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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 greenhouse 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. These problems disrupts the continous usage of renewable sources. 

However, storage technology can support the output of energy from these sources. In 

this aspect, lithium ï ion batteries (LIBs) are very promising and already on the use 

energy storage systems. LIBs are still being researched extensively. Electrochemical 

performance of the LIBs majorly depend on the electrode materials such as anodes and 

cathodes. However, 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 are very promising and currently being used in electrical 

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 material contains transition metal at the ratio of 1:1:1 

respectively Ni:Mn:Co. There are many NMC stoichiometries such 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 as possible. However, 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 high capacity 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 metals together in hydroxide form very well controlled conditions. Even 

though preparations are simple for this method, parameter optimization plays a critical 

role for high quality final product. There are numereous studies on the optimization of 

reaction temperature, level of pH, molarity of chemical reagents, reaction time, and 

feed rate of chemicals and so on. However, there are very few researches on how 

mixing paramaters affect precipitates as well as mixing quality such as providing 

homogenous mixing of chemicals. In most of the studies done on co-precipitation, only 

given information is the mixing rate.  

This study consists of three main parts. First, via COMSOL Multiphysics software a 

series of simulations with different impeller geometries (type) at different 

configurations is done. Knowing that for the best homogeneity, a single loop must be 

formed in the reactor, it is found that propeller type impeller is the best among the 

other blades which are hydrofoil blade, pitched blade and rushton turbine. It provides 
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single loop with the lowest 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 the impellers geometries used in 

the simulations are 3D printed and used to produce NMC 811 cathode material. All 

parameters kept constant apart from the impeller type and configuration in each 

experiment. The output of co-precipitation process, powders are structurally and 

morphologically analysed suing XRD and SEM, respectively.  

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

of the synthesized Ni0.8Co0.1Mn0.1(OH)2 samples. They all are indexed as hexagonal ɓ-

Ni(OH)2 structure. However, after the calcination, main effect of the impeller was 

observed. Rietvield analysis of heat treated crystalline LiNi0.8Co0.1Mn0.1O2 samples 

showed different cation mixing levels, which is attributed to the usage 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, average particle size is investigated for each impeller type. It is 

found that average particle size decreases with increasing big loop to small loop ratio 

(RL) for the pitched blade and hydrofoil impeller type. On the contrary, average 

particle size increases with increasing RL for the propeller type impeller. 

Last, using the powders, electrodes that produced as cathodes have been preapared and 

analysed electrochemically to see their half-cell test results for lithium ion batteries.  

For the electrochemical performance analyses, cyclic voltammetry, galvanostatic and 

impedance tests are conducted. 

As a result, it is understood that the impeller type has an effect on the cation mixing 

and oxidation states of transition metals in the crystal. This situation directly affects 

the electrochemical properties of the material. Powders produced from the precursor 

that is synthesized with rushton turbine impeller, which has the lowest homogeneity, 

showed the worst electrochemical performance with an inital discharge capacity of 

102.68 mAh/g. The propeller type impeller, which reached the highest level of 

homogeneity, also showed the best performance in the 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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LĶTYUM ĶYON PĶLLER Ķ¢ĶN BĶRLĶKE ¢¥KT¦RME Y¥NTEMĶ Ķ¢ĶN 

REAKT¥R TASARIMI, KATOT AKTĶF MALZEMESĶ ¦RETĶMĶ VE 

KARAKTERĶZASYONU 

¥ZET 

G¿n¿m¿zde sera gazlarēnēn artmasē ve k¿resel ēsēnmanēn etkileri gºr¿lmeye 

baĸladēĵēndan beri yenilenebilir ve ­evre dostu enerji kaynaklarē ¿zerindeki 

araĸtērmalar t¿m d¿nya ­apēnda hēz kazanmēĸtēr. Fakat bu alternatif enerji 

kaynaklarēndan ¿retilen elektriĵi direk ĸebekeye vermek maalesef m¿mk¿n deĵildir. 

¥rneĵin, bir r¿zgar t¿rbini elektrik ¿retebilmesi i­in r¿zgara ihtiya­ duyar ama her 

zaman yeterince r¿zgar esmeyebilir veya g¿neĸ panelleri elektrik ¿retmek i­in ihtiya­ 

duyduĵu g¿neĸe yēlēn her g¿n¿, her saati ulaĸamayabilir. Bu gibi sorunlar yenilenebilir 

kaynaklarēn yaygēnlaĸmasēnē sekteye uĵratmakadēr. Bu kaynaklarēn s¿rekli 

kullanabilmesi i­in enerji depolama sistemlerine ihtiya­larē vardēr. Bu sayede r¿zgar 

esmiyor olsa da, g¿neĸ gºky¿z¿nde parlamēyor olsa da ºnceden ¿retilip depolanan 

enerji kullanēlabilir. Bu a­ēdan lityum iyon bataryalar ¿mit veren bir ­ºz¿md¿r. ķu an 

ticari olarak kullanēlan lityum iyon bataryalar maalesef yetersiz kalmaktadēr. Daha 

y¿ksek kapasiteli ve daha uzun ºm¿rl¿ bataryalar gerekmektedir. Bir lityum iyon 

bataryanēn elektrokimyasal ºzelliĵini b¿y¿k ºl­¿de anot ve katot malzemesi belirler. 

G¿n¿m¿zde kullanēlan anot malzemeleri katot malzemelerine gºre ucuz ve daha 

y¿ksek kapasitelidir. Bu sebepten araĸtērmalar aĵērlēklē olarak katot malzemeleri 

¿zerine yoĵunlaĸmēĸtēr. 

NMC piller umut vaadeden ve hali hazērda t¿ketici elektroniklerinden elektrikli 

ara­lara kadar kullanēlan bir pil t¿r¿d¿r. Fakat hen¿z ne kapasite a­ēsēndan ne de 

verdiĵi g¿­ a­ēsēndan limitine ulaĸmamēĸtēr. Bu y¿zden ¿zerinde yoĵun ­alēĸmalar 

devam etmektedir. NMC katot malzemesinin ana bileĸenleri nikel, mangan ve 

kobalttēr. Piyasada ĸu an en yaygēn kullanēlan NMC ­eĸidi NMC 111ôdir. Bu 3 haneli 

sayē, aktif malzemenin hangi oranlarda nikel, mangan ve kobalt i­erdiĵini 

belirtmektedir. ¥rneĵin; NMC 433 i­erisinde sērasēyla 4:3:3 oranēnda nikel, mangan 

ve kobalt i­ermektedir. ķu an ¿zerinde ­alēĸēlmēĸ ve ­alēĸēlmakta olan bir­ok NMC 

kimyasē mevcuttur. Bunlardan en yaygēnlarē, NMC 111, NMC 433, NMC 532, NMC 

622, NMC 811. Araĸtrēmalardaki genel trend nikel oranēnē artērēp kobalt oranēnē 

olabildiĵince azaltmaktēr. Bunun sebebi, NMC pillerde kapasiteye en ­ok katkēsē olan 

nikeldir. Ni+2 iyonunun ĸarj/deĸarj ­evrimleri boyunca Ni+4 formuna y¿kseltgenip 

indirgenmesi pilin kapasitesinin b¿y¿k kēsmēnē oluĸturur. Fakat nikelin artmasē 

maalesef pil katot aktif malzemesinin reaktifliĵini de arttērmaktadēr. Bu durum 

yalnēzca pilin elektrokimyasal performansēnē d¿ĸ¿rmekle kalmaz aynē zamanda 

stabilitesini de kºt¿ yºnde etkileyerek g¿venlik sorunlarē oluĸturur. Kobaltēn azaltēlma 

sebebi ise bu kendisinin pahalē bir metal olmasē ayrēca toksisitesinin y¿kek olmasēndan 

dolayē insan saĵlēĵēna ve ­evreye tehlike teĸkil etmesidir. Y¿ksek kapasiteli ve 

herhangi bir tehlike teĸkil etmeyen NMC 811 ¿retilmesi i­in sentez yºntemi iyi 

se­ilmeli ve ¿retim parametreleri optimizasyonu iyi yapēlmalēdēr. 
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Birlikte ­ºkt¿rme yºntemi gerek ticari NMC ¿retiminde gerekse bilimsel 

araĸtērmalarda sēk­a tercih edilen bir yºntemdir. Adēndan da anlaĸēlacaĵē ¿zere ana 

fikir, ge­iĸ metallerinin beraber aynē kristal i­erisinde katē-katē ­ºzeltisi oluĸturacak 

ĸekilde ­ºkt¿r¿lmesidir. Yºntemin ­ok fazla hazērlēk gerektirmemesi ve d¿ĸ¿k 

sēcaklēklarda ger­ekleĸiyor olmasēnēn yanē sēra en b¿y¿k avantajē nihai ¿r¿n¿n 

morfolojik ve yapēsal ºzelliklerinin, dolaylē olarak elektrokimyasal ºzellikleri, kontrol 

edilebiliyor olmasēdēr. Fakat bunlarēn kontrol¿ ancak ¿retim parametrelerinin 

etkilerinin iyi anlaĸēlmasē ve kontrol edilmesi ile m¿mk¿nd¿r. Reaksiyon sēcaklēĵē, pH 

seviyesi, kullanēlan kimyasallarēn molaritesi, reksiyon s¿resi ve besleme hēzē ¿zerine 

yapēlmēĸ bir­ok ­alēĸma mevcuttur. Homojeniteye direk olarak etkisi olmasēna raĵmen 

karēĸtērma prosesi ¿zerine ­ok az sayēda ­alēĸma vardēr. ¢oĵu ­alēĸmada verilen bilgi 

yalnēzca karēĸtrēma prosesinin hangi dºnme hēzēnda ger­ekleĸtiĵidir. 

Bu ­alēĸmada, COMSOL Multiphysics yazēlēmē kullanēlarak eĵimli bē­ak (pitched 

blade), su kanat­ēĵē (hydrofoil blade), pervane (propeller) tipi ve rushton t¿rbini 

karēĸtērēcēlarēn ­eĸitli konfig¿rasyonlarē sim¿le edilmiĸ olup bunlarēn arasēnda en iyi 

se­eneĵin pervane tipi karēĸtērēcē olduĵu gºr¿lm¿ĸt¿r. Olabilecek en kēsa karēĸma 

s¿resinde tek akēĸ dºng¿s¿ oluĸturmayē baĸarabilmektedir. Elde edilen bir baĸka sonu­ 

ise karēĸtērēcē bē­aklarēn ­ap uzunluĵu eĵer reaktºr¿n ­apēnēn 0,55ôinden fazla ise ­ift 

akēĸ dºng¿s¿ oluĸturduĵu, eĵer 0,45ôinden az ise tek akēĸ dºng¿s¿ oluĸturduĵudur. 

Y¿ksek homojenlik i­in reaktºr i­erisinde tek akēĸ dºng¿s¿ istenmektedir. ¢ift dºng¿ 

oluĸumu reaktºr i­erisinde konsantrasyon farklēlēklarē oluĸturmaktadēr. Sim¿le edilen 

bē­aklar 3 boyutlu yazēcē ile ABS malzemesinden ¿retilmiĸ olup bu karēĸtērēcēlarla 

NMC 811 malzemesi ¿retilmiĸtir. 

Karēĸtērēcēlarēn etkisini gºrebilmek i­in geriye kalan t¿m ¿retim parametreleri her 

deneyde sabit tutulmuĸtur. ¦retilen tozlarēn kristal yapēsē XRD ile, morfolojik 

ºzellikleri ise SEM ile incelenmiĸtir. Ayrēca y¿zey alanē anailizleri de 

ger­ekleĸtirilmiĸtir. Elekrokimyasal performanslarēnē test etmek i­in ­evrimsel 

voltametri testi, kapasite testi, hēz testi ve empedans testleri ger­ekleĸtirilmiĸtir. 

XRD sonu­larē, karēĸtērēcē tipinin sentezlenmiĸ Ni0,8Co0,1Mn0,1(OH)2 ºrneklerinin 

kristal yapēsēnē ºnemli ºl­¿de etkilemediĵini gºstermektedir. T¿m numunelerin 

heksagonal ɓ-Ni(OH)2 yapēsēna sahip olduĵu gºr¿lm¿ĸt¿r. Karēĸtērēcēlarēn asēl etkisi 

kalsinasyondan sonra gºzlenmiĸtir. Kalsine edilmiĸ kristalin LiNi0,8Co0,1Mn0,1O2 

numunelerinin rietvield analizi yapēlmēĸ, farklē karēĸtērēcē kullanēmēnēn farklē katyon 

karēĸēmē seviyelerine yol a­tēĵē gºzlemlenmiĸtir. 

Reaksiyon s¿resi kēsa olduĵundan dolayē tam morfolojik geliĸime izin vermemiĸ, 

karēĸtērēcēlarēn morfoloji ¿zerindeki etki gºzlemlenememiĸtir. Karēĸtērēcē ï morfoloji 

etkisi gelecek ­alēĸmalarda detaylēca incelenecektir. Bununla birlikte, her karēĸtērēcē 

tipi i­in ortalama partik¿l boyutu incelenmiĸtir. Eĵimli bē­ak ve su kanat­ēĵē tipi 

pervane tipi i­in b¿y¿k akēĸ dºng¿s¿n¿n k¿­¿k akēĸ dºng¿s¿ne oranē (RL) arttēk­a 

ortalama partik¿l boyutunun azaldēĵē bulunmuĸtur. Aksine, pervane tipi karēĸtērēcē i­in 

artan RL ile ortalama par­acēk boyutu artmaktadēr. 

Yapēlan ­alēĸma sonucunda pervane tipinin katyon karēĸēmē ve ge­iĸ metallerinin 

kristal i­erisindeki y¿k durumlarē ¿zerinde etkisi olduĵu anlaĸēlmēĸtēr. Bu durum direk 

olarak malzemenin elektrokimyasal ºzelliklerini de etkilemektedir. Homojenliĵin en 

d¿ĸ¿k olduĵu rushton t¿rbini  karēĸtērēcē kullanēlarak sentezlenen ºnc¿l¿n 

kalsinasyonundan elde edilen RT-3-T ise aynē koĸullar altēnda 102,68 mAh/g deĸarj 

kapasitesi ile en d¿ĸ¿k elektrokimyasal performansē sergilemiĸtir. En y¿ksek 

homojenite seviyesine ulaĸēlan pervane tipi karēĸtērēcē aynē zamanda 2,8 ï 4,3 V 
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aralēĵēnda, C/20 ĸarj/deĸarj hēzēnda 177,70 mAh/g deĸarj kapasitesi ve %79,5 kapasite 

korunumu ile en iyi performansē gºstermiĸtir. 
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 INTRODUCTION  

Batteries are the electrochemical devices that store chemical energy and convert it to 

electrical energy through reactions when required [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 so on [2]. Without them, 

humanity would had to live connected to the grid with electrical wires. The long 

journey of batteries starting with Alessandro Giuseppe Antonio Anastasio Volta, 

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 of a positive and a negative electrode 

separated by a separator in an electrolyte media (see Figure 1.2). Current producing 

reactions are basically redox reactions between positive and negative electrodes. 

Electrons are forced to use an external route from one electrode to other since separator 

inhibits electrical conductivity between electrodes whereas ions are transferred in the 

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

Batteries are mainly categorized under two topics which are, primary batteries and 

secondary (rechargeable) batteries. Primary 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 regenerated via applying electrical current after 

depletion of reactants. Redox reactions that occur in secondary batteries are reversible 

reactions. Most common secondary battery type is lithium ion battery (LIB) [2]. 

LIBs are unrivaled energy storage units as it can be seen in Figure 1.3 since they 

combine high power and high energy density in a small volume [5]. Even though LIBs 

are dominantly used in consumer electronics such as laptops, smart phones and 

wearable technology, they can play more major role in modern society [6]. According 

to the European Strategic Energy Technology plan (SET-Plan), batteries have been 

identified as Key Enabling Technology (KET) for accomodation of more EVs and 

integration of variable renewable sources in the energy sector [7]. Technological 

advances in LIBs are enabled EV and hybrid vehicle (HV) technologies that have 

significant impact on reducing carbon emission. Moreover, market share of the off-

grid energy sources such as wind and solar increases as the LIB technology advances 

[8]. Current LIBs are not yet reached their limits in the aspect of their energy density 

by mass and by volume. Current energy densities are at 90-230 Wh/kg and 200-620 

Wh/L. However, required energy density to meet the demand is 350-400 Wh/kg and 

750 Wh/L [9]. 
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Figure 1.3 : Comparasion between various battery technologies in the aspect of 

specific power vs. specific energy [5]. 

Currently, optimised LIBs of generation-1, generation-2a and generation-2b (see 

Figure 1.4) is widely used in EVs and energy storage systems. These generations are 

expected to remain as dominant LIB chemistry in the market until 2026. Researches 

are focused on the generation 3-a and further generations [10].  

Table 2.1: LIBs generations[10]. 

Cell Generation Chemistry 

Generation 5 ¶ Lithium-air 

Generation 4 ¶ All -solid-state with lithium anode 

Conversion materials (primarily lithium-sulphur) 

Generation 3b ¶ Cathode: HE-NMC, HVS (High-Voltage Spinel) 

Anode: Silicon/carbon 

Generation 3a ¶ Cathode: NMC622 to NMC811 

Anode: carbon (graphite) + silicon component (5-10%) 

Generation 2b ¶ Cathode: NMC523 to NMC622 

Anode: carbon 

Generation 2a ¶ Cathode: NMC111 

Anode: 100% carbon 

Generation 1 ¶ Cathode: LFP, NCA 

Anode: 100% carbon 
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 LITERATURE  

 Lithium Ion Battery Chemistries  

Since LiCoO2 (LCO) cathode is invented at 1980 by Goodenough et al. [11], transition 

metal intercalation in LIBs have caught attention [12,13].  Categorized in the aspect of 

crystal structure, commonly used cathodes are respectively layered LiMO2, spinel 

LiM 2O4 and olivine LiMPO4 (M = Mn, Ni, Co, Fe). Characteristics of several cathode 

chemistries can be found in Figure 2.1. Layered LCO has acceptible cycle life (500 - 

1000 cycle) wih a decent capacity. However, due to the safety concerns and low cobalt 

availability, this chemistry did not become popular. Spinel LMO exhibits long cycle 

life (1000 ï 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 

(100 ï 140 Wh/kg) compared to other chemistries. Olivine LFP chemistry is very 

durable and very safe cathode material. It can endure up to 2000 cycles. However, just 

as the LMO, low specific energy in the range of 90ï140 Wh/kg. NMC and NCA 

chemistries are very similiar to each other since they both originate from nickel oxide 

cathode. NCA batteries shows an outstanding specific energy of 200ï250 Wh/kg and 

long cycle life up to 1500 cycles. Low amount of cobalt makes this chemistry more 

affordable than the most of the NMC types. This chemistry is used by Tesla in their 

EVs. On the other hand, NMC batteries have lower energy density compared to NCA, 

in the range of 140ï200 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 to influence the battery characteristics for different 

requirements. Most of the research focused on NMC and NCA chemistries. Two topics 

are being extensively studied to improve the electrochemical performance of those 

cathodes. Those topics are alteration of the chemistry of material and optimization of 

the morphology.  
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2.1.1 L ithium cobalt oxide 

Ŭ-NaFeO2 structured LCO cathodes were promising battery material with a high 

theoretical capacity of 280 mAh/g [14]. However, practical capacity could only 

reached to 135 mAh/g in the range of 3.0 ï 4.2 V due to the structural instabilities [15]. 

LCO belongs to the the Ὑσά space group with alternating stacking layers of ABCABC 

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

oxygen stacks that can be seen in Figure 2.2 [11,16].  

 

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

During charge, LiCoO2 is delithiated to Li0.5CoO2 for high capacity retention. If 

charging voltage exceeds 4.2 V, especially beyond 4.5 V, structural stability is 

jeopardized and the impedance increases which results in capacity fade and poor 

cyclability [18,19]. Main reasons behind this are the irreversible changes in the crystal 

structure and the high volume change [20]. Another problem is, LCO tends to get 

unstabilized at elevated temperatures when unlithiated. If charging voltage increases, 

higher delithiation states of Li x<0.5CoO2 will be reached. Li 0.5CoO2 readily shows 

thermal runaway starting at 130. It will be worse for higher voltages [21]. 
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2.1.2 Lithium manganese oxide 

The LiMnO2 is another layered cathode material that depends on lithium 

intercalation/deintercalation for current production. It looks very promising since it 

has high theoretical capacity (285 mAh/g) in the range of 2.5 ï 4.3 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. Mn+3, which is in the layered 

structure, is Jahn-Teller active material. It has a tendency to separate into Mn+2 and 

Mn+4. This phenomena leads layered structure to transform into spinel structure which 

is the main reason for capacity loss [23]. In addition, Mn+2 does get dissolved in the 

electrolyte gives rise to active material loss. It is observed that Mn+2 dissolution 

increases impedance of the battery [24]. 

 

 

Figure 2.2 : Layered strucutre of LiCoO2[17] 

2.1.3 L ithium f erro phosphate 

LFP batteries uses olivine LiFePO4 compound as a cathode material. Lithium iron 

phosphate is one of the most promising positive-electrode material due to its excellent 

electrochemical properties (170 mAh/g at 3.5 V), as well as its low cost, thermal 

stability, environment friendliness [25]. Moreover, high structural stability delays or 

minimizes the oxygen loss which happens in layered type cathodes. The olivine 
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structure of LiFePO4 is shown in Figure 2.3. Red, yellow and blue indicates 

respectively, lithium ion, PO4 tetrahedron and FeO6 octahedron. The FeO6 octahedras 

are shared by corners whereas the LiO6 octahedras are shared by edge.  

 

Figure 2.3 : Olivine strucutre of LiFePO4 [26]. 

Although LiFePO4 shows both structural and electrochemical stability, its low 

electronic conductivity, 1D limited ionic conductivity and low working voltage are 

major drawbacks [27].  

2.1.4 Nickel cobalt aluminium oxide 

Lithium nickel oxide (LNO) features very close structural properties to LCO and close 

theoretical capacity of 275 mAh/g. Moreover, since nickel is much cheaper than the 

cobalt, LNO is very promising cathode material. However, pure or Ni-rich cathodes 

are not preferable due to the formation of Ni+2 ions during the intercalation and de-

intercalation process that could block the diffusion path of Li  ion, as a result the 

capacity decreases after several cycles [28]. Introducing small amounts of substituting 

atoms such as cobalt and aluminium can prevent cation mixing. Thus, cyclability and 

stability improved during continious charge-discharge cycles [29,30]. As a result, 

Li (Ni0.8Co0.15Al0.05)O2 (NCA) is invented. 

Over the past 20 years, NCA is extensively studied by researchers as a cathode 

material. Most common composition of NCA is the Ni0.8Co0.15Al 0.05. It has theoretical 

capacity of 279 mAh/g. Practical capacity of LiNi 0.8Co0.15Al0.05O2 has reached to 198 
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mAh/g capacity in the voltage range of 2.8 ï 4.3 V with a 96% capacity retention, 

which is higher compared to LiCoO2, LiFePO4 and LiNiO2 [31]. Since NCA chemistry 

is commercialized by Tesla and Panasonic, it has been proven to be suitable for EVs 

[7]. 

 Nickel Manganese Cobalt Oxide (NMC) 

LiNiMnCoO2 cathode compunds are very attractive due to their optimum 

electrochemical performance compared to LiNi CoAlO2. Even though NMC provides 

lesser energy density, approximately 140ï200 Wh/kg, it has longer charge/discharge 

life of 1000 to 2000. The adjustability in terms of the proportions of nickel, manganese 

and cobalt is adventageous to influence battery characteristics towards desired 

characterstics such as specific capacity, rate capability and safety [32]. The trade-off 

relation of NMC material properties regarding to the composition can be seen in Figure 

2.4. 

NMC cathode materials are basically LiNiO2 doped with substitutive atoms. It has Ŭ-

NaFeO2 layered structure with Ὑσά space group. Crystal structure can be seen in 

Figure 2.5. NMC crystal structure consists of repeating layers of TM-O-Li -O along the 

[001] direction [33]. Ideally, charges of the transition metals in the structure are Ni2+, 

Co+3 and Mn4+. Charge state of Mn+4 does not change during discharge. However, any 

change in the oxidation state of Mn leads to irreversible structural changes [34].  

 

Figure 2.4 : Ternary phase diagram of Ni-Mn-Co regarding their properties. 
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Increasing the nickel amount offers higher capacity since the main source of the 

cathode capacity comes from oxidation of Ni2+ to Ni3+ at 3.6 ï 3.9 V and Ni3+ to Ni4+ 

at 3.9 ï 4.4V [35, 36]. Higher voltages yield more capacity by oxidising Co3+ ion to 

Co4+ at 4.6 ï 4.8 V; however, Co4+ reacts with electrolyte and leads to capacity fade 

[37, 38]. 

Radius of Ni2+ ions (0.69 ¡) are close to radius of Li+ ions (0.76 ¡). During charge 

process, Ni2+ ions can easily migrate into the Li sites and get oxidised into smaller Ni3+ 

and Ni4+ ions [39, 36]. Calculations show that, this cation mixing will shrink Li 

interslab thickness and this leads to increase in Li+ diffusion activation energy [40]. 

Migrated Ni atoms are hard to move back into the TM layer after Li/Ni exchange. This 

phenomena reduces the capacity at each consecutive cycles. NMC cathodes that 

consists higher than 75% Ni are more susceptible to cation mixing during 

charge/discharge process [41]. Similar exchange mechanism is not only observed for 

Ni, but also for both Co and Mn atoms. However, their contribution to the cation 

mixing related capacity fade is relatively very small [38]. Generally, X-ray diffraction 

(XRD) or neutron diffraction analysis methods are used to detect the degree of the 

cation mixing [42]. 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 intensity of (104) 

peak. As a result, intensity ratio of the I(003)/I(104) increases as the cation mixing 

decreases [42]. The value higher than the 1.2 shows low levels of cation mixing [44, 

45]. Hexagonal ordering can be measured by the R value which is defined as the ratio 

of the intensites of (006) and (102) doublet peak to the (101) peak. The lower the R 

value, the higher the hexagonal ordering [46]. Researches show that NMC active 

materials calcinated at temperatures above 800  exhibit a high degree of cation 

mixing. Moreover, the active materials that calcinated at those elevated temperatures 

exhibit decreasing hexagonal ordering. Optimum R value is achieved at 800 [47]. 

To inhibit the cation mixing, there are mainly 3 methods; 

Á Various elements are doped into the crystal 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 NMC [48].  
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Figure 2.5: Crystal structure of NMC (M = Ni, Mn, Co). [33] 

Á During calcination process, excess lithium source is used to compensate the 

evaporated lithium and minimizing cation mixing. However, any residiual Li source 

on the surface react with CO2 and moisture during storage of the active material and 

form LiOH and Li2CO3 which negatively affects the slurry preparation and also 

increases the impedance of the cathode [49]. Moreover, those undesired products 

reacts with electrolyte in the battery and leads to the gas evolution [50]. Water washing 

method is undesirable after the calcination since it makes the cathode more susceptible 

to the moisture and CO2. Lee et. al. studied hydrophobic coating to prevent the 

undesired compound formation on the surface [51].  

Á Increasing atomic uniformity via synthesis methods, decreases the cation 

mixing and also increases the crystal stability. Formation of Mn or Co clusters in the 

crystal is responsible for the phase degredation during cycling [52]. 

Mn+4 ion is an essential structural stabilizer since the TM ï TM bonds that involve 

Mn+4 are thermodynamically stable [52]. It provides charge neutrality to the crystal. 

However, when the amount of Mn is decreased in Ni-rich NMC materials, it is not 

sufficent to maintain charge neutrality of the crystal. Consequently, Ni2+ in crystal gets 
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oxidized into Ni3+ to reach charge neutrality. Increase in the amount of Ni3+ results in 

undesired side reactions with the electrolyte. 

As previously mentioned, during charge, Ni2+ is oxidised to Ni4+. Ni4+ ions in the 

highly delithiated crystal tends to reduced to Ni2+ via forming oxygen containing 

species [53]. It is suggested that this oxygen defects causes local structural distortions 

and this stress forces cation mixing [54]. Highly delithiated NMC crystals are also 

experiencing phase transformation from layered Ὑσά to spinel ὊὨσά and then rock-

salt Ὂάσά structure which is poor in ionic conductivity. As a result, capacity fades 

[55, 56]. 

2.2.1 Synthesis methods 

Electrochemical behavior of the NMC cathodes strongly depends on the particle 

morphology, crystal structure, crystallinty and surface area. These characterisitcs are 

heavily rely on synthesis conditions [57]. Therefore, the synthesis method that is used 

determines powder properties and, as a result, electrochemical performances . 

There are different methods to produce NMC powders; such as sol-gel synthesis, solid-

state synthesis, microwave synthesis, spray pyrolysis and, co-precipitation synthesis. 

For different synthesis methods, capacities and other electrochemical properties of 

NMC cathode materials studied in literature are given in Table 2.1. 

2.2.1.1 Sol-gel synthesis 

NMC cathode material can be synthesized via solïgel method. First, Li and TM 

precoursors are dissolved in deionized water according to desired molarity and then, 

mixed. Necessary amount of chelating agent, such as citric acid, is gradually dropwise 

addedinto the Li - TM solution. Level of pH is adjusted by, generally, using a NH3 

solution. Mixed solution is heated up and continuously stirred until 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., [61] have produced Al -doped NMC via sol-gel. The cathode material have 

shown an initial discharge capacity of 194.6 mAh/g. 
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Table 2.1: Electrochemical properties of various NMC cathodes synthesized via 

different methods. 

Synthesis 

Method 
Cathode Material Rate 

Cyc

le 

Capacity 

Retention 
Capacity 

Sol-Gel Li[Ni 0.8Mn0.1Co0.1]O2 1C 250 66.9% 
208.5 mAh/g 

[58] 

 Li[Ni 0.8Mn0.1Co0.1]O2 1C 50 81% 
161 mAh/g 

[59] 

 Li[Ni 0.33Mn0.33Co0.33]O2 1C 50 89% 
168 mAh/g 

[60] 

 Li[Ni 0.33Mn0.33Co0.23Al 0.1]O2 
40 

mAh/g 
10 89% 

194.6 mAh/g 

[61] 

Spray 

Pyrolysis 
Li [Ni 0.8Mn0.1Co0.1]O2 1C 100 95% 

173 mAh/g 

[62] 

 Li[Ni 0.8Mn0.05Co0.15]O2 0.1C 50 97.7% 
208.5 mAh/g 

[63] 

 Li[Ni 0.85Co0.075Mn0.075]O2 1C 80 93% 
175 mAh/g 

[64] 

Solid State Li [Ni0.8(1īx)Co0.1Mn0.1Ca0.8x]O2 0.2C 50 77.74% 
151 mAh/g 

[65] 

 Li[Ni 0.8Mn0.1Co0.1]O2 1C 100 71% 
169 mAh/g 

[66] 

 Li[Ni 0.8Mn0.1Co0.1]O2 0.2C 20 94% 
200 mAh/g 

[67] 

Micro 

wave 
Li[Ni 0.4Mn0.4Co0.2]O2 0.2C 50 99.5% 

156 mAh/g 

[68] 

Co 

precipitati

on 

Li[Ni 0.8Mn0.1Co0.1]O2 1C 200 81.3% 
163.4 mAh/g 

[69] 

 Li[Ni 0.8Mn0.1Co0.1]O2 1C 150 84.5% 
200 mAh/g 

[70] 

 Li[Ni 0.8Mn0.1Co0.1]O2 0.2C 50 95% 
198 mAh/g 

[71] 

 Li[Ni 0.8Mn0.1Co0.1]O2 0.33C 100 86% 
190 mAh/g 

[72] 

 Li[Ni 0.8Mn0.1Co0.1]O2 2C 100 86.95% 
160 mAh/g 

[73] 

 Li[Ni 0.8Mn0.1Co0.1]O2 0.5C 100 89% 
204 mAh/g 

[74] 

 Li[Ni 0.8Mn0.1Co0.1]O2 1C 
100

0 
90% 

215 mAh/g 

[75] 

 Li[Ni 0.8Mn0.1Co0.1]O2 0.5C 50 95.6% 
193.7 mAh/g 

[76] 

 Li[Ni 0.8Mn0.1Co0.1]O2 20mA/g 500 83% 
169.9 mAh/g 

[77] 

 Li[Ni 0.8Mn0.1Co0.1]O2 0.5C 200 75.1% 
183 mAh/g 

[78] 

      

2.2.1.2 Spray pyrolysis synthesis 

The precursor solution that consists of TMs and lithium is initially atomized at a 

desired frequency via ultrasonic nebulizer. The sprayed droplets are carried to the 

reactor by oxygen gas and nucleation and growth occurs through the processes of 

evaporation, precipitation, drying, pyrolysis and sintering among the laminar flow 
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aerosol reactor. The final product is extracted at the reactor outlet with the electrostatic 

precipitator while the gasses are cleaned up by passing them through a cold trap [79]. 

2.2.1.3 Solid-state synthesis 

Solid-state synthesis is the simplest method for powder synthesis among other 

methods. Basically, oxides of TMs and lithium precoursor are mixed, preferably with 

ball mill, and then calcinated at elevated temperatures. Although this 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 

performance. Tan et al., [80] have achieved the initial discharge capacity of 141.3 

mAh/g in the range of 2.5 ï 4.5 V with NMC which synthesized via the solid-state 

method using Ŭ-MnO2 nanorods as a reagent.  

2.2.1.4 Microwave synthesis 

Microwave synthesis is an another method for NMC material production. Microwave 

irradiation heats up the mixture of as prepared NiMnCo(OH)2 precoursor and Li 

precoursor in very short time. Fast production of material makes this metod 

advantageous [81]. However, final product is generally not satisfactory in the aspect 

of crystallinity. Poor crystallinity leads to poor electrochemical performance. Lee et 

al., [82] have synthesized LiNi0.4Mn0.4Co0.2O2 active material via microwave 

synthesis. Initial discharge capacity is found to be 156 mAh/g at 0.2C in a range of 3- 

4.3V.  

2.2.1.5 Co-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 synthesis parameters such 

as reaction temperature, reagent molarities, feed rates, pH and mixing conditions. 

Eventhough co-precipitation method is more complicated than the other methods, it 

yields the best NMC cathode materials in the aspect of electrochemical performance. 

Advantages and disadvantages of the co-precipiation synthesis method are given in 

Table 2.2. 
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Table 2.2 : Advantages and disadvantages of co-precipitation method [7] 

Advantages Disadvantages 

¶ Allows to control of particle 

size and composition 

¶ Allows to modify particle 

surface state 

¶ Homogeneous products 

¶ Low temperature 

¶ Low energy consumption 

¶ Non-applicable to neutral 

charged species 

¶ Reactants must have similar 

precipitation characteristics 

¶ Time consuming 

¶ Reproducibility is a problem 

Several researces are conducted on the conditions of NiCoMn(OH)2 formation in the 

presence of NH4OH [83, 84]. Studies show that dissolved TM ions first reacts with  

ammonia in the aqueous solution to form metal - ammonia complex. The metal - 

ammonia complex would then react with OH- ions in the solution. As the OH- ions get 

close to metal ï ammonia complex, NH3
+ ions, which are located at the ligand of the 

metal ion, slowly releases TM ions and as a result hydroxide precipitates are formed. 

First stage of the precipitation reaction is given in equation 2.1. 

.É ÁÑ #Ï ÁÑ -Î ÁÑ Ø.(/(ÁÑO

                   .É#Ï-Î.( ÁÑ Î(/ Ø Î.(/(ÁÑ            (2.1) 

Second stage of the prec p tat on react on s g ven n equat on 2.2 

.É#Ï-Î.( ÁÑ Ù/( Ú(/ᴼ.É#Ï-Î/( Óᴽ

Ú.(/( Î Ú.(                                  (2.2) 

General process flow of the co-precipitation is; first, x molar transition metal solution, 

2x molar sodium hydroxide solution, as OH- source, and desired amount of ammonia 

solution are prepared in different beakers. Then, to achieve homogeneous reaction, 

basic aqueous 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 reactor tank under nitrogen atmosphere. As 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 co-precipitation determines crystal structure, 

particle size and morphology of the resulting oxide. To be able to control the particle 

properties such as morphology and particle size, co-precipitation mechanism should 

be well understood. Co-precipitation consists of 3 stages which are nucleation, growth 

and agglomeration, respectively [85]. Each will be explained in detail.  

NMC crytals have tendency to anisotropically grow in [001] direction [85]. 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 XRD. As seen in Figure 2.6, 

peaks corresponding to the (100), (101) and (102) planes change with time. However, 

slope of (101) plane is much greater than others. This shows that NMC grows faster in 

the [001] direction. Shengming et. al. [87] also studied the crystal growth during co-

precipitation. Mean single crystal grain sizes along the different directions are 

calculated for 24 hours, which can be seen in Figure 2.5. Along the [101] direction, 

crystal grows faster comparing to other directions. However, after 8 hours, when 

crystal length reaches 240 ¡, a sudden drop in the [101] direction indicates that crystal 

breakage perpendicular to c-axis due to collisions. To understand the reason, the 

crystal structure of NiMnCo(OH)2 and co-precipitation mechanism must be 

understood.  

 

Figure 2.4 : Area of diffraction peaks of different planes regarding to time [86]. 
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Figure 2.5: Single crystal grain size along different directions with the reaction time 

[87] 

During precipitation, at first, when transition metal sources are feeded into the reactor, 

part of TM ions react with free OH-
 ion instantaneously to form TM(OH)2. Unreacted 

TM ions form an ammonia complex and consequently free metal ion concentration is 

reduced in the solution. This reduction slows down the direct TM(OH)2 formation. As 

mentioned before, once TM ï ammonia complex is formed, NH3 ions does not release 

the TM ion easily to free OH- ions in the solution. Instead, through the electrostatic 

forces, positively charged TM ï ammonia complex 4-.(σ  is being attracted 

to already formed TM(OH)2 crystals due to the unsaturated negatively charged 

hydroxyl ions on the crystal surface. Once the complex is close enough to TM(OH)2 

crystal, TM - ammonia complex releases TM ion to the crystal surface and NH3 is 

released back to the solution for further complexation reactions. In Figure 2.6, TM - 

ammonia complex and anisotropic crystal growth is shown. Since the negatively 

charged hydroxy ion density is higher in the (001) plane, crystals tends to grow 

anisotropically. This is also the main reason needle-like morphology of primary 

particles that is observed in NMC materials synthesized via co-precipitation method. 

As the reaction continues, formed needle-like crystals are gets agglomerated in order 

to reduce their surface energy. During agglomeration, sharp edges are gets dissolved 

since those regions have high solubility and surface of the agglomerate smoothens, 

spherical particles are formed [87]. 
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Figure 2.6: Schematic explanation of anisotropic crystal growth of NMC. Blue, 

grey, red and pink spheres are respectively TM, N, O and H atoms. a) TM ï 

ammonia complex is shown. b) Positively charged complex is attracted to (100) 

plane. c) Anisotropically grown TM(OH)2 crystal [85]. 

2.2.2 Effect of co-precipitation synthesis parameters 

Co-precipitation process stands out in the aspect of better control over the product 

among the other methods. However, the effect of each parameter must be well 

understood such as the amount of chelating agent, level of pH, mixing, reaction 

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

2.2.2.1 Level 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 coprecipiate all three TMs simultaneously. 

Moreover, Mn is easily oxidized even at low temperatures during co-precipitation 

takes place. If pH is not correctly adjusted, Mn gets oxidized long before it precipitates 

with other TMs. This leads to impurities in the final product and poor electrochemical 

performance [88]. Li et. al. [89] studied the thermodynamic equlibrium of Ni-Mn-Co 

ternary system for combined Pourbaix diagram. Resultant diagram can be found in the 

Figure 2.9. It predicts the at what pH range, transition metals hydroxide will 

b) 

a) c) 
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precipitate. If pH is not correctly adjusted, it will lead to separate phase formations in 

the solution. 

 

Figure 2.7 : Predicted Pourbaix diagram of ternary Ni-Mn-Co system at 50 [89] 

Morphology of the particles also gets affected by the level of pH. Increasing pH is the 

indicator of increasing amount of OH- ions in the solution. Higher amount of OH- ions 

will lead to increase in the possibilty of TM(OH)2 formation in the solution. 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 Ni0.33Mn0.33Co0.33(OH)2 synthesized at various pH is given in Figure 2.8. 

2.2.2.2 Amount of chelating agent NH4OH 

Chelating agent is essential ingredient for spherical cathode material in co-

precipitation process. Complex formation via chelating agent slows down the 

precipitation reaction and makes it more controlled process. Nucleation formation is 

dominated by the growth of already formed crystals as the amount of NH4OH increase. 

Consequently, particle size increases. 

Not only size is affected, but also crystallinty is affected by the chelating agent amount. 

Studies show that as the NH3:TM molar ratio increases, XRD peaks are sharpened and 

crystallinty increases. However, Zhang et. al. [91] found that NH3:TM molar ratio from 
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0 to 0.175 increases hexagonal ordering of the crystal but beyond that, hexagonal 

ordering is reduced. This shows that there is an optimum amount of NH4OH. Cation 

mixing is also gets affected by the NH4OH molarity. When the hexagonal ordering is 

maximum, cation mixing is found to be the lowest. This directly electrochemical 

performance of the cathode material. Initial discharge capacities for 0, 0.05, 0.125, 

0.175 and 0.25 NH3:TM ratios are found to be 170 mAh/g, 167 mAh/g, 169 mAh/g, 

175 mAh/g and 172 mAh/g, respectively. 

 

Figure 2.8: SEM images of Ni0.33Mn0.33Co0.33(OH)2 sytnthesized at 11, 11.5 and 12 

pH from up to down respectively [90]. 
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2.2.2.3 Reaction Temperature 

Precipitation reactions are mainly crystallization reactions that takes place in solution 

media. Transition from the solute phase to the crystalline phase requires energy. This 

energy is provided to the system as a heat at co-precipitation reactions. Jiang et. al. 

[92] investigated the effect of reaction temperature to co-precipitation. Four samples 

are synthesized at 40 , 45 , 50  and 55 . It is known that at around 70 , Mn2+ 

is easily oxidized into Mn3O4 or MnO2 [93]. This leads to impurities in the crystal 

structure. In Figure 2.9, even at 45 , Mn based impurity is observed in the XRD 

analysis. 

 

Figure 2.9: XRD analysis of NMC materials synthesized at various temperatures 

[92]. 

2.2.2.4 Reaction Time 

Reaction time is an important parameter that affects the morphology and, as a result, 

electrochemical properties of the final product. Dahn et. al. [94] investigated the effect 

of reaction time on the particle properties. As the reaction time gets longer, particles 

get larger and spherical. Primary particles grow larger and fills any porosity that may 

formed during agglomeration. This increases the tap density of particles. In Figure 

2.10, tap density change with time can be seen. After 10 hours, no significant change 

is observed in the particle tap density. 
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Figure 2.10: Tap density change with time [94]. 

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

Li[Ni 1/3Co1/3Mn1/3]O2 from different precursors that is synthesized at 5 min, 1.5 h, 6 h 

and 9 h. They found that when the reaction time increased, XRD peaks become 

sharper. Moreover, hexagonal ordering is increased whereas cation mixing is 

decreased with increasing reaction time.   

2.2.2.5 Mixing  

Mixing is generally underestimated or overlooked even though it has a critical role in 

the precipitation processes [95]. In such systems, mixing is usually done mechanically 

via impellers. Impellers determines the flow field characteristics in the reactor tank, 

which directly affects the concentration homogenity, thus, affecting particle 

morphology, particle size and distribution [96]. It is a known fact that particle 

morphology has a great influence on the electrochemical stability of the battery 

electrode materials [97, 98]. However, in most of the studies, impeller geometry 

information is not even given. 

Huang et. al. [96] studied the effect of various impellers on the NMC 622 particle 

morphology. In Figure 2.11 particle size and tap densities of their samples regarding 

to the used impeller is given. It is clear that impeller has a huge effect on the particle 

properties. This phenomena can be explained 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 reactions. It is because they create double loop in the 

reactor which leads to the considerable concentration differences. Single loop 

formation is preferred. In this study, effect of mixing is investigated thoroughly with 

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

that formed by the agglomeration of needle-like primary particles during co-

precipitation can be enhanced by agitation. High stirring speed facilitates the particle-

particle, particle-impeller and particle-tank collisions. The effect of stirring speed on 

particle morphology was investigated by Cho et. al. [99] and it is found that increasing 

stirring speed has increased the tap density and decreased the particle size. Moreover, 

particle size distribution is narrower at faster stirring. This explains the increase in the 

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

 

Figure 2.11 : Tap density and avarage size of as synthesized particles regarding to 

the different impellers (PT = Propeller, PBT = Pitched Blade, FBT = Flat Blade, RT 

= Rushton) [96]. 
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 EXPERIMENTAL  

To investigate the impeller design effect on the electrochemical properties 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 are synthesized 

via co-precipitation method by using printed impellers. Later, NMC 811 cathodes 

obtained by calcination of hydroxide precursors are characterized and 

electrochemically tested. Experimental work flow can be found in Figure 3.1. 

 

Figure 3.1 : Schematic of experimental work flow. 
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 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 program. Full assembly of the reactor tank can be seen in Figure 

3.2. This 3D model has high level of detail since it is used in 3D printing of the parts. 

However, the high level of details in 3D model is very problematic for simulation. 

Not-very-effective details should be discarded from the simulation model. Otherwise, 

processing power and accessible memory requirements of the simulation dramatically 

increase to unaffordable levels. 

 

Figure 3.2 : 3D Drawing to simulation model conversion 

Effects of impeller diameter (D), clearence (C) and number of blades (NB) on particle 

morphology are investigated for four types of impellers which are rushton turbine 

(RT), pitched plade impeller (PB), propeller type impeller (P) and hydrofoil impeller 

(H). To design simulation experiments, Taguchi L4 2
3 (2 level, 3 factor) is used for 

each impeller type separately. Main motivation to use Taguchi design is to investigate 

maximum number of parameters with minimum possible number of experiments. If 

each combination of parameters for four types of impellers were to be conducted, there 

would be 32 experiments in total. This number is reduced to 16 experiments thanks to 

Taguchi design. In 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 0.55 T T/3 4 

RT2 0.55 T T/4 6 

RT3 0.45 T T/3 6 

RT4 0.45 T T/4 4 

PB1 0.55 T T/3 3 

PB2 0.55 T T/4 4 

PB3 0.45 T T/3 4 

PB4 0.45 T T/4 3 

P1 0.55 T T/3 3 

P2 0.55 T T/4 4 

P3 0.45 T T/3 4 

P4 0.45 T T/4 3 

H1 0.55 T T/3 3 

H2 0.55 T T/4 4 

H3 0.45 T T/3 4 

H4 0.45 T T/4 3 

 Production of Li 1.03(Ni0.8Co0.1Mn0.1)O2 

To obtain final oxide product, first step is to producing Ni0.8Co0.1Mn0.1(OH)2 precursor 

via co-precipitation method. 4M NaOH solution, 1.5M NH4OH solution and 2M  

NiSO4.6H2O, CoSO4.7H2O, MnSO4.H2O solution is prepared in deionised (DI) water 

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

react homogeneously. Aqueous media is prepared with 550 mL of DI water, 55 mLof 

NH4OH solution and 1 mL of 4M NaOH. This solution is directly poured into the 

jacketed 1L reactor tank and the temperature is set to 55 . At room temperature, pH 

level of this aqueous media is ~12. However, as the temperature rises to 55 , pH 

reduces to level of ~11.4. Before commencing the experiment reactor is deaerated with 

N2 for 10 minutes when the aqueous media temperature is rised to 55 . 

After the preparations are completed, transition metal solution as metal source, sodium 

hydroxide as precipitant and ammonium hydroxide as chelating agent are pumped into 

the reactor with an approximate feed rate of 0.15 mL/min. In the feeding stage, pH is 

monitored and kept at 11.5 by controlling the hydroxide feed rate when necessary. 

When the feeded solutions are depleted, ageing stage starts. Mixing is continued for 

15 hours for agglomeration of primary particles to form secondary particles. During 

whole process, including feeding and ageing stages, pH is set to 11.5, temperature is 
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set to 55  and mixing speed is set to 1000 rpm under N2 atmosphere. The co-

precipitation system can be seen in Figure 3.3. 

 

Figure 3.3 : Co-precipitation system set-up. 

After 15 hours of ageing, product is filtered an washed with DI water to eliminate any 

contamination in the Ni0.8Co0.1Mn0.1(OH)2. Color of liquid and filtered 

Ni0.8Co0.1Mn0.1(OH)2 are respectively light green and dark green. However, after 

drying the filtered powder in the air atmosphere at 100  for 24 hours, dark green 

color turns into brown. Each powder is named according to the used impeller P-1, P-

3, P-4, H-1, H-4, PB-1, PB-4 and RT-3. The reason for those impellersô selection will 

be explained in ñSimulation Resultsò chapter. 

To obtain LiNi0.8Co0.1Mn0.1O2, dried powder is mixed with 3% molar excess 

LiOH.H2O thoroughly in a ball mill (VARSAN) at 900 rpm for 45 minutes. Mixture 

is fired at 800  for 12 hours in air atmosphere with the heating rate of 5/min. After 

the oven is cooled down to room temperature, Li 1.03(Ni0.8Co0.1Mn0.1)O2 is collected 

and powdered in agate mortar. Each sample named as P-1-T, P-3-T, P-4-T, H-1-T, H-

4-T, PB-1-T, PB-4-T and RT-3-T after the calcination. 

 Half Cell  Preparation 

The working electrode was prepared by mixing 80% wt. LiNi 0.8Co0.1Mn0.1O2, 10% wt. 

carbon black, 10% wt. Polyvinylidene Fluoride (PVDF) binder dissolved in desired 

amount of N-Methyl-2-pyrrolidone (NMP). This mixture poured in a small plastic 

container with small steel balls and then container is sealed. Later on, this container 

was put into the ball mill at 900 rpm for 45 minutes. After process was done, slurry is 
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collected. Obtained slurry was coated on an aluminium foil  via lamination method and 

then dried at 100  for 24h. Thickness of the coating is adjusted to be 300 ɛm with 

doctor blade. Dried foil was punched according to the CR2032 coin-type cell. Pure Li 

foil was used as a counter electrode. Li foils are punched in Mbraun Labstar Glovebox. 

Celgrad 2400 is used as separator between anode and cathode. As an electrolyte, 1 M 

LiPF6 in ethyl carbonate (EC)/dimethyl carbonate (DMC) (EC/DMC = 1:1 by volume) 

was used. Battery cell was assembled in the glove box under argon atmosphere 

 Characterizaton 

3.4.1 Particle size analyses 

Particle sizes and their distribution are analyzed by using NanoPlus zeta/nano particle 

analyzer. Ethanol is used as a dispersant. 

3.4.2 X-Ray fluorescence spectroscopy 

Elemental analysis of synthesized powders are carried out with X-MET8000 Hitachi 

XRF analayzer. 

3.4.3 X-Ray diffractometer analysis 

XRD patterns of powders were achieved on X-ray diffractometer (PANalytcial XôPert 

PRO), using Cu-KŬ (1.54 ¡)  as a source. Samples are scanned in a range of 10o to 80o 

degree with 2o/min. Rietvield analysis is conducted witf FullProf software for each 

XRD results to be able to calculate cation mixing. 

3.4.4 Scanning electron microscopy analysis 

To investigate the particle morphology and particle size, SEM images were acquired 

by ZEISS Gemini 500 field emission scanning electron microscope. Elemental 

distribution in a particle is analyzed via EDS mapping method.  

 Electrochemical performance tests 

3.5.1 Capacity test 

Galvanostatic discharge/charge tests are conducted between 2.8 ï 4.3 V on Neware 

BTS4000 battery analyser. To test capacity, each coin cell is charged and discharged 
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at C/20 current rate for 25 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, 2C equals İ hours, 4C equals ı hours and so on. 

3.5.2 Cyclic voltammetry test 

Cyclic voltammetry analysis is carried out with Gamry Insturements Interface 1000 

Galvanostat/Potentiostat. Scanning speed for each cell is set to be 0.05 mV/sec in the 

range of 2.8 ï 4.3V at 20 . All cyclic voltammetry data were recorded for 2 cycles. 

3.5.3 Impedance test 

Impedance tests are carried out with the Gamry Insturements Interface 1000 

Galvanostat/Potentiostat for 3 V in the range of 0.1 Hz ï 100 kHz at 20 . 
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 RESULTS AND DISCUSSION 

 Simulation Results 

Illustrated results of the each simulation was obtained via COMSOL Multiphysics. 

However, results are graphical and to be able to compare and analyze each flow 

pattern, it is required to have a mathematical value. Those values are obtained from a 

novel and simple approach. It 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 of larger loop, A1, is divided by area of smaller loop, A2. Result gives the ratio of 

loops which is named as RL value. As it gets higher, system is more likely to be single 

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

Calculated RL values and axial, radial mixing times are given in Table 4.1. 

RL = A1 / A2                                                    (4.1) 

Simulation results for hydrofoil blades are given in Figure 4.1. Hydrofoil blade is an 

axial flow type blade it is likely to form single loop in the reactor. Among the hydrofoil 

blade simulations, H4 seems to have the best single loop formation with the highest 

RL value. It is attributed to the small impeller diameter, small gap between blade and 

the bottom of tank and less number of blades. If the blades are too long regarding to 

the reactor diameter, flow vectors that going out from the impeller directly hit the 

reactor wall and they will not find a chance to reach to the reactor bottom. This will 

split the loop into two loops.  

Simulation results for pitched blades are given in Figure 4.2. Since pitched blade is an 

axial flow type blade single loop formation is expected occur easily. The highest RL 

value is achieved with PB4 impeller configuration. When comapred with hydrofoil 

blade results, they both are in good agreement in the aspect of how diameter, 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 the RL value. The main 

reason is rushton 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 to zero, bottom loop gets smaller and deteriorates. [100] 

Table 4.1 : Simulation results. 

Simulation ID RL 
Axial mixing 

time (s) 

Radial mixing 

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 0.14896 

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 22.309 0.79566 0.28050 

H4 41.506 0.81191 0.28623 

 

 

Figure 4.1 : Illustrated 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. However, at 

P4, a strange phenomena is occured. As the impeller gets smaller and gets close to the 

bottom of the tank, upper loop splits in half horizontally (see Figure 4.4). This is 

attributed to effective area of the impeller. Impeller has lost its effect on the upper loop 

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

not be calculated since there are more than two loops. 

 

Figure 4.2 : Illustrated simulation results of a) PB1, 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. RL value is inversely proportional 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. Therefore, achieving steady-state in 

mixing takes longer time relative to the double 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 : Illustrated simulation results of a) RT1, b) RT2, c) RT3, d) RT4. 

 

 

Figure 4.4 : Ilustrated 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 impellers, Taguchi analysis is 

carried out. Results are given in Figure 4.5. It is clear that as the impeller diameter, 

clearance and the number of blades decrease, RL value 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 the highest RL for both pitched blade and hydrofoil blade. 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, it is added to error in 

order to calculate the R2 and R2 adjusted values of the equations. 

 

Figure 4.5 : Main effect plots for a) Hydrofoil blade, b) Pitched blade. 
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Regression equation for the hydrofoil blade is given in 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 be 41.506 whereas, it is calculated as 39.509. R2 and R2
adjusted values of 

the equation are 97.81% and 93.42%, respectively. 

        RL =  238.1 ï 3.576* Impeller Diameter ï 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 measured to be 60.516 whereas, it is calculated as 54.607. R2 and R2
adjusted values of 

the equation are 91.50% and 74.50% respectively. 

        RL =  264.7 ï 3.67*Impeller Diameter ï 2.24*Clearence                        (4.3) 

Among the 16 simulations, 8 of them selected to experimentally study on. For pitched 

blade, hydrofoil and propeller type impellers, the ones with the highest and lowest RL 

is chosen; for rushton turbine impeller, RT-3 is chosen randomly. It is because RL does 

not change significantly as the blade number, impeller diameter or clearence change. 

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

 Characteristics of Ni0.8Co0.1Mn0.1(OH)2  

Ni0.8Co0.1Mn0.1(OH)2 precursor synthesis is carried out for all 8 samples via semi-batch 

co-precipitation method in water jacketed reactor for 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, impeller type does not affect the molar ratio of the 

precursors. 

Table 4.2: XRF results of produced Ni0.8Co0.1Mn0.1(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 the Ni0.8Co0.1Mn0.1(OH)2 precursors are given in Table 4.3. 

Investigating the particle size considering RL value shows that there is correlation 

between flow pattern and average particle size. When each sample categorized 

according to the impeller type (Propeller, Pitched Blade, Rushton Turbine or 

Hydrofoil), it can be seen that RL differently affects the particle size for different 

impeller types. In propeller type, increasing RL makes the particles larger however, in 

pitched blade and hydrofoil impeller systems, as the RL increased, average particle size 

is decresed. These different mechanisms can be attributed to the geometry of impellers. 

It requires further research to understand it. 

Table 4.3: Particle size distribution of Ni0.8Co0.1Mn0.1(OH)2 precursors. 

Size 

Distributions 

P-1 

(ɛm) 

P-3 

(ɛm) 

P-4 

(ɛm) 

PB-1 

(ɛm) 

PB-4 

(ɛm) 

H-1 

(ɛm) 

H-4 

(ɛm) 

RT-3 

(ɛm) 

D10 0.50 0.57 0.70 2.90 1.62 1.33 0.69 0.52 

D50 0.60 0.72 18.00 3.88 1.91 1.65 0.84 8.04 

D90 14.46 32.85 40.34 5.57 33.57 12.25 25.37 35.02 

Average 

Diameter 
0.94 1.31 1.80 4.82 3.11 2.13 1.28 1.3 

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

no Co(OH)2 or Mn(OH)2 peaks. This indicates that Mn and Co did not precipitated 

separately. Ni, Co and Mn has precipitated as hydroxide all three together in the same 

lattice succesfully. Each sample is well matched with hexagonal ɓ-Ni(OH)2 structure. 

The diffraction peaks could be indexed to a space group of ὴσάρ. These XRD patterns 

are well matched with literature [47]. 

An unexpected phenomena is observed in P-4, PB-4, H-1, P-1, PB-1 and RT-3 

samples. Around 44o, metallic 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 negatively charged OH- ions 

in the solution, potential of the reaction media might have dropped below zero. Figure 

4.7 shows Pourbaix diagram of the Ni. At pH of 11.5, Ni(OH)2 region in the diagram 

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

little amount of metallic nickel might have be formed. Second possible explanation is, 

metallic nickel can be reduced from ammonia - nickel sulphate solution under H2 gas 

atmosphere [101]. In all experiments, reaction atmosphere is washed with N2 gas. 

However, ball bearing that is used to stabilize the mill is made from ZAMAK alloy 

which is a type of zinc alloy. It is known that zinc reacts with sodium hydroxide 
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solution and yields hydrogen gas as a product [102]. This might have created suitable 

conditions for metallic nickel formation. In Figure 4.8, corroded ZAMAK alloy ball 

bearing that is used during experimets can be seen. 

 

Figure 4.6: XRD pattens of produced Ni0.8Co0.1Mn0.1(OH)2 precursors via different 

impellers. 

 

Figure 4.7: Pourbaix diagram of nickel [103]. 
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Figure 4.8: Corroded ball bearing. 

Even though there is no obvious linear correlation in literature, comparing each XRD 

result, impeller type affects the crystallinty of the precipitated precursor since it is the 

only variable. XRD results of P-1, P-3 and P-4 are given in Figure 4.9, 4.10 and 4.11, 

respectively. Among the propeller type impellers, P-4 impeller configuration resulted 

in the most crystalline powder whereas P-3 resulted in least crystalline powder. P-1 

and P-4 show metallic Ni whereas P-3 is phase pure. 

 

Figure 4.9: XRD pattern of P-1. 
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Figure 4.10: XRD pattern of P-3. 

 

 

Figure 4.11: XRD pattern of P-4. 

In Figure 4.12 and 4.13, XRD results of PB-1 and PB-4 are shown. Both samples have 

similar crystallinty. Both precursors presents metallic Ni peak. 
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Figure 4.12: XRD pattern of PB-1. 

 

 

Figure 4.13: XRD pattern of PB-4. 

Powders that synthesized by using hydrofoil type impellers are less crystalline than 

the other types of the impellers. XRD results of H-1 and H-4 are given in Figure 4.14 

and 4.15. H-1 sample shows more intense peaks compared to H-4 sample. However, 

H-1 has Ni whereas H-4 is phase pure. 
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Figure 4.14: XRD pattern of H-1. 

 

 

Figure 4.15: XRD pattern of H-4.  

Huang et. al. claimed that using rushton turbine yields Ni(OH)2Å0.75H2O instead of 

Ni(OH)2 [96]. However, In Figure 4.16, XRD analysis of RT-3 shows that it has 

Ni(OH)2 structure with no Mn(OH)2 or Co(OH)2 impurities. In additon, metallic nickel 

peak is observed in RT-3. 
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Figure 4.16: XRD pattern of RT-3. 

SEM images of precursors that synthesized via propeller blades can be found in Figure 

4.17, 4.18 and 4.19. Cotton-like structure on the particles are residual sulphates that 

remained after washing. P-4 contains more acicular primary particles than the P-1, 

whereas P-3 has no visible acicular particles. Primary particle formation enables the 

agglomeration. As a result, P-4 is more spherical than the P-1. P-3 which has no 

specific morphology. In addition, P-4 exhibits 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 [104]. It is hard to relate RL and morphology in propeller type case due 

to the incalculablitiy of RL of P-4. 
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Figure 4.17: SEM images of P-1 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 
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Figure 4.18: SEM images of P-3 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 
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Figure 4.19: SEM images of P-4 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 

SEM images of precursors synthesized via pitched blade can be found in Figure 4.20 

and 4.21. Acicular primary particles are more visible in PB-1 than the PB-4. 

Additionaly, PB-1 looks more agglomerated than the PB-4. In pitched blade type, 

decreasing RL favors the acicular primary particle formation as well as the 

agglomeration.  
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Figure 4.20: SEM images of PB-1 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 
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Figure 4.21: SEM images of PB-4 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 

SEM images of precursors synthesized by hydrofoil blade can be found in Figure 4.22 

and 4.23. Results from the hydrofoil blade samples are also confirm our previous 

findings in other impellers. In H-1, acicular structure is less visible than the H-4. This 

leads to poor agglomeration in H-1 sample as anticipated. Moreover, high RL leads to 

acicular structure formation in hydrofoil blade contrary to pitched blade. 
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Figure 4.22: SEM images of H-1 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 
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Figure 4.23: SEM images of H-4 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 

SEM images of precursor synthesized by rushton turbine can be found in Figure 4.24. 

Acicular primary particles are clearly visible in RT-3 precursor. This resulted in high 

agglomeration. Relation between existance of acicular primary particles and 

agglomeration can be explained by entropy. Primary particles have high surface 

energy. In order to minimize their energy, as the entropy dictates, they tend to 

agglomerate and reduce their surface area. [85].  
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Figure 4.24: SEM images of RT-3 precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 

 Characteristics of LiNi 0.8Co0.1Mn0.1O2 

LiNi 0.8Co0.1Mn0.1O2 samples are obtained via calcination of hydroxide precursors with 

LiOH (3% molar excess) at 800  for 12 hours. Particle size analysis results of 

calcinated precursors are given in Table 4.4. For propeller type impellers, average 

particle size is increased by 106% after the calcination for P-1-T and 96% for P-3-T. 

P-4-T average particle size did not change with calcination. For the pitched blade type 
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impellers, average particle size is decreased by 58.5% after the calcination for PB-1-T 

and 2.25% for PB-4-T. There is no obvious pattern in the hydrofoil type impeller 

blades regarding calcination and average particle size change. In H-1-T, average 

particle size is decreased by 18.77% however, in H-4-T average particle size increased 

by 238.28% after the calcination. For the rushton turbine, calcination increased the 

average particle size by 215.38%. 

Table 4.4: Particle Size Distribution of LiNi0.8Co0.1Mn0.1O2 powders. 

Size 

Distributions 

P-1-T 

(ɛm) 

P-3-T 

(ɛm) 

P-4-T 

(ɛm) 

PB-1-T 

(ɛm) 

PB-4-T 

(ɛm) 

H-1-T 

(ɛm) 

H-4-T 

(ɛm) 

R-3-T 

(ɛm) 

D10 0.35 0.29 0.97 0.63 0.44 0.82 0.86 0.92 

D50 24.76 19.37 55.62 30.87 16.23 1.04 43.83 45.06 

D90 35.36 26.96 90.39 45.51 52.49 44.63 67.21 83.58 

Average 

Diameter 
1.94 2.57 1.80 2.00 3.04 1.73 4.33 4.10 

In Figure 4.25, XRD results of LiNi 0.8Co0.1Mn0.1O2 samples are compared. Samples do 

not differ much from each other. Even some of the samples did contain metallic Ni 

before the calcination, no metallic Ni is observed after calcination. All the samples 

have Ŭ-NaFeO2 layered structure with Ὑσά space group. However, each sample has 

different crystallinty and cation mixing. Cation mixing levels are calculated by 

Rietvield analysis. 

 

Figure 4.25: XRD patterns of LiNi 0.8Co0.1Mn0.1O2 powders. 
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Diffraction peaks of P-1-T, P-3-T and P-4-T is given respectively in Figure 4.26, 4.27 

and 4.28. P-1-T has the highest crsytallinty among the samples that produced from 

precursors synthesized via propeller type agitator. Cation mixing indicatior I(003)/(104) 

peak ratios of the P-1-T, P-3-T and P-4-T are found to be respectively 0.856, 0.849 

and 0.818. P-1-T and P-3-T are close to each other however, P-4-T has higher cation 

mixing comparing to others. Triple loop formation seems increases 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 mixing, the high level of homogenity is a 

must [52]. 

 

Figure 4.26: XRD pattern of P-1-T. 

 

Figure 4.27: XRD pattern of P-3-T. 
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Figure 4.28: XRD pattern of P-4-T. 

X-ray diffraction patterns regarding to the PB-1-T and PB-4-T are given in Figure 4.29 

and 4.30 respectively. It can be seen that PB-4-T is more crystalline than the PB-1-T. 

I(003)/(104) peak ratios of the PB-1-T and PB-4-T are found to be respectively 0.836 and 

0.898. Higher RL leads to lower cation mixing in pitched blade type impellers. 

Additionally, PB-4-T  has very small peak around 32o which Fujii et. al. attributed it 

to the (220) plane of cubic spinel structure [105]. They observed this peak in two cases. 

First, when the calcination is carried out at 1150 ; second, when the Li:TM ratio is 

smaller than 0.884. However, in this study, cubic spinel peak is observed after the 

calcination at 800. Moreover, Li:TM was adjusted as 1.03 during calcination. This 

might be due to the particle size of the precursor. PB-4 has larger particles compared 

to PB-1 because of the flow pattern. Single loop led to smaller particles in PB-1, 

whereas double loop led to larger particle formation in PB-4. During calcination, 

lithiation of the PB-4 is much harder than the PB-1 under the same temperature 

conditions due to the large particles. Poor lithiation of PB-4 resulted in spinel 

formation at the PB-4-T. 
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Figure 4.29: XRD pattern of PB-1-T. 

 

Figure 4.30: XRD pattern of PB-4-T 

XRD patterns regarding to the H-1-T and H-4-T are given in Figure 4.31 and 4.32 

respectively. Crystallinty of H-1-T and H-4-T are similar to each other. The peak ratios 

I(003)/(104) of the H-1-T and H-4-T are found, respectively 0.670 and 0.736. Just as in 

the pitched blade case, increasing RL decreases cation mixing level. This is due to the 

higher level of homogenity achieved thanks to the single loop formation at high RL 

value. 
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Figure 4.31: XRD pattern of H-1-T 

 

Figure 4.32: XRD pattern of H-4-T 

Figure 4.33 shows the X-ray diffraction pattern of the RT-3-T. Peak intensity ratio 

I(003)/(104) of the RT-3-T is 0.859. This is relatively high, comparing to the other 

samples. In other words, cation mixing is low in this sample. Even though the capacity 

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

Before SEM imaging, some samples are dispersed in alcohol and dried at 80  

overnight. However, alcohol was became gel-like substance on the surface of the 

samples. Because of that, some samples are look like covered with transparent matter.  

SEM images of P-1-T, P-3-T and P-4-T can be found in Figures 4.34,  4.35 and 4.36 

respectively. Even though particles does not show any specific geometry, they are in 

correlation with the hydroxide precursor morphologies. P-4 had agglomerated 

morphology. In here, P-4-T also has agglomerated morphology compared to P-1-T and 

P-3-T. Additionaly, P-3-T shows no agglomeration just as its precursor P-3.  
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Figure 4.34: SEM images of P-1-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 
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Figure 4.35: SEM images of P-3-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower) 
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Figure 4.36: SEM images of P-4-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower) 

SEM images of the PB-1-T and PB-4-T can be seen in Figures 4.37 and 4.38. In both 

samples, acicular structures are vanished after the calcination. PB-1-T has large and 

separate particles whereas PB-4-T has smaller but agglomerated particles. This 

difference after the calcination may due to the different surface energy of their 

respective precursor. In order to reduce their surface energy, particles are tend to 

agglomerate [85]. 
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Figure 4.37: SEM images of PB-1-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 
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Figure 4.38: SEM images of PB-4-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 

SEM images of the H-1-T and H-4-T can be seen in Figure 4.39 and 4.40. It can be 

observed that H-1-T has very low level of agglomeration. On the other hand, H-4-T 

has no agglomeration. Similar behaviour can be seen in their respective precursor SEM 

images. 
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Figure 4.39: SEM images of H-1-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 
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Figure 4.40: SEM images of H-4-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 

In Figure 4.41, SEM images of RT-3-T sample is given. After the calcination, due to 

the sintering effect, no primary particle was observed in RT-3-T, just as in the other 

samples. It consists of agglomeration of irregular shaped particles. 
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Figure 4.41: SEM images of RT-3-T precursor at x10000 magnification (upper) and 

x40000 magnification (lower). 

 Electrochemical Properties of Li 1.03(Ni0.8Co0.1Mn 0.1)O2 

Capacity tests of each samples were carried out from 2.8 V to 4.3V at C/20 charge and 

discharge rate. Discharge capacities of each sample for 70 cycles can be found in 

Figure 4.42. The highest initial discharge capacity of 177.70 mAh/g is obtained from 

P-3-T, which has the highest RL value during co-precipitation stage of the production. 

Even though P-3-T does not have the lowest cation mixing, it has narrowest particle 

size distribution among the samples. Combination of those conditions resulted in the 

highest capacity with acceptable capacity retention of 75.62% for P-3-T. On the other 
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hand, RT-3-T shows the lowest initial discharge capacity of 102.68 mAh/g which has 

the lowest RL value and wide particle size distribution. However, RT-3-T has the 

lowest cation mixing. Although it has the lowest capacity, its capacity retention is the 

best among the produced samples which is 90.36%. This proves the relation between 

electrochemical performance of the cathode material and mixing conditions of the 

reactor tank. Impeller type and configuration of it determines the flow pattern and 

quality of mixing which are directly related to the RL value. Flow pattern and mixing 

quality affects particle size, particle size distribution and cation mixing. It is 

understood that cation mixing defines the capacity retention behavior of the material 

more than the capacity itself. However, more research is required to establish a model 

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

conditions. 

 

Figure 4.42: Discharge capacities of the all samples for 70 cycles. 

Charge-discharge curves of P-1-T, P-3-T and P-4-T samples can be seen in Figure 

4.43, 4.44 and 4.45. P-1-T delivers 1st discharge capacity of 137.45 mAh/g with 79.5% 

capacity retention for the 70 cycles. I(003)/(104) ratio is calculated to be 0.856 via 

Rietvield analysis. P-3-T delivers 1st discharge capacity of 177.70 mAh/g and retains 

75.62% of its capacity for 70 cycles. Its I(003)/(104) ratio is 0.849. P-4-T has initial 

discharge capacity of  131.25 mAh/g and a capacity retention of  72.72% for 70 cycles. 

I(003)/(104) ratio of the P-4-T is 0.818. Capacity retentions after 70 cycle for the 

consequent 70 cycles are in a good acordance with cation mixing. P-1-T has the highest 
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capacity retention due to the fact that it has the lowest cation mixing among which 

their precursors are synthesized via propeller type impeller. P-1-T, P-3-T and P-4-T 

has Coulombic efficency of 89.06%, 95.55% and 98.86% respectively at 70th cycle. 

When the particle size disitribution of the three samples are compared, P-3-T is the 

narrowest and P-4-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 narrow, they can come closer and become denser. Since mixing 

conditions affect the size distribution, they also affect the tap density.  

 

Figure 4.43: Galvanostatic capacity of P-1-T at the rate of C/20. 

 

Figure 4.44: Galvanostatic capacity of P-3-T at the rate of C/20. 
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Figure 4.45: Galvanostatic capacity of P-4-T at the rate of C/20.  

Charge-discharge curves of PB-1-T and PB-4-T samples are given in Figure 4.46 and 

4.47. PB-1-T delivers inital discharge capacity of 124.85 mAh/g. Capacity retention 

of this sample after 70 cycle is calculated as 77.08% for 70 cycle. PB-4-T delivers 

inital discharge capacity of 119.34 mAh/g with a capacity retention of 79.26% after 70 

cycles. Since the cation mixing is less in PB-4-T than PB-1-T, It was expected that 

PB-4-T to have higher capacity retention than PB-1-T. However, even though PB-4-T 

has the lowest cation mixing in all samples, capacity retention is not significantly high. 

This shows that main degredation mechanism of PB-4-T is not cation mixing. It is 

thought to be the spinel phase is the effective degredation mechanism in PB-4-T. 

Coulombic efficencies of PB-1-T and PB-4-T are 72.44% and 95.05% for the 70th 

cycle, respectively. 

 

Figure 4.46: Galvanostatic capacity of PB-1-T at the rate of C/20. 
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Figure 4.47: Galvanostatic capacity of PB-4-T at the rate of C/20. 

Charge-discharge curves of H-1-T and H-4-T samples are given in Figures 4.48 and 

4.49. H-1-T delivers initial discharge capacity of 133.61 mAh/g. Capacity retention of 

this sample is calculated as 76.14% for 70 cycles. H-4-T delivers initial discharge 

capacity of 107.12 mAh/g with a capacity retention of 68.05% after 70 cycles. I(003)/(104) 

ratios of the H-1-T and H-4-T are respectively, 0.670 and 0.736. It can be concluded 

that hydrofoil blade is not suitable for minimizing the cation mixing since these 

samples have the highest cation mixing among the all. Regarding cation mixing of  H-

1-T and H-4-T, capacity retention of H-4-T is expected to be higher than that of H-1-

T. However, the galvanostatic test result shows that H-1-T has higher capacity 

retention. This indicates that cation mixing is not the effective degredation mechanism 

fot the H-1-T and H-4-T. One possible explanation is, average particle diameter of H-

4-T is 2.5 times larger than the H-1-T. Under the same calcination conditions, large 

particles are harder to lithiate. It requires more time compared to the small particles. 

This can cause lithium defficency in the crystal. Moreover, lithium ions that are unable 

to diffuse remains at the surface leads to side reactions wgich adversely affects the 
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capacity retention [33]. Coulombic efficencies of H-1-T and H-4-T are 93.12% and 

95.41% for the 70th cycle respectively 

 

Figure 4.48: Galvanostatic capacity of H-1-T at the rate of C/20. 

 

Figure 4.49: Galvanostatic capacity of H-4-T at the rate of C/20. 

In Figure 4.50, charge/discharge curve of RT-3-T is given. It delivers initial discharge 

capacity of 102.68 mAh/g with a capacity of 90.36%. This high capacity retention was 

an expected result since the RT-3-T sample has 2nd lowest cation mixing among the 

all samples. RT-3-T has widest particle size distribution due to the flow pattern. Low 

RL leads to double loop and very low 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 efficency of RT-3-T is calculated as 99.6% for the 70th cycle. 
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Figure 4.50: Galvanostatic capacity of RT-3-T at the rate of C/20. 

Cyclic voltammetry test results of the P-1-T, P-3-T and P-4-T can be found in Figure 

4.51, 4.52 and 4.53. All  samples exhibit anodic oxidation peak around 3.9 V at 1st 

cycle with the exception of P-4-T. It shows that peak around 4 V. That main anodic 

reaction peak is related to activation of cathode [106]. P-4-T requires higher activation 

energy compared to P-1-T and P-3-T. At the second cycle, P-1-T and P-3-T exhibits 

one major and two secondary anodic peaks. The first oxidation peak corresponds to 

the phase transformation of the hexagonal phase to the monoclinic phase, the second 

weak peak corresponds to the transformation of the monoclinic phase to the second 

hexagonal phase, and at last, third weak peak corresponds to the transformation of 

hexagonal phase to the a third hexagonal phase [107]. This unstable phase 

transformations reduces the charge capacity drastically in the consequent cycling 

which can be observed from the capacity-cycle graphs. Voltage gap between anodic 

oxidation peak and cathodic oxidation peak is related to the reversibility. As the 

voltage gap decreases, the reversibility of the charge/discharge reactions increases 

[108]. Voltage gap during 2nd cycle is calculated as 0.07 V, 0.109 V and 0.425 V for 
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P-1-T, P-3-T and P-4-T respectively. This result can be verified wih the capacity 

retention percentage of the samples for the 25 cycles. 

 

Figure 4.51: Cyclic Voltammetry curve of P-1-T. 

 

Figure 4.52: Cyclic Voltammetry curve of P-3-T. 

 

Figure 4.53: Cyclic Voltammetry curve of P-4-T. 
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Cyclic voltammetry curves of the PB-1-T and PB-4-T is given in Figure 4.54 and 4.55. 

In both PB-1-T and PB-4-T, 1st cycle anodic reactions are attributed to the cathode 

activation. In the second cycle, one major and two very small secondary phase 

transformation peaks can be observed at both cathodic and anodic side. PB-1-T has 

higher peak than the PB-4-T, which indicates that PB-1-T has higher initial capacity. 

This can also be oserved from the galvanostatic charge/discharge curves. Voltage gap 

at the 2nd cycle is calculated as 0.099 V for PB-1-T and 0.2 for PB-4-T.  

 

Figure 4.54: Cyclic Voltammetry curve of PB-1-T. 

 

Figure 4.55: Cyclic Voltammetry curve of PB-4-T. 

Cyclic voltammetry curves of the H-1-T and H-4-T is given in Figure 4.56 and 4.57. 

H-1-T exhibits wide activation  peak at 4.006 V at 1st cycle which remains almost the 

same for the H-4-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-1-T and H-4-T. However, anodic phase transformaton is very hard 
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to observe in both samples. H-1-T anodic oxidation peak at 3.858V is much higher 

than the H-4-T anodic oxidation peak that can be found at 3.823V. This resulted in 

higher inital capacity for the H-1-T. Voltage gaps of H-1-T and H-4-T at the 2nd cycle 

is calculated as 0.222 V and 0.183 V respectively. 

 

Figure 4.56: Cyclic Voltammetry curve of H-1-T. 

 

Figure 4.57: Cyclic Voltammetry curve of H-4-T. 

Cyclic voltammetry curve of the RT-3-T is shown in Figure 4.58. First cycle oxidation 

peaks belongs to the activation of material. RT-3-T exhibits anodic oxidation peak at 

3.79 V at and two minor phase transformation peaks in the 2nd cycle. Same peaks exist 

in the cathodic reaction side located at lower voltage values. This is due to the 

difference between required energy of lithiation and delithiation. Higher voltage 


























































