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ABSTRACT 

SYNTHESIS AND CHARACTERIZATION OF ALUMINUM DOPED  
TO  EXTEND CATHODE LIFE IN LI-ION BATTERIES 

 

Lithium-ion batteries have an important place in meeting the energy needs and 

are of greater importance than their cognates, thanks to their characteristics as secondary 

batteries. Volumetric and gravimetric energy densities are the main features that carry 

lithium-ion batteries to the top. Lithium-ion batteries consist of different parts: cathode, 

anode, separator and electrolyte. While the anode materials are generally based on silicon, 

carbon and tin, the cathode materials include layered LiCoO2, spinel LiMn2O4, olivine 

LiFePO4, layered LiNi0,8Co0,15Al0,05O2(NCA) and layered LiNiCoMnO2 (NMC). Nmc 

and nca cathode materials stand out due to their high energy densities. 

Of course, lithium-ion batteries also have some disadvantages. A prime example 

of this is the capacity reductions it experiences with the increasing number of cycles. The 

main reasons for the decrease in capacity are; The transformation of the layered structure 

into spinel structure, the contamination of the Lio structure on the cathode to the 

electrolyte structure as a result of the side reactions that occur, damage the stable structure 

of the electrolyte and lead to Li loss. Metal oxide surface modification methods come to 

the fore in studies conducted to prevent these disadvantages. 

In this study, nmc structure was synthesized by reprecipitation method. Xrd, and 

sem analyzes of the obtained structure were taken. Al2O3 surface modification method 

was applied on the cathode surface. Cyclic voltammetry analyzes of the nmc structures 

with and without the modification applied were made with the help of potentiometry and 

the results were compared. 
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ÖZET 

Lİ-İYON BATARYALARDA KATOT ÖMRÜNÜ UZATMAK İÇİN 
ALÜMİNYUM KATKILI MALZEMELERİN SENTEZİ VE 

KARAKTERİZASYONU 

 

Lityum iyon bataryalar enerji ihtiyacını karşılamada önemli yer tutmaktadır ve 

ikincil bataryalar olma özellikleri sayesinde soydaşlarından daha büyük önem arz 

etmektedir. Volumetrik ve gravimetrik enerji yoğunlukları ise lityum iyon bataryaları 

zirveye taşıyan başlıca özellikleridir.  Lityum iyon bataryalar, katot, anot , seperatör ve 

elektrolit olmak üzere farklı bölümlerden oluşur. Katot, pozitif elektrot olarak karşımıza 

çıkarken, anot ise negatif elektrot olarak adlandırılır. Anot malzemeleri genellikle 

silisyum, karbon ve kalay bazlı olmakla birlikte katot malzemelerinde ise katmanlı 

LiCoO2, spinel LiMn2O4, olivin LiFePO4, katmanlı LiNi0,8Co0,15Al0,05O2(NCA) ve 

katmanlı LiNiCoMnO2 (NMC) örnek olarak gösterilebilir. Nmc ve nca katot malzemeleri 

yüksek enerji yoğunlukları sebebi ile öne çıkmaktadır.  

Lityum iyon bataryaların elbette bazı dezavantajları da vardır. Artan çevrim 

sayısı ile birlikte yaşadığı kapasite düşüşleri buna başlıca örnektir. Kapasite düşüşünün 

başlıca sebepleri; katmanlı yapının spinel yapıya dönüşmesi, katot üzerindeki Lio 

yapısının, gerçekleşen yan reaksiyonlar sonucunda elektrolit yapısına bulaşması, 

elektrolitin kararlı yapısına zarar vermekle Li kaybına yol açar. Bunun sonucunda 

elektrolit yapısında gerçekleşen reaksiyonlar sonucunda HF asidinin katot yapısına zarar 

verdiği görülmektedir. Bu dezavantajları engellemek amacıyla yapılan çalışmalarda 

metal oksit yüzey modifikasyonu yöntemleri öne çıkmaktadır. 

Bu çalışmada tekrardan çöktürme yöntemi ile nmc yapısı sentezlenmiştir. Elde 

edilen yapının xrd, ve sem analizleri alınmıştır. Katot yüzeyinde Al2O3 yüzey 

modifikasyonu yöntemi uygulanmıştır. Elde edilen modifikasyon uygulanmış ve 

uygulanmamış nmc yapılarının potansiyometri yardımı ile çevrimsel voltametrik 

analizleri yapılmış ve sonuçlar karşılaştırılmıştır. 
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CHAPTER 1 

INTRODUCTION 
 

1. 1. Motivation of the study 
 

From past to present, many different cathode materials have been researched, 

developed and used to serve many different purposes. When compared to other cathode 

materials, NMC cathodes stand out with their non-toxicity, low cost and high energy 

density. So much so that, thanks to these features, their use in all areas of today has 

become quite widespread and has put it as a candidate for the top. The best example of 

this; Tesla company, one of the largest and most successful companies in the world, 

prefers nca cathode and batteries as battery material in electric vehicle productions that 

dominate the market. In addition to the prominent features of the Nca cathode, the side 

reactions that occur on the surface during its use, the deterioration of the cathode material, 

and the shortening of its life can be given as examples. Our motivation in this study; The 

aim is to work on extending the life of the cathode and extending its stability. 

 

1. 2. History of batteries 
 

The first battery was invented in 1800 by Alexander Volta, who used zinc and 

copper discs in a NaCl solution (Volta 1800). In 1859, Gaston Plante produced the first 

rechargeable lead-acid battery, and in 1866, Georges-Lionel Leclanché developed the 

zinc-carbon battery, which was used as an anode in ammonium chloride solution and a 

mixture of manganese oxide-carbon as the cathode, which has survived to the present 

day. invented (Leclanche 1866). In 1899, Swedish engineer Waldmar Jungner invented 

the first nickel-cadmium battery. In 1901, Thomas Edison patented the nickel-iron 

battery. Later, batteries such as nickel-zinc, silver-zinc, nickel hydrogen and lithium 

batteries were developed in line with advancing technology and increasing needs (Linden 

2002). 
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After G. N. Lewis made the first study of lithium batteries in 1912, lithium 

batteries could not be commercialized until the 1970s. The reason why lithium batteries 

came to the fore in the 1970s was the emergence of the need for portable energy in the 

military and medical fields. Studies on non-rechargeable lithium batteries, which were 

commercialized in the 1970s, increased rapidly in the 1980s. Explosions occurred in 

batteries using lithium metal as a result of heat release and thermal decomposition with 

exothermic reactions due to the contact of lithium metal with air, which forced 

researchers to find alternative electrode materials. In the studies, carbon-based materials 

were developed as the anode and lithium metal oxide materials were developed as the 

cathodes. In this way, even if there is a decrease in the energy density, the risk of 

explosion is made much lower. The first rechargeable lithium-ion battery was 

commercialized by Sony in 1991 with the work of John B. Goodenough and his team 

(Linden 2002).  

After being commercialized in 1991, lithium-ion batteries started to be used 

especially in medical, military and portable electronic devices (mobile phones, electronic 

cameras and camcorders, laptop computers) due to their high energy density as well as 

their small and light weight. In addition, it is used in the storage of energy obtained from 

renewable energy sources and in electric vehicles that are expected to take the automotive 

industry under full control in the future. As a result, today, there is almost no house where 

lithium-ion batteries do not enter, and it is one of the most important sine qua non of 

advancing technology. The lithium-ion battery market, which approached 30 billion 

dollars in 2015, is expected to reach 77 billion dollars in 2024 with an annual growth of 

12.5% . Lithium-ion batteries are one of the batteries with the highest share in the energy 

storage market and the most investments, with the widespread use of electric and hybrid 

vehicles (Pillot 2013).  Although LiCoO2, which was the first cathode material 

commercialized in 1991, is still used in consumer electronics, the use of this cathode 

material has decreased compared to its early days due to the expensive and toxic nature 

of cobalt. LiFePO4s, which are safer cathode materials than LCO cathode materials, 

lagged behind LCO in terms of specific energy density. Li2MnO4 was used because of 

its high nominal voltage and LiFePO4 because of its long cycle life (Chen, et al. 2011, 

Goodenough and Kim 2010). LFP is used in electric vehicles due to its long cycle life, 

while LCO is used in consumer electronics due to its high energy density. Finally, two 

new cathode materials, LiNiCoAlO2 and LiNiCoMnO2, which have high capacity and 
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nominal voltage, have been found and studies have been carried out especially for their 

use in electric vehicles (Nitta, et al. 2015). 

Lithium-rich NMC cathode materials are one of the most concentrated cathode 

materials in the lithium-ion battery industry, where high investments are made. Lithium-

rich NMC cathode materials have high capacity and energy density due to their ability to 

operate in the high voltage range (Rozier and Tarascon 2015). 

  

1. 3.  Lithium Ion Batteries 
 

Lithium-ion batteries are secondary batteries, meaning they can be recharged. In 

addition to this feature, they have high energy density according to their weight and size. 

Because of these properties, they are used in fields such as military, medical, automotive 

and consumer electronics. When the gravimetric and volumetric energy densities of the 

secondary batteries are compared, it is seen in Figure 1.1 that the batteries with the highest 

both volumetric and gravimetric energy densities are lithium-ion batteries. The reason for 

these features of lithium-ion batteries is the use of lithium, which has the highest oxidation 

potential, the lowest atomic weight, and a specific capacity of 3680 Ah/kg according to 

the periodic table due to its electropositivity. 

 

Figure 1.1. Secondary batteries in terms of gravimetric and volumetric energy density 

(Source:"Http://Www.Epectec.Com/Batteries/Cell-Comparison.Html") 
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Unlike other secondary batteries, lithium-ion batteries do not show a memory 

effect. In other words, when they are recharged without being fully discharged, there is 

no significant loss of capacity. When they are not used, the loss of capacity is very small 

and slow. At the same time, they do not require maintenance and do not harm the nature. 

On the other hand, lithium-ion batteries lose capacity in case of overcharge and degrade 

at high temperatures. In addition, the expensiveness of the materials used in the 

production of lithium-ion batteries is an important disadvantage (Linden 2002). The 

advantages and disadvantages of lithium-ion batteries are compared in Table 1.1. 

Table 1.1. Advantages and disadvantages of Li-ion batteries  

 

 

 

 

                                                                               (Cont. on next page) 

Advantages     Disadvantages 

 

Rechargeability and 

High energy density 

 

The use of expensive materials in its 

manufacture 

 

Low intensity 

 

Loss of capacity due to overcharging 

 

Ability to operate in wide and high 

voltage range 

 

Requires a protective circuit 

 

Operation in wide temperature range 

 

Thermal decomposition at high 

temperatures 

 

High coulombic efficiency Low level of security risks 
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Table 1.1(cont.) 

 

 

 

1. 3. 1. Areas of use 
 

Lithium-ion batteries are used in smart mobile phones, laptops, electronic 

tablets, digital cameras, video cameras, unmanned aerial vehicles (drones), smart watches 

and even wireless headphones, which are used by almost the whole world today. Lithium-

ion batteries are one of the parts that enable all these electronic devices to be used in 

smaller sizes. Because while lithium ion batteries occupy a large place in these electronic 

devices, with the development of lithium ion battery technologies, lithium ion batteries 

have shrunk, so electronic devices have also shrunk. Another promising area of use for 

lithium-ion batteries is in electric vehicles. Electric vehicles, the production and use of 

which have increased rapidly in the last few years, are expected to completely replace 

vehicles with internal combustion engines in the future. This has increased investments 

in lithium-ion battery technologies. Lithium-ion batteries, which are also used in 

telecommunication, space applications, military and medical fields, are also used to store 

energy obtained from solar panels and wind turbines, that is, energy obtained from 

renewable energy sources. In the future, it will be possible to see automobiles, sea 

vehicles and even aircraft that operate with the energy obtained from renewable energy 

sources and use lithium-ion batteries. Usage areas of lithium-ion batteries are summarized 

in Figure 1.2. 

Low memory effect and  Fast charging 

 

 

 

Low capacity loss when not in use 

 

 

Maintenance free and 

Long shelf life 
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Figure 1.2. Usage areas of lithium-ion batteries 

(Source:http://www.pasticheenergysolutions.com/applications/). 

 

1. 3. 2. Main components of lithium-ion batteries 
 

The main components of lithium ion batteries are anode, cathode, separator and 

electrolyte. The anode is used as the negative electrode, the cathode is the positive 

electrode, the separator is used as the plate between the electrodes, and the electrolyte is 

used between the electrodes to provide ion transfer. The main components of lithium-ion 

batteries are shown in Figure 1.3. 
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Figure 1.3. The main components of lithium-ion batteries. 

(Source: Http://Www.Emc2.Cornell.Edu/Content/View/Battery-Anodes.Html) 

 

1. 3. 2. 1. Anodes 
 

The anode is used as a negative electrode in lithium ion batteries. In a 

rechargeable lithium-ion battery, the anode plays the role of negative pole during 

discharge and positive pole during charging 

("Http://Www.Emc2.Cornell.Edu/Content/View/Battery-Anodes.Html"). Many anode 

materials such as lithium, carbon, silicon, tin-based materials as well as transition metal 

oxides have been used since the emergence of lithium-ion batteries 

("Http://Www.Emc2.Cornell.Edu/Content/View/Battery-Anodes.Html"). Although pure 

lithium is used as an anode, it is not used much today, except for experimental studies, 

because it is expensive, creates safety risks and dendritic growth is observed. Instead of 

pure lithium, lithium aluminum alloys and lithium titanium oxide have been used as anode 

material. Lithium aluminum alloys, on the other hand, are not used much today due to the 

volume change that occurs during lithium ion displacement. Instead of these alloys, 

intermetallic compounds (such as Al3Ni, FeSn, Sn-Sb, Sn-Cu) that can alloy with lithium 

such as aluminum, tin, cadmium, antimony, and bismuth and that cannot alloy such as 

iron, nickel, cobalt, and copper are used (Inoue and Zou 2005, Shukla 2008). Lithium 

titanium oxide (Li4Ti5O12), another alternative anode material, does not undergo 
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volumetric changes during lithium ion displacement, but has limited use in applications 

requiring high energy density and high voltage (Hummel 2011). 

Graphite, graphite oxide, graphene, soft carbon, hard carbon, carbon nanotubes, 

carbon nanowires and their composites are used as carbon-based materials. Graphite is 

one of the most commercially used carbon-based anode materials because of its low cost. 

The theoretical capacity of graphite is ~372 mAsa/g, and its irreversible capacity is ~330 

mAsa/g. And also Lithium ions are easily incorporated into graphite and easily separated, 

forming a solid electrolyte interface (SEI) layer with electrolyte solutions. However, 

irreversible capacity losses are seen in lithium-ion batteries using graphite anodes. Hard 

carbon has a higher irreversible capacity than graphite and is cheaper than hard carbon 

graphite. Therefore, hard carbon is used commercially as much as graphite in lithium-ion 

batteries (de las Casas and Li 2012, Endo, et al. 2000, Yao and Cojocaru 2013). 

The main reason why lithium ions can easily bind and detach from the structures 

of materials such as silicon (4200 mAsa/g) and tin (994 mAsa/g) and these materials 

cannot be used widely despite their high theoretical capacities is that they undergo 

volumetric changes during lithium ion displacement. The scientific community is 

working intensively to increase the tolerance of these materials, especially against 

volumetric change (Zhang 2011). Required properties of anodes used in lithium ion 

batteries 

1. Volumetric change during the entrance and exit of the lithium ions into the structure 

2. Lithium ions can easily enter and exit the structure 

3. High initial capacity 

4. High irreversible capacity, 

5. High capacity conservation 

6. Easy to produce 

7. Being cheap 

8. It has low reactivity towards electrolyte. 
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 1. 3. 2. 2. Cathodes 
 

The cathode is used as the positive electrode in lithium-ion batteries and takes 

the role of positive pole during discharge and negative pole during charging. Layered, 

spinel and olivine cathode materials are used commercially. They are generally in the 

form of lithium metal oxide or lithium metal phosphate. There are 5 basic cathode 

materials used today. These can be summarized as LiCoO2 (LCO), LiMn2O4 (LMO), 

LiFePO4 (LFP) LiNiCoAlO2 (NCA), LiNiCoMnO2 (NMC). The crystal structures and 

electrochemical properties of these cathode materials are compared in Table 1.2. 

 

Table 1.2: Structures and electrochemical properties of 5 basic commercial cathode 

materials 

comparison of properties (Yuan 2013). 

 

Cathode Material Structure 
Li/Li+ 

Rated Voltage (V)  

Specific 

capacity 

(ms/g)  

Specific 

Energy 

Density 

(Wsa/kg) 

LiCoO2  Layered 3,6  120-150  432-540  

LiMn2O4 (LMO)  Spinel  3,8  100-135  380-520  

LiFePO4 (LFP)  Olivine 3,45  150-170  510-590  

LiNi0,8Co0,15Al0,05O2    

(NCA)  
Layered 3,8  180-200  680-760  

LiNi0,5Co0,2Mn0,3O2  Layered 3,8  160-190  610-730  

Li1,2Ni0,2Co0,08Mn0,52O2  Layered 3,7  220-260  820-970  

 



10 
 

LiCoO2 was the first cathode material to be commercialized in 1991 and was 

used in consumer electronics, but the use of this cathode material has declined due to 

cobalt being expensive and toxic. Although the LFP, which emerged later on, were safer 

cathode materials, they could not exceed the LCO in terms of specific energy density. 

LMO stands out with its high nominal voltage and LFP with its long cycle life (Yuan 

2013). LFP is used in electric vehicles due to its long cycle life, while LCO is used in 

consumer electronics due to its high energy density. In addition, new cathode materials 

were produced by making various additives to these materials. 

Materials with good results such as LiNi0,5Mn1,5O4 have been used. Finally, two 

new cathode materials, LiNiCoAlO2 with high capacitance and rated voltage, and 

LiNiCoMnO2 materials have been found and studies have been made especially for use 

in electric vehicles. Today, electric vehicles using these two cathode materials are 

increasing rapidly. 

The features that should be in the cathodes used in lithium-ion batteries; 

1. High initial capacity 

2. Having high energy density 

3. High irreversible capacity 

4. The ability of a large number of lithium ions to be easily attached to the crystal structure 

5. High capacity conservation 

6. Ability to work in high and wide voltage range 

7. Easy to manufacture 

8.It is safe 

9. Being harmless to the environment 

10. It is low cost. 

 

1. 3. 2. 2. 1. Layered cathode materials 
 



11 
 

LiCoO2, which was the first cathode material to be commercialized and 

continues to be used effectively today, has an α-NaFeO2 layered structure. The crystal 

structure of LiCoO2 is shown in Figure 1.4. In addition, LiNiO2 has the same structure as 

LiCoO2, lower cost and higher capacity than LiCoO2. However, it is not used much 

commercially because the thermal stability of LiNiO2 is low and its structure decomposes 

depending on the temperature (Demiray 2007). The structure of the layered LiMO2s is 

generally shown in Figure 1.5. 

The layered cathode materials in which the studies are accelerated and intense 

today are LiNi0,8Co0,15Al0,05O2 (NCA) and LiNiCoMnO2 (NMC). These two cathode 

materials are used especially in electric vehicles thanks to their high capacities and high 

nominal voltages. NCA cathode materials are used in electric vehicles launched by the 

Tesla brand and stand out with their long life compared to cobalt-based batteries with 

high energy density. However, in NCA batteries, there are problems such as loss of 

capacity at high temperatures (40-70°C) due to the growth of the SEI layer and the growth 

of microcracks at the grain boundaries (Bloom, et al. 2003). 

 

 

Figure 1.4. Crystal structure of layered LiCoO2. (Source: Linden 2002). 
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Figure 1.5. Representation of the layered structure of LiMO2-based cathode materials 

(Source: Xu, et al. 2012). 

 

Although NMC cathode materials have high energy density and long cycle life, 

deteriorations in the structure due to various reasons cause capacity loss and low cycle 

life. In order to reduce these structural deteriorations, studies are carried out on lithium-

rich NMC cathode materials. Lithium-rich NMC cathode materials consist of two phases, 

Li2MnO3 and LiMO2 (M = Ni, Co, Mn) and have a high capacity thanks to their two 

phases. It has a high energy density due to its high capacity and high nominal voltage, so 

it is very clear for use in electric vehicles. However, for this, the problem of capacity loss 

must be largely prevented. Other layered cathode materials used and studied can be listed 

as Li2MnO3, LiVO2, LiCrO2, LiTiS2 (Nitta, et al. 2015). 

 

1. 3. 2 .2. 2. Cathode materials in spinel structure 
 

The most important cathode material with spinel structure (Figure 1.6) is 

LiMn2O4. This cathode material has a low specific capacity, but due to its high rated 

voltage, its specific energy density is close to other cathode materials. 
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Figure 1.6. The appearance of the spinel structure. (Source: Linden 2002). 

 

LiNi0,5Mn1,5O4, another cathode material with spinel structure, has a higher 

specific capacity (~147 mAsa/g) than LiMn2O4 (Hu, et al. 2013). In addition, it is an 

important advantage that these two materials are low cost and environmentally friendly. 

However, due to reasons such as the separation of Mn+3 from the structure as a result of 

reactions, the occurrence of Jahn Teller distortion when Mn+3 concentration increases and 

the loss of capacity due to these, studies are being carried out to develop this cathode 

material (Kang, et al. 2001). While the oxygen atoms in the structure of LiMn2O4 are 

similar to the layered structure, unlike the layered structure, ¼ of the Mn atoms in the 

octahedral position are located in the positions where the lithium atoms are located, 

leaving ¼ of the octahedral positions empty. That is, the Mn atoms left the 16c position 

blank. Therefore, the positions adjacent to the Li atoms in the 8a positions remained 

empty. In this way, the diffusion path of lithium ions became 3-dimensional (8a-16c-8a). 

For this reason, spinel cathode materials have the highest diffusion rate (Bloom, et al. 

2003, Demiray 2007, Hu, et al. 2013, Kang, et al. 2001, Liu, et al. 1996, Xu, et al. 2012). 

 

1. 3. 2. 2. 3. Cathode materials in olivine structure 
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The most well-known commercial cathode material with olivine structure is 

LiFePO4. The theoretical capacity of this cathode material is 170 mAsa/g and its nominal 

voltage is 3.45 V. Although its capacity is higher than other cathode materials, the 

nominal voltage of this cathode material is also smaller. Although it has high thermal 

stability and long cycle life without capacitance degradation, its small nominal voltage 

and low electrical and ionic conductivity prevent it from being widely used. However, it 

is used in electric and hybrid vehicles, base stations, and storage of energies produced 

from renewable energy sources (Armand 2004, Chung, et al. 2002, Orendorff and 

Doughty 2012). In addition, studies are carried out on cathode materials in olivine 

structure such as LiMnPO4 and LiCoPO4 (Delacourt, et al. 2005, Okada, et al. 2001). The 

crystal structure of LiFePO4 consists of octahedral FeO6 and tetrahedral PO4s. The crystal 

structure of LiFePO4 in olivine structure is shown in Figure 1.7. These octahedra and 

tetrahedra contact each other in the b and c plane, but the PO4-tetrahedra do not contact 

each other (Zhang 2011). In addition, the strong P-O covalent bonds in the orthorhombic 

olivine crystal structure of LiFePO4 stabilize the Fe3+/Fe2+ redox couple, making LiFePO4 

stable at high temperatures. 

 

 

Figure 1.7. Olivine structure of LiMPO4s. (Source: Daniel, et al. 2014). 

 

 

1. 3. 2. 3. Electrolyte 
 

It is used to provide Li+ ion transfer between the electrolyte anode and cathode 

through organic solvents. The electrolyte must not react chemically with lithium and must 
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be conductive. That is, a good electrolyte must be electrochemically stable and conduct 

lithium ions very well. Although liquid electrolytes are commonly used today, gel 

electrolytes and ceramic electrolytes are also used (Linden 2002). 

In liquid electrolytes, organic solvents are used to dissolve materials such as 

LiPF6, LiBF4, LiN(SO2CF2CF3)2, (LiBETI), LiBC4O8 (LiBOB), LiPF3(CF2CF3)3 

(LiFAP) and LiN(SO2CF3)2 (LiTFSI). They are used together with carbonates such as 

ethylene carbonate (EC) and propylene carbonate (PC), diethyl carbonate (DEC) and 

dimethyl carbonate (DMC) as organic solvents because ethylene carbonate (EC) and 

propylene carbonate (PC) are solid at room temperature(Denizli 2011) . In general, the 

electrolytes consist of a mixture of LiPF6 and EC:DMC. 

 

1. 3. 2. 4. Seperator 
 

Separators are placed in lithium ion battery cells to prevent short circuit between 

anode and cathode and to ensure ion transfer. The separators have a thickness of 10-30 

μm, micropores of 0.03–0.1 μm and a pore concentration of 30-50%. Today, polyolefin 

membranes produced mostly from polyethylene (PE) and polypropylene (PP) are used as 

separators. In addition to being inexpensive, it is expected from an electrolyte that it has 

a chemically and mechanically stable structure. In addition, the quality of the separator 

shows the change of porosity versus temperature. PE loses its porosity at 135°C and PP 

at 166°C as the melting temperature is reached 

("Http://Www.Emc2.Cornell.Edu/Content/View/Battery-Anodes.Html"). 

 

1. 3. 3. Working principle of lithium-ion batteries 
 

The working principle of lithium-ion batteries is generally lithium in the cell. It 

is based on the movement of ions, and in the external circuit, the movement of electrons 

going in the direction the lithium ions go inside the cell. Working of lithium-ion batteries 
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In order to understand the principle, charge and discharge mechanisms should be 

considered separately. A representative representation of the working mechanism of 

lithium-ion batteries is given in Figure 1.8. 

In lithium-ion batteries, during charging, lithium ions are separated from the 

structure of the cathode material LiMO2 and bonded to the structure of the carbon anode. 

Meanwhile, electrons move from the cathode to the anode in the external circuit. During 

discharge, the lithium in the structure of the carbon anode separates and returns to the 

structure of the cathode. The electron also moves from the external circuit in the same 

way. In both charge and discharge states, current occurs opposite to the electron direction 

(Linden 2002). 

The reactions taking place are given below; Cathode (Positive electrode) : 

      In charge state: LiMO2 → Li1-xMO2 + xLi+ + xe- (2.1) 

In the discharge state: Li1-xMO2 + xLi + + xe- → LiMO2 (2.2) Anode (Negative 

electrode): 

In charge state: C + xLi+ + xe- → LixC (2.3) 

              In case of discharge: LixC → C + xLi+ + xe- (2.4) Total reaction: 

 In charge state: LiMO2 + C → LixC + Li1-xMO2 (2.5) 

In case of discharge: LixC + Li1-xMO2 → LiMO2 + C (2.6) 

 

 

Figure 1.8. Charge and discharge mechanisms of lithium-ion batteries. (Source: 

Buchmann 2012). 
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1. 4.  NMC and Lithium-rich NMC Cathode Materials 
 

NMC cathode materials have been widely used in lithium-ion batteries in recent 

years. It has high specific capacity (170 mAsa/g), high nominal voltage (3.8 V), therefore 

high energy density and long cycle life. Due to these features, it is used in electric vehicles 

and its use is increasing. In the studies, NMC cathode materials of various compositions 

are being studied. NMC cathode materials have α-NaFeO2 type layered structure and 

generally studied NMC compositions LiNi1 / 3Co1 / 3Mn1 / 3O2 (NMC111), 

LiNi0,5Co0,2Mn0,3O2 (NMC523), LiNi0,8Co0,1Mn0,1O2 (NMC 811). 

The results obtained from the studies on these popularly used NMC cathode 

materials are compared in Table 1.3. Compositions of NMC622, NMC712 and NMC721 

are also being studied (Choi and Lee 2016, Pan, et al. 2016) 

Table 1.3. First discharge capacities and capacity conservation rates of the most studied 

NMC cathode materials obtained from experimental studies. 

 

NMC Composition First Discharge 

 capacity 

(ms/g) 

Capacity Conservation 

(%)  

NMC111 (Oljaca, et al. 

2014)  

160 (0,2C)  
61 (After 80 cycles with 1C) 

NMC523 (Kong, et al. 

2014)  

201,2 (0,1C)  87.4 (After 60 cycles with 

2C) 

NMC811 (Lu, et al. 2013)  195,7 (0,1C)  85.2 (at 0.1C after 50 

cycles) 

 

NMC cathode materials contain divalent nickel, trivalent cobalt, tetravalent 

manganese ions. Only Ni and Co undergo redox reactions (Ni2+ → Ni3+/Ni4+; Co3+ → 

Co4+), while Mn remains tetravalent between 2.5-4.2 V. Therefore, Mn is used to stabilize 

the structure (Johnson, et al. 2004). The layered NMC structure remains stable when 

charged above 4.2 V. The reason for this is that when most of the lithium ions in the 
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structure are separated from the cathode structure during charging, Ni and a small amount 

of Co enter the tetrahedral lithium positions that lithium discharges and disrupt the 

structure (Mizushima, et al. 1980). In addition, the increase in oxygen activity on the 

electrode surface causes oxidation of the electrolyte or oxygen release from the cathode. 

As a result of these events, problems such as capacity loss and shortening of the cycle life 

occur (Wang, et al. 2011). 

Lithium-rich NMC is a layered cathode material containing Li2MnO3 and LiMO2 

(M = Ni, Co, Mn) phases. The difference from NMC cathode materials is that it has a 

Li2MnO3 phase. It is possible to represent lithium-rich NMC cathode materials with the 

formulas xLi2MnO3·(1−x)LiMO2 (M = Ni, Co, Mn) or Li1+x(NiMnCo)1-xO2. Due to 

the fact that lithium-rich NMC cathode material works at high voltages, offers high 

capacity, high energy density, low cost and safety, studies are being carried out to make 

it widely used in electric vehicles. Lithium-rich NMC has an α-NaFeO2 type layered 

structure. In the structure of NaFeO2, there are Li in Na positions and Ni, Co, Mn in Fe 

positions. Considering this structure as a modified NaCl structure, tight-packed oxygen 

atom planes separate the lithium layers from the transition metal-rich layers. 

Lithium and transition metals are located in octahedral spaces (Figure 1.9 , Figure 1.10) 

(Brinkhaus 2015). 

 

 

Figure 1.9. a) The 2-dimensional octahedral array in the structure of lithium-rich NMC 

representation b) the arrangement of atoms. (Source: Brinkhaus 2015). 
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Figure 1.10. a) The 2-dimensional octahedral array in the structure of lithium-rich NMC 

Representation 

 b) the arrangement of atoms. (Source: Brinkhaus 2015). 

 

In figure 1.11. in the structure of Li2MnO3, while it consists of atoms in the world 

in a plane between tight planetary facades as phase, manganese remains on the whole 

surface from the earth to atoms. Coulomb, a block in terms of location between 

superlattice (Superlattice) and superlattice (Superlattice) in terms of the structure of a 

block and manganese in a hexagonal shape, and manganese wrapping in the shape of its 

atoms like a hexagon, as in the example in 3.3, with a honeycomb wrapping. The 

symmetry of this array is C2/m. It is the observations that 2° health data are found in XRD 

in studies . That is, xLi2MnO3·(1 − x)LiMO2 is defined as “Li2MnO3's symmetry is 

monoclinic C2/m, while LiMO2's symmetry is rhombohedral R-3m.z 
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Figure 1.11. Homogeneous distribution of the two phases of lithium-rich NMC s in the        

transition metal plane, lithium-rich-deficient regions and balpetic (flower) Display of the 

block in view. (Source: Brinkhaus 2015). 

 

In lithium-ion batteries using lithium-rich NMC cathode material, lithium ions 

up to 4.4 V are obtained from LiMO2 during initial charging. Divalent nickel (Ni2+) 

becomes tetravalent (Ni4+) in the range of 3.5-3.9 V, while trivalent cobalt (Ni3+) becomes 

tetravalent (Ni4+) at 4.4 V. Manganese remains tetravalent (Mn4+). The theoretical 

capacitance is 130 mAsa/g when all nickel and cobalt are oxidized up to 4.4 V (Yu, et al. 

2012). When exceeding 4.3-4.4 V, Li2O (as Li + and O2) is gained from Li2MnO3 up to 5 

V. In this way, high capacities are obtained by going to high voltages. Especially the first 

charge capacity is very high. The first cycle charge is also very important in explaining 

the structural integrity between Li2MnO3 and LiMO2. Ateş et al. explained this 

phenomenon as the release of oxygen in the first charge and irreversible capacity losses 

after the first cycle due to the reaction of the electrolyte and the active material (Ates, et 

al. 2013). 

 

1. 4. 1. Lithium-Rich NMC Production Methods 
 

Lithium-rich NMC cathode materials can be produced by many methods, and 

the production method affects the purity, particle size and distribution of the produced 
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material. The most widely used lithium-rich NMC production methods are Pechini 

method, solid state synthesis, co-precipitation method and sol-gel method. 

 

1. 4. 1. 1. Pechini method 
 

The Pechini method is based on the formation of a polymer matrix as a result of 

mixing the precursors and pyrolysis of this polymer matrix at high temperature. 

Polymerization begins when metal salts (or alkoxides) are mixed in a solution of ethylene 

glycol and citric acid and risen to 100°C. Then, when the pyrolysis temperature is 

increased, oxidation and pyrolysis take place. As a result of the pyrolysis reaction, the 

desired material is produced. There is no need to heat the product produced by this method 

(Kakihana and Yoshimura 1999). 

 

1. 4. 1. 2. Solid state synthesis 
 

Solid state synthesis, which is more difficult to realize than reactions in liquid 

and gas phases, is based on the logic of exothermic reactions by combining solid 

precursors at a temperature below their melting temperature. In this method, it is used in 

metal oxide production because the reactions are at low temperatures and particles with 

a large surface area are produced. The biggest disadvantage of the solid state synthesis 

method is that it is difficult to control the stoichiometry of the produced metal oxide (Eker 

2006). In this method, processes such as grinding and mixing are applied to the oxides or 

carbonates, which are the precursors of the material to be produced, to ensure a uniform 

distribution among the powder particles. Then, if the grinding process is done wet, it is 

subjected to drying process and then pressed. The pressed samples are sintered at 

appropriate temperatures and in the appropriate process. There is no need to do any other 

process on the product resulting from sintering (Arikan 2010). 
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1. 4. 1. 3. Co-precipitation method 
 

In the co-precipitation method, after the salts of the metals in the material desired 

to be produced are dissolved in pure water, a basic solution is added and a precipitate is 

formed at the appropriate pH. The precipitate is formed due to the formation of an 

insoluble reaction product in the supersaturated solution. The final product is obtained by 

heat treatment of the precipitate formed. The advantages of this method can be listed as 

follows (Darab 2010); 

1- Low synthesis temperature 

2- Low particle size 

3- Simplicity of the process 

 

1. 3. 1. 4. Sol-gel method 
 

Sol gel method is one of the most used production methods today due to its 

advantages such as simplicity, controllability of chemical reactions, requiring less energy, 

and obtaining submicron sized powders, but it is not preferred commercially due to its 

long processing time and expensive starting materials. The advantages and disadvantages 

of the sol-gel method are indicated in Table 1.4. 

A colloidal suspension containing solid particles smaller than 500 nm under the 

influence of Van Der Vaals forces is called sol. If these solid particles start to form three-

dimensional solid inorganic network structures in the left as a result of the reactions taking 

place, gelation begins and when the gelation is completely finished, the resulting structure 

is called gel. Different processes are applied according to the type of material desired to 

be produced in the sol-gel method.  
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Table 1. 4. The advantages and disadvantages of the sol-gel method 

Advantage  Disadvantage  

Having a simple method The process takes a long time 

Chemical reactions can be controlled Expensive starting materials 

Obtaining high purity and submicron size 

powder 

Remaining carbon and hydroxyl in 

the structure 

Does not require much energy Loss of material 

Application at low temperatures Being sensitive to moisture 

Suitable for surface modification and doping  

 

Ability to produce products in desired 

composition 

Difficult to produce on large 

scales  

 

Salts (acetate, nitrate, etc.) or alkoxides of the components of the material desired 

to be produced in the sol-gel method are dissolved in a suitable solvent (pure water or 

alcohol) and then a chelating agent is added. After the solution reaches the required pH 

and temperature, sol is formed and then gelation begins. After the gelation takes place, 

the desired material is obtained after the processes depending on the product type such as 

extrusion, drying, and heat treatment are applied to the gel formed.  

 It is possible to list the main steps of the sol-gel method as follows; 

1. Hydrolysis 

2. Condensation 

3. Polymerization 

4. Gelling 

The first reactions that take place in solution are hydrolysis reactions. At this 

stage, OR groups are transformed into OH groups by hydrolysis reaction. Parameters such 

as pH, temperature, amount of water, catalyst type, solvent concentration affect 

hydrolysis reactions 
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The hydrolysis reaction takes place as follows; 

                              M(OR)n + H2O ↔ HO-M(OR)n-1 + R-OH (3.1) 

The reaction and combination of two materials, which are the products of hydrolysis, with 

each other is called condensation reaction. This reaction is as follows; 

                 (OR)3M-OH + HO-M(OR)3 → (OR)3M-O-M(OR)3 + H2O (3.2) These 

monomers formed as a result of condensation reactions turn into particles as a result of 

polymerization and these particles grow. The enlarged particles start to gel by forming a 

network structure between each other and then a gel is formed. After drying the formed 

gel and applying heat treatment, the desired product is obtained 

("Http://Www.Lehigh.Edu/Imi/Teched/Lecbasic/Marques_Sol_Gel.Pdf"). There are 

many parameters such as composition, amount of chelating agent, pH and temperature 

that affect the formation of these stages. 

 

1. 4. 2. Lithium-Rich NMC Film Production Methods 
 

Lithium-rich NMC powders are generally coated on metal substrates. Applicable 

coating methods; 

• Spin coating 

• Dipped coating 

• Lamination 

• Laminar coating 

• Spray coating 

• Roller coating 

• Print coating 

Among these coating methods, the most used methods for coating lithium-rich NMC are 

spin coating, dip coating and lamination. 
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1. 4. 2. 1. Spin coating 
 

The spin coating method is to drop the coating material on the center of the 

substrate to be coated and rotate it at the required rotation speed to the surface. 

distribution is based on (Figure 1.12). After the solution spreads on the surface, the 

coating process is applied by evaporation of the solvent. 

After the dripping process, the substrate is accelerated until it reaches the required 

rotational speed, and thanks to the centrifugal force, the coating solution is distributed on 

the surface and the excess solution is removed from the surface. 

The distribution of the coating material on the surface can be done statically or 

dynamically. In static dispensing, rotation is performed after dripping, while in dynamic 

distribution, dripping is performed while the pad is rotating. The thickness of the coating 

depends on parameters such as viscosity, spin speed, spin time as well as the evaporation 

process. As the rotation speed and time increases, the coating thickness decreases (Rehg 

and Higgins 1992). 

 

Figure 1.12. Illustration of the spin coating method . 

(Source:"Http://Www.Sneresearch.Com/Eng/Info/Show.Php?C_Id=4970&Pg=5&S_Sor

t=&Sub_Ca T=&S_Type=&S_Word= "). 
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1. 4. 2. 2. Dipped coating 
 

The dip coating method (Figure 1.13) is one of the most known methods for 

making thin film coating on the substrate surface. The most important advantages of this 

method are that the process is simple, that it can be applied in series and that it can be re-

coated on the coating. The disadvantages are that when a surface is to be coated, a mask 

is used on the other surface and problems are experienced in adhering to the surface. The 

gravitational force, friction force between the solution and the substrate surface and 

surface tension affect the surface adhesion problem, which is one of the biggest problems 

of this method. 

The dip coating method has a simple logic, such as coating the substrate by 

dipping it into the solution of the material to be coated. To explain in more detail, the 

substrate is immersed in the solution of the desired material and kept in the solution for 

the required time. After the time that the litter material has to stay in the solution is over, 

it is removed at a constant speed in order to prevent the heterogeneity that will occur when 

it is removed with acceleration. The rate at which the substrate is removed from the 

solution also affects the coating thickness. The desired film is obtained by evaporating 

the solvents in the coated substrate ( Brinker, et al. 1991). 

 

Figure 1.13.  The main stages of the dip coating method.(Source: Brinker, et al. 1991) 
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1. 4. 2. 3. Lamination 
 

The lamination method is based on the principle of applying the material to be 

coated on the substrate surface with the help of a special knife (Doctor blade) shown in 

Figure 1.14 and drying it in the device shown in Figure 1.15. The biggest advantage of 

the lamination method is that it is a simple and inexpensive method. In addition to its 

advantages such as uniform coating and mass production, it also has a disadvantage such 

as fluctuation on the coated surface. 

To explain the lamination process in detail; After the pad material is cleaned, it 

is fixed to the lamination device. Then, the mixture consisting of powder, binder and 

solvent of the material to be coated is dripped onto the part of the substrate closest to the 

blade. The blade (Doctor blade) drives the mixture onto the substrate surface at the desired 

speed and at the desired thickness. Solvent after this process evaporated and the substrate 

is coated. In the lamination method, the thickness is adjusted by raising and lowering the 

blade, so coating can be made at certain thicknesses. Although the coating ranges that can 

be made vary according to the blade used, they are generally between 10-1000 μm. In 

thinner coatings, even small unevenness on the lower surface can cause the underlay to 

deform. Apart from the height of the blade, other factors affecting the quality of the films 

produced by the lamination method are the viscosity of the mixture, temperature, speed 

of the blade, particle size of the powder used, the roughness of the substrate surface and 

the humidity of the substrate surface (Bierwagen 1992). 

 

 

Figure 1.14. Laminating device  
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Figure 1.15. The blade used in the laminator (Doctor Blade). (Source: 

"Http://Www.Mtixtl.Com/Micrometeradjustablefilmapplicator-250mmeq-Se-Ktq-

250.Aspx"). 

 

1. 4. 3. Problems and Solutions of Lithium-Rich NMC Cathode 

Materials 
 

Studies on lithium-rich NMC cathode materials continue with intense efforts of 

researchers. The most effort of the researchers is on the solutions of the problems of 

lithium-rich NMC cathode materials. In order to work on the solutions of the problems 

of lithium-rich NMC cathode materials, it is necessary to understand their problems first.  

These problems can be listed as follows (Wohlfahrt-Mehrens, et al. 2004); 

• Structural changes occur during cycles 

• Electrolyte oxidation and irreversible loss of Li 

• Dissolution / loss of metal ions in the structure 

The structures of the layered lithium-rich NMC cathode materials can transform 

from layered to spinel during cycles. The reason for this is that during the exit of Li ions 

from the cathode, Mn atoms quickly fill the tetrahedral spaces in the Li plane, however, 

Li atoms are settled in the tetrahedral spaces on the other side of the octahedral space 

emptied from the Mn atoms (Reed, et al. 2001). The transformation of the structure from 

layered to spinel due to these atom migrations prevents lithium inflows and outflows. 

Blocking Li inlets and outlets negatively affects speed performance and long cycles. To 

solve this problem, alkali metal additives such as Na, K, Mg are generally used. In the 

studies, it was stated that alkali metals do not leave the octahedral spaces and do not go 
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to the tetrahedral spaces, which makes the transformation of the structure from layered 

to spinel difficult (He, et al. 2013, Jin, et al. 2014, Li, et al. 2014). 

Oxygen loss from the cathode and subsequent oxidation of the electrolyte is 

another problem experienced in lithium-rich NMC cathode materials. This problem is 

experienced after the Li2MnO3 phase is activated when the voltage rises above 4.4 V 

during the first charge. As a result of the release of Li2O from the activated Li2MnO3 to 

the electrolyte, it caused both the inability of Li to return to the cathode and the formation 

of an oxide layer between the cathode and the electrolyte by reacting with the oxygen 

passing into the electrolyte. As a result of these events, especially after the first charge 

capacity due to irreversible loss of Li, great decreases are observed, as well as the 

oxidation of the electrolyte by the oxygen passing into the electrolyte and the formation 

of an oxide layer at the cathode-electrolyte interface, resulting in capacity losses and 

decreases in speed performance in the ongoing cycles (Zhou, et al. 2016). 

Another problem for which studies have been made is the separation of metal 

ions from the structure by HF attacks. The moisture remaining in the electrolyte reacts 

with the electrolyte and turns into HF, while HF reacts with the cathode and removes the 

metal ions in the structure. This problem is particularly 

It shows its effect from the second cycle and causes capacity losses. 

The reactions that take place during this problem are as follows(Andersson, et al. 2002); 

  LiPF6 + 4H2O→ 5HF + LiF + H3PO4 (3.1) LiMO2 + 2xHF → 2xLiF + 

Li(1−2x)MO(2−x) + xH2O (3.2) 

These reactions, which take place, cause loss of capacity by removing metal ions 

from the structure. In order to solve this problem, besides the studies to develop different 

electrolytes, studies are mainly carried out on the application of metal oxide coatings. 

Metal oxide surface modification applications such as Al2O3, ZrO2, SnO2, ZnO, MnO2, 

Sm2O3, V2O5 are applied not only to solve this problem, but also to solve other problems 

mentioned before or to minimize the effects of the problems (He, et al. 2016, Jin, et al. 

2016, Kong, et al. 2016, Li, et al. 2016, Shi, et al. 2013, Wu and Manthiram 2009, Zhou, 

et al. 2016). 

 

1. 4. 3. 1. Metal oxide surface modification 
 

Rapid capacity losses, which are the reason why lithium-rich NMC cathode 

materials have not been commercialized yet, should be prevented. For this purpose, metal 



30 
 

oxide surface modifications are made to the cathode materials. Table 1.5.  shows the 

results obtained from some metal oxide surface modifications applied to lithium-rich 

NMC cathode materials in the literature. 

Kong et al. made thin film ZrO2 coating by ALD method. In their study, they aimed to 

prevent the increase in capacity loss with increasing temperature. At the end of this study, 

they stated that the surface modification they made prevented the loss of metal ions as a 

result of HF attacks and increased the capacity conservation at both 25°C and 55°C by 

stabilizing the surface structure(Kong, et al. 2016). 

Jin et al. applied MnO2 surface modification by sol-gel method and explained that their 

surface modification reduced the irreversible capacity loss after the first charge. They 

stated that the reason for this was that the separation of Li2O from the layered structure 

was prevented by the MnO2 surface modification. They also mentioned that MnO2 

surface modification increases Li+ diffusion (Jin, et al. 2016). 

 

Table 1.5 Comparison of electrochemical performances of different surface 

modifications applied to lithium-rich NMC cathode materials. 

 

Article Name 
Coating     

Made 

  Applied 

Method 

Electrochemical 

Performance 

La2O3-coated 

Li1.2Mn0.54Ni0.13Co0.13O2 as cathode 

materials with enhanced specific 

capacity and cycling stability for 

lithium-ion batteries (Zhou, et al. 

2016).  

La2O3  
Sol gel 

method 

Capacity retention 

rate of 71% after 

100 cycles, 

discharge capacity 

of 201.4 mA/g 

The role of SnO2 surface coating in 

the electrochemical performance of 

Li1.2Mn0.54Co0.13Ni0.13O2 cathode 

materials (Li, et al. 2016).  

SnO2  

liquid 

phase 

method 

Capacity retention 

rate of 86.8% after 

150 cycles, 214 

mAs/g discharge 

capacity 

                                                                                                (Cont. on next page) 
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Table 1.5 (Cont.) 

Effect of Sm2O3 modification on  

Li[Li0.2Mn0.56Ni0.16Co0.08]O2 cathode 

material for lithium ion 

batteries(Shi, et al. 2013).  

Sm2O3  
Sol gel 

method 

91.5% capacity 

retention rate at the 

end of 80 cycles,  

214 mAh / g 

discharge capacity  

Effects of amorphous V2O5 coating 

on the electrochemical properties 

of Li[Li0.2Mn0.54Ni0.13Co0.13]O2 as 

cathode material for Li-ion 

batteries (He, et al. 2016).  

V2O5  
Sol gel 

method 

80.2% capacity 

retention rate after 

50 cycles, 202.2 

mAs/g discharge 

capacity 

 

 

1. 4. 3. 2. Surface modification with Aluminum 
 

Besides the previously mentioned surface modification materials, Al2O3 is also 

used for surface modification. Metal oxide surface modifications positively affect the two 

most important problems of lithium-rich NMC cathode materials. Al2O3 surface 

modification likewise suppresses the loss of metal ions from the cathode as a result of HF 

attacks and the negative effects of Li2O released into the electrolyte by the decomposition 

of Li2MnO3, which is activated after 4.4 V in the first charge. The negative effects of Li2O 

formation are that it causes Li atoms to remain in the electrolyte irreversibly and to 

oxidize the electrolyte. All these negativities cause capacity losses. It is known that Al2O3 

not only reduces the capacity losses arising from these problems, but also increases the 

structural stability (Zhou, et al. 2016). From this point of view, Al2O3 surface 

modification stands out among metal oxide surface modifications. 

Wu and Manthiram applied popular metal oxide surface modifications such as 

3% by weight Al2O3, AlPO4, ZrO2, ZnO, CeO2 and SiO2 to the lithium-rich NMC cathode 

material and compared the results obtained from these surface modifications. In contrast 

to the 254 mAsa/g initial discharge capacity of the sample without surface modification 

at 0.05C, the Al2O3, AlPO4, ZrO2 and ZnO surface modifications are 284, 260, 251,252 

mA/g, respectively. They gave a first discharge capacity of 259, 261 mAsa/g. Considering 
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the discharge capacity conservations at the end of 30 cycles, Al2O3, AlPO4, ZrO2 and ZnO 

surface modifications obtained results such as 92%, 81%, 83% and 87%, respectively, 

while the sample without surface modification had a capacity conservation of 89%. 

While the initial charge capacity of the sample without surface modification was 

334 mAsa/g, the initial discharge capacity was found to be 254 mAsa/g. The initial charge 

and discharge capacities of the Al2O3 surface modified sample are 326 mAs/g and 285 

mAs/g, respectively. Similar results were obtained with the Al2O3 coated sample in other 

metal oxide coatings. In their study, Wu and Manthiram based the metal oxide 

modifications, especially the Al2O3 surface modification sample, to have high discharge 

capacities and discharge capacity conservations, on the prevention of oxygen ion loss in 

the cathode structure by these surface modifications (Wu and Manthiram 2009). As 

mentioned before, the loss of oxygen ions occurs when Li2O is released from Li2MnO3 

to the electrolyte when high voltage is reached in the first charge. The big difference 

between the first charge and first discharge capacities of the sample without surface 

modification is also an indication of this. As seen in this study, the difference between 

the initial charge and first discharge capacities is much smaller in the Al2O3 modified 

sample than in the unmodified sample. This shows that the Al2O3 surface modification 

prevents Li2O release to the electrolyte. Having high initial discharge capacity compared 

to other metal oxide surface modifications as well as having high capacity conservation 

as a result of increasing cycles shows that Al2O3 surface modification is superior to other 

surface modifications. 

In another study by Zhao et al., 1.5 wt% Al2O3 surface modification was applied 

to the lithium-rich NMC cathode material and tested at a speed of 0.2C. As a result of this 

study, the first charge capacity of the sample without surface modification was 340 

mAsa/g and the first discharge capacity was 270 mAsa/g, while the first charge capacity 

of the sample with surface modification was 326 mAsa/g and the first discharge capacity 

was 285 mAsa/g. After 30 cycles, approximately, the discharge capacity conservations of 

the unmodified and Al2O3 surface modified samples were 79% and 85%, respectively, 

while they were 70% and 79% after 50 cycles. In their study, they explained that the 

sample with Al2O3 surface modification had higher capacity conservation than the other 

sample, with the Al2O3 surface modification preventing the loss of metal ions with HF 

attacks and the deterioration of the structural stability on the surface (Zhou, et al. 2016). 
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Looking at the results of the study by Zhao et al., it seems that these results are 

better than the results of the study by Wu and Manthiram. The fact that Zhao et al.'s 

sample with 1.5% wt Al2O3 surface modification had the same charge and discharge 

capacities as the 3% wt% Al2O3 surface modification sample in the other study, especially 

that it achieved this at a C speed 4 times higher than the other 1.5% Al2O3 surface 

modification. made the modified sample superior. Although a very accurate comparison 

cannot be made because of the different C velocities after 30 cycles, the sample with 1.5% 

wt Al2O3 surface modification is considered to be a more successful surface modification 

since it provides a 6% improvement when compared to its own surface modification 

samples.  

In this study, it is aimed to improve the electrochemical performance without 

sacrificing high capacity conservation, thanks to a surface modification with less AlOOH 

percentage (0.5%) by weight, therefore lower internal resistance and less cost. In line with 

this aim, it is aimed to produce Al coated NMC cathode material with 0.5% AlOOH 

surface modification without surface modification by co-precipitation method and to 

examine its electrochemical performances. 
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CHAPTER 2  

 EXPERIMENTAL 
 

2. 1. Experimental Introduction 
 

In this thesis, detailed information about the materials used in the experiments, 

the conditions in which these experiments were carried out, their construction and applied 

characterizations will be given under the main heading of experimental studies. The flow 

chart of the study is shown in Figure . The main stages of this flow chart are divided as 

Ni0.6Co0.2Mn0.2O2 powder production, AlOOH surface coating, cathode film production, 

electrochemical tests and characterizations. 

 

 

Figure 2.1. Experimental Procedure  
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2. 2. Synthesis of Hierarchical Nanoporous Ni(OH)2. 
 

Hierarchical nickel hydroxide is synthesized by the redeposition self-template 

method. In the first step of the procedure, 0.1mol of nickel nitrate and 0.25mol of urea 

are dissolved in 20 ml of distilled water. This solution is left to stir with the aid of a 

magnetic stirrer at room temperature for 30 minutes. After 30 minutes, it is observed that 

the solution turns green. This solution is then taken and transferred to a 3-necked balloon 

jug. In this environment, it is left to stir for 6 hours at 95 degrees. As a result of the mixing 

operation, it is observed that the color of the solution turns blue. After this stage, naoh 

solution is added to the solution at a rate of 40 ml per hour and the mixing process 

continues at a constant temperature of 95 degrees. After approximately 2.5 hours, the 

color of the solution turns transparent and the base addition process is finished. The 

resulting solution is collected by centrifugation and washed with ethanol and deionized 

water. It is then left to dry at 50 degrees Celsius. 

 

2. 3. Synthesis of co-mn doped Ni(OH)2  
 

In the second step of the procedure, 0.06mol of nickel nitrate and 0.25mol of 

urea are dissolved in 20 ml of distilled water. This solution is left to stir with the aid of a 

magnetic stirrer at room temperature for 30 minutes. After 30 minutes, it is observed that 

the solution turns green. This solution is then taken and transferred to a 3-necked balloon 

jug. In this environment, it is left to stir for 6 hours at 95 degrees. As a result of the mixing 

operation, it is observed that the color of the solution turns blue.  After observing that the 

color turns blue, 0.02 moles of manganese nitrate and 0.02 moles of cobalt nitrate are 

added into the solution, after stirring for a short time, sodium hydroxide solution is added 

at a rate of 40 ml per hour and the reaction continues at 95 degrees. The reaction is 

terminated when the color turns colorless. The product obtained is washed with deionized 

water and ethanol and left to dry at 50 degrees. The entire procedure takes approximately 

9.5 hours and takes much less time than procedures such as the reprecipitation and 

hydrothermal method. 
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2. 4. Modification of the surface with aluminum 
 

In the 3rd step, it is aimed to modify the surface of the nickel hydroxide structure 

obtained in the 2nd step with aluminum. First, the nickel hydroxide structure obtained in 

the 2nd step is added into 50 ml of water and a suspension is formed. 0.1025 grams of 

aluminum nitrate is added to the resulting suspension and left to dissolve at 60 degrees. 

No color change is observed. To the solution formed after a mixing period of 30 minutes; 

A total of 100 ml of naoh and a total of 25 ml of peroxide solution are added. The insertion 

process takes 30 minutes. After the addition is complete, the reaction is left to stir for 12 

hours. After 12 hours, the reaction ends. It is seen that the color of the solution darkens 

due to peroxide. After the solution obtained is washed with the help of distilled water by 

filtration method, calcination method is applied and the obtained material is ready for 

analysis. 

 

2. 5. Cathode production stage 
 

At this stage, the electrode will be made and applied. First of all, to prepare the 

electrode, polyvinyl alcohol (PVA) and polyvinyl prolidon (PVP) will be dissolved in hot 

water to form a binder (glue) solution. Then, the glue obtained by mixing nickel 

hydroxide and carbon black will be made into paste with the solution and the nickel foam 

will be spread on it and fed, and after drying in room temperature, it will be kept in an 

oven at 85-95°C for 9-11 hours. After the drying phase, the electrode will be made ready 

by keeping it under 1-3 MPa (mega pascal) pressure for 1-2 hours. 

 

 

Figure 2.2. Example of binder (glue) for nickel hydroxide  
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Figure 2.3.Empty nickel electrodes          Figure 2.4.  Electrodes with alpha-     

                                                                       Ni(OH)2 and beta-Ni(OH)2  charges  

 

2. 6. Methods of Characterization 
 

In this study, in addition to material characterization methods such as XRD and 

SEM, electrochemical characterization methods such as cyclic voltammetry test and 

chronoamperometry were applied to measure the electrochemical performance of the 

produced cathode materials. 

 

2. 6. 1. Tap density measurements 
 

Tap density measurements were made with the Tap Dense-TD 101 device. The 

ASTM method was used. 300 taps per minute were performed and tap density was 

determined. 

 

2. 6. 2. XRD measurements  
 

It is an analytical technique that gives information about various crystal forms 

or phases in the structures of solid and powder samples. This technique gives information 
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about the phases contained in the material and the concentration of these phases, the 

amount of non-crystalline phases and the crystal size.  

 The device used in Xrd measurements is Philips X'Pert Pro. With the help of 

measurements, the crystal structure of the product was determined. Scanned between 5-

90 θ.  

 

2. 6. 3. Sem measurements 
 

It can display the structures of materials in micro and nano dimensions. The SE 

detector provides a topographic 3-dimensional image, and the BSE detector provides a 2-

dimensional image based on atomic contrast. In addition, with the EDX detector, the 

elemental content of the structures can be found quantitatively and qualitatively, and the 

distribution of elements on the picture can be monitored by mapping.  FEI QUANTA 250 

FEG device was used during sem measurements. Surface morphology was investigated. 

Chemical composition was determined in EDX. 

 

2. 6. 4. Electrochemical tests 
 

Cyclic voltammetry analyzes were performed with Metroohm Autolab PGSTAT 

204 model galvanostat/potentiostat at scanning rates of 0.01 mV/sec and at room 

temperature. All cyclic voltammetry data were recorded for 100 cycles. 

Chronoamperometric analyzes were performed at 0.8 V to measure the maximum current 

value as the time changes. All chronamperometric measurements were performed for 5h. 
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CHAPTER 3  

RESULT AND DISCUSSION 
 

3. 1. The growth process of Ni0.6Mn0.2Co0.2(OH)2 
 

The detailed formation process of Ni0.6Mn0.2Co0.2(OH)2 contains two stages: 

Synthesis of the Template-Ni(OH)2 and regrowth by NaOH deposition. During the first 

stage, hierarchical porous Template-Ni(OH)2 was produced by urea hydrolysis. This 

process continues until the reaction reaches equilibrium (about 6 h), when the yield of 

Template-Ni(OH)2 did not increase with extending the reaction time. In this stage two 

main factors of obtaining high specific surface area Ni0.6Mn0.2Co0.2(OH)2 were achieved: 

first, Template-Ni(OH)2 was formed in the reactant solution; second, NH3 coming from 

the hydrolysis of urea was released as in the equation: CO(NH2)2 + H2O → CO2 + 2NH3  

which will form the [Ni(NH3)x
2+] complexes with the residual Ni2+ species in the solution 

and reaches saturation. In the second stage, as prepared hierarchical porous Template-

Ni(OH)2 acted as a template and NaOH acted as a precipitating agent (the third key factor 

for obtaining high specific surface area Ni0.6Mn0.2Co0.2(OH)2). The equilibrium of the 

saturated solution was quickly broken by dropping the NaOH solution and new precipitate 

phase formed. The new precipitate phase was combined with a large number of nucleation 

sites provided by hierarchical Template-Ni(OH)2, which are favorable for the nucleation 

and the formation of ultrathin Ni(OH)2 platelets along the surface of hierarchical 

Template-Ni(OH)2. For improving the conductivity of Ni(OH)2, we synthesized 

Ni0.6Mn0.2Co0.2(OH)2 by adding Co2+ and Mn2+ in the second-stage process.  

 

3. 2. Sem images 
 

The detailed morphology of Al-coated Ni0.6Mn0.2Co0.2(OH)2, commercial 

Ni(OH)2 and as-prepared Ni0.6Mn0.2Co0.2(OH)2 were characterized by scanning electron 

microscopy (SEM). We can see that Ni(OH)2 ( 10 μm) and Ni0.6Mn0.2Co0.2(OH)2 (<10 

μm) display a similar uniform spherical morphology with a diameter of about 10 μm. The 

average size of Al-coated Ni0.6Mn0.2Co0.2(OH)2 ( 20 μm) is larger than that of the 

Ni0.6Mn0.2Co0.2(OH)2, which is due to the AlOOH deposition along the surface of 
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hierarchical Ni0.6Mn0.2Co0.2(OH)2 in the coating process. Besides, Al-coated 

Ni0.6Mn0.2Co0.2(OH)2 has relatively poor uniformity in particle size and contain two 

morphological structures: relatively uniform spherical particles and some small 

fragments. These small fragments may stem from the breaking of some unstable 

structures under intense agitation. Magnified images of the microspheres show that all 

the products exhibit hierarchical porous structures, and the pore radius after NaOH 

redeposition is substantially larger than before. 

 

 

Figure 3.1. Sem image of commercial product  

 

For the commercial product;it was observed that the particle size was uniformly 

distributed at 10 micrometer reduction. Particle sizes are homogeneously distributed. It is 

understood that the spherical structure has been fully reached. Spherical structure is the 

desired structure for nmc cathodes. The spherical structure ensures that the cathode 

material is properly stacked on the collector. 
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Figure 3.2. Sem image of Ni0.6Mn0.2Co0.2(OH)2    

For the Ni0.6Mn0.2Co0.2(OH)2 ,it was observed that the spherical structure was 

reached at 10 micrometer reduction. It is observed that the spherical structure is slightly 

distorted during Nmc synthesis. It has also been observed that there are small and non-

round particles in between. It can be said that the structure is uniform. Crystal structure 

has been reached. 

 

 

Figure 3.3. Sem image of Al coated Ni0.6Mn0.2Co0.2(OH)2  

For the Al coated Ni0.6Mn0.2Co0.2(OH)2 , at 10 micrometer reduction,  it was 

observed that the spherical structure deteriorated after aluminum coating. Particles are 

aggregated by bonding to each other. It was observed that the size of each cluster was 
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close to each other. Although the crystal structure is slightly distorted during synthesis, 

the structure is still uniform and ready for electrochemical analysis. 

 

3. 3. XRD Patterns 
 

X-ray diffraction (XRD) patterns of the as-fabricated samples and commercial 

β-Ni(OH)2. The peaks of commercial Ni(OH)2 appeared at 2θ = 12.3°, 24.7, 33.2°, and 

59.2°, corresponding to the (003), (006), (101), and (110) diffraction planes of α-Ni(OH)2, 

in agreement with many previous reports. The peaks of Al-coated 

Ni0.6Mn0.2Co0.2(OH)2 and Ni0.6Mn0.2Co0.2(OH)2  can be indexed to α-phase nickel 

hydroxide, which is because the α-type Ni(OH)2 (Template-Ni(OH)2) is unstable in strong 

alkaline media and may transform to β-Ni(OH)2. Because Ni and Co are neighboring 

elements in the Periodic Table, which have similar physical and chemical properties, the 

XRD pattern of Ni0.6Mn0.2Co0.2(OH)2 is similar to Ni(OH)2. Compared with Commercial-

Ni(OH)2, Ni(OH)2 and Ni0.6Mn0.2Co0.2(OH)2 samples show broadening of the reflection 

peaks, which can be attributed to poor crystallinity and a large number of defects. And 

the shoulder peak near 2θ = 12° shows that both Ni(OH)2 and Ni0.6Mn0.2Co0.2(OH)2 still 

have residual α-phases. The low crystallinity observed can mainly be attributed to the fast 

kinetics of the Ni(OH)2 formation and continuously vigorous stirring during synthesis. 
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Figure 3.4. Xrd result of commercial product 

 

X-ray diffraction (XRD) patterns of the as-fabricated samples and commercial 

β-Ni(OH)2. The peaks of commercial Ni(OH)2 appeared at 2θ = 12.3°, 24.7, 33.2°, and 

59.2°, corresponding to the (003), (006), (101), and (110) diffraction planes of α-Ni(OH)2, 

in agreement with many previous reports. 
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Figure 3.5. Xrd result of  Ni0.6Mn0.2Co0.2(OH)2 

 

Since the shoulder structure was not formed in the xrd spectrum of the 

Ni0.6Mn0.2Co0.2(OH)2 product, it was understood that the structure was beta. Since cobalt 

and nickel are close elements in the periodic table, it is natural that the xrd peak of this 

structure resembles the xrd peak of the commercial product. It was observed that the peak 

intensities increased due to the peaks originating from manganese and the peaks added 

with cobalt as seen in Figure 3.5. 
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.  

Figure 3.6. Xrd result of Al coated Ni0.6Mn0.2Co0.2(OH)2 

 

Shoulder around 10 theta indicates that the aluminum product is alpha structure. 

Peaks originating from aluminum appear in the xrd spectrum as seen in Figure 3.6. 

 

3. 4. CV Measurements 
 

The impact of reaction time on the electrochemical performances of the as-

fabricated Ni0.6Mn0.2Co0.2(OH)2 electrodes was first investigated in a three-electrode 

system. Cyclic voltammetry (CV) curves of Ni0.6Mn0.2Co0.2(OH)2 electrodes prepared at 

various reaction times, in which a pair of redox peaks is corresponding to the reversible 

reactions of  

Ni(OH)2  + OH−  NiOOH  + H2O  + e−  and  

Co(OH)2  + OH−   CoOOH + H2O  + e− 

Because the oxidation–reduction potentials of Ni3+/Ni2+ conversion are higher 

than those of Co3+/Co2+ Conversion a higher Ni/Co ratio results in the shift of CV peaks 

toward higher potential with the increment of reaction time. More importantly, the CV 
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area increases first and then declines with the prolonging of treatment time, where the 

maximum value occurs at 90 min, suggesting that the best electrochemical activity is 

achieved at this time point. As expected, CV measurements exhibit a similar change 

tendency and achieves the highest value for the electrode of Ni0.6Mn0.2Co0.2(OH)2. This 

capacity variation is closely related to the morphological evolution of 

Ni0.6Mn0.2Co0.2(OH)2 as displayed.  

Oxidation and reduction peaks of Ni was observed between ~0.2-0.3 V for every 

samples. Maximum current value was observed for Al-coated Ni0.6Mn0.2Co0.2(OH)2. 

Stability measurements of respective powders were measured by using 

chronoamperometry method. All 3 samples were very stable for 5 h and Al-coated 

Ni0.6Mn0.2Co0.2(OH)2 showed the maximum current value at given voltage. 
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Figure 3.7. Cyclic Voltammogram of  Ni0.6Mn0.2Co0.2(OH)2 

Cyclic Voltametry measurements were performed using a three-electrode 

system. Silver/silver chloride was used as the reference electrode. Measurements were 

made between 0v-0.8v. The maximum current density in the Ni0.6Mn0.2Co0.2(OH)2 was 

observed to be approximately ~ 206mA. The oxidation and reduction peaks of nickel were 

observed between 0.15v and 0.26 volts as seen Figure 3.7.  
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Figure 3.8. Cyclic Voltammogram of  Al coated Ni0.6Mn0.2Co0.2(OH)2 

 

Cyclic Voltametry measurements were performed using a three-electrode 

system. Silver/silver chloride was used as the reference electrode. Measurements were 

made between 0v-0.8v. The maximum current density in the Al coated 

Ni0.6Mn0.2Co0.2(OH)2 was observed to be approximately ~ 226mA. The oxidation and 

reduction peaks of nickel were observed between 0.18v and 0.32 volts as seen Figure 3.8.  
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Figure 3.9. Cyclic Voltammogram of  commercial product 

 

Cyclic Voltametry measurements were performed using a three-electrode 

system. Silver/silver chloride was used as the reference electrode. Measurements were 

made between 0v-0.8v. The maximum current density in the commercial product was 

observed approximately~ 200mA. The oxidation and reduction peaks of nickel were 

observed between 0.16v and 0.29 volts as seen Figure 3.9.  
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Figure 3.10. Chrono Amperometry of Ni0.6Mn0.2Co0.2(OH)2 

 

Chrono Amperometry measurements were performed using a three-electrode 

system. Silver/silver chloride was used as the reference electrode. The purpose of this 

measurement is based on the observation of stability. The measurement took 5 hours. The 

measurement was carried out in six molar potassium hydroxide. After 5 hours and 100 

cycles, the current loss for Ni0.6Mn0.2Co0.2(OH)2 was approximately ~ 33 percent mA as 

seen in Figure 3.10. 
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Figure 3.11. Chrono Amperometry of Alcoated Ni0.6Mn0.2Co0.2(OH)2 

 

Chrono Amperometry measurements were performed using a three-electrode 

system. Silver/silver chloride was used as the reference electrode. The purpose of this 

measurement is based on the observation of stability. The measurement took 5 hours. The 

measurement was carried out in six molar potassium hydroxide. After 5 hours and 100 

cycles, the current loss for Al coated Ni0.6Mn0.2Co0.2(OH)2 was approximately ~ 18 

percent mA as seen in Figure 3.11. 
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Figure 3.12. Chrono Amperometry of commercial product 

 

Chrono Amperometry measurements were performed using a three-electrode 

system. Silver/silver chloride was used as the reference electrode. The purpose of this 

measurement is based on the observation of stability. The measurement took 5 hours. The 

measurement was carried out in six molar potassium hydroxide. After 5 hours and 100 

cycles, the current loss for commercial product was approximately ~ 40 percent mA as 

seen in Figure 3.12. 
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CHAPTER 4  
 

CONCLUSION 
 

In this thesis, Al-coated Ni0.6Mn0.2Co0.2(OH)2 powder were produced by urea 

decomposition method, its effect on electrochemical performance was observed. XRD 

and SEM  analyzes were performed on these samples. As a result of XRD, α- and β- 

phases of Ni(OH)2, which should be present in the powders, were observed. In particular, 

extra peaks that was observed at Al-coated Ni0.6Mn0.2Co0.2(OH)2 which is attributed to 

AlOOH indicates that the Al-coated Ni0.6Mn0.2Co0.2(OH)2 phase is formed. In SEM 

analysis, it was understood that the particles ranged from 10 to 20 nanometers, and the 

particle shapes were close to spherical. No significant difference was observed between 

the SEM images of the samples without surface modification and the samples with 

AlOOH surface modification lose its spherical shape and some clusters were observed. 

The produced powders were coated on the aluminum substrate by co-precipitation , and 

the coated substrates were subjected to electrochemical tests by 3-electrode cells. CV 

measurements showed that Al-coated Ni0.6Mn0.2Co0.2(OH)2 had highest current density at 

a specific voltage and very stable for 5 h. The fact that the AlOOH surface modification 

acts as a protective barrier on the particles prevented the oxidation of the cathode 

electrolyte interface and the removal of transition metals from the cathode. It also 

supported the preservation of structural stability. These positive effects of AlOOH surface 

modification caused the surface modified sample to have highest current density and 

better stability to the other samples. In the cyclic voltammetry test, the necessary anodic 

and cathodic peaks were observed. According to all these results, AlOOH  surface 

modification was successful in increasing the electrochemical performance of NCM 

cathode materials, which is the main purpose of this study, and showed that AlOOH 

surface modification at low weight percentages can also be efficient. 
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FUTURE PERPECTIVES 
 

In this study, Ni0.6Mn0.2Co0.2(OH)2 and Al coated Ni0.6Mn0.2Co0.2(OH)2 

products were successfully synthesized. Testing the products in a real battery test may 

yield more realistic results.  

In addition, it has been observed that the aluminum coating process extends the 

life of the structure. Based on this, the performance of the product should be tested in 

both nickel-based batteries and lithium-based batteries. When the obtained sem images 

were examined, it was observed that the spherical structure was deteriorated after the 

aluminum coating process. Future studies are required to increase globality, and the 

product obtained in this direction promises much better results in the future. In order to 

achieve these goals, first of all, the synthesis conditions need to be improved. With more 

detailed studies of the product, the specific capacity on the battery and features such as 

capacity retention can be improved. 
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