between anodic
oxidation peak and cathodic oxidation peak is related to the reversibility. As the
voltage gap decreasedhe reversibility d the chargefdcharge reactions in@ages
[108]. Voltage gapduring 2% cycleis calculated as 0.07 V, 0.189and 0.425/ for
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P-1-T, P-3-T and P4-T respectively This result can be verified wih the capacity
retention percentage of the samples for theyz¥es.
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Figure 4.51: Cyclic Voltammetry curve of A-T.
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Figure 4.52: Cyclic Voltammetry curve of B-T.
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Figure 4.53: Cyclic Voltammetry curve of -T.
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Cyclic voltammetrycurves of the PR-T and PB4-T is given in Figure 4 5and 4.55.

In both PB-1-T and PB4-T, 1% cycle anodic reactions are attributed to the cathode
activation In the second cycle, one majand two very small secondary phase
transformation peaks can be observed at both cathodic and anodic sitig. P
higher peak than the P8T, which indicates that RB-T has higher initial capacity.
This can also be oserved from the galvanostaacggidischarge curvegoltage gap

at the 29 cycleis calculatedas0.099 Vfor PB-1-T and 0.2 for PB4-T.
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Figure 4.54: Cyclic Voltammetry curve of PB-T.
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Figure 4.55: Cyclic Voltammetry curve of PB-T.

Cyclic voltammetrycurves of the HL-T and H4-T is given in Figure 46and 4.5.

H-1-T exhibits wideactivation peak at 4.006 V at*icycle whichremains almost the
same for the HI-T at 4.016V. Also,cathodic oxidation peaks does not change
significantly. Phase transformation reaction peaks can be observed at the cathodic

reactions for the H-T and H4-T. However, anodic phase transformaton is very hard
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to observe in both samples-IHT anodic oxidatn peak at 3.858V is much higher
than the H4-T anodic oxidation peak that can be found at 3.823V. This resulted in
higher nital capacity for the HL-T. Voltage gaps of H-T and H4-T at the 29 cycle

is calculated as 0.222 V and 0.183 V respectively.
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Figure 4.56: Cyclic Voltammetry curve of HL-T.

Figure 4.57: Cyclic Voltammetry curve of Hi-T.

Cyclic voltammetrycurve of the RT3-T is shown in Figure 4& First cycleoxidation
peaks belongs tthe activation of materiaRT-3-T exhibits anodic oxidation peak at
3.79 V atand two minor phase transformation peaks irefieycle. Same peaks exist
in the cathodic reaction side located at lower voltage salliis is due to the

difference between required energy of lithiation and delithiation. Higher voltage
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