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ABSTRACT 

 

 

DEVELOPMENT AND CHARACTERIZATION OF NEW LAYERED 

CATHODE MATERIALS FOR LITHIUM ION BATTERIES 

 

 

Pişkin, Berke 

Ph.D., Department of Metallurgical and Materials Engineering 

Supervisor: Prof. Dr. M. Kadri Aydınol 

 

April 2018, 128 pages 

 

 

In the present study, the effects of Ni:Mn:Co mole ratio and doping elements, i.e. 

Mo, W, Ag and Cu, in Li(NixMnyCo1−x−y-zMz)O2 (NMC) were systematically 

investigated as cathode materials for Li-ion batteries. Li(Ni1/3Mn1/3Co1/3)O2 (NMC-

111), Li(Ni0.2Mn0.2Co0.6)O2 (NMC-226), Li(Ni0.6Mn0.2Co0.2)O2 (NMC-622), 

Li(Ni0.2Mn0.6Co0.2)O2 (NMC-262) and their doped compositions were synthesized 

via spray pyrolysis. Spray pyrolysis method was used to attain a spherical fine-sized 

morphology in the powders synthesized. This procedure was followed by a heat-

treatment to provide well-defined splitting of (006)/(102) and (108)/(110) diffraction 

peaks in XRD spectra as an indicator for layered structure and good hexagonal 

ordering. SEM and TEM studies were carried out to investigate the structural 

properties of the powders synthesized. XRD analyses were performed to reveal the 

present phases in the structure, while XPS analyses were carried out to identify surface 

chemistry. Moreover, ICP-MS was employed so as to quantify the contents of elements 

in the powders. Galvanostatic tests and EIS were carried out to examine the 

electrochemical performance of NMC cathode materials. Of the undoped NMC 

cathode materials, NMC-111 performed relatively lower cation mixing in the structure 
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leading highest discharge capacity. In the doped compositions, Mo-doped cathode 

materials in all Ni:Mn:Co mole ratio exhibited relatively lower cation mixing together 

with the wider Li-gap. This was also valid for all 622 compositions independent from 

the doping elements, except W. The cathode materials which had a low cation mixing, 

while having a wide Li-gap were performed better discharge capacity and capacity 

retention up to 140 mAhg-1 and ~80%, respectively in the 2.7-4.2 V potential window. 

 

The morphology of the powder might be considered as another factor affecting the 

electrochemical performance. In the structural investigations, two type of particle 

formation was observed; one was spherical aggregates having large and loose primary 

particles and the second was spherical aggregates having small and relatively denser 

particles. The morphology of loose aggregates with relatively larger particles was 

determined in the cathode materials, e.g. 622-Mo, that were performed higher 

discharge capacity with a lower internal resistance. This structure provided a higher 

effective surface area to participate in the electrochemical reactions. This high 

surface area allowed the intercalation/deintercalation of Li-ions took place at a 

shorter diffusion time. 

 

Present findings revealed the how the doping elements and the Ni:Mn:Co content 

affect the electrochemical performance and the structure stability of the NMC 

cathode materials. 

 

Keywords: Lithium-Ion Batteries, Spray Pyrolysis, Doping, Electrochemical 

Characterization 
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ÖZ 

 

 

LİTYUM İYON BATARYALAR İÇİN YENİ TABAKALI KATOT 

MALZEMELERİNİN GELİŞTİRİLMESİ VE KARAKTERİZASYONU 

 

 

Pişkin, Berke 

Doktora, Metalurji ve Malzeme Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. M. Kadri Aydınol 

 

Nisan 2018, 128 sayfa 

 

 

Bu çalışmada, Li (NixMnyCo1-x-y)O2 (NMC) içerisindeki Ni:Mn:Co mol oranı ve Mo, 

W, Ag ve Cu katkı elementlerinin bu kompozisyonlardaki etkileri, Li-iyon piller için 

sistematik olarak incelenmiştir. Li(Ni1/3Mn1/3Co1/3)O2 (NMC-111), 

Li(Ni0.2Mn0.2Co0.6)O2 (NMC-226), Li(Ni0.6Mn0.2Co0.2)O2 (NMC-622) ve 

Li(Ni0.2Mn0.6Co0.2)O2 (NMC-262) ve bu malzemelerin katkılı kompozisyonları sprey 

piroliz ile sentezlenmiştir. Sprey piroliz yöntemi, küresel yapıda ince tane boyutu 

dağılımına sahip tozlar elde etmek için kullanılmıştır. Bu prosesi takiben, tabakalı 

yapı ve düzgün hekzagonal yapının bir göstergesi olan net bir şekilde ayrılmış 

(006)/(102) ve (108)/(110) kırınım piklerinin elde edilmesi için ısıl işlem 

uygulanmıştır. Sentezlenen tozların yapısal özelliklerini incelemek için SEM ve 

TEM çalışmaları yapılmıştır. Yapıdaki mevcut fazları ortaya belirlemek için XRD 

analizleri yapılmış, yüzey kimyası için XPS analizleri yapılmıştır. Ayrıca, tozlar 

içindeki elementlerin içeriğini ölçmek için ICP-MS kullanılmıştır. NMC katotlarının 

elektrokimyasal performansını incelemek için galvanostatik testler ve EIS ölçümleri 

yapılmıştır. Katkısız NMC katotlarından, NMC-111 diğer katkısız katot 

malzemelerine oranla, yapıda daha az katyon karışımı göstermiştir ve bu durumla 
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birlikte en yüksek deşarj kapasitesine sahiptir. Katkılı kompozisyonlardan, tüm 

Ni:Mn:Co mol oranlarındaki Mo-katkılı katotlar, daha geniş Li aralığı ile birlikte 

nispeten düşük katyon karışımına sahiptir. Bu bulgu, aynı zamanda W dışındaki diğer 

katkı elementlerinden bağımsız olarak tüm 622 kompozisyonları için de geçerlidir. 

Düşük katyon karışımı ve daha geniş Li aralığını sergileyen katotlar, 2.7-4.2V 

potansiyel aralığında 140 mAhg-1 e kadar deşarj kapasitesi gösterirken, kapasitesini 

çevrim sonunda ~% 80' e kadar koruduğu gözlemlenmiştir. 

 

Elektrokimyasal performansı etkileyen bir diğer unsurun toz morfolojisi olduğu da 

gözlemlenmiştir. Toz yapısının incelemek üzere yapılan araştırmalar sonucunda, iki 

tip parça oluşumu gözlemlenmiştir. Bunlardan biri, daha büyük parçacıklara sahip 

olan daha boşluklu küresel kümeleşmiş parçalardır. İkincisi ise, daha küçük parça 

boyutuna sahip oranla daha sıkı yapıya sahip olan küresel parçalardır. Daha boşluklu 

ve nispeten iri parçalara sahip olan katotlarda, 622-Mo örneğinde olduğu gibi, daha 

düşük direnç ve yüksek deşarj kapasitesi gözlemlenmiştir. Bu yapının, 

elektrokimyasal reaksiyonlara katılmak için daha yüksek etkili yüzey alanı sağladığı 

düşünülmektedir. Gözlemlenen yüksek yüzey alanının, Li-iyonlarının 

interkalasyon/deinterkalasyonunun daha kısa bir difüzyon zamanında 

gerçekleşmesine izin vermiştir. 

 

Mevcut bulgular, katkı elementlerinin ve Ni:Mn:Co içeriğinin, NMC katotlarının 

elektrokimyasal performansa ve yapı kararlılığına nasıl etki ettiğini ortaya 

koymuştur. 

 

Anahtar Kelimeler: Lityum – İyon Bataryalar, Sprey piroliz, katkılandırma, 

elektrokimyasal karakterizasyon  
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CHAPTER 1  

 

 

INTRODUCTION 

 

 

 

Lithium-ion batteries are key components for mobile applications as a power source. 

They offer higher gravimetric and volumetric energy density compared to other 

rechargeable batteries such as NiMH and NiCd [1]. Thus, Li-ion batteries can be 

considered as candidate power source for electric vehicles (EVs). They have also 

potential to be used in grid-energy storage applications. Thus, there is a requirement 

to improve the current Li-ion technology for present and potential applications. The 

most important innovation that can be brought to this technology is the development 

of high capacity electrodes, particularly cathode materials which can provide higher 

voltages.  

 

The history of the development of new cathode materials has started with LixMO2 

(M = Co, Mn, and Ni) system by Goodenough in 1980 [2]. Later on, LiFePO4 was 

developed as more stable positive electrode materials for rechargeable Li-ion 

batteries in 1996 [3]. Yazami developed new intercalation anode material [4], 

graphite, and this achievement enabled the commercialization of Li-ion battery by 

Sony in 1991 [5]. Olivine structured LiFePO4 (LFP), layered LiCoO2 (LCO) and its 

variations such as LiNixMnyCo1-x-yO2 (NMC) and LiNixCo1-x-yAyO2 (NCA) became 

more favorable due to their higher energy density and better cycle life. 

 

LiCoO2 has been used as a cathode for Li-ion batteries for many years. The stability 

of LCO in ambient atmosphere and its easy production at large scale are the main 

advantages of this particular cathode material. However, the capacity of layered LCO 

used in commercial products is limited to perform 50% of its theoretical capacity. 



 

 

 

2 

 

LCO could only perform a capacity about 140 mAhg-1, while its theoretical capacity 

is 274 mAhg-1 [6]. Besides, the cost and the potential toxicity of Co, which is one of 

the main component of LCO, bring other drawbacks. In this regard, LFP-based 

cathode materials have taken attention due to its low cost and environmental impact. 

LFP-based cathode materials also exhibit relatively higher thermal stability and 

power capability. However, they have relatively lower average potential and lower 

ionic and electrical conductivity with a limited practical capacity up to160 mAhg-1 

[7]. Another important issue for LFP-based cathode materials is the presence of one-

dimensional channel diffusion path for lithium ions. These channels can be easily 

blocked which hinders the lithium ion diffusion because of the impurities and the 

defects in the structure. There are several studies to improve such drawbacks [7–11]. 

These mainly focus on reducing the particle size, cationic doping and coating the 

surface with carbon to increase the conductivity and higher rate performance [12]. 

 

Li1-xMO2 (M=Ni, Mn, and Co) compounds have been developed offering good 

lithium ion conduction with two-dimensional channels. In this system, Mn also 

provides the least toxicity at a lower cost. This makes NMC as a favorable cathode 

material with the reduced Co content with a very good combination of energy, power, 

cycle life and thermal stability. Thus, NMC has found a widespread use in the 

industry [1,13]. However, some problems such as irreversible capacity loss at first 

charge-discharge cycle and the low rate capability should be improved so as to meet 

the requirements of EVs applications [14,15].  

 

In the present study, two approaches to improve charge/discharge performance at 

high rates were dealt. First one relies on the effect of Ni:Mn:Co ratio, thus different 

NMC compositions, namely Li(Ni1/3Mn1/3Co1/3)O2 (NMC-111), 

Li(Ni0.2Mn0.2Co0.6)O2 (NMC-226), Li(Ni0.6Mn0.2Co0.2)O2 (NMC-622) and 

Li(Ni0.2Mn0.6Co0.2)O2 (NMC-262) were investigated for the search of a good 

combination in high discharge capacities with rate capability, Figure 1. In the second 

approach the effect of doping elements such as Mo, W, Cu and Ag in NMC cathode 
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materials with various Ni:Mn:Co content was investigated. In the present study, 

spray pyrolysis method was used to attain spherical aggregates having fine-sized 

particles in powder of active materials. The effect of morphology, and the specific 

surface area of particles were also investigated. 

 

 

Figure 1. Safety, capacity and cost change with varieties of the composition. 

 

This thesis was organized as follows. Chapter 2 focuses on the properties of 

commonly used cathode materials including NMC. It is followed by the experimental 

procedure including the synthesis and characterization of NMC. The results and 

discussion are given in Chapter 4 and it is followed by the conclusion of the study in 

Chapter 5. 
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CHAPTER 2  

 

 

LITERATURE SURVEY 

 

 

 

2.1 Cathode Materials 

 

Li-ion batteries could not be used commercially until the early 1970’s despite the 

first attempt was made by Lewis in 1912 [16]. TiS2 was offered as an intercalated 

cathode material by Whittingham in 1976 [17], where Li metal was the anode. 

Although TiS2 worked well as a cathode material in the proposed system, the main 

problem raised from the anode i.e. the dendrite formation during cycling, Figure 2. 

Thereafter, the lithium intercalation in graphite was discovered by Yazami et al. in 

1986 [18], Figure 3, and graphite was offered as a promising anode for Li-ion 

batteries due to its ordered structure with a high capacity and relatively lower voltage 

profile. 

 

 

 

Figure 2. The dendrite formation on lithium anode [19].  
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Figure 3. Schematic diagram showing the intercalation of lithium in graphite. 

 

The intercalation is a process where metal ions are reversibly removed or inserted 

into a host material without a significant structural change [18,20] These reactions 

take place with the movement of lithium ions back and forth between the cathode 

and the anode. Thus, Li-ion batteries are known as “Rocking-chair” batteries.  

 

 

 

Figure 4. Diagram of Li-ion cell during charging and discharging [21]. 

 

In a typical cell, there are four type components; a positive electrode, a negative 

electrode, electrolyte and the separator. Here, the electrolyte provides a path for ion 

migration between electrodes, while the separator prevents the physical contact 
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between anode and cathode, Figure 4. The electrode and cell reactions in an 

intercalation type lithium-ion battery are as follows. 

 

Positive  :  

  xexLiMOLiLiMO x

ech

edisch
21

arg

arg
2  

    Negative    :    CLixexLiC x

ech

edisch

arg

arg
    

 Cell    :   CLiMOLiCLiMO xx

ech

edisch
  21

arg

arg
2  

 

These reactions take place reversibly depending on whether the cell is charging or 

discharging. During charging, lithium ions are extracted from the cathode and 

inserted into the anode while the reverse case is valid in discharging. There are other 

mechanisms for lithium in Li-ion batteries which are given together with 

intercalation reaction in Figure 5 [22]. 

 

 

 

Figure 5. Reversible lithium storage mechanisms in Li-ion batteries [23]. 

 

The crystal structure of cathode materials used in Li-ion batteries can be classified 

into three categories, Figure 6. These are; 

• Layered (α-NaFeO2) structure 

• Spinel structure 

• Olivine structure  
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Figure 6. Structure of common cathode materials in Li-ion batteries; a) layered (α-

NaFeO2) structure, b) spinel structure and c) olivine structure 

 

The common cathode materials, which have layered (α-NaFeO2) structure, are 

LiCoO2 (LCO), LiNiO2 (LNO), Li(Ni1/3Mn1/3Co1/3)O2 (NMC) and 

Li(Ni0.8Co0.15Al0.05)O2 (NCA). LiMn2O4 (LMO) is a typical example of the spinel 

structure, while LiFePO4 (LFP) and LiMnPO4 (LMP) are for the olivine structure. 

 

The intercalation structures could also be divided into three major groups according 

to the intercalation pathways; 1-D, 2-D, and 3-D structures, Figure 7. The 

intercalation reaction does not chemically affect the host structure independent from 

the type of the diffusion path. However, host structure might be a subject of a 

tremendous expansion and shrinkage through perpendicular pathways during 

intercalation and deintercalation of lithium ions. 

 

   

 

Figure 7. Schematics of the lithium intercalation pathways in a) 1-D, b) 2-D, and c) 

3-D structures. 

The oxides are challenging in terms of their structural stability particularly at the fully 

delithiated state due to their weak van der Waal’s forces between the oxide layers 
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[24]. The diffusion pathways also vary depending on the structure, thus the reaction 

mechanisms and the lattice stability might differ for each structure. The 2-D layered 

materials are more attractive as compared to 1-D and 3-D counterparts due to its 

capability for lithium ion diffusion and higher selectivity for the intercalating species. 

The common examples for the layered cathode materials in Li-ion batteries are 

graphite and layered oxides such as LCO, NMC, and NCA. The cathode materials 

having layered structures are discussed in a greater detail in the following section. 

 

2.1.1 Layered (α-NaFeO2) Structure 

 

The first commercial product in layered structured cathode materials is LCO which 

has been introduced by Sony. LCO has a crystal structure, where Co and Li elements 

located in octahedral sites occupying alternating layers along the 111 planes in a 

cubic closed-packed (ccp) oxygen array to form a hexagonal structure (which is 

called O3 stacking arrangement) [24]. 

 

LCO is an attractive cathode material due to its theoretical capacity of ~280 mAhg−1. 

However, the instability and the high volume change in the structure result in 

capacity fading when LCO was cycled up to 4.2V [25]. Thus, it is not possible to 

obtain its theoretical capacity and it typically performs a capacity up to ~140 mAhg−1 

in the range of 3.0-4.2V. Moreover, LCO degrades when it is overcharged which 

results in failure of the battery. This also causes safety problems in the battery. 

Therefore, the efforts are concentrated on finding alternative cathode materials to 

obtain better stability at a lower cost. 

 

LNO is another layered cathode material which was promoted by Dyer in 1954 [26]. 

It has been studied as an alternative cathode for the replacement of LCO. It eliminates 

Co content and thus it potentially reduces the cost and the toxicity. Moreover, it also 

provides higher energy density as compared to LCO. However, it brings some 

challenges caused by structural instability. During synthesis, it has a tendency to loss 
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of Li and reduction of some Ni to the +2 oxidation state. These result in lithium 

deficient compounds and cause cation disorder between Li and Ni. Moreover, it 

undergoes serious phase transformations during cycling, which might lead 

decreasing in rate capability. Ni3+ in the structure can fully oxidized to Ni4+ at high 

temperatures and this causes severe problems such as chemical instability and 

thermal runaway [1,27,28]. Ni+4 can react with organic electrolytes used in the 

lithium-ion battery [29]. This results in the formation of thick solid electrolyte 

interface (SEI) at the surface of the anode. It increases the impedance of the battery 

and consumes active Li. This leads to non-stoichiometry in LNO and effects the 

electrochemical performance [30,31]. For this reasons, the studies have focused on 

the partial substitution of Co with Ni rather than completely replacing Co [32]. The 

cationic disorder could be reduced and better structural stability was observed with 

partial substation of Co as in the case of LiNi0.8Co0.2O2 [33]. Co also helps to control 

further oxidation in the structure and thus improve structural stability and the safety 

[34,35]. 

 

Several elements were studied as a partial substitution for Co so as to improve the 

electrochemical properties in LNO and LCNO. Among them, particularly Al alloyed 

compounds such as LiNi0.8Co0.15Al0.05O2 (NCA) has gained importance in 

commercial applications, [36]. NCA is an attractive cathode material since it has a 

high capacity of ~200mAhg-1 up to 4.2V vs Li+/Li and it is resistant to side reactions 

with electrolytes. However, although Co amount is reduced in this particular 

compounds, it has still a high amount of Ni and Co that increase the cost of the 

product. The last but not the least, SEI growth and micro-crack formation at grain 

boundaries cause severe capacity fade at elevated temperatures ranging from 40 to 

70°C [34,37]. 

 

LiMnO2 (LMO) is another cathode material for Li-ion batteries and it is a promising 

candidate due to its lower cost and less toxicity. This cathode material was developed 

aiming to improve deficiencies in the structure such as poor crystallinity and the 
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structure stability during cycling [38]. However, the cycling performance of LMO is 

not sufficient because of the phase transformation from layered to spinel structure. 

During cycling, Mn3+ in the structure has a tendency to change into Mn2+ and Mn4+, 

where the Mn2+ ions subsequently migrate into vacant sites in the lithium layers via 

low-energy pathways. This often results in the phase transformation from layered to 

spinel easier [36,39–42]. 

 

Similarly, layered Li-Ni-Mn-O (LNMO) compounds have been studied as a cathode 

for Li-ion batteries. In LNMO, Ni and Mn exist as +2 and +4 oxidation states, 

respectively. Ni2+ is the electrochemically active species and provides high-rate 

pathways which are crucial to obtain higher capacities. On the other hand, Mn4+ is 

electrochemically inert and thus preserve more stable structure [43]. LiNi0.5Mn0.5O2 

with a capacity of 170 mAhg-1 was firstly reported by Spahr in 1998 [44]. Ohzuku 

and Lu also studied the same compound and they reported better electrochemical 

performances [45,46].  

 

Addition of Co in LNMO compounds was found as an effective way to enhance the 

structural stability by blocking Ni atoms from entering Li layers [47]. LiNi1-y-

zMnyCozO2 (NMC) was first proposed by Liu et al., in 1999 [48] and the common 

compound of NMC is LiNi1/3Mn1/3Co1/3O2 which has high capacity and ability to 

operate at high voltages. [49]. In this structure, Ni element has high specific energy 

but low stability, while Mn provides low internal resistance but offers low capacity 

in NMC. This particular compound brings better electrochemical properties 

compared to other cathode materials. NMC shows a reversible discharge capacity 

about 200mAhg-1 in the range of 2.5-4.6 V. Higher capacities can also be achieved 

when the cells are charged to the higher voltage limits even this usually lowers the 

capacity retention [24]. The increasing amount of Ni in NMC also provides higher 

capacity as high as 230 mAhg-1 [50]. Therefore, LiNi0.4Mn0.3Co0.3O2 (NMC-433) and 

LiNi0.6Mn0.23Co0.2O2 (NMC-622) have been the subject of considerable attention [1]. 
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However, rapid capacity loss during first cycling is the major drawback of NMC and 

thus the studies are concentrating on improvement of this problem [51]. 

 

2.1.2 Spinel Structure 

 

One of the common examples for cathode materials which have spinel structure is 

LiMn2O4 (LMO). LMO and its variants are low-cost, high rate performance, high 

operating voltage, and moderate safety with no resource limitations. LMO cathode 

materials offer the capacity in the range of 100-120 mAhg-1 up to 4.1V vs Li+/Li. 

However, this compound is unstable and tends to self-discharge at elevated 

temperatures causing lower capacity [52,53]. Moreover, the solubility of Mn in the 

electrolyte is another problem affecting the cycle life. Therefore, surface treatments 

and cation substitution have been employed to address these problems [54]. There 

are also Li-rich variations such as Li1.12Mn1.88O4 having ordered mesoporous 

structure which exhibits better electrochemical performance as compared to dense 

spinel structure [55]. 

 

2.1.3 Olivine Structure 

 

LiFePO4 (LFP) was first announced olivine structured cathode material for 

rechargeable Li-ion batteries. LFP has a theoretical capacity of ~170 mAhg-1 and it 

operates at a very flat voltage regime which is about 3.4 V vs Li+/Li [7]. LFP has an 

orthorhombic structure with Pnma  space group, where Li+ and Fe2+ occupy 

octahedral sites, while P is located in tetrahedral sites in a slightly distorted hexagonal 

close-packed (hcp) oxygen array. Low average potential and insufficient electrical 

and ionic conductivity causing a decrease in rate performance are the major 

drawbacks of the LFP compounds [56]. Reduction in particle size in combination 

with carbon coating [57] and cation doping [12] are the effective approaches so as to 

increase its rate performance. 
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LFP variants such as LiMnPO4 and LiCoPO4 provide high rate performance, better 

resistance to side reactions with electrolyte and better safety. However, they exhibit 

low capacity with a limited voltage range [24].  

 

The comparison of the cathode materials discussed above are shown in Figure 8 and 

their general properties are summarized in Table 1. 

 

 

Figure 8. General comparison of commonly used cathode materials (adapted from 

website of Battery University [58]). 

 

Table 1. Properties of cathode materials in commercial lithium-ion batteries. 

 

Cathode Materials LCO LMO NMC LFP NCA 

Reversible capacity 

(mAh/g) 
150-200 

100-

150 
150-220 90-120 

200-

260 

Charge termination 

plateau (V) 
4.20 4.20 4.3 3.65 4.2 

Cycle Life (cycles) 
500-

1000 

300-

700 

1000-

2000 

1000-

2000 
500 

Thermal runaway (⁰C) 150 250 210 270 150 

Specific energy (Wh/kg) 546 
410-

492 
610-650 518-587 

680-

760 
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Figure 9. Voltage versus capacity for cathode and anode materials [59]. 

 

For many years, Li-ion batteries have been studied and several potential cathode 

materials and anodes were developed, seen in Figure 10. Although there is some 

adaptation to commercial products, there are still limiting factors to choose cathode 

and anode. In this respect, the choice of the cathode and anode materials is very 

critical since there are several side reactions between the electrodes and the 

electrolyte. The side reactions can be in the form of SEI formation at the anode 

surface, Figure 9, and dissolution/aging of the cathode materials. The side reactions 

on the cathode materials are given in Figure 10. Thus, these reactions also have to be 

taken into account in the battery design. 

 

 

 

Figure 10. Changes at the anode/electrolyte interface [39]. 
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Figure 11. Degradation mechanisms of composite cathode materials [60]. 

 

2.2 Lithium Nickel Manganese Cobalt Oxide 

 

NMC compounds are very attractive due to their optimum electrochemical 

performance. They also provide a diversity in terms of their metal content which 

results in different properties such as discharge capacity, rate capability and safety. 

In NMC, it is important to attain a stable structure operating at high voltages with 

high capacity. Thus, the studies are concentrated on eliminating the drawbacks of 

NMC as discussed in the previous section so as to use it in commercial applications.  

 

For the structural stability, oxidation states of the transition metals in NMC both after 

the production and during cycling are critical. In principle, the oxidation states of 

transition metals in NMC are; Ni2+, Mn4+, and Co3+. Here, Mn4+ is electrochemically 

inactive and it plays a role in transferring the electric charge over Ni cations. Change 

in the oxidation states of Mn causes irreversible reactions in the structure [61]. The 

oxidation state of Co is also important because dissolution of Co4+ in the liquid 

electrolyte causes the structural instability leading the capacity fade [62,63]. 

 

Ni2+ has a similar ionic radius, 0.69 Å, with Li+, i.e. 0.76 Å. This might cause cation 

mixing between Ni and Li ions in the structure [64]. This cation mixing reduces 
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lithium ion diffusion which results in inferior electrochemical properties such as loss 

of capacity. Synthesis methods are also important for the electrochemical 

performance of NMC since they also affect the oxidation states of transition metals 

in the structure [65–67].  

 

Determination of cation mixing and the hexagonal ordering in the structure is 

important since it directly affects the electrochemical properties. There are various 

methods proposed to estimate the lattice ordering in layered oxides. One way is the 

determination of intensity ratio of (003) and (104) peaks, (I[003]/I[104]) [64]. Here, 

I[003]/I[104] ratio larger than 1.2 indicates that there is negligible or no cation mixing 

in the structure, while the ratio lower than 1.2 indicates a considerable extent of 

cation mixing. Additionally, splitting of both (006)/(102) and (108)/(110) diffraction 

peaks are signs of good hexagonal ordering of the layered structure, Figure 12. 

 

 

 

Figure 12. Rietveld refinement data of LiNi1/3Mn1/3Co1/3O2 [68]. 

 

Another way to estimate the structural ordering is proposed by Arof in 2008 for 

layered oxides. In this method, the degree of lattice disorder, R, can be calculated by;  
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(102) (106) (101)/R I I I      (1) 

        

This also allows the determination of lattice ordering, y, with the equation as given 

follows; 

 

   2  1.073  0.228  0.039y R R      (2) 

  

Of the methods discussed above, the I[003]/I[104] ratio is more common and adopted 

approach so as to determine the ordering of the structure in layered oxides [68]. There 

are also other parameters that have an important role in the performance of the battery 

besides cation mixing. These are the phase purity, degree of crystallinity, particle 

morphology and size affecting the surface area. Thus, synthesis method has a 

potentially great effect on these parameters [69]. 

 

The variations in Li content and transition metals in NMC also result in different 

electrochemical performance. In this regard, Choi et al., [70] studied Li1-

x(Ni1/3Mn1/3Co1/3)O2 cathode material as a function of Li content. They reported that 

Li content should be at least 0.65 for chemical stability, while 0.77 was determined 

as a critical limit for the structural stability. Li1-x(Ni1/3Mn1/3Co1/3)O2 performed a 

capacity as high as 180 mAhg-1, however, they determined the considerable cation 

mixing in the structure which might cause a capacity loss. Mohanty et al., [71] 

investigated the structural stability of both Li-rich and Mn-rich compound, 

Li1.2(Ni0.15Mn0.55Co0.1)O2, up to 4.8 V cut-off voltage. They reported that c lattice 

parameter decreased when charged over 4.4 V, while it started to increase during 

discharging down to 3.5 V. They stated that this c lattice parameter was an indicator 

for Li extraction from transition metal layers. This caused transformation from 

layered to spinel structure transformation. Similarly, Pimenta et al., [72] studied Li-

rich NMC cathode and investigated the effects of morphology, particle size, and 

composition on the electrochemical performance. Of the compositions, 
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Li1.2(Ni0.13Mn0.54Co0.13)O2 exhibited the highest first discharge capacity with 269 

mAhg−1 and a retention of 89.6% after 100 cycles. 

 

Mn content is another factor that can affect the electrochemical properties. Of the 

studies concentrated Mn content, Liu et al, [73] showed that increasing amount of 

Mn in Li(Ni0.9-yMnyCo0.1)O2 caused faster capacity loss and poorer rate capability. 

More importantly, they observed a layered-to-spinel transition in structure when Mn 

content was higher than 0.5. In a recent study, Zheng et al.,[74] studied that the role 

of Mn content in Ni-rich NMC cathode materials. They observed an improvement in 

the cycling stability with the increase in Mn content and decrease in Ni content.  

 

Another alternative method to alter the properties of NMC is changing the Ni content. 

Of these, Ni-rich NMC cathode materials are the most promising candidates since Ni 

provides higher capacity when the battery is charged to the higher voltages [75]. Liu 

et al., studied the effect of Ni content on the capacity and thermal stability of NMC. 

Although Ni-rich compositions exhibited higher capacity, the high Ni content 

resulted in lower structural and thermal stability because of its tendency of reacting 

with electrolyte [76,77]. This lower structural and thermal stability was stated as one 

of the major drawbacks of Ni-rich compounds. Thus, high Ni content increases a risk 

factor for safety issues [78,79]. Similarly, Liu et al., [76] investigated the effect of 

Ni on the cycle life of NMC. For this purpose, they produced cathode materials with 

different Ni:Mn:Co mole ratio as 523 and 433. NMC-433 offered improved cycle 

performance with a higher rate performance and lower impedance. Thus, a more 

stable structure in NMC was attributed to the lower amount of Ni. 

 

The content of Co similarly affect the structural stability of NMC and thus 

electrochemical performance. Ngala et al., [80] studied the effect of Co in NMC and 

synthesized Li(Ni0.4Mn0.4Co0.2)O2 which exhibited good rate capability. They also 

reported a reversible capacity ranging from 180 to 155 mAhg-1 at current densities 

from 0.1 to 2.0 mAcm-2. The role of Co was emphasized on the stabilization of 
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layered structure and suppressing the migration of transition metal ions into the 

interlayer Li sites. Similarly, Yoshio et al., [47] reported that Co suppressed the 

cation mixing, however, they could not observe any change in the discharge capacity. 

 

Morphology, porosity, particle size and thus the specific surface area of the active 

materials also affect the electrochemical properties of NMC. In this respect, the 

synthesis methods yielding different powder characteristics have an impact on the 

performance of the cathode materials. For instance, NMC synthesized by spray 

pyrolysis differs on surface resistance as compared to synthesized with co-

precipitation [81]. The synthesis methods also yield different particle morphology 

and density in the cathode materials. There are some studies indicating that highly 

dense cathode materials exhibited better performance [82]. On the other hand, there 

are contradictory studies stating the importance of obtaining loose aggregates in the 

cathode material so as to increase the overall electrochemical performances [83–85].  

 

Surface modification is another approach to prevent side reactions with electrolyte 

and attain a structural stability. Thus, studies are concentrated on the coating of NMC 

cathode surfaces. For this purpose, a coating of a protective layer such as Al2O3, 

LiCoO2, and carbon is very common. Son et al.,[86] examined the effect of LiCoO2 

coating on NMC which improved the electrical contact within the cathode active 

particles. They reported that the coating minimized the interfacial impedance. 

However, LiCoO2 could not improve the capacity fading in NMC cathode. Kim et 

al.,[87] studied the effect of carbon coating focusing on the rate capability and the 

thermal stability. They also investigated the effect of carbon content and suggested 

that 1 wt.% carbon coating was sufficient to enhance rate capability and the thermal 

stability. In another study focused on Al2O3-coated NMC, Kim et al.,[88] reported 

an improved electrochemical performance as compared to the bare NMC. In this 

study, Al2O3 was offered an effective coating layer for NMC cathode materials. 
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Doping of NMC is another way of affecting the electrochemical properties so as to 

improve the structural stability. Since doping might avoid the cation mixing and the 

phase transformation during cycling, it is a very common approach. In this respect, 

Na et al., [89] successfully produced Si-doped NMC cathode materials without any 

impurity. The cathode materials exhibited enhanced cycle life and rate capability. In 

a similar work by Wei et al., [90] reported that Si doping had an influence on Li-gap 

which was attributed to improved diffusion kinetics and the rate performance. Doeff 

et al., [99] studied Ti doping in NMC and reported 15% higher discharge capacity. 

Additionally, they observed a decrease in volume change during insertion and 

extraction of lithium ions providing better capacity retention. Wilcox et al., [91] 

examined the effects of Ti, Al, and Fe for the replacement of Co in NMC. Ti doping 

resulted in a relatively higher capacity and higher rate capability, while Fe doping 

resulted in lower capacity and rate capability. Al-doped NMC could not be 

synthesized without impurity phases and thus, they exhibited lower capacity despite 

it improved the capacity retention. Contrarily, Li et al., [92] and Wang et al., [93] 

showed that Al doping of improved the cyclability of NMC. They also reported a 

reduction in the formation of SEI layer and better structural stability due to the stable 

oxidation states of transition metals. Li et al., [94] studied Y-doped NMC and 

obtained high discharge capacity and a better structural stability with a very low mole 

ratio of Y, i.e. 0.06. They stated that Y+3 was responsible for the stabilized structure. 

Doping of Zn was studied by Li et al.,[95] and Wei et al., [96] and they found that 

Zn-doped NMC exhibited faster Li-ion diffusion with a lower impedance. The initial 

discharge capacity in Zn-doped NMC was measured as 142 mAhg-1 with only 0.20% 

capacity loss after 100 cycles. Zhang et al., [97] studied doping of Mg, Cr, and Al for 

the replacement of Co so as to improve the cycling performance of NMC, especially 

at high voltage. Undoped NMC showed capacity retention of 86.6% after 50 cycles, 

while Cr-doped NMC showed negligible capacity fade with a capacity retention 

higher than 97% after 50 cycles. Mg and Al-doped NMC could only exhibit a 

capacity retention of 82.1% and 76.4%, respectively. This was attributed to 

prevention of dissolution of Co in the electrolyte especially at higher voltages with 
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Cr doping. Buyukburc et al., [98] observed similar findings with Mo doping on 

retarding the dissolution of Co during cycling. Schipper et al., [99] investigated the 

effect of Zr doping in Ni-rich NMC which exhibited faster kinetics in the potential 

range of 3.7–4.3V. This improvement was attributed to the prevention of layered-to-

spinel structural transformation by Zr doping. Ates et al., [100] examined the Na-

doped Li-rich NMC which performed improved electrical conductivity with a better 

efficiency. Na doping also hindered the layered-to-spinel transformation and cation 

mixing in NMC.  

 

Consequently, doping of layered cathode materials is an effective approach so as to 

improve electrode performance and their structural stability [101,102] where the 

synthesis methods provide different powder characteristics affecting on the 

performance of the cathode materials. The synthesis methods are discussed in a 

greater detail in the following section. 

 

2.3 Synthesis Methods for NMC Cathode materials 

 

The electrochemical performance of the cathode materials in Li-ion batteries are 

strongly affected by the powder characteristics such as particle morphology, the 

active surface area, and the crystallinity [103]. Thus, the synthesis method plays a 

critical role so as to control the powder properties. 

 

There are a variety of methods to produce NMC powders and particularly, solution-

based methods such as co-precipitation [104], sol-gel [105,106], solid-state synthesis 

[95,107–109], spray drying [110,111], and microwave synthesis [112,113] have 

taken a considerable attention. Additionally, spray pyrolysis method is also attractive 

due to its better control on the particle size and morphology [114]. 

 

Of these, one of the easy way to produce NMC powder is the co-precipitation 

method. It is quite attractive since it also provides a control on particle shape and the 
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size without complex parameters. Luo et al., [104] synthesized spherical and well-

ordered layered NMC cathode materials via this method. NMC cathode materials in 

this study exhibited a good capacity of 166 mAhg-1 with 7% capacity loss after 30 

cycles. Similar findings were reported by Wang et al., [83] who produced Li-rich 

NMC cathode materials exhibited 264.6 mAhg-1 capacity with ~90% capacity 

retention after 50 cycles. On the other hand, Zhang et al., [115] produced NMC 

cathode materials with a smaller particle size, <40nm, by the same technique and 

cathode materials, performed the first discharge capacity of 160 mAhg-1. However, 

the capacity retention was only ~60% after 10 cycles. They stated that the side 

reactions with electrolyte and structural instability were responsible for the capacity 

loss and suggested coating a protective layer such as carbon.  

 

Sol-gel is another synthesis method to produce NMC powders, particularly aiming 

for layered structures. In this regard, Lin et al., [105] studied Al-doped NMC and 

synthesized LiNi1/3Mn0.23Co1/3Al0.1O2 layered cathode via sol-gel method. The 

cathode materials performed an initial discharge capacity of 194.6 mAhg-1. Ding et 

al., successfully synthesized La, Cr and Pr doped NMC cathode materials without 

any impurity via sol-gel method. They measured the initial capacity up to 164 mAhg-

1 using La, Cr, and Pr as dopants. The rise in charge-transfer resistance during cycling 

could be suppressed with the dopants [116]. 

 

Solid-state synthesis is another method for powder synthesis of active materials. Bin 

et al., [95] produced Zn-doped NMC cathode materials with this method, where the 

precursor was already prepared by co-precipitation method. They observed an 

enhancement in the thermal stability of NMC especially at higher temperatures up to 

55°C, where the discharge capacities were measured as 141-189 mAhg-1. Tan et al., 

[107] synthesized NMC via the solid-state method using α-MnO2 nanorods as a 

precursor. They could produce the powders with a particle size ranging from 150 to 

200 nm. They measured the initial discharge capacities up to 141.3 mAhg−1. 

Although there are some studies using solid-state reactions, this synthesis method is 
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not favorable as other methods, discussed above, especially for layered cathode 

materials. This is because of the possibility of impurities in this technique which 

might result in inferior electrochemical properties [108]. Additionally, precursors 

used in this synthesis method have relatively higher cost [109].  

 

Spray drying is an alternative synthesis method which recently has been taken 

attention. Liu et al., [110] synthesized NMC cathode materials with aspherical 

morphology via spray drying. However, the phase purity was not sufficient, where 

the Li2CO3 formation was observed upon drying. In a similar study, Lin et al., [111], 

studied Zr-doped NMC synthesized via spray drying with the same morphology. 

They measured 160.2 mAhg-1 as the first discharge capacity with a capacity retention 

of 92.4%. 

 

Microwave synthesis can be also used for the NMC synthesis. Microwave irradiation 

generally results in a rapid heating, thus the production time is often very short [117]. 

Lee et al., [65] synthesized LiNi0.4Mn0.4Co0.2O2 compound via microwave synthesis 

method and the cathode performed an initial discharge capacity of 156 mAhg-1. 

Although there are some efforts to use microwave synthesis for NMC cathode 

materials, the crystallinity and homogeneity of the final powders typically are not 

sufficient, particularly in the case of multi-elements [118–121]. 

 

Spray pyrolysis is also an attractive method since it provides better control on the 

particle size and morphology [114]. It also allows the synthesis of a wide variety of 

complex compositions, thus there is increasing interest in the spray pyrolysis method 

[10,122–126]. Since the interest of this thesis is spray pyrolysis as a production 

method, it is described in a greater detail in the following section. 
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2.3.1 Powder Synthesis via Spray Pyrolysis  

 

Spray pyrolysis is an aqueous solution-based method to produce typically spherical, 

hollow and porous structure by the reaction of the precursors at high temperatures 

[103]. It is very similar to combustion methods due to the production of gases and 

oxidation of the aqueous precursors during the process [127,128]. 

 

Spray pyrolysis system is typically composed of a reservoir for precursor solution, 

atomizer (droplet generator), a reactor and collection unit. Droplets are created using 

a nebulizer and then carried by a gas, typically O2. This is followed by evaporation 

and separation of droplets into solid particles at the reactor. Nucleation and growth 

processes take place in the reactor. The solid particles synthesized are collected by 

the electrostatic precipitator at the exit of the reactor. The formation of the solid 

hollow particles through the process is described in Figure 13. 

 

 

 

Figure 13. Schematic representation of the droplet-to-solid particle conversion route 

during spray pyrolysis process (adapted from [129,130]). 

 

The droplets produced have generally uniform size and the average particle size can 

be predicted from the Lang equation given below; 
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where D is the diameter of the droplet,   is the surface tension of the liquid,   is 

the density of the liquid and f  is the frequency of ultrasonic irradiation. 

 

Spray pyrolysis method has taken attention due to its capability of homogeneous 

mixing of precursors, having short residence time, yielding high purity and diversity 

in compositions with ease as compared to conventional processes [131]. 

Additionally, spray pyrolysis allows single step production at relatively lower 

temperatures at a lower cost [132]. Thus, spray pyrolysis has become a well-known 

method which is simple, continuous, and suitable for scale-up production [126,129]. 

 

The solvents and additives affect the droplets formation and also morphology of the 

final particles. Similarly, the selection criteria of raw materials are also important due 

to the variable solubility, weight, and decomposition temperature [127,133]. The 

solubility of the precursors is important because of the formation of different 

precipitates at different saturation concentrations, resulting in the non-uniform 

composition of the particles. Additives are used to modify the solution, so as to 

prevent agglomeration. A carrier gas, i.e. oxygen in this study, is important because 

it was used also as a reactive gas to obtain the oxide of cathode material. The time 

spent in the furnace of the droplet has an effect on the particle size and hence the 

dependence of this ratio must be taken into account. Similarly, the reaction 

temperature has the same importance due to its effect on particle size and 

crystallinity. Spray pyrolysis enables to control these parameters to allow the 

formation of the spherical, hollow and porous structure during the production of 

cathode materials. 
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CHAPTER 3  

 

 

EXPERIMENTAL PROCEDURE 

 

 

 

3.1 Synthesis of Li(NixMnyCo1-x-y)O2  

 

NMC cathode materials with various Ni:Mn:Co mole ratio, 1:1:1 (NMC-111), 2:2:6 

(NMC-226), 2:6:2 (NMC-262), 6:2:2 (NMC-622) and their W, Mo, Ag and Cu doped 

equivalents were synthesized via spray pyrolysis. A schematic representation of 

spray pyrolysis apparatus used in the current study is given in Figure 14. Spray 

pyrolysis system comprises a reservoir for precursor solution, an atomizer, a reactor 

and a collection unit. 

 

 

Figure 14. Schematic of spray pyrolysis system. 

 

In a typical synthesis, precursor powders were produced via nebulizing the aqueous 

solution of the dissolved salts using an ultrasonic nebulizer operating at 1.7 MHz 

frequency. Droplets were then carried into the quartz tube reactor of 7 cm diameter 

which placed in a three-zone tube furnace by a carrier gas, i.e. argon, air or oxygen. 
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The salts used were the nitrates and acetates of the respective elements. Citric acid 

(CA) and ethylene glycol (EG) were also added into the solutions. CA was used as a 

chelating agent and EG was used as a dispersant. Moreover, oxalic acid, and N,N 

Dimethylformamide (DMF) were also added into the solution to modify the 

morphology of the particles. The total concentration of the solution was in the range 

of 0.3-0.5 M with additives of CA and EG. The flow rate of carrier gas was used in 

the range of 4-10 l/min. The reactor temperature during synthesis was ranging from 

500 to 800 °C. The powders were collected at the end of the reactor by an electrostatic 

precipitator. The powders produced were then subjected to further heat-treatment. 

All NMC active materials were produced using this procedure. The parameters 

studied are summarized in Table 2.  

 

Table 2. Parameters tried to be optimized during preliminary experiments. ‘A’ and 

‘N’ are used to abbreviate acetate and nitrate salts of Li, Ni, Mn, and Co, respectively. 

 

Production Parameters 
Cathode Material    

Li(Ni1/3Mn1/3Co1/3)O2 

Raw materials ANAA – NNNN – ANAA 

Ethylene Glycol (EG) (M) 0 – 0.3 

Citric Acid (CA) (M) 0 – 0.3 

Oxalic Acid and DMF (M) 0.1 and 0.1-1 

Carrier Gas Argon, Air, Oxygen 

Flow Rate (lt/min) 4, 8, 10 

Reaction Temperature (⁰C) 500, 600,800 

Post Heat-Treatment - Temperature (⁰C) 800, 900,1000 

Post Heat-Treatment - Duration (h) 2, 4, 8, 12, 20 

 

3.2 Electrode fabrication and cell configuration 

 

For cathode preparation, powders were mixed with polyvinylidene difluoride 

(PVDF) and carbon black with a respective ratio of 86:7:7. PVDF was used as a 

solution after dissolved in N-methyl pyrrolidinone (NMP). This solution was then 

mixed with Li(NixMnyCo1-x-y)O2 and carbon black which resulted in a slurry. This 

slurry was stirred vigorously in order to get a uniform distribution of active materials. 
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The slurry was then coated on an aluminum foil and dried under vacuum at 120 °C 

for 12h. 18 mm diameter discs were cut from this electrode sheets, which were kept 

in the glove box until assembly of the cell. The content of the active materials, 6 ± 

0.05 mgcm–2, was kept constant in all cathode materials. A glass fiber sheet with a 

density of 52 gm–2 was used as a separator in the cell assembly. The electrolyte 

(battery grade LP40, Merck) of 1 M LiPF6 in a 50: 50 ethylene carbonate:diethylene 

carbonate (EC:DEC) solution was used in all cells. The cells were assembled in a 

gas-tight structure in the glove box before the measurements. 

 

3.3 Structural Characterization 

 

The crystal structure of cathode materials was analyzed by an X-Ray Diffractometer 

(XRD, Bruker D8 Advance) using Bragg-Brentano geometry with Cu-Kα radiation. 

The XRD patterns were collected with a scan rate of 2°/min. Lattice parameters and 

oxygen positions of cathode materials were determined using a Rietveld analysis 

software (MAUD ver. 2.79) [134]. In this manner, Li-gap, shown schematically in 

Figure 15, was calculated by given equation below using z oxygen parameter and c 

lattice parameter refined [135,136]. 

 

         Li gap xz xc       (4) 

 

 

 

Figure 15. Schematic illustration of Li-gap in NMC structure.  
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Morphology of cathode materials was investigated by a scanning electron 

microscopy (SEM, Nova NanoSEM 430) using 20 kV accelerating voltage. Atomic 

structure of the cathode materials was investigated by a high-resolution transmission 

electron microscopy (HRTEM, Jeol JEM-2100F UHR/HRP Transmission Electron 

Microscope) in bright field (BF) imaging mode at 200 kV. Selected area electron 

diffraction (SAED) patterns of cathode materials were collected with the same 

parameters. 

 

Particle size measurements of the active materials were performed using a laser 

diffraction particle size analyzer (Mastersizer 2000), where the powders were 

dispersed in ethanol. 

 

Physical adsorption studies were mainly carried out to obtain a sample surface area, 

and pore size using Autosorb-6. 

 

3.4  Chemical Characterization 

 

Energy Dispersive Spectroscopy (EDS) was performed as the first step for the 

chemical analyses. EDS is an easy and convenient method to qualify and quantify 

the chemical ingredients of the produced powders. However, it can detect elements 

that have a higher atomic number than 10. Therefore, inductively coupled plasma 

mass spectroscopy (ICP-MS) was used so as to have more accurate results in the 

produced powder, particularly for lithium content. ICP measurements in the study 

were performed via ICP-MS, Perkin Elmer DRC II. 

 

Surface chemistry and the oxidation states of the cathode materials were analyzed by 

an X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe) using a 

monochromatic Al Kα radiation at 1486.6 eV. The spot area was used as 200 µm and 

100 µm in the respective orders for survey and tight scans. The analyzer positioned 

at an angle of 45 ° to the surface of the sample. Survey spectra of the samples were 
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scanned at a pass energy of 187.85 eV, while the tight scans of the elements were 

collected at a pass energy of 58.70 eV. XPS spectra of the samples were normalized 

using the C1s binding energy of 284.8 eV. C, O, Li, Ni, Co, Mn, Mo, W, Ag and Cu 

elements in the active materials were scanned in a binding energy range of 275-300, 

520-540, 50-70, 540-900, 630-670 and 75-100, 760-820, 220-240, 30-45, 360-380 

and 530-660 eV, respectively. 

 

3.5 Electrochemical Characterization 

 

Open-circuit voltage (OCV), charge-discharge behavior, discharge capacity and 

cycle life were measured using a potentiostat/galvanostat (Bio-Logic Instruments 

VMP-300). The electrochemical cells were cycled at 0.1C and 0.3C rate (1C=170 

mAhg-1) within 2.7-4.5 V and 2.7-4.2 V potential windows for undoped and doped 

NMC cathode materials, respectively. 

 

Electrical impedance spectroscopy (EIS) measurements were performed in the 

frequency range from 300 kHz to 3 mHz with a 10 mV amplitude. The deconvolution 

of the typical EIS spectra proposed by Barsoukov et al., [137] for particularly 

intercalated cathode materials, is given in Figure 16.  

 

 

 

Figure 16. Deconvolution of EIS spectra proposed by Barsoukov et al., [137]. 
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Here, there are several steps depending on the presence of electrochemical reactions 

in intercalated cathode materials. These are ionic charge conduction through the 

electrolyte, lithium ion diffusion through the surface of the insulating layer, electron 

charge transfers at the interface of active materials, lithium ion diffusion in the solid 

phase and the capacitive behavior that is related to the occupation of lithium ions. 

The reactions were given in the respective order with Figure 16 from high frequency 

to low frequency. 

 

The fittings for EIS spectra was performed using Randles circuit, shown in Figure 

17. Finite Space Warburg element was used to define the boundary conditions for the 

diffusion of lithium ions as a Warburg-type element. The brief description of this 

model based on `blocking` outer interface is given below. 

 

 
 

Figure 17. Equivalent circuit models used in the study, where Rel is electrolyte 

resistance, RCT is charge transfer resistance. Eventually, QDL represents the constant 

phase element for the double layer and WFSW the finite space Warburg element for 

Li-ion diffusion. 

 

Here, it is important to define boundary conditions in the explanation of Warburg-

type element. The interface between electrode and electrolyte, where the current flux 

of lithium is zero, can be defined as a first boundary condition. The second boundary 

condition depends on type of the diffusion. When the secondary boundary condition 

is infinite, it describes a semi-infinite diffusion which yields the same impedance as 

in the case of constant phase element. On the other hand, when no flux is allowed at 

the second diffusion boundary, diffusion can be defined as finite diffusion where the 

element is described as Finite Space Warburg (FSW). For the active material of Li-
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ion cells, this is comparable to the particle center where no flux of species is possible. 

Applying this boundary condition, the impedance of FSW has the following function; 
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where,   is the diffusion length, D is the diffusion coefficient and C0 is the 

concentration of the diffusing species. Square of the D  ratio is the characteristic 

time constant of the diffusion process. This impedance function assuming one-

dimensional diffusion path and it has characteristic 45° slope for high and pore 

capacitive behavior for low frequencies [138]. 
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CHAPTER 4  

 

 

RESULTS AND DISCUSSION 

 

 

 

4.1 Processing Preliminary Parameters 

 

In this study, it was aimed to produce NMC layered oxides as loose aggregates of 

spherical particles, thus a series of optimization experiments were carried out in spray 

pyrolysis approach. The optimized process variables are given Table 3. 

 

Table 3. Spray pyrolysis parameters optimized. 

 

Production Parameters 
Cathode Material 

Li(Ni1/3Mn1/3Co1/3)O2 

Raw materials NNNN 

EG (M) 0.1 

CA (M) 0.05 

Oxalic Acid and DMF (M) None 

Carrier Gas Oxygen 

Flow Rate (lt/min) 8 

Reaction Temperature (⁰C) 600 

Post Heat-Treatment - Temperature (⁰C) 800 

Post Heat-Treatment - Duration (h) 20 

 

The details for preliminary studies for the optimization of parameters are explained 

in the following sections. 
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4.1.1 Selection of Precursors 

 

Precursor selection is quite important since it could directly affect the properties of 

the final product. In the selection criteria, properties such as molecular weight, 

solubility and decomposition temperature should be taken into consideration. In the 

study, both nitrate and acetate salts of the respective metals were examined so as to 

synthesize Li(NixMnyCo1-x-y)O2.  

 

The precursors were firstly examined due to their effect on resulting crystal structure 

in the active materials. The analyses of the active materials produced using acetate 

and nitrate salts showed that the crystallinity and the hexagonal ordering in powders 

were almost the same, Figure 18. 

 

 

 

Figure 18. XRD spectra of NMC-111 cathode materials produced using acetates and 

nitrate salts.  

 

Here, the solubility of the precursors is particularly critical, since it can lead to the 

formation of different concentrations which might affect the particle morphology in 

resulting powders. Additionally, using different concentrations also affects the 

nebulization behavior of the solutions. Of the salts used in the study, the solubility of 

the acetate salts is generally lower, e.g. solubility of lithium acetate is ~45 mg/100ml 
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whereas solubility lithium nitrate is 90 mg/100ml, as compared to nitrate salts of the 

respective metals. Here, it should be mentioned that the solutions prepared using 

acetate salts had resulted in lower yield even nebulization process required longer 

times. One can, therefore, expect the resulting particle morphology to be affected 

from this. The active materials synthesized were investigated according to their 

particle morphology. SEM images of typical particle morphology obtained using 

acetate and nitrate salts of the respective metals is given in Figure 19. The particle 

morphology of the active material synthesized by acetate salts resulted in the 

collapsed morphology where synthesis with nitrate salts resulted in homogeneous 

particle morphology.  

 

  

 

Figure 19. SEM images of NMC-111 cathode materials produced by a) ANAA, and 

b) NNNN. Here, “A” represents the acetate salt as a precursor for the respective 

metal, where “N” stands for nitrate salts. 

 

In this respect, the nitrate salts of the respective metals were chosen for further 

experiments according to their higher yield and resulting particle morphology. 

Nebulization of acetate solution was found to be more difficult than nitrate salts 

where the binding of acetate (CH3COO-) ions is stronger than nitrate (NO3
-) ions, so 

as to lead higher viscosity [139]. In addition, the surface area of the materials 

synthesized by the acetates had a surface area of about half that of the materials 

synthesized via the nitrate salts. 

b) NNNN a) ANAA 
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4.1.2 Determination of Additives 

 

In principle, additives are used to control physical properties of particles synthesized. 

Thus, different additives with different ratios were tried in this study. CA was used 

as a chelating agent so as to obtain spherical powders and EG was used to control the 

morphology. In addition to them, oxalic acid and DMF were used to control the 

agglomeration and the particle growth. 

 

The powders were synthesized using a different amount of CA and EG ranging from 

0 to 0.3 M at 600°C. The typical SEM images for the powder synthesized are given 

in Figure 20. It was observed that increase in the additive amount made easier to 

obtain spherical powders. As seen, the spherical morphology could not be obtained 

without using additives. The formation of spherical particle morphology started to be 

observed with the use of 0.1 M CA and EG. It was observed that 0.3 M CA and EG 

resulted in larger primary particles affecting the active surface area. Thus, 0.1 M for 

both CA and EG yielding spherical morphology was chosen for further studies. 

 

  

 

Figure 20. SEM images of NMC cathode materials produced at 600°C with a) no 

additive, with b) both 0.1M CA and EG, and with c) both 0.3M EG and CA. 
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Figure 20. Cont’ d 

 

The co-use of CA and EG with different variation was also examined for fine tuning 

of resulting particle morphology. The representing SEM images are given in Figure 

21. The desired loose aggregate morphology discussed above was obtained with the 

use of 0.05 M CA and 0.1 M EG. 

 

b) 

 

c) 
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Figure 21. SEM images of NMC cathode materials synthesized with an addition of 

0.1 M EG and 0.05 M CA at 600°C.  

 

The effect of oxalic acid and DMF on the particle morphology was also investigated. 

SEM images of cathode material NMC-11,1 which were produced with the addition 

of 0.1M oxalic acid, 0.1 M DMF, 0.3 M DMF and 1 M DMF, were given in Figure 

22, respectively. The use of oxalic acid and DMF particularly affected the size of 

primary particles in the spherical aggregates. Besides, they affected the pores within 

the primary particles, where the addition of these additives resulted in dense 

aggregates. Since the use of oxalic acid and DMF resulted in a denser morphology, 

they were not considered for further experiments. 
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Figure 22. SEM images of NMC cathode materials produced with an additive of a) 

0.1M oxalic acid, b) 0.1 M DMF c) 0.3 M DMF and d) 1 M DMF. 

 

4.1.3 Carrier Gas 

 

The effect of carrier gases, i.e. argon, air, and oxygen, were examined in the study. 

Argon as a carrier gas resulted in a compound which couldn’t be identified. XRD 

pattern of this compound is given in Figure 23.a.  

 

a) 

 

b) 

 

c) 

 
d) 
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Figure 23. XRD spectrum of NMC cathode synthesized under a) argon, and b) 

oxygen atmosphere. 

 

Air as a carrier gas was efficient to allow oxidation process resulting in the oxide 

phase. However, pure oxygen was also studied to ensure the oxidation and the avoid 

the oxygen-deficient structure. Typical XRD pattern of NMC-111 synthesized with 

oxygen carrier gas is given in Figure 23.b. 

 

The flow rate was also examined to check whether there is any effect on the synthesis 

of the active materials. The flow rate of 4, 8 and 10 l/min were studied. Here, it should 

be noted that when the flow rate is high, the duration of stay in the reactor would be 

shorter which causes the decrease in particle size and the reacted fraction of the 

precursors in the reactor. Thus, it is important to allow enough time for the droplets 

of precursors for the complete reaction. In this respect, 8 l/min was selected as an 

optimum flow rate, where the all fraction of the droplets was reacted. 
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4.1.4 Reaction Temperature and Post-Heat-treatment 

 

The effect of reaction temperature, i.e. 500, 600 and 800 °C, on the crystal structure 

of resulting powder was investigated. XRD patterns of NMC cathode materials as-

synthesized at 500°C, 600°C, and 800°C are given in Figure 24. XRD pattern of 

NMC cathode synthesized at 500°C showed the formation of some impurity phases, 

while NMC cathode materials were synthesized at 600°C and 800°C without any 

impurity phase. However, the splitting of (006)/102) and (108)/(110) peaks, which is 

an indicator for good hexagonal ordering and layered structure, was not sufficient. 

Thus, all active materials required to be heat treated so as to obtained desired 

structure ordering. Since the post heat-treatment was inevitable, the reaction 

temperature was chosen at a lower temperature to avoid grain growth. In this respect, 

the reaction temperature was determined to be 600 °C, where no impurity phases 

were observed among the lower temperatures. 

 

 

 

Figure 24. XRD patterns of the NMC cathode materials as-synthesized at 500⁰C, 

600⁰C, and 800⁰C and post heat-treated at 800⁰C. 
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Figure 25. XRD patterns of layered NMC-111 cathode materials produced by spray 

pyrolysis and then post heat-treated at 800 °C, 900 °C, and 1000 °C. 

 

Various temperatures ranging from 800 to 1000 °C were investigated so as to 

determine the temperature for the post heat-treatment. X-ray diffraction analyses 

were carried out for all active materials to check their structural properties such as 

crystallinity and phase purity. It was found that NMC-111 with crystalline structure 

could be obtained by a post heat-treatment performed between 800-1000 °C, Figure 

25.  

 

Different durations such as 2h, 4h, and 8h for each post heat-treatment temperature 

were also studied so as to reveal the effect on the particle size and morphology. SEM 

images for NMC-111 cathode materials for each duration is given in Figure 26.  

 

10 20 30 40 50 60 70 80

5

10

15

20

25

30

 

 

 

 1000°C

 900°C

 800°C

1
1

0

1
0

7

1
1

3

0
1

5

1
0

4

0
1

2
0

0
6

0
1

8

1
0

1

0
0

3

In
te

n
si

ty
 (

a
.u

)

2 Theta 



 

 

 

45 

 

 

 

Figure 26. SEM images of NMC-111 cathode materials heat-treated at a) 800 °C for 

2h, b) 800 °C for 4h, c) 800 °C for 8h, d) 900 °C for 2h, e) 900 °C for 4h, f) 900 °C 

for 8h, g) 1000 °C for 2h, h) 1000 °C for 4h and i) 1000 °C for 8h. 

 

The powders preserved their spherical morphology when they heat-treated at 800 °C 

and 900 °C for all durations. There was also some degree of particle growth with 

increasing amount of treatment. However, heat-treatment at 1000 °C resulted in 

destruction in this morphology. Besides, the primary particles were coarsened too 

much. The optimum post heat-treatment parameters were selected so as to obtain the 

highest crystallinity with the lowest average particle size. Thus, heat-treatment at 800 

°C was selected, where a good hexagonal ordering with a high crystallinity could be 

obtained. In terms of the duration, a comprehensive study was carried out including 

electrochemical measurements and determination of structural parameters for active 

materials. 
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It should be noted that lithium is a volatile element and there might be losses 

depending on the temperature and particularly for longer duration in the post heat-

treatment. This often resulted in Li deficiency causing secondary phases [140]. 

Additionally, excess Li is suggested in many studies to improve the electrochemical 

properties in layered oxides [141]. For this reason, both to improve electrochemical 

performance and to avoid any structural problems in structure, active materials with 

excess lithium (5%) was also included the studies. 

 

The cathode materials with stoichiometric Li and excess Li were heat-treated with 

durations of 2, 4, 8, 12 and 20h. Here, the main reason to increase the duration for 

heat-treatment was to increase the ratio of the peak intensities in I[003]/I[104] which is 

an important parameter indicating ordering characteristics of cathode materials. In 

the case of I[003]/I[104] is higher than 1.2, the cation mixing is small, whereas the ratio 

lower than 1.2 indicates a considerable extent of cation mixing. Besides, a separated 

(006)/(102) and (108)/(110) doublets indicate the good hexagonal ordering in the 

layered structure. 

 

The cathode materials in stoichiometric amount is labeled as 800-t (t=2,4,8,12 and 

20), and Li-excess equivalents are labeled as 800-5Li-t(t=2,4,8,12 and 20). XRD 

patterns of respective cathode materials are given in Figure 27 and Figure 28. 
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Figure 27. X-ray pattern of cathode materials heat-treated at 800°C for 2, 4, 8, 12 

and 20h. 

 

 

 

Figure 28. X-ray pattern of cathode materials with 5% excess Li heat-treated at 800 

°C for 2, 4, 8, 12 and 20h. 

 

XRD patterns were also processed with Rietveld analysis to determine the lattice 

parameters a, c and oxygen position, z, summarized in Table 4.  
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Table 4. The lattice parameters, oxygen positions and Li-gap size of all synthesized 

cathode materials. 

Name a (Å) c (Å) c/a 
% 

Rw 
I[003]/I[104] 

Oxygen  

Parameter 

(z) 

Li-gap 

Size 

800-2h 2.863 14.245 4.975 9.525 1.396 0.2586 2.1290 

800-4h 2.864 14.247 4.975 9.217 1.400 0.2597 2.0981 

800-8h 2.865 14.249 4.974 9.344 1.436 0.2588 2.1240 

800-12h 2.865 14.251 4.973 5.475 1.463 0.2586 2.1203 

800-20h 2.865 14.247 4.973 8.066 1.449 0.2586 2.1258 

800-5Li-2h 2.862 14.196 4.961 5.389 1.301 0.2584 2.1275 

800-5Li-4h 2.861 14.200 4.963 5.059 1.406 0.2583 2.1298 

800-5Li-8h 2.862 14.209 4.965 5.548 1.495 0.2588 2.1160 

800-5Li-

12h 
2.862 14.202 4.963 5.627 1.527 0.2587 2.1172 

800-5Li-

20h 
2.864 14.241 4.972 5.592 1.624 0.2587 2.1257 

 

The highest I[003]/I[104] ratio was measured as 1.463 for the 12h treated stoichiometric 

compound, while for the Li-excess compounds, the highest I[003]/I[104] ratio, 1.624, 

was obtained for the 20h treated sample. 

 

The cathode materials were also investigated by SEM to compare their morphology. 

SEM images for stoichiometric and Li-excess active materials are given in Figure 29 

and Figure 30, respectively. An increase in the presence of porosity in spherical 

aggregates was observed with increasing duration of heat-treatment. This was valid 

for both stoichiometric and Li-excess cathode materials. Thus, 20h was promising 

due to its resulting morphology of loose spherical aggregates with slightly larger 

primary particles. Here, it should be mentioned that the primary particles with a larger 

size as possible while maintaining the spherical morphology is desirable. This is 

caused by the higher active surface area could increase the tendency of non-

irreversible reactions with the electrolyte causing the higher impedance [142]. 
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Figure 29. SEM images of cathode materials heat-treated at 800°C for 2h (a,b), 4h 

(c,d), 8h (e,f), 12h (g,h) and 20h (i, j). 

a) 

 

e) 

 

f) 

 

g) 

 

 

h) 

 

i) 

 

j) 

 

b) 
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Figure 30. SEM images of synthesized cathode materials heat-treated using excess 

amount of Li at 800°C for 2h (a,b), 4h (c,d), 8h (e,f), 12h (g,h) and 20h (i, j). 

 

The active materials were also investigated with respect to their particle size. Thus, 

particle size measurements for all cathode materials heat-treated for various duration 

was performed. Interestingly, the measurements resulted in the very similar curve for 

b) 

 

c) 

 

d) 

 

  e) 

 

f) 

 

 

g) 
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their particle size distribution, Figure 31 and Figure 32. The average particle size of 

cathode materials was determined as about 10 μm. It should be noted that this value 

should represent the size aggregates considering the SEM studies, where the primary 

particles were ranging from 100 nm to 300 nm. The prolonged treatment caused 

particle coarsening/coalescence and a tail in the particle size distribution above 100 

μm started to appear.  

 

 

 

Figure 31. Particle size distribution of NMC-111 heat-treated at 800 °C for 2, 4, 8, 

12 and 20h.  

 

 

Figure 32. Particle size distribution of NMC-111 prepared using an excess amount 

of Li, heat-treated at 800 °C for 2, 4, 8, 12 and 20h. 
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The electrochemical measurements were also carried out so as to determine the ideal 

duration in heat-treatment. For this purpose, the electrochemical cells prepared were 

cycled at different rates 0.07C, 0.1C, and 0.2C (1C=170 mAhg-1) within the potential 

window of 2.75–4.5 V. The electrochemical behaviors of cathode materials heat-

treated at various duration is given in Figure 33-36. First discharge capacities are also 

shown in Table 5. 

 

 

 

Figure 33. Voltage profiles of all samples, charged and discharged at 0.1C. 

 

 

 

Figure 34. Voltage profiles of all excess amount of Li samples, charged and 

discharged at 0.1C. 
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Figure 35. Comparison of charge-discharge tests of NMC-111 heat-treated at 800°C 

for 2, 4, 8,12 and 20h. 

 

 

 

Figure 36. Comparison of charge-discharge tests of NMC-111 heat-treated using an 

excess amount of Li at 800°C for 2, 4, 8,12 and 20h. 
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It was observed that Li-excess performed better electrochemical properties, 

particularly in terms of capacity retention. NMC-111 prepared using excess Li and 

heat-treated for 20h exhibited comparable capacity of 177.35 mAhg-1 among other 

samples with better capacity retention. Although, the stoichiometric cathode which 

heat-treated for 20h exhibited higher discharge capacity compared to Li-excess 

cathode, the capacity retention of this cathode was relatively smaller. The 

stoichiometric and Li-excess cathode materials heat-treated for 4h showed a sharp 

decrease in their discharge capacities. The cause of this decline was not fully 

specified but it might be due to the electrochemically active lithium loss. This loss of 

lithium was thought to originate from the undetectable NiO phase, which causes a 

partially deactivated Li2MnO3 phase. Besides, Li-excess cathode materials 

performed better rate capability with respect to stoichiometric cathode materials with 

increasing discharge rates. Moreover, usage of lithium as excess in NMC cathode 

materials is a strategy to achieve the exact stoichiometry during heat-treatment and 

minimize the cation mixing [143]. It was also stated that excess lithium on surface 

layer of NMC cathode materials may react with dopants to form conductive lithium 

layers. Therefore, considering these approaches and the first results obtained so as to 

determine the process parameters, Li-excess cathode materials were chosen for 

further studies and 20h was selected for the post heat-treatment procedure.  

 

Table 5. First discharge capacities of synthesized cathode materials. 

 

 

First  

Discharge 

 Capacity 

(mAhg-1) 

Capacity  

Retention 

after  

5 cycle (%) 

 

First 

Discharge  

Capacity 

 (mAhg-1) 

Capacity  

Retention 

after  

5 cycle (%) 

2h 181.89 70.4 5Li-2h 174.32 69.9 

4h 153.87 8.8 5Li-4h 169.25 37.7 

8h 162.51 70.3 5Li-8h 174.61 56.7 

12h 167.04 47.0 5Li-12h 179.22 71.0 

20h 187.61 72.8 5Li-20h 177.35 76.8 
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4.1.5 Determination of Doping Replacement  

 

In this study, undoped NMC cathode materials, as well as their doped equivalents, 

were studied. Doping elements, Table 6, were added in 2 wt.% for all compounds. 

The doping elements were particularly selected according to their ionic radius, Table 

7, which are suitable for the NMC structure. In the preliminary experiments, doping 

elements were used aiming to replace only Co in NMC. However, this approach 

failed since the formation of secondary phases could not be avoided. This supports 

the effect of Co element in the structural stability of layered oxides. The doping 

elements were then used as a replacement for all transition metals equally in NMC, 

i.e. Ni, Mn, and Co. The radii of elements used in this study which was calculated by 

Shannon [144,145] for different oxidation states of elements were given depending 

on different oxidation states, in Table 7. 

 

Table 6. The precursor of dopants using experiments. 

 

 Molecular Formula Name 

V NH4VO3 
Ammonium vanadium oxide (Ammonium 

metavanadate) 

Cu Cu(NO₃)₂.5H₂O Copper (II) nitrate hemi(pentahydrate) 

Fe FeSO4.7H₂O Iron (II) sulfate heptahydrate 

Cr (NH₄)₂.CrO₄ Ammonium chromate 

Y Y(NO₃)₃.6H₂O Yttrium(III) nitrate hexahydrate 

W (NH₄)₆.W₁₂O₃₉.xH₂O 
Ammonium tungsten oxide hydrate  

(Ammonium metatungstate hydrate) 

Ag AgNO₃ Silver nitrate 

Mo (NH4)6MO7.O244H2O Ammonium molybdate tetrahydrate 
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Table 7. Ionic radii of elements used in the current study, in an octahedrally 

coordinated oxygen environment. 

 

Ion Charge 

Ionic 

Radius 

(Å) 

Ion Charge 

Ionic 

Radius 

(Å) 

Li 1 0.76 

Ag 

1 1.15 

Ni 
2 0.69 2 0.94 

3 0.6 3 0.75 

Mn 

2 0.83 
Cu 

1 0.77 

3 0.645 2 0.73 

4 0.53 Y 3 0.9 

7 0.46 

V 

2 0.79 

Co 

2 0.745 3 0.64 

3 0.61 4 0.58 

4 0.53 5 0.54 

Mo 

3 0.69 

Fe 

2 0.78 

4 0.65 3 0.645 

5 0.61 4 0.585 

6 0.59 

Cr 

2 0.8 

W 

4 0.66 3 0.615 

5 0.62 5 0.49 

6 0.6 6 0.44 

 

Here, half of the doping elements could not be used in the study since they caused a 

secondary phase formation when doped to NMC cathode produced via spray 

pyrolysis. W, Mo, Ag, and Cu were successfully doped into NMC cathode materials. 

XRD patterns of doped NMC are given in Figure 37. 
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Figure 37. XRD pattern of NMC-111 doped with selected elements yielding 

secondary phases. 
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4.2 Structural Characterization Results  

 

4.2.1 NMC Cathode materials 

 

X-Ray diffraction patterns of NMC-111, NMC-622, NMC-226 and NMC-262 

materials, after the post heat-treatment at 800 °C for 20h, are shown in Figure 38. 

Here, undoped NMC compositions exhibited well-defined splitting of (006)/(102) 

and (108)/(110) indicating layered structure and a good hexagonal ordering. The 

desired layer structure was obtained in all compositions, except NMC-262 which also 

comprised Li1.32Mn1.68O4 and Li2MnO3 phases, Figure 38 d. The weight fraction of 

the layered phase in this composition was calculated as ~0.5. Therefore, NMC-262 

was not used for further studies because of the difficulties and instability problems 

encountered during production via spray pyrolysis. Thus, NMC-111, NMC-622 and 

NMC-226 and doped NMC active materials were selected for further studies. 

 

 

 

Figure 38. XRD patterns refined of a) NMC-111, b) NMC-622, c) NMC-226 and d) 

NMC-262. 
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The structure parameters and oxygen positions refined for undoped NMC cathode 

materials were summarized in Table 8. It should be noted that the better 

electrochemical performance was generally attributed to larger c lattice parameter for 

layered structures in literature. However, from lithium ion diffusion point of view, 

the size of the gap between the transition metal and oxygen layers is another 

important parameter so as to attain a good electrochemical performance [17]. The 

determined gap sizes are 2.1402 Å, 2.2998 Å, 2.2574 Å and 2.2257 Å for NMC-111, 

NMC-622, NMC-226 and NMC-262 active materials, respectively. 

 

Table 8. Lattice parameters and oxygen positions refined of NMC cathode materials. 

 

Sample 
a 

(Å) 

c 

(Å) 
c/a %Rw I[003]/I[104] 

Oxygen 

Parameter 

(z) 

Li-

Gap 

(Å) 

111 2.865 14.262 4.978 7.586 1.7984 0.2583 2.1402 

622 2.864 14.262 4.980 14.827 0.6339 0.2527 2.2998 

226 2.842 14.192 4.993 15.647 0.7373 0.2538 2.2574 

262 2.852 14.243 4.994 21.371 0.7848 0.2552 2.2257 

 

The morphology of each active material was examined via SEM and the 

representative images are given in Figure 39. Here, the typical morphology was in 

the form of spherical aggregates consisting of primary small particles. The average 

size of primary particles in undoped NMC was ranging from 0.2 μm to 0.6 μm. 

 

TEM studies were carried for detailed structural analysis and the typical images for 

NMC-111, NMC-622, and NMC-226, respectively are given in Figure 40-42. The 

average particle size in NMC active materials was observed as ~200 nm. High 

resolution images for the active materials indicated the formation of the layered 

crystal structure. This was also confirmed by selected area diffraction patterns 

(SAED), Figure 40-42. 
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Figure 39. SEM images of a) NMC-111, b) NMC-622, c) NMC-226 and d) NMC-

262 active materials. 

 

 

 

Figure 40. a) BF and b) HR images of NMC-111 cathode. c) SAED pattern of NMC-

111, d) which was successfully indexed to 3R m . 
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Figure 41. a) BF and b) HR images of NMC-622 cathode. c) SAED pattern of NMC-

111, d) which was successfully indexed to 3R m . 

 

 

 

Figure 42. a) BF and b) HR images of NMC-226 cathode. c) SAED pattern of NMC-

111, d) which was successfully indexed to 3R m . 
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4.2.2 Doped NMC cathode materials 

 

X-Ray diffraction patterns of Mo-W-Ag and Cu-doped NMC-111, NMC-226 and 

NMC-622 cathode materials, after the post heat-treatment at 800 °C for 20h, are 

given Figure 43-46. It was observed that the doped NMC active materials were 

phase-pure and exhibited a high crystallinity following 20h of heat treatment. 

 

 

 

Figure 43. XRD patterns of Mo-doped NMC-111, NMC-226, and NMC-622 heat-

treated at 800 °C for 20h. 
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Figure 44. XRD patterns of W-doped NMC-111, NMC-226, and NMC-622 heat-

treated at 800 °C for 20h. 

  

 

 

Figure 45. XRD patterns of Ag-doped NMC-111, NMC-226, and NMC-622 heat-

treated at 800 °C for 20h. 
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Figure 46. XRD patterns of Cu-doped NMC-111, NMC-226, and NMC-622 heat-

treated at 800 °C for 20h. 

 

The oxygen position and structural parameters refined by Rietveld analysis are 

summarized in Table 9. Here, many of the active materials, following the heat-

treatment at 800 °C for 20h, exhibited I[003]/I[104] ratio higher than 1.2. indicating a 

good structure ordering and negligible cation mixing [98]. However, this was not 

achieved in the case of 622-W, 111-Ag, and 111-W cathode materials. 
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Table 9. Refined lattice parameters and oxygen positions of doped NMC layered 

cathode materials. 

 

Notation 

(NMC) 
a (Å) c (Å) c/a 

% 

Rw 
I[003]/I[104] 

Oxygen 

Parameter 

(z) 

Li-

Gap 

(Å) 

111-Mo 2.864 14.246 4.975 7.027 1.608 0.2610 2.0609 

622-Mo 2.875 14.228 4.948 5.874 1.460 0.2585 2.1302 

226-Mo 2.844 14.187 4.988 5.673 1.417 0.2602 2.0748 

111-W 2.865 14.253 4.975 5.743 1.197 0.2691 1.8301 

622-W 2.876 14.188 4.953 6.781 1.011 0.2594 2.0954 

226-W 2.844 14.188 4.989 4.503 1.690 0.2874 1.3042 

111-Ag 2.862 14.226 4.970 8.249 1.014 0.2779 1.5772 

622-Ag 2.870 14.211 4.951 9.082 1.833 0.2582 2.1358 

226-Ag 2.844 14.172 4.983 6.489 1.762 0.2597 2.0872 

111-Cu 2.864 14.235 4.971 6.975 1.578 0.2578 2.1504 

622-Cu 2.872 14.220 4.952 8.013 1.777 0.2578 2.1482 

226-Cu 2.843 14.172 4.9858 5.859 1.852 0.2589 2.1105 

 

Doped cathode materials were also investigated via SEM and the respective images 

are given in Figure 47-50. Similar to undoped equivalents, the typical morphology in 

NMC cathode materials was in the form of spherical aggregates consisting of 

equiaxed primary particles. 
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Figure 47. SEM images of Mo-doped NMC-111, NMC-622, and NMC-226 cathode 

materials. 

 

 

 

Figure 48. SEM images of W-doped NMC-111, NMC-622, and NMC-226 cathode 

materials. 
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Figure 49. SEM images of Ag-doped NMC-111, NMC-622, and NMC-226 cathode 

materials. 

 

 

 

Figure 50. SEM images of Cu-doped NMC-111, NMC-622, and NMC-226 cathode 

materials. 
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Doped NMC cathode materials were further investigated by TEM. Typical images 

and the SAED patterns for doped NMC cathode materials are given in Figure 51-62. 

SAED patterns were in a good agreement with the XRD patterns indicating the 

presence of layered structure for all doped cathode materials. 

 

BF images of doped NMC cathode materials have shown that the content of 

transitions metals had a greater effect on the particle morphology as compared to 

doping elements. NMC-111 cathode materials exhibited a morphology which was 

typically in the form of spherical aggregates consisting of small primary particles. 

This was valid for all doping elements in NMC-111. NMC-226 cathode materials 

showed a similar morphology with NMC-111 cathode materials and it was also 

independent of the doping elements. There were only slight deviations with respect 

to the size of the primary particles and the porosity of the aggregates between NMC-

111 and NMC-226 cathode materials. On the other hand, NMC-622 cathode 

materials exhibited very different morphology as compared the other cathode 

materials having different content of transition metals. Although NMC-622 cathode 

materials also comprised spherical aggregates, they had also some fragmented 

particles which were smaller in size. This different type of particle formation was 

observed in all NMC cathode materials independent from doping elements and even 

in undoped compositions. Thus, this could be attributed to the effect of higher Ni 

content in the structure. 

 

TEM studies also revealed that there were different atomic arrangements at the 

surface of the cathode materials, especially in Ni-rich NMC compounds. It is known 

that surface of NMC cathode materials are metastable and have a tendency to form 

surface reconstruction layers (SRL). These layers can be defined as loose atomic 

layers [63,146,147], and primarily occurs along the Li-ion diffusion direction [148]. 

The reconstruction of layers often results in the formation of disordered structure or 

a structural transformation from 3R m  layered structure to 3Fm m  rock-salt or 
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3Fd m  spinel structure. The transformation takes place when the cathode interacts 

with the electrolyte, particularly at high-voltage cycling. This leads to capacity fading 

and impedance build-up in the structure [63,146]. 

 

It should be mentioned that pristine Ni could also segregate on the surface (PNS), 

which is very similar to the formation of SRL. Therefore, it is not easy to distinguish 

the difference between them [148]. The formation of surface reconstruction layers in 

Ni-rich compounds in the study might be also attributed to Ni segregation. 

 

Interestingly, the similar surface reconstruction layer was observed in cathode 

materials before the charge/discharge cycles, Figure 53 b. The surface reconstruction 

observed in this cathode materials was in the form of surface disordering instead of 

a structural transformation, Figure 53 d. This could be attributed to the disordered 

occupation of transition metal atoms into the atomic sites.  

 

 

 

Figure 51. a) BF and b) HR images of the Mo-doped NMC-111 cathode. c) 

Respective SAED pattern, d) which was successfully indexed to 3R m . 
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Figure 52. a) BF and b) HR images of the Mo-doped NMC-226 cathode. c) 

Respective SAED pattern, d) which was successfully indexed to 3R m . 

 

 

 

Figure 53. a) BF and b) HR images of the Mo-doped NMC-622 cathode. c) 

Respective SAED pattern, d) which was successfully indexed to 3R m . 
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Figure 54. a) BF and b) HR images of the W-doped NMC-111 cathode. c) Respective 

SAED pattern, d) which was successfully indexed to 3R m . 

 

 

 

Figure 55. a) BF and b) HR images of W-doped NMC-226cathode. c) Respective 

SAED pattern, d) which was successfully indexed to 3R m . 
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Figure 56. a) BF and b) HR images of the W-doped NMC-622 cathode. c) Respective 

SAED pattern, d) which was successfully indexed to 3R m . 

 

 

 

Figure 57. a) BF and b) HR images of the Ag-doped NMC-111 cathode. c) 

Respective SAED pattern, d) which was successfully indexed to 3R m . 
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Figure 58. a) BF and b) HR images of the Ag-doped NMC-226 cathode. c) SAED 

pattern of NMC-111, d) which was successfully indexed to 3R m . 

 

 
 

Figure 59. a) BF and b) HR images of the W-doped NMC-622 cathode. c) Respective 

SAED pattern, d) which was successfully indexed to 3R m . 
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Figure 60. a) BF and b) HR images of the Cu-doped NMC-111 cathode. c) 

Respective SAED pattern, d) which was successfully indexed to 3R m . 

 

 

 

Figure 61. a) BF and b) HR images of the Cu-doped NMC-226 cathode. c) 

Respective SAED pattern, d) which was successfully indexed to 3R m . 
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Figure 62. a) BF and b) HR images of the Cu-doped NMC-622 cathode. c) 

Respective SAED pattern, d) which was successfully indexed to 3R m . 

 

 

 

Figure 63. a) BF and b) HR images of Mo-doped NMC-622 cathode after cycling. 

c) Respective SAED pattern, d) which was successfully indexed to 3R m . 
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Following the charge/discharge cycles, cathode materials were also investigated via 

TEM. As an example, TEM images and SAED pattern of Mo-doped NMC-622 after 

20 charge/discharge cycles are given in Figure 63. It was observed that Mo-doped 

NMC-622 preserved its layered structure without formation of a secondary phase 

after 20 charge/discharge cycles. Thus, it can be deduced that Mo doping was 

successful to stabilize NMC structure and to prevent irreversible phase 

transformation during cycling. This might be due to the hindering of Ni2+ ions 

migration in the presence of Mo doping, where the ion migration is critical for 

structural transformation [99]. 

 

4.3 Chemical Characterization Results  

 

4.3.1 NMC Cathode materials 

 

The compositions of the undoped active materials were determined using both EDS 

and ICP-MS and compared with the targeted compositions. EDS was employed so 

as to determine the content of the transition metals in the cathode materials. The 

location of the compositions with respect to their transition metals content on the 

ternary diagram is given Figure 64.  

 

 

Figure 64. Comparison of the transition metals content determined by EDS (black 

marks) and the values targeted (red marks) for NMC-111, NMC-622, NMC-226, and 

NMC-262. 
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The compositions determined with the accuracy of EDS, ±2%, were very similar to 

the values targeted. The active materials were also analyzed by ICP-MS in order to 

determine the Li content and to ensure the transition metals content in the cathode 

materials.  

 

XPS was employed so as to determine the oxidation states of transition metals and 

Li in the cathode materials. XPS spectrum of Li1s, Ni2p, Mn2p, Mn3s and Co2p, 

O1s and C1s for 111, 622 and 226 NMC cathode materials are given in Figure 65. 

Here, the signals at ~283 eV and ~287 eV in C1s indicated the presence of impurities 

on the surface of active materials. These are commonly associated with C─O and 

O─C═O, respectively [149]. O1s spectrum indicated the presence of metal oxides 

for all NMC cathode materials. However, the signal at ~529 eV indicated that the 

formation of metal carbonates, probably Li2CO3 [150], in 622 and 226 NMC cathode 

materials. In Li1s spectra, the peak at 52 eV indicated Li+1 which was the same for 

all cathode materials. Here, the peaks at 59 eV and 66 eV coincided with that of Co3p 

and Ni3p, respectively [151]. Mn3s spectra were scanned to direct identification of 

Mn oxidation state in all active cathode materials, Figure 65. Here, Mn3s peaks had 

two multiplet split components in all cathode materials. It is known that the 

magnitude of splitting, ΔE, in Mn3s spectrum can be used to determine the oxidation 

state of Mn [152]. In all compositions, ΔE was measured ~6.00 eV indicating the 

presence of Mn2+ [152,153]. The position of Co2p3/2, Co2p1/2 at 793 eV and 778 

eV, respectively indicated the presence of Co3+, while Ni2p3/2, Ni2p1/2 peaks 

observed at 870 eV and 853 eV, respectively indicated the presence of and Ni2+ in all 

active materials. [153,154]. 
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Undoped NMC cathode materials 

 

 

 

Figure 65. XPS tight-scans of C1s, O1s, Li1s, Ni2p, Mn2p, Mn3s and Co2 for 

undoped 111, 622, and 226 NMC cathode materials. 
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Figure 65. Cont’ d 

 

4.3.2 Doped NMC 

 

The compositions of doped NMC cathode materials were determined using weight 

percentages of elements measured with ICP-MS, Table 10. The measurements 

showed a good agreement between the intended and the determined compositions. 

 

Oxidation states were also determined for doped NMC cathode materials. XPS 

spectrum of O1s, C1s, Li1s, Ni2p, Mn2p, Mn3s, Co2p, Mo3d, W4f, Ag3d and 

CuLMM for all doped active materials, i.e. NMC-111, NMC-622, and NMC-226 are 

given in Figure 66-68. In C1s spectra, similar to undoped cathode materials, the peaks 

at ~283 eV and ~287 eV were associated with C─O and O─C═O, respectively [149]. 

O1s spectrum indicated the presence of metal oxide and metal carbonate, probably 

Li2CO3, which was between 527-529 eV [150]. The peak around 529-530 eV was 

generally associated with C─O. For Li1s spectra, the peaks at around 59 eV and 64 
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eV coincides with that of Co3p and Ni3p, respectively, where the peak around 52 eV 

belonged to standard Li1s peak for all samples [151].  

 

Figure 67 shows the position of Co2p3/2, Co2p1/2, and Ni2p3/2, Ni2p1/2 peaks at 

~792.4 eV, 777.3 eV and 869 eV, 852 eV, respectively. This implied the presence of 

Co3+ and Ni2+ [153,154] in all doped samples. Mn3s peaks were also used to identify 

of Mn oxidation state. Here, ΔE was measured as ~6.00 indicating the presence of 

Mn2+ [152,153] for all doped active materials.  

 

Table 10. Compositions of doped NMC layered cathode materials. 

 

Notation 

(NMC) 
Sample Calculated formula 

111-Mo Li1.05(Ni0.323Mn0.323Co0.323Mo0.02)O2 Li0.984(Ni0.318Mn0.340Co0.337Mo0.019)O2±δ 

622-Mo Li1.05(Ni0.593Mn0.193Co0.193Mo0.02)O2 Li0.975(Ni0.606Mn0.199Co0.200Mo0.020)O2±δ 

226-Mo Li1.05(Ni0.193Mn0.193Co0.593Mo0.02)O2 Li0.974(Ni0.200Mn0.200Co0.625Mo0.019)O2±δ 

111-W Li1.05(Ni0.323Mn0.323Co0.323W0.02)O2 Li0.980(Ni0.328Mn0.328Co0.342W0.021)O2±δ 

622-W Li1.05(Ni0.593Mn0.193Co0.193W0.02)O2 Li0.948(Ni0.601Mn0.228Co0.202W0.019)O2±δ 

226-W Li1.05(Ni0.193Mn0.193Co0.593W0.02)O2 Li1.013(Ni0.194Mn0.194Co0.597W0.018)O2±δ 

111-Ag Li1.05(Ni0.323Mn0.323Co0.323Ag0.02)O2 Li0.972(Ni0.327Mn0.355Co0.336Ag0.009)O2±δ 

622-Ag Li1.05(Ni0.593Mn0.193Co0.193Ag0.02)O2 Li0.966(Ni0.616Mn0.206Co0.204Ag0.007)O2±δ 

226-Ag Li1.05(Ni0.193Mn0.193Co0.593Ag0.02)O2 Li0.965(Ni0.199Mn0.202Co0.623Ag0.01)O2±δ 

111-Cu Li1.05(Ni0.323Mn0.323Co0.323Cu0.02)O2 Li0.968(Ni0.337Mn0.337Co0.338Cu0.02)O2±δ 

622-Cu Li1.05(Ni0.593Mn0.193Co0.193Cu0.02)O2 Li0.932(Ni0.623Mn0.212Co0.211Cu0.022)O2±δ 

226-Cu Li1.05(Ni0.193Mn0.193Co0.593Cu0.02)O2 Li0.993(Ni0.192Mn0.194Co0.600Cu0.021)O2±δ 
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Mo-doped NMC 

 

W-doped NMC 

 

 

Figure 66. C1s, O1s, and Li1s XPS profiles for doped NMC-111, NMC-622, and 

NMC-226 cathode materials. 
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Ag-doped NMC 

 

Cu-doped NMC 

 

Figure 66. Cont’ d 
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Mo-doped NMC 

 

    W-doped NMC 

 

 

Figure 67. XPS profile of doped 111, 622 and 226 NMC cathode materials for 

Ni2p, Mn2p, and Co2 peaks. 

890 880 870 860 850 670 660 650 640

810 800 790 780 770

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

Binding Energy (eV)

Binding Energy (eV)

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

Shake up Shake up

 

 

Ni2p

 111-Mo

 622-Mo

 226-Mo Ni2p1/2 Ni2p3/2

Binding Energy (eV)

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

Mn2p1/2 Mn2p3/2

 

 

 111-Mo

 622-Mo

 226-Mo

Mn2p

Shake up

 

 

 111-Mo

 622-Mo

 226-Mo

Co2p

Co2p1/2 Co2p3/2

890 880 870 860 850 670 660 650 640

810 800 790 780 770

 

 

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

Ni2p

 111-W

 622-W

 226-W

Binding Energy (eV)

 

 

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

 111-W

 622-W

 226-W

Mn2p

Binding Energy (eV)

Shake up
Shake up

 

Ni2p1/2
Mn2p1/2 Mn2p3/2

 

Shake up

Co2p1/2 Co2p3/2

Ni2p3/2

111-W

622-W

226-W

 

 

In
te

n
s
it

y
 (

a
rb

. 
u

n
it

s
)

Binding Energy (eV)

Co2p



 

 

 

84 

 

Ag-doped NMC 

 

Cu-doped NMC 

 

 

Figure 67. Cont’ d 
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XPS analyses of doping elements are shown in Figure 68. Mo3d peaks were 

measured for each cathode as 232.7 and 229.6 eV indicating the Mo oxidation state 

of Mo6+ and Mo4+, respectively [155]. W4f peaks in each sample were measured as 

34.9 eV and 32.7 eV which pointed out that W had an oxidation state of W6+ [156]. 

Ag could not be detected in any XPS analysis of the respective cathode materials. 

The similar findings were also obtained in ICP-MS analyses, where very limited Ag 

(70% less than the intended value) could be measured in Ag-doped cathode materials. 

Thus, it can be deduced that complete replacement of transition metals with Ag could 

not be achieved. However, Ag might still be present in the core part of the structure 

with a limited amount. Cu2p was measured as ~970 eV, while CuLMM was scanned 

as 935 eV and 942 eV in the region of Auger kinetic energy. This might refer to Cu2+ 

oxidation state [157,158]. 

 

Here, it should be mentioned that neither Ni3+ nor Co4+ oxidation states were 

observed in XPS analyses. This is important since these ions could lead structural 

instability in the layered cathode materials. This was also in good agreement with 

TEM studies, where pure layered structure was observed without formation of a 

secondary phase. 
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Figure 68. Representative Mn3s XPS profile, spectra of each related doped element 

of 111, 622 and 226 NMC cathode materials. 

 

4.4 Electrochemical Characterization Results  

 

4.4.1 NMC Cathode materials 

 

In electrochemical characterizations, charge-discharge behavior, discharge capacity 

and cycle life of the active materials were measured using a potentiostat/galvanostat. 

The electrochemical cells prepared with undoped NMC cathode materials were cycled 

at different rates, i.e. 0.1C, 0.3C and 1C (1C=170 mAhg-1) within 2.7-4.5 V potential 

interval. The discharge capacity of NMC cathode materials as a function of cycles and 

voltage profiles are given in Figure 69 and Figure 70, respectively. 
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Of the cathode materials, NMC-111 cathode performed the highest capacity of 180.5 

mAhg-1, which is higher than that of commercial LiCoO2, 140 mAhg-1. This could 

be attributed to high I[003]/I[104] ratio indicating the good hexagonal ordering and the 

limited cation mixing in the structure. NMC-226 exhibited also a high capacity with 

a value of 161.1 mAhg-1, while NMC-262 performed a capacity of 106.5 mAhg-1. On 

the other hand, NMC-622 cathode exhibited the lowest capacity with a value of 81.7 

mAhg-1. The cation mixing in the structure, where I[003]/I[104] ratio, 0.6339, was much 

lower than the critical value of 1.2, could be responsible for such a low capacity. 

Additionally, side reactions occurred during cycling could be another reason since 

the Ni-rich cathode materials are known as having high tendency to form Ni-F 

compounds and a passive surface film with the interaction of electrolyte. 

 

 

 

Figure 69. Comparison of the discharge capacity of NMC-111, NMC-622, NMC-

226, and NMC-262. 
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Figure 69. Cont’ d 

 

Capacity retention of the cathode materials after 31 cycles was determined as 84.4%, 

88.0%, 51.6% and 85.8% for NMC-226, NMC-262, NMC-622 and NMC-111 cathode 

materials, respectively. The electrochemical performance of the cathode materials is 

summarized in Table 11. 

 

Table 11. Electrochemical Properties of the layered NMC cathode materials. 

 

Sample 
First Discharge  

Capacity (mAhg-1) 

Capacity 

Retention  

at Cycle 31 (%) 

Capacity  

Retention at Cycle 

32(%) 

226 161.1 84.4 83.5 

262 106.5 88.0 90.0 

622 81.7 51.6 46.4 

111 180.5 85.8 85.3 
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Figure 70. Voltage profiles of undoped NMC cathode materials, a) charged at 0.1C 

and discharged at 0.1C, b) charged at 0.1C and discharged at 0.3C c) charged at 0.1C 

and discharged at 1C d) charged at 0.3C and discharged at 0.1C e) charged at 0.3C 

and discharged at 0.3C. 
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of a reaction in the cell causing the increase in impedance. Therefore, it resulted in a 

capacity loss with the following cycles. 

 

It should be mentioned that the electrochemical performance of active materials 

could be affected by various factors such as particle size and morphology in active 

materials, Li-ion diffusion pathway in the structure and as well as the ordering of 

cation sites in the layered structure. The particle size of the active materials in the 

study was determined very similar to each other. Additionally, the gap size in the 

respective active materials was similar as well. Thus, it could be deduced that the 

cation mixing should be more critical than the respective particle size or mass transfer 

in the structure for the electrochemical performance of the cathode materials. This 

could also explain the better performance of NMC-111 as compared to other undoped 

cathode materials. Additionally, the formation of the surface reconstruction layers, 

which would be related to the structural stability, during intercalation/deintercalation 

processes could affect the performance. As discussed in Section 4.2, reconstruction 

layers could result in the formation of a rock-salt phase with a closed-packed 

structure or formation of a passivation layer [63]. Both scenarios could prevent the 

Li diffusion and decreases the efficiency causing capacity fading in NMC cathode 

materials, particularly in NMC-622. 

 

4.4.2 Doped NMC 

 

In the electrochemical tests, cells made with doped NMC cathode materials were 

cycled between 2.7-4.2 V at a 0.1C rate (1C=170 mAhg-1). The discharge capacity 

and the charge-discharge profiles of the cathode materials are given in Figure 71 and 

Figure 72, respectively. The first discharge capacity of doped 111, 622 and 226 

layered cathode materials and their capacity retention after 21 cycles are summarized 

in Table 12. 
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Figure 71. The discharge capacity of doped NMC cathode materials as a function of 

cycles. 

 

Of the doped cathode materials, Mo-doped NMC-111, NMC-622, and NMC-226 
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maintained their capacity after 21 charge-discharge cycles at around 80%, 81%, and 

53%, respectively. Unlike the doping with Mo, W-doped NMC-111 cathode 

exhibited a very low first discharge capacity with 36.32 mAhg-1 and then failed in 

the fifth cycle. Here, 622-W and 226-W exhibited a capacity of 95.03 mAhg-1 and 

88.85 mAhg-1, respectively. The retention in these cathode materials was in the 

respective order of 83% and 74%. Here, the great portion of the capacity drop in 226-

W occurred at the twelfth cycle. In Cu-doped cathode materials, NMC-111 and 

NMC-622 exhibited very similar first discharge capacity of ~123 mAhg-1 with an 

80% and 85% of capacity retention, respectively. Here, it should be noted that Cu 

doped NMC-226 cathode failed during the tests. Of the Ag-doped cathode materials, 
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retention of 111-Ag was quite low with a value of 5%, while 622-Ag had a retention 

of 91%. 

 

Table 12. The first discharge capacity of the doped NMC-111, NMC-622 and NMC-

226 layered cathode materials and their capacity retention after cycles. 

 

Sample 
First Discharge  

Capacity (mAhg-1) 

Capacity retention 

 after cycling (%) 

111-Mo 139.55 80 

622-Mo 140.75 81 

226-Mo 90.30 53 

111-W 36.32 0 

622-W 95.03 83 

226-W 88.85 74  

111-Ag 47.91 5 

622-Ag 111.40 91 

111-Cu 123.87 80 

622-Cu 123.31 85 

 

Discharge and charge voltage profiles, at the 1st cycle, were plotted in Figure 72. The 

highest capacity in the cathode materials was measured in 622-Mo and 111-Mo with 

similar values. It was followed by 111-Cu and 622-Cu among the other doped NMC 

cathode materials. The lowest capacity was observed in 111-Ag and 111-W NMC 

cathode materials. These cathode materials also could not recover their capacity with 

the subsequent cycles. This low performance could be attributed to the high cation 

mixing, i.e. I[003]/I[104]<1.2 with narrower Li-gap size as compared to the other 

cathode materials. They also exhibited relatively higher impedance when they were 

compared to others. 
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Figure 72. Initial charge-discharge profile of NMC cathode materials from 2.7 V to 

4.2 V at 0.1C. 

 

Here, there are some of the highlights should be mentioned about the voltage profiles. 

622-Ag had a two-step discharge profile indicating a change in the reaction 

mechanism around 3.3-3.4 V. Here, it should be mentioned that the voltage profiles 

could indicate the formation of a surface layer between the cathode and electrolyte 

or a phase transformation from the layered structure causing the capacity fading. 

These also result in a difference in the amount of Li-ions during charging/discharging 

and causes a sign in the voltage profiles. Thus, the two-step discharge profiles could 

be caused by the formation of a surface layer or a phase transformation. Moreover, 

622-Ag had IR-drop during charging which might be due to the oxygen migration 

from the structure causing an increase in the internal resistance [159].  
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Coulombic efficiency of the cathode materials was calculated and given in Figure 73. 

Here, Coulombic efficiency (CE) is used to define the ratio of discharge capacity to 

the charge capacity of a cell. Generally, higher CE indicates a longer cycle life of the 

battery. In addition to that CE is used to observe the magnitude of the side reactions 

[160] and also predict its relationship with the capacity fading. General practice in 

NMC cathode materials particularly concentrates on the side reactions [161]. CE of 

NMC cathode materials in the range of 2.7 V-4.2 V potential window was determined 

very close to each other, except 111-W. Here, 111-W exhibited a drastic drop, at the 

eleventh cycle, in CE indicating the severe capacity loss. Thus, this might be caused 

by the side reactions, i.e. electrolyte decomposition during cycling. But also, 111-W 

NMC cathode performed also drastically drop after 5th cycle, Figure 71. This 

abnormal behavior was observed at the first significant capacity loss. Although its 

discharge and charge capacity were very low but close to each other, it had behaved 

like recovering itself. 

 

 

Figure 73. Coulombic efficiency of doped NMC cathode materials. 
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EIS measurements of doped NMC cathode materials were performed in the 

frequency range from 300 kHz to 3 mHz with a 10 mV AC amplitude. The EIS 

spectrum of the cathode materials before the first charge at 0% SOC was given in 

Figure 74-77. Here, EIS intercepts in the range of high-frequency are often 

contributed to resistance involving from Li-ion transport through the electrolyte. In 

a typical EIS spectrum, there could be several semi-circles ending with a linear 

segment representing the Li-ion diffusion. The semi-circles at high and intermediate 

frequency regions are often associated with the capacitive and resistive behavior 

caused by the presence of surface films, the formation of a double layer and a charge 

transfer process [162]. The linear segment at the low-frequency region is generally 

attributed to Li-ion diffusion in the particles of the active material which could be 

interpreted by Warburg-type elements. In the EIS interpretation, finite space 

Warburg element (FSW), due to the nature of the NMC cathode materials, was used 

instead of infinite Warburg element. In FSW, the center of the particle (the second 

boundary condition) would shortly assume the zero flux condition and this caused a 

capacitive effect to be seen in the spectrum. FSW impedance can be calculated by 

Equation 4 which was defined in Section 3.5.  

 

 

 

Figure 74. EIS spectrum of Mo-doped NMC-111, NMC-622, and NMC-226 layered 

cathode materials. 
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The fitted values of the circuit elements are given in Table 13. Here, it should be 

mentioned that the lower internal impedance in the cathode materials, particularly in 

NMC-111 and NMC-622, could be related to their particle morphology. The general 

morphology of the active materials was in the form of loose aggregated with 

relatively larger particles. However, the size of the primary particles and the porosity 

in the aggregates varied in each cathode. Particularly, NMC-111 and NMC-622 had 

a more loose aggregate structure with relatively larger primary particles. Thus, this 

loose structure could result in a higher contact with the electrolyte causing lower 

internal impedance. Besides, it could also cause shorter effective diffusion distances 

which indicate a faster diffusion time, (s). 

 

Of the EIS measurements, it was observed that Mo-doped cathode materials, 

particularly 622-Mo, had a lower charge transfer resistance and a lower time constant 

as compared to most of the other doped cathode materials.  

 

Table 13. Equivalent circuit values of impedance fittings for the electrodes (  is the 

time constant). 

 

Sample 
RCT (Ω)   (s) χ2 

111-Mo 908 25.5 4.5x10-3 

226-Mo 816 25.6 1.8x10-3 

622-Mo 629 15.5 3.9x10-3 

111-W 6430 - 9.6x10-3 

226-W 13000 - 8.5x10-3 

622-W 981 68.3 3.6x10-3 

111-Ag 580 38.9 3.12x10-3 

622-Ag 342 6.78 7.05x10-3 

111-Cu 718 19.1 3.03x10-3 

622-Cu 592 5.43 4.5x10-3 
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Figure 75. EIS spectrum of W-doped NMC-111, NMC-622, and NMC-226 layered 

cathode materials. 
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the form of cylindrical or spherical, where the planar particle morphology exhibits 

typical Warburg-type impedance [166]. Thus, the spherical particle morphology of 

the cathode materials in the current study could be responsible for this deviation.  

 

 

 

Figure 76. EIS spectrum of Ag-doped NMC-111 and NMC-622 layered cathode 

materials. 

 

 
 

Figure 77. EIS spectrum of Cu-doped NMC-111 and NMC-622 layered cathode 

materials. 
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As discussed above, electrochemical behavior of the cathode materials, e.g. Li-ion 

diffusion and charge transfer resistance are affected by the morphology of the 

particles. In the current study, two different type of morphology in the active 

materials causing the variation in the electrochemical performances. One is the 

aggregates which were densely packed with relative smaller primary particles. The 

second type is the aggregates which were loosely packed with larger primary 

particles. The loose aggregate morphology was generally observed in NMC-111 and 

NMC-622 cathode materials, while the others consisted of the densely packed 

aggregates. The loose aggregate structure often resulted in a higher discharge 

capacity with a lower internal resistance. This might be due to the fact that large 

primary particles with more open structure could make the 

intercalation/deintercalation of lithium ions easier. On the other hand, the densely 

packed aggregates with smaller primary particles may bring difficulties in electrode-

electrolyte interaction causing higher internal resistance. This was also confirmed by 

physical adsorption studies. Undoped cathode materials had surface area of 9 m2/g, 

13 m2/g, and 7 m2/g for NMC-111, NMC-226, and NMC-622, respectively. On the 

other hand, surface area of the cathode materials increased approximately to 13 m2/g, 

16 m2/g, and 24 m2/g for all doped cathode materials of NMC-111, NMC-226, and 

NMC-622, respectively. Similarly, micro pore area also increased from 12 m2/g, 17 

m2/g, and 10 m2/g to approximately 18 m2/g, 20 m2/g, and 35 m2/g in the case of 

doping of NMC cathode materials. This increase in both the surface area and the 

microporous area has proven to be a constant contact between the particles by 

allowing passage through the electrolyte within the particles, especially in the case 

of doping of NMC-622. Thus, this kind of loose porous structure resulted in shorter 

diffusion distances and thus, faster diffusion time,   (s). 
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CHAPTER 5  

 

 

CONCLUSIONS 

 

 

 

The aim of this study was to investigate the effects of Ni:Mn:Co mole ratio and 

doping elements, i.e. Mo, W, Ag and Cu in Li(NixMnyCo1−x−y-zMz)O2 (NMC) cathode 

materials for Li-ion batteries. Li(Ni1/3Mn1/3Co1/3)O2 (NMC-111), 

Li(Ni0.2Mn0.2Co0.6)O2 (NMC-226), Li(Ni0.6Mn0.2Co0.2)O2 (NMC-622), 

Li(Ni0.2Mn0.6Co0.2)O2 (NMC-262) and their doped equivalents with the doping 

weight ratio of 2% were synthesized via spray pyrolysis. This method was used to 

have a spherical fine-sized morphology in the powders synthesized. Heat-treatment 

was performed to provide well-defined splitting of (006)/(102) and (108)/(110) 

diffraction peaks in XRD patterns as an indicator for a layered structure and a good 

hexagonal ordering. For this purpose, parameters such as reaction temperature and 

flow rate of carrier gas etc. in spray pyrolysis were optimized. 

 

The cathode compositions were analyzed via ICP-MS and it was observed that the 

intended compositions were achieved in cathode materials with the exception of Ag 

doping. The structural characterization also revealed that the layered structure in 

many cathode materials was successfully obtained. Of the undoped NMC cathode 

materials, NMC-111 exhibited relatively lower cation mixing in the structure leading 

highest discharge capacity. In the doped compositions, Mo-doped cathode materials in 

all Ni:Mn:Co mole ratio exhibited relatively lower cation mixing together with the 

wider Li-gap. This was also valid for all 622 compositions independent from the 

doping elements, except W.  
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The electrochemical cells prepared with undoped NMC cathode materials were cycled 

in the range of 2.7 V-4.5 V potential window at 0.1C, 0.3C and 1C rate (1C=170 

mAhg-1). Capacity retention after 32 cycles was determined as 85.3 % and 90 %, for 

NMC-111 and NMC-262 cathode materials, respectively. However, the structural 

stability couldn’t be maintained in NMC-262 compositions which have relatively high 

Mn content and layered-to-spinel transformation was observed in these cathode 

materials. NMC-111 compound showed higher discharge capacity with a value of 

180.5 mAhg-1, which was attributed to the low or negligible cation mixing as 

evidenced by high I[003]/I[104] intensity ratio. On the other hand, the NMC-622 

composition showed the lowest capacity with 81.7 mAhg-1. The cation mixing in the 

structure, where I[003]/I[104] ratio, 0.6339, was much lower than the critical value of 

1.2, could be responsible for such a low capacity. In addition to that, this might be 

also caused by the side reactions, especially at higher voltages as in the case of 4.5 

V, at the cathode/electrolyte interface which is very common in Ni-rich compounds. 

Capacity retention in the cathode materials was determined as approximately 85%, 

88%, 52% and 86% for NMC-226, NMC-262, NMC-622 and NMC-111, respectively 

after 31 charge-discharge cycles. 

 

Doped NMC cathode materials were cycled between 2.7-4.25 V at a 0.1C rate 

(1C=170 mAhg-1). Mo-doped NMC-111 and NMC-622 exhibited a capacity of 

139.55 mAhg-1 and 140.75 mAhg-1 with 80% and 81% capacity retention, 

respectively. Both Cu-doped NMC-111 and NMC-622 exhibited very similar first 

discharge capacity with a value of ~123 mAhg-1 with 80% and 85% of capacity 

retention, respectively. 622-W showed a comparative capacity with 111 mAhg-1 and 

its capacity retention was also good which was 83% after 21 cycles and 80% after 38 

cycles. 226-W exhibited first discharge capacity of ~89 mAhg-1; however, it had lost 

30% of its capacity after only 12 cycles. Of the doped cathode materials, 111-Ag and 

111-W NMC performed the worst discharge capacity and rate capability with 

increasing impedance during cycling. 
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In the current study, two different type of morphology in the active materials causing 

the variation in the electrochemical performances. One is the aggregates which were 

densely packed with relative smaller primary particles. The second type is the 

aggregates which were loosely packed with larger primary particles. The loose 

aggregate morphology was generally observed in NMC-111 and NMC-622 cathode 

materials, while the others consisted of the densely packed aggregates. Here, it should 

be mentioned that the structure of loose aggregates with larger primary particles was 

dominant in particularly NMC-622 cathode materials. This loose aggregate structure 

often resulted in a higher discharge capacity with a lower internal resistance. This 

might be due to the fact that large primary particles with more open structure could 

make the intercalation/deintercalation of lithium ions easier. On the other hand, the 

densely packed aggregates with smaller primary particles might have brought some 

difficulties in electrode-electrolyte interaction causing higher internal resistance. 

Additionally, this higher capacity in doped NMC-622 cathode materials can be 

attributed to the hindering of cation mixing between Li/Ni by doping elements since 

the doping elements and the ratio in transitions metals substantially affected the 

particle morphology in the active materials. 
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