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Abstract 

 

Efforts have been devoted to the development of thermal stability and energy density in lithium 

ion batteries which have widely been applied as power sources for portable electronic devices, and 

electrical vehicles (EVs). Ni-rich systems (x > 0.6 mole in LiNixCoyMn1-x-yO2) have been 

considered as promising candidates as a cathode material for such applications, due to its high 

specific capacity and low cost. However, it has thermal instability and poor cycle life. Arising 

safety problem such as thermal instability will be inevitable by high Ni-contents for high capacity 

and power because of the occurrence of cell explosion with exothermic reactions in charged 

batteries at elevated temperature. Much research has been carried out to improve such structural 

and thermal stability of Ni-rich cathode materials via surface coating (Al2O3, AlPO4, ZnO etc.) and 

core-shell structure. Traditionally, research in the field has been reported that the coating can 

prevent their direct contact with the electrolyte solution, suppress the phase transitions, improve 

the structural stability, and decrease the disorder of cation in the crystal lattice. The surface 

structure of the electrode materials will play a more and more important role in their 

electrochemical performance due to directly influence electrical and physical character. 

Investigation of structural transformation at the surface of layered cathode materials in high 

temperature environment, such as Ni-rich system LixNi1-y-zCoyMnzO2 (that is, NCM), 

LiNi0.8Co0.15Al0.05O2 (that is, NCA) materials, have been accomplished by XAS (X-ray absorption 

spectroscopy), EELS(electron energy loss spectroscopy), atomic-scale STEM (Scanning 

transmission electron microscopy), in-situ TR-XRD (time resolved X-ray diffraction), during 

cycling. However, the lack of a thorough understanding of before and after surface treatment 

(coating or doping) still remains as an unsolved assignment. Structural degradation of Ni-rich 

cathode materials (LiNixM1−xO2; M = Mn, Co, and Al; x > 0.5) during cycling at both high voltage 

(>4.3 V) and high temperature (>50 °C) led to the continuous generation of microcracks in a 

secondary particle which consisted of aggregated micrometer-sized primary particles. These 

microcracks caused deterioration of the electrochemical properties by disconnecting the electrical 

pathway between the primary particles and creating thermal instability owing to oxygen evolution 

during phase transformation. To develop the safety and electrochemical properties, I suggested a 

new treatment concept and coating material.  

Firstly, We report a new concept to overcome those problems of the Ni-rich cathode material 

via nanoscale surface treatment of the primary particles. The resultant primary particles’ surfaces 

had a higher cobalt content and a cation-mixing phase (Fm𝟑̅m) with nanoscale thickness in the 

LiNi0.6Co0.2Mn0.2O2 cathode, leading to mitigation of the microcracks by suppressing the structural 

change from a layered to rock-salt phase. Furthermore, the higher oxidation state of Mn4+ at the 
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surface minimized the oxygen evolution at high temperatures. This approach resulted in improved 

structural and thermal stability in the severe cycling-test environment at 60 °C between 3.0 and 

4.45 V and at elevated temperatures, showing a rate capability that was comparable to that of the 

pristine sample. 

Secondly, introducing a glue-role thin nano-filler layer consisting of a middle-temperature 

spinel-like LiCoO2 phase between the grains, leads to significantly improved grain’s adhesion 

ability in the aggregated particle compared to pristine particle that exhibits severe pulverization of 

the grains under the pressure and cycling. One of the most striking performances is that the cathode 

treated with the glue-layer exhibits highly stable cycling performance at 60°C without using any 

electrolyte additives. Surprisingly, this performance is quite comparable to that at room 

temperature (89%). This unprecedented performances can be attributed to the increased binding 

energy between grain boundaries with the glue-layer. 
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Ⅰ. Introduction 

To reduce carbon emissions and the dependence on fossil fuel, the development of energy 

storage systems for renewable energy sources has been widely investigated. Figure 1 shows the 

schema of energy densities for various rechargeable batteries. Lithium-ion batteries (LIB) have 

been most commonly used in various electronics for energy storage. They are one of the most 

popular types of rechargeable batteries for portable electronics because of their a high energy 

density, a small memory effect, and only a slow loss of charge when not in use. The LIB is 

generally composed of a cathode, anode, separator, and electrolytes. The electrical energy is 

stored and used in the Li-ion batteries via energy conversion between electrochemical energy and 

chemical energy. Lithium ion batteries operate by lithium ion transportation and utilizes the 

oxidation and reduction reaction at the cathode and anode. In the charging process, the lithium 

ions move from cathode material to anode material with energy conversion from electrochemical 

energy to chemical energy, and the electrical energy is stored in the battery. The reverse process 

occurs during discharge. Since the amounts of lithium ion included in the cathode material decide 

the capacity of the battery, the cathode material is the most important part among the components 

of the LIB system, such as electrode material, separator, electrolytes and so on. Therefore, 

standard properties, such as capacity, energy density, power density and safety, depend on the 

cathode materials. Even the cost portion of the cathode is the largest in the cell. 

The LIB was commercialized by SONY in 1991 with LiCoO2 (known as LCO) as cathode 

materials. Now, lithium ion batteries have been applied to portable electronic devices such as note 

PCs, mobiles, and tablet PCs. Since 1997, Electric vehicles have been getting attentions worldwide 

due to the suppressing of emission of greenhouse gases and decreasing of prices of crude oils. The 

electric vehicles are classified by their power source such as Electric Vehicle (EV, run on a 

rechargeable electric battery), Hybrid Electric Vehicle (HEV, electric motor assists gasoline 

motor), and Plug-in Hybrid Electric Vehicle (PHEV, similar to hybrids but with rechargeable 

electric batteries). Currently, the LCO materials with a working voltage of 3.7V are used as 

commercial cathode materials which are obtained by simple methods, because of its good cycle 

retention with a stable layered structure of R3̅m for lithiation/delithiation. However, the LCO 

cathode material has some problems for larger scale batteries such as EV: ⅰ) the limited supply 

and high cost of Cobalt. ⅱ) the low reversible capacity of 150 mAh g−1. These problems hinder 

the development of electric vehicles, and therefore alternate materials are required.  
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Figure 1. Comparison of energy densities in terms of volumetric and gravimetric for various 

rechargeable batteries. (Copyright of http://www.designnews.com/document) 
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Ⅱ. Theoretical & Literature Survey 

 

2.1 Ni-rich layered cathode materials for lithium ion batteries 

The layered structure of LiMO2 (M=transition metals; Co, Ni, Mn, Fe, etc.) is an iso-

structure with α-NaFeO2 (space group of R3̅m) and has a highly close-packed structure with 

oxygen ions in cubic arrangement. The lithium ions and transition metal occupy the octahedral 

sites of alternating layers and this structure is called an “O3-type” structure. Figure 2.1.1 shows 

the crystal structure of the three lithium-insertion compounds with different Li+ ions pathway 

dimension types.3 Li ions transport through 2D diffusion pathway between MO2 layers, and 

therefore the layered structure shows higher ionic conductivity compared to other structures such 

as the three-dimensional spinel structure (LiM2O4) and the one-dimensional olivine structure 

(LiMPO4). LiCoO2 is a typical layered structural cathode material with rhombohedral symmetry 

and has been adopted as a commercial cathode material until now. However, LiCoO2 is no longer 

an appealing material for large-scale energy storage systems, due to its low reversible capacity and 

structural transition in spite of high theoretical capacity of 270 mAh g−1.  

The lithium nickel oxide (LiNiO2) materials were attractive as cathode material with higher 

theoretical capacity and lower cost than LiCoO2. it also has a  broad oxidation/reduction reaction 

region with the Ni2+/Ni4+ redox process, despite having a similar voltage window as LiCoO2 

cathode materials. However, synthesis of ideal LiNiO2 composition is difficult to prepare by 

general solid-state methods. Usually, nonstoichiometric Li1-xNi1+xO2 (0.6 < x < 1.0) cathodes were 

obtained because the Ni2+ ion is more stable than Ni3+ ion. Furthermore, the similar ionic radius of 

Ni2+ (0.69 Å ) with Li+ ions (0.76 Å ) lead to cationic disorder in the crystal lattice, as shown in 

Figure 2.1.3. To obtain stable layered structure of LiNiO2 without cationic disorder, various 

elements are partially substituted to nickel sites such as LiNi1-xMnxO2, LiNi1-xCoxO2, 

LiNi1/3Co1/3Mn1/3O2, LiNixCoyMn1-x-yO2, and LiNixCoyAl1-x-yO2. The electrochemical and physical 

properties of Ni-base cathode materials depend on the ratio of elements in the mixed compositions 

(Figure 2.1.4). The higher content of cobalt in Li-Ni-Co-Mn-O composition is responsible for 

higher structural stability, and Al shows similar properties. Increasing Mn content in the layered 

Li-Ni-Co-Mn-O composition leads to higher thermal stability.  

Ohzuku et al.4 reported the cobalt substitution in LiNiO2 cathode material, and investigated 

the change of the lattice dimensions and electrochemical activity. The substitution of cobalt ions 

in LiNiO2 gives rise to smaller unit cell dimensions of a and c in a hexagonal setting. In LiNiO2, 

the Ni ions coexist to Ni2+ and Ni3+ ions with ionic size of 0.69 Å  and 0.63 Å , respectively. When 

cobalt ion in an oxidation state of 3+ is substituted, the Ni3+ ions are dominant compared to Ni2+. 

That is why the lattice dimensions are decreased. Diminishing the cation-disordering by cobalt 
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substitution secures the lithium pathway in a layered structure and improves the conductivity of 

the compounds.5 In this regards, the electrochemical performances are improved by Co 

substitutions. In these LiNi1-xCoxO2 compounds, the working voltage is increased with an 

increasing x ratio because the higher redox voltage of cobalt ion than that of nickel ion for 

MO2/LiMO2 in LiMO2, and the middle composition with x = 0.5 is the optimum combination to 

accompany a high working voltage and stable cycle life.  

Nickel and manganese based layered-cathode materials such as LiNi0.5Mn0.5O2 and 

LiNi0.33Co0.33Mn0.33O2 have been studied because their electrochemical properties are comparable 

to LiCoO2. However, when comparing the materials, LiNi0.33Co0.33Mn0.33O2 cathode material 

shows a higher thermal stability and rate capability with equal amounts of the transition metals of 

Ni, Co, and Mn.6 The LiNi0.33Co0.33Mn0.33O2 shows a high reversible capacity of about 200 mAh 

g−1 (between 2.5 and 4.6V) and a good rate capability. In this respect, the LiNi0.33Co0.33Mn0.33O2 is 

considered to be one of the most promising alternative materials for LiCoO2.  

Those LiNixCoyTM1-x-yO2 (TM = Mn or Al) cathode materials are usually synthesized by the 

solid-state reaction of a mixture of M(OH)2 (M=Ni, Co, Mn) precursor and lithium hydroxide at a 

high temperature (600 − 1000 °C). The M(OH)2 (M=Ni, Co, Mn) precursor powders are obtained 

via a co-precipitation method to gain a uniform and homogeneous powder precursor of triple 

complex hydroxide.7 The synthetic method can produce a uniform distribution of spherical 

powders with higher tap-density than non-spherical particles. The spherical particle is a secondary 

particle composed of an agglomeration of primary particles. The morphology and size of particles 

are controlled by several co-precipitation conditions such as pH, temperature, the amount of 

chelating agent, reaction time, etc. To obtain a higher reversible capacity, the Ni-content is 

increased in the LiNixCoyTM1-x-yO2 (TM = Mn or Al, x>0.6, y≥0.1). However, increasing the Ni 

content with a higher capacity in the composite is accompanied by poor thermal, structural and 

electrochemical stability. Therefore, some treatments for Ni-rich components are required for high 

energy density to accompany safety and electrochemical stability. 
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Figure 2.1.1. Crystal structure of the three lithium-insertion compounds in which the Li+ ions are 

mobile through the 2-D (layered), 3-D (spinel) and 1-D (olivine) frameworks.3 
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Figure 2.1.2. Voltage profile of cathode materials with layered, spinel, and olivine structure. 
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Figure 2.1.3. Illustration of the ordered and disordered phase in layered lithium metal oxides and their 

structural transformation. a) Well-ordered R3¯m structure; b) The cation disorder or cation mixing 

phase with Fm3¯m structure c) R3¯m structure; with Li vacancies in highly charged state; d) Partially 

cation mixed phase with TM ions in Li slab. Li atoms yellow, transition metals red, coordinated oxygen 

atoms dark blue.8 
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Figure 2.1.4. Phase diagram of ternary LiCoO2–LiNiO2–LiMnO2. Note that LiNi0.55Co0.15Mn0.30O2 lies 

at the center of LiNi1/3Mn1/3Co1/3O2, LiNi0.8Mn0.1Co0.1O2, and LiNi1/2Mn1/2O2, so that it represents a 

compromise between high capacity and thermal stability.1 
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2.2 Degradation mechanism of Ni-rich cathode materials 

To improve their intrinsic properties, it is necessary to understand the degradation 

mechanism of the Ni-rich layered cathode materials in cycling. In the lithiation/delithiation process, 

the cathode materials undergo several degradation reactions such as structural transformation, 

surface reaction with electrolyte, decomposition reaction with oxygen release, etc. Those 

degradation reactions lead to characteristic breakdowns in electrochemical and thermal properties. 

To comprehend those reaction mechanisms deeply, many researchers have investigated the three 

degradation reactions: 1) structural degradation; 2) surface degradation; and 3) morphological 

degradation.  

Firstly, the layered structure shows a space group of R3̅m with lattice parameters of a = 

2.862 Å  and c = 14.227 Å  in a hexagonal setting. Also, the structure is composed of a regular O-

Li-O-M-O-Li-O-M-O arrangement along the (111) plane of rock-salt structure. For the layered 

structure, the lithium ions occupy an octahedron site when the MO2 layers are repeated three times 

in the unit cell. Those arrangement are known as “O3-structure”, by the combination of O, 

symbolizing the octahedron occupied lithium ions; and 3, symbolizing the number of repetition. In 

the initial delithiation process of the layered structure, the lattice is expanded along the c-axis by 

repulsion between the oxygen atoms of the MO2 layers. And the lattice is contracted along the c-

axis after full delithiation by vacant lithium slabs. In this respect, the layered structure shows 

diverse structural transformations depending on the lithium contents in the LiMO2 cathode 

materials as shown Figure 2.2.1. 

In LixCoO2, the O3-structure changes to P3 structure when x<0.5. On the other hand, 

LixNiyCozTM1-y-zO2 (TM = Mn or Al) cathode materials maintained the O3-structure despite x<0.2, 

and therefore the materials can maintain electrochemical properties at high charge voltage. 

However, the ternary systems of LixNiyCozTM1-y-zO2 (TM = Mn or Al) show different structural 

changes according to the ratio of transition metals. For example, Nam et al. investigated the 

microscopic structural origin of the thermal instability for the LixNi0.8Co0.15Al0.05O2 and 

LixNi1/3Co1/3Mn1/3O2 at an overcharged state by combining in-situ synchrotron X-ray diffraction 

and absorption techniques with transmission electron microscopy.2 They studied the systematically 

structural changes of LiNi0.8Co0.15Al0.05O2 and LiNi1/3Co1/3Mn1/3O2 cathode materials at 

overcharged states during heating by using in-situ synchrotron-based time-resolved X-ray 

diffraction (TR-XRD) and mass spectroscopy (MS), X-ray absorption spectroscopy (XAS), and in 

situ transmission electron microscopy (TEM). Thermal instability of the cathode materials is an 

important safety issue in lithium ion batteries. The thermal instability is related to structural change 

with oxygen release. That is why an understanding of the structural origin is needed to improve 

the thermal stability. Generally, Ni-based layered cathode bears on several structural transitions, 
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including R3̅m (layered)  Fd3̅m (spinel)  Fm3̅m (rock-salt). Figure 2.2.2 shows time-resolved 

XRD (TR-XRD) patterns of the overcharged Li0.33Ni0.8Co0.15Al0.05O2 and Li0.33Ni1/3Co1/3Mn1/3O2 

during heating up to 600°C.The structural change of overcharged Li0.33Ni0.8Co0.15Al0.05O2 from a 

rhombohedral (R3̅m) to a disordered spinel (Fd3̅m) phase starts at about 212 °C, and is completed 

at about 256 °C, as shown in Figure 2.2.2. After that, the spinel structure (Fd3̅m) gradually changes 

to a rock-salt structure (Fm3̅m) with increasing temperature, and finishes at around 471 °C. On the 

contrary, the Li0.33Ni1/3Co1/3Mn1/3O2 shows considerably different phase transition to that of the 

Li0.33Ni0.8Co0.15Al0.05O2 sample. The rhombohedral phase of the layered structure starts to change 

to a spinel phase at around 216 °C, and the spinel phase is maintained above 337 °C. According to 

the following theoretical calculation (M denoted by the Ni, Co, and Al ions); 

 

Li0.33M(3.67+)1.0O2 (layered, R3̅m)  Li0.33M(3.21+)1.0O1.77 (Spinel, Fd3̅m) + 0.115O2↑ 

Li0.33M(3.21+)1.0O1.77 (Spinel, Fd3̅m)  Li0.33M(2.33+)1.0O1.33 (Rock-salt, Fm3̅m) + 0.22O2↑ 

 

the amount of oxygen released is associated with the phase transitions. In this regards, the 

higher Ni content in layered cathode materials can lead to poor thermal stability with larger oxygen 

release and sever structural changes.  

Secondly, the surface of Ni-rich cathode materials are very unstable when they are exposed 

to the atmosphere because the cathode materials react with atmospheric CO2 and O2. As a result, 

Li2CO3 impurities are formed on the surface of the cathode powders, as in the following reaction:9 

Li(Ni, Co)O2 + 
1

2
xCO2 + 

1

4
xO2 →Li1−x(Ni, Co)O2 + 

1

2
xLi2CO3 

 

The lithium carbonate occurs side reaction with electrolytes and forms solid electrolyte 

interphase (SEI) layer, and it leads to deterioration of electrochemical properties of the cathode 

materials. Generally, LiPF6 is used as salt for the electrolyte of Li-ion batteries due to its high ionic 

conductivity. However, the LiPF6 is easily decomposed by the presence of moisture and produces 

strong Lewis acid of PF5.10 The consecutive decomposition reaction by PF5 and HF causes the 

formation of an SEI layers such as LiF, LixPFy, and LixPOyFz. The reaction model is represented 

in Figure 2.2.3. Those SEI layers can work as resistance on the surface of cathode materials because 

of poor ionic conductivity and Li-ion diffusion. Therefore, the electrochemical performances can 

therefore be diminished.  

Thirdly, the Ni-based cathode materials are composed of an aggregation of many grains with 

anisotropic orientation. As mentioned above, the lattice of the cathode materials are changed in 

lithium insertion/desertion with volume change. Micro-cracks therefore occur in cycling. Those 

cleavages of the particles, which provide new active sites, can lead to a new SEI layer inside 
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particles through a side reaction with electrolytes (Figure 2.2.4).11 Furthermore, the structural 

degradation was deepened by phase transition inside the particles.  

These problems worsen at high voltage and high temperature during cycling. The batteries 

can easily expose to high temperature and overcharge state in our life. To use the battery with high 

performance and safety, the degradation problems should be solved.  
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Figure 2.2.1. Phase transition of LiMO2 layered cathode materials as different lithium content (copied 

by principles and applications of lithium secondary batteries) 
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Figure 2.2.2. Time-resolved (TR) XRD patterns of the overcharged a) Li0.33Ni0.8Co0.15Al0.05O2, and, b) 

Li0.33Ni1/3Co1/3Mn1/3O2 during heating up to 600 °C. The overcharged cathode samples sealed in quartz 

capillaries were heated from 25 to 600 °C for 4 h during the TR-XRD measurement (heating rate = 

2.4 °C min−1). The subscripts R, S, and RS denote rhombohedral, spinel, and rock-salt structure, 

respectively. The subscript O1 represents CdI2-type MO2 (M = Ni, Co and Mn) structure. The expanded 

(220)s peak regions.2 



29 

 

 

Figure 2.2.3. A proposed model for the SEI surface layer on a LiNi0.8Co0.2O2 electrode.9  
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Figure 2.2.4. a) Cycle performance of cylindrical model cells and cross-sectional SEM images of the 

NCA cathode in two ΔDOD conditions at 25 and 60 °C; (●) 10 - 70% at 25 °C, (○) 10 - 70% at 60 °C, 

(▲) 0 - 100% at 25 °C and (Δ) 0 -100% at 60 °C. b) A schematic model for the deterioration of NCA 

particle during cycle test. c) HAADF-STEM images and maps of C and F atoms for an NCA particle 

after 350 cycles in the ΔDOD of 0 - 100% at 60 °C.11 
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2.3 Surface modification of Ni-rich cathode materials  

To improve the electrochemical properties and safety of Ni-rich cathode materials, many 

researchers have studied surface modifications such as surface coating, hetero-structure, 

concentration gradient, etc. In the case of the metal oxide coating, the coating layer acts as a 

protecting layer and effectively diminishes the side reaction with electrolytes on the surface of 

particles. In 2001, Cho et al. reported the ZrO2 coating effect for the LiNiO2 cathode material.12 

According to the literature, zirconium oxide encapsulates the LiNiO2 as a thin film and suppresses 

the dimensional change during lithium intercalation/deintercalation. The XRD pattern of ZrO2-

coated cathode material shows peak broadening without new peaks when compared to a pristine 

sample. This is considered as a surface reaction between ZrO2 and LiNiO2 during calcination, and 

it can form a thin LiNi1-yZryO2 solid-solution layer surrounding the LiNiO2 particle. Al2O3-coated 

LiCoO2 and LiMnO2 materials show similar surface reactions.13 While the pristine sample shows 

multiphase transition with the electrochemically induced compositional changes during 

lithiation/delithiation, the ZrO2-coated sample suppress the phase transition, H1 M, M  H2, 

and H2  H3 (M and H represent monoclinic and hexagonal, respectively). The M  H2 and H2 

 H3 phase transitions affect the capacity fading in cycling as shown in Figure 2.3.1. This means 

that the metal oxide coating shows improvements in the structural stability of the cathode materials 

in lithium intercalation/deintercalation. However, the metal oxide coating cannot solve the thermal 

stability of the Ni-rich cathode materials. 

Manganese ions provide thermal stability for the cathode materials by higher Mn-O bonding 

in layered structure than other transition metals. For example, concentration-gradient cathode 

material was reported by Sun et al. in 2009.14 The cathode material is composed of Ni-rich bulk 

and Mn-rich outer layer in one particle and synthesized by the co-precipitation method. The Co 

and Mn concentrations increased from inter-surface (10%) to outer surface (22%) between 

different compositions. Meanwhile, the Ni concentration decreased gradually from bulk (80%) to 

outer layer (56%) as shown in Figure 2.3.2. This cathode material shows a high capacity based on 

the bulk composition of Li[Ni0.8Co0.1Mn0.1]O2, and an improvement of capacity retention  and 

safety. The enhanced electrochemical properties are attributed from concentration-gradient outer 

layer and the surface composition of Li[Ni0.46Co0.23Mn0.31]O2.  

Cho et al. reported the spinel-layered core-shell cathode material with an average 

composition of Li[Ni0.54Co0.12Mn0.34]O2 to improve the thermal stability.15 The core and shell of 

the material consist of the spinel (Fd3̅m) and the layered (R3̅m) structure, respectively. The spinel 

structure on the surface effectively suppressed the phase transition related to the oxygen loss from 

the lattice, as in the following equation: 

2Liz/2NiO2 (layered)  2O2↑ + LizNi2O4 (spinel) 
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The differential scanning calorimetry (DSC) measurements of a fully charged sample were 

implemented to compare the thermal stability. The total generated heat (amount of oxygen release) 

of the core-shell structure was significantly decreased to 310 J g-1, which is 3-4 times lower than 

in a pristine sample. In addition, the cathode material shows good capacity retention at high 

temperature of 60 °C.  

These researches have been focused on secondary particles’ surface reaction and 

modification, and they shows improved electrochemical performance with suppressed side 

reaction between particles’ surface and electrolytes. However, micro-crack in the particle is the 

important factor of diminishing the electrochemical performance and stability. To obtain the 

remarkable improvement of the performance and stability of the batteries, we should control the 

micro-cracks in cycling. In this regard, I suggested the surface treatment of primary particle to 

secure the structural stability and suppress the micro-cracks inside the particle.  
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Figure 2.3.1. a) EPMA analysis of Zr distribution near the surface of LiNiO2 particle. The inset shows 

elemental analysis of Zr, O, and Ni inward from the particle surface. b) Cyclic Voltammetry (CV) of 

bare and coated samples with the scan rate of 0.02 mV s-1.12 

 

 

 

 

 

 

Figure 2.3.2. (Left side) Schematic diagram of concentration-gradient cathode material. (Right side) 

Scanning electron microscopy (SEM) and electron-probe X-ray micro-analysis (EPMA) results. SEM 

images of a) precursor metal hydroxide and c) final lithiated metal oxide. EPMA line scan results of b) 

precursor metal hydroxide and d) final lithiated metal oxide.14 
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Figure 2.3.3. a) Schematic diagram of a core-shell structure. b) Schematic view for the synthetic method 

of the heterostructures. c) SEM images of the particles corresponding to Figure 2.3.3a.15 
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Figure 2.3.4. a) Rate capability of the pristine (LiNi0.7Co0.15Mn0.15O2), reference (LiNi0.5Co0.2Mn0.3O2), 

and core-shell materials (HS-LiNi0.54Co0.12Mn0.34O2) at different c-rates between 3.0 and 4.5V in coin-

type half-cell. b) Capacity retentions of the three samples (pristine, reference, and core-shell hetero-

structure materials) at 0.5C charge and discharge rate. c) Voltage profiles of the three samples (pristine, 

reference, and core-shell hetero-structure materials) for the discharge process at 1st, 20th, and 40th cycles 

at 60 oC. d) DSC profiles of the pristine (LiNi0.7Co0.15Mn0.15O2), reference (LiNi0.5Co0.2Mn0.3O2), and 

core-shell materials (HS-LiNi0.54Co0.12Mn0.34O2) after charging up to 4.5 V.15 
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Ⅲ. Experiment 

 

3.1 New Coating Method for Alleviating Surface Degradation of LiNi0.6Co0.2Mn0.2O2 

Cathode Material: Nano-scale Surface Treatment of Primary Particles 

 

3.1.1 Introduction 

Cathode materials for the next generation of lithium-ion batteries require higher energy 

density, longer cycle life, and better safety for applications in electric vehicles and stationary 

energy storage.16 Nickel-rich systems (LiNixM1−xO2; M = Mn, Co, and Al; x > 0.5) are considered 

as promising candidates to meet such requirements, although their structural degradation and 

thermal instability pose challenging hurdles.17 These problems worsen with higher Ni content, 

higher temperature, and higher cut-off voltage (>4.4 V vs. Li+/Li).18 In general, Ni-rich cathode 

materials with a layered structure commonly undergo structural degradation from the layered phase 

(R𝟑̅m) to the spinel-like phase (Fd𝟑̅m) and rock-salt phase (Fm𝟑̅m) during cycling and at an 

elevated temperature.17b, 18-19 The structural change is caused by the migration of the transition 

metal (TM) ions into the lithium layer during charging and discharging.20 The TM ions’ migration 

leads to the layered-to-spinel phase transformation, and the transformation is intensified by high-

voltage and high-temperature cycling because of the increasing number of vacant Li sites during 

full delithiation and the diffusion of TM ions. These phase transitions with TM-ion migration are 

accompanied by changes in the lattice constants and volume, which release oxygen from the lattice. 

Such results can lead to thermal and structural instability.21  

The Ni-rich cathode materials, commonly prepared by a general co-precipitation method, 

are composed of round-shape secondary particles in which many micrometer-sized primary 

particles (grains) are aggregated.22 Since all these primary particles have different crystallographic 

orientation and slip planes, anisotropic lattice volume expansion or contraction between the grains 

during lithium intercalation or de-intercalation result in micro-cracks that act as new reaction sites 

with the electrolytes, in turn leading to electrical disconnection between the grains.23 As a result, a 

new solid electrolyte interface (SEI) layer, comprising decomposition products of the electrolyte, 

is formed along the active surface of the primary particles (grains) developed by the micro-cracks. 

The SEI layers on the surface of the grains inhibit electron and lithium transport through the grain–

electrolyte interface, thus diminishing the electrical performance.11 To resolve the structural and 

thermal instability of the Ni-rich cathode materials, many researchers have implemented surface 

modification such as surface coating (Al2O3, AlPO4, ZrO2)24 and developed core–shell structures.25 

Although the structural degradation is intensified during cycling because of the microstructural 

evolution caused by the reaction between primary particles and the electrolyte inside the secondary 
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particles,11, 26 most researchers have focused on the surface modification of the secondary 

particles.24a, 25, 27  

Herein, we propose the nanoscale surface treatment of primary particles of 

LiNi0.6Co0.2Mn0.2O2 cathode material using a mixed ethanol solution with dissolved lithium and 

cobalt precursors. This new approach resulted in improved structural and thermal stability under 

severe conditions such as high cut-off voltage (>4.4 V) and high temperature (>50 °C). 
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3.1.2 Experimental method 

 

Preparation of electrode materials: The cathode materials of LiNi0.6Co0.2Mn0.2O2 were 

synthesized by a co-precipitation method.28 The ST-NCM sample was prepared from a fully 

ionized solution. First, 0.17 mol of CH3COOLi and 0.2 mol of (CH3COO)2Co were completely 

dissolved in ethanol (50 g). Next, 100 g of the cathode powder synthesized as cathode material was 

added to the solution. The mixed solution was vigorously stirred at 70 °C until the solvent 

completely evaporated. Finally, it was calcinated at 800 °C for 4 h in air to remove the impurities 

after drying at 150 °C for 1 h. 

Electrochemical properties: The electrochemical properties were tested in a coin-type 

2032R cell with a lithium-metal anode. Composite electrodes were prepared with 92% active 

material, 4% Super-P carbon black, and 4% poly(vinylidene fluoride) (PVDF) binder in N-methyl-

2-pyrrolidinone and cast onto aluminum current collectors with active material loadings of 8–9 

mg/cm2. The electrolyte for the half-cells was 1.15 M LiPF6 with ethylene carbonate–dimethylene 

carbonate–diethylene carbonate (30:40:30 vol%) (Panax Etec). The cycling tests of the half-cell 

were performed between 3.0 and 4.45 V at a 0.5 C charge rate and a 1 C discharge rate at 60 °C. 

Materials characterization: Powder X-ray-diffraction (XRD) (D/Max2000, Rigaku) 

measurements at 2θ = 10–80 °, using Cu K α radiation, were used to identify the phases. The 

morphology of the samples was observed using scanning electron microscopy (SEM). The cross-

sectional TEM samples of particles were prepared by a focused ion beam (FIB) technique (FEI 

Helios Nano Lab 450). Additionally, the samples were thinned by a low-energy Ar-ion milling 

system (Fischione Model 1040 Nanomill). The HAADF-STEM images were taken using a probe-

side aberration corrected TEM ((JEOL JEM-2100F). EELS spectra were recorded using an image-

side aberration corrected TEM (FEI Titan3 G2 60-300) operated at an accelerating voltage of 80 

KV. In situ transition metal (Ni, Co, Mn) K-edge X-ray absorption near edge structure (XANES) 

and extended X-ray absorption fine structure (EXAFS) spectra were collected on BL10C beam 

line at the Pohang Accelerator Laboratory (PAL), Korea. The monochromatic X-ray beam can be 

obtained from high intense X-ray photons of multiple wiggler source using liquid-nitrogen cooled 

Si (111) double crystal monochromator (Bruker ASC). The transimitted XAFS spectra were 

collected using home-made heating stage in the temperature region from room temperature to 

450 °C for ~4h (i.e., heating rate= 2 °C/min). Differential scanning calorimetry (DSC) samples of 

the cathodes were prepared by charging to 4.5 V at a 0.1 C rate and then the dissembled electrodes 

were prepared in the dry-room. The dissembled electrodes washed with dimethyl carbonate (DMC) 

solvent several times, and fresh electrolytes added after drying the electrode. The electrode 

transferred to aluminum pan and heated at a rate of 5 °C/min. 
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3.1.3 Results and Discussion 

 

The schematic illustration in Figure 3.1.1a shows the surface treatment process for the 

primary particles of LiNi0.6Co0.2Mn0.2O2 (NCM). A completely ionized solution consisting of 

lithium and cobalt ions could penetrate the core part of the particle along the grain boundaries 

because there were many empty microspaces between the primary particles. The cathode material 

was calcined at 800 °C for 4 h (denoted as ST-NCM), and the calcinated particles had a smooth 

surface, with no morphological changes when compared with the pristine sample (Figure 3.1.2). 

However, the Al2O3-coated reference samples clearly showed that the coated nanoparticles were 

distributed throughout the surface of the secondary particles because Al-isopropoxide, which was 

used as a precursor, was precipitated as Al(OH)3 nanoparticles in the isopropanol solvent (Figure 

3.1.2). Figure 3.1.1b shows a cross-sectional scanning electron microscope (SEM) image of a 

NCM particle composed of the aggregated, fine, micrometer-sized primary particles. Scanning 

transmission electron microscope (STEM) image in Figure 3.1.1c shows many microvoids 

between the particles, enabling the surface treatment solution to penetrate the core. Energy-

dispersive X-ray spectroscopy (EDXS) of the ST-NCM sample (along the yellow arrow in Figure 

3.1.1c) confirmed the higher content of Co atoms than Mn and Ni atoms at a depth of ~60 nm into 

the interior (Figure 3.1.1d and Figure 3.1.3). The higher Co content in the Ni-based cathode 

materials led to better electrochemical performance.29 In addition, the EDXS result of randomly 

selected primary particle showed same trend to Figure 3.1.1d (Figure 3.1.4). 

Figure 3.1.5 presents more detailed structural and chemical information on a primary 

particle’s surface, obtained by high-angle annular dark field (HADDF)-STEM and electron energy-

loss spectroscopy (EELS) analysis of the samples. Region 1 of the pristine LiNi0.6Co0.2Mn0.2O2 

(NCM) sample exhibited an uneven NiO-like cation-mixing (CM) layer with a space group of 

Fm3̅m and thickness of 1–2 nm, as shown in Figure 3.1.5b (also refer to Rietveld refinement results 

in Fig. 3.1.6 and Table 3.1.1). Here, bright spots of Li slabs resulted from Ni2+ migration from the 

original TM slabs to lithium slabs because Ni2+, which has an ionic radius (0.69 Å ) similar to that 

of Li+ (0.76 Å ), could easily move to Li sites. The layered phase with a space group of R3̅m was 

verified by the fast Fourier-transform (FFT) pattern (inset of Figure 3.1.5c). In the ST-NCM sample, 

region 1 consisted of the CM layer with a thickness of ~10 nm, as confirmed by the FFT pattern 

(inset of Figure 3.1.5e). In region 2, however, Figure 3.1.5f shows that only the layered (space 

group of R3̅m) phase was observed, which is identical to the result for the pristine NCM sample. 

The NiO-like phase with a nanometer-range thickness has been reported to act as a pillar layer that 

suppress the inter-slab collapse during cycling;27d therefore, particle pulverization is expected to 

be also reduced in our study.  
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More detailed observation on the surface chemical state of primary particles of the NCM 

and ST-NCM cathodes was carried out with EELS. The EELS profiles of the O K-edge and Mn 

L2,3-edges located around 530 and 640 eV, respectively, are directly linked to the electronic 

structure of the materials (Figure 3.1.5g and h). The ratio of the integrated intensities of L3 and L2, 

I(L3)/I(L2), is correlated with the valence state of the transition metals, and increasing the 

I(L3)/I(L2) ratio corresponds to decreasing the oxidation state of manganese ions.30 Table 3.1.2 

summarizes the integrated I(L3)/I(L2) ratio for the each region of the NCM and ST-NCM samples. 

Region 2 of the NCM sample had a I(L3)/I(L2) ratio of 1.98, which is indicative of the dominance 

of Mn4+. However, region 1 of the NCM sample had a I(L3)/I(L2) ratio of 3.02, indicating a lower 

valence state of Mn~2.7+ than that in region 2. On the other hand, the ST-NCM sample had a quite 

similar ratio of ~2.0, which is consistent with the presence of Mn4+ between the two regions. The 

pre-peak of the O K-edge near 530 eV, as indicated by the red arrow in Figure 3.1.5g and h, was 

reported to be the result of the transition from the O 1s state to the O 2p−TM 3d hybridized state.31 

This peak became weaker and shifted to a higher energy as the oxidation state of Mn decreased 

because of the weakened hybridization of the O 2p–Mn 3d orbital owing to the 3d orbital of Mn 

with the filled eg state.30b In Figure 3.1.5g, the pre-peak of the O K-edge weakened and shifted to 

a higher energy owing to the low oxidation state of Mn3+ in region 1 of the NCM sample. However, 

the ST-NCM sample showed no difference between the pre-peaks for both regions because of the 

same oxidation state of Mn4+. Consequently, we can recognize that the Mn ions in the NCM sample 

had mixed oxidation states of 3+ and 4+ on the surface of the primary particles. Generally, the 

oxidation states of Ni, Co and Mn in LiNi1–x–yCoxMnyO2 cathode materials are 2+, 3+, and 4+, 

respectively, with small concentrations of Ni3+ and Mn3+ ions.27d, 32 When Ni3+ and Mn3+ serve as 

the Jahn–Teller active ions, Jahn–Teller (J–T) distortions are allowed by breaking the symmetry 

of the cell.33 In the case of the ST-NCM sample, the CM layer on the surface, which resulted from 

the migration of Ni2+ ions from TM slabs to Li slabs, induced a higher Mn4+ proportion to 

compensate the charge valence (Figure 3.1.7). The high average oxidation state of Mn4+ in the ST-

NCM sample could effectively diminish the J–T distortion. 
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Figure 3.1.1. (a) Schematic diagram of the surface treatment on the primary particles. (b) Cross-

sectional SEM image of the synthesized ST-NCM cathode material. (c) STEM image of the primary 

particle in the region indicated by a red rectangle in (b). (d) EDXS profile of the ST-NCM surface 

corresponding to the yellow arrow in (c). 
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Figure 3.1.2. SEM images of the (a) NCM, (b) Al2O3-coated NCM, and (c) ST-NCM samples after 

surface modifications.  
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Figure 3.1.3. EDXS data of ST-NCM at the six different point to clarify the EDXS profile of Figure 1d. 

  



44 

 

  

Figure 3.1.4. HR-TEM images of the inner primary particles (grains) for the (a) NCM and (b) ST-NCM 

particles. EDX profiles from outer side to inner side on the surface of the primary particle for the (c) 

NCM and (d) ST-NCM particles. 
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Figure 3.1.5. HADDF-STEM image of (a) LiNi0.6Co0.2Mn0.2O2 (NCM) on the surface of a primary 

particle (grain). Magnified STEM image of the NCM in (b) Region 1 and (c) Region 2 in (a). HAADF 

STEM image of (d) surface-treated LiNi0.6Co0.2Mn0.2O2 (ST-NCM) on the surface of the primary 

particle (grain). Magnified STEM image of the ST-NCM in (e) Region 1 and (f) Region 2 in (d). The 

insets of STEM images show digitalized fast-Fourier-transformed (FFT) patterns. EELS spectra 

obtained on the surface of a primary particle in Regions 1 and 2 of (g) NCM and (h) ST-NCM.  
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Figure 3.1.6. XRD patterns with Rietveld refinement plot for the (a) NCM and (b) ST-NCM samples. 
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Figure 3.1.7. Structure of the NCM and ST-NCM samples for the primary particle. (a) General layered 

structure of NCM, (b) Mixed structure of ST-NCM with layered and CM layer. The oxidation state of 

transition metals indicated for each material. 
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The electrochemical properties of each sample were evaluated using coin-type 2032R 

lithium half-cells between 3.0 to 4.45 V at 60 °C. The first charge–discharge profiles of the NCM 

and ST-NCM samples at room temperature (RT, 25 °C) displayed no capacity decrease even after 

surface treatment, with discharge capacities of 192 mAh g−1 (Figure 3.1.8a). The ST-NCM sample 

also showed higher capacity retention of 80% after 150 cycles (from 195 to 156 mAh g−1) than the 

NCM sample (65% retention from 198 to 130 mAh g−1), as shown in Figure 3.1.8b. In addition, 

the ST-NCM sample exhibited better cycle performance than the Al2O3-coated sample (Figure 

3.1.9c). The voltage profiles corresponding to Figure 3.1.8b indicate that the average working 

voltage of the NCM sample became higher than that of the ST-NCM sample with increasing cycle 

number during charging (Figure 3.1.8c). Differential curves of the NCM and ST-NCM samples 

for 150 cycles at 60 °C revealed dominant double peaks at around 3.7 V, which are related to the 

phase transition from the hexagonal1 (H1) phase to the monoclinic (M) phase in the charging 

process. As the number of cycles increased, the peak at 3.75 V of the ST-NCM sample maintained 

a similar intensity after 150 cycles, in contrast to the peak of the NCM sample (Figures 3.1.8d). 

The decreasing peak intensity of the NCM sample is associated with the irreversible phase 

transition from H1 to M that was caused by the J–T distortion of transition-metal ions such as Ni3+ 

and Mn3+.34 In this aspect, the J–T inactive Mn4+ ions in the CM layer, on the primary particles’ 

surface of the ST-NCM sample, prevented the irreversible phase transition by suppressing the 

distortion. Despite the formation of the CM layer, the rate capability of the ST-NCM sample was 

quite similar to that of the NCM sample (Figure 3.1.8e). According to Ceder et al.,35 Li diffusion 

in a cation disordered rock-salt phase proceeds by Li ions hopping from one octahedral site to 

another via an intermediate tetrahedral site (o-t-o diffusion). Thus, the thin CM layer of the NiO-

like phase on the surface of ST-NCM primary particles led to the favorable rate performance with 

no Li-diffusion limitation.  
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Figure 3.1.8. (a) First charge–discharge profiles of the NCM and ST-NCM samples at 0.1 C rate 

between 3.0 and 4.45 V at 25 °C. (b) Cycle performance of the NCM and ST-NCM samples between 

3.0 and 4.45 V at 60 °C (charge rate: 0.5 C; discharge rate: 1 C, Q = discharge capacity). (c) Charge and 

discharge voltage profiles of the NCM and ST-NCM samples after the 10th, 20th, 50th, 100th, and 150th 

cycles at 60 °C (each cycle matched with black, red, blue, green, and pink color lines, respectively). (d) 

Differential curves of the NCM and ST-NCM samples corresponding to (c). (e) Rate capabilities of 

NCM and ST-NCM evaluated between 3.0 and 4.45 V at 25 °C. (Q = discharge capacity) 
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Figure 3.1.9. (a) Rate capability at RT 25oC, (b) voltage profile at initial cycle between 3.0 – 4.45 V at 

60oC, (c) cycle performance between 3.0 – 4.45 V at 60oC for the NCM, Al2O3-coated NCM, and ST-

NCM samples. 
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Figure 3.1.10a and b show cross-sectional SEM images of the NCM and ST-NCM particles, 

respectively, after 150 cycles at 60 °C (also refer to Fig. 3.1.11). The NCM sample had extensive 

micro-cracks along the grains, but those cracks were significantly diminished in the ST-NCM 

sample. Figure 3.1.10c–h show HAADF-STEM images of the NCM and ST-NCM samples after 

150 cycles. The secondary particles of the NCM sample had severe cleavages along the grain 

boundaries, as shown in Figure 3.1.10c. Furthermore, the primary particles of the NCM sample 

had many fractures (Figure 3.1.10e) in contrast to the ST-NCM sample (Figure 3.1.10f). Micro-

cracks led to the penetration of the electrolyte along the grains and the reaction between the 

penetrating electrolyte and interior particles, accelerating structural degradation and side 

reactions.11 The magnified image of Figure 3.1.10e (Figure 3.1.10g) shows that along the cracks 

inside the particle of the NCM, the layered phase partially changed to the spinel-like phase and 

rock-salt phase after cycling, and the phases were identified by inserting FFT patterns (randomly 

selected another STEM images also exhibit same trend in Figure 3.1.12). The phase transition in 

the NCM sample was deepened by the reaction between the grains and electrolyte, with many 

micro-cracks providing an increasing number of active sites. On the other hand, the ST-NCM 

sample displayed a similar phase on the surface of the grains without showing noticeable phase 

change compared to that before cycling (Figure 3.1.10h). Owing to the pillar effect, the migration 

of transition-metal ions to the lithium slab was contained, therefore the volume change (caused by 

phase transition) of the grains was effectively suppressed after 150 cycles. As a result, the ST-

NCM sample exhibited improved electrochemical performance as it was relieved from the loss of 

electrical pathways. 

The exothermic oxygen evolution with the structural change during heating in a fully 

charged state is a crucial problem for thermal stability in battery systems.36 To evaluate the thermal 

stability and safety of NCM and ST-NCM as cathode materials, differential scanning calorimetry 

(DSC) measurements were carried out on the NCM and ST-NCM electrodes soaking in the 

electrolyte after charging to 4.5 V; the DSC profiles are presented in Figure 3.1.13. The main peak 

temperature of 264 °C for the ST-NCM sample is higher than the NCM sample’s peak temperature 

of 230 °C, indicating a significantly increased peak temperature of oxygen evolution from the 

lattice in ST-NCM. Furthermore, the peak area indicative of the total generated heat (resulting 

from the oxygen evolution) in the ST-NCM sample was 696.8 J g−1, which is lower than that in the 

NCM sample (910.9 J g−1). A correlated study using X-ray absorption spectroscopy (XAS) was 

performed to understand the thermal decomposition mechanism with structural change in each 

sample. The XAS spectral measurement is a powerful method to identify fine structure information, 

such as electronic states and local environments for each transition-metal ion.  
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Figure 3.1.10. Particle morphology and fine structure of primary particles after 150 cycles between 3.0 

and 4.45 V at 60 °C. Cross-sectional FIB-SEM images of the (a) NCM and (b) ST-NCM particles. 

HAADF-STEM images of (c) NCM and (d) ST-NCM particles. Magnified STEM images of (e) NCM 

and (f) ST-NCM particles in the regions indicated by the yellow frames in (c) and (d), respectively. 

High-magnification STEM images of (g) NCM and (h) ST-NCM particles in (e) and (f), respectively. 

The insets of (g) and (h) show the FFT patterns. 
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Figure 3.1.11. Cross-sectional FIB-SEM images of the NCM and ST-NCM particles before and after 

cycles at 60 oC, cross-sectional SEM images of pristine particle of (a) NCM, (b) Al2O3-coated NCM 

and (c) ST-NCM, cross-sectional SEM images of (d) NCM, (e) Al2O3-coated NCM and (f) ST-NCM 

after 150 cycles between 3.0 and 4.45 V at 60 oC. 
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Figure 3.1.12. STEM images of NCM sample for the each primary particles after 150cycles. 
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Figure 3.1.13. DSC profiles of NCM and ST-NCM after charging to 4.5 V.  
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Figure 3.1.14 shows the temperature dependence of Ni, Co, and Mn K-edge X-ray 

absorption near edge structure (XANES) spectra for the fully charged NCM and ST-NCM 

materials at 4.5 V during heating at temperatures up to 450 °C. All TM K-edge XANES spectra 

showed characteristic peaks of a layered structure with R 3̅m symmetry, including typical 

quadrupole-allowed 1s → 3d (peak A) and dipole-allowed 1s → 4p transitions with and without 

ligand-to-metal charge transfer (LMCT) (peaks B and C, respectively). Since the peak is associated 

with changes in the average oxidation state of the absorbing atoms, an in situ thermal XANES 

study can support the direct probing method for atomic-selective electronic structural 

characterization. The Ni and Co ions in both fully charged NCM and ST-NCM materials were 

oxidized to states of 4+, while the Mn ion remained in the initial 4+ state. As the temperature was 

increased beyond 300 °C, the overall absorption peak features for all the transition metals in the 

NCM sample abruptly shifted to the lower energy region and finally showed rock-salt like 

characteristics, which means that the transition-metal ions were effectively reduced to Mn2+, Ni2+, 

and Co2+ and the phase transition to divalent TM oxides occurred. On the other hand, the ST-NCM 

sample showed relatively smaller peak shifts to the lower energy region compared with those of 

the NCM sample. All TM K-edge XANES spectra gradually evolved to show typical spinel-like 

peak features with shoulder peaks B1 and B2, not rock-salt-like features. At temperatures above 

300 °C, the Mn and Co K-edge XANES spectra corresponded to the trivalent Mn3+ and Co3+ states, 

respectively, while the Ni K-edge XANES spectrum showed a clear Ni2+ peak feature.  

Figure 3.1.15 shows the corresponding radial distribution functions (RDF) of Fourier-

transformed (FT) transition-metal K-edge EXAFS spectra for the charged electrodes heated to 

450 °C. Before heating, the fully charged NCM and ST-NCM samples displayed typical RDF 

features of the R3̅m layered structure, with both six-coordinated TM–O and edge-shared TM–TM 

bonding pairs. Below ~250 °C, on the whole, both the charged NCM and ST-NCM samples 

retained the layered structure, showing a constant RDF peak feature. Above ~250 °C, however, the 

RDFs of the two samples exhibited different spectral tendencies, reflecting the effect of surface 

treatment of primary particles with pillar layer on the thermal behavior. In the NCM sample, the 

RDF features of all TM elements abruptly changed to their cubic Fm3̅m rock-salt-like local 

structures (TM2+–O phase) and remained constant up to 450 °C. The cubic structural environment 

with divalent TM2+ ions led to the overall FT peak shift to higher r space region (marked with ◆), 

compared to those of the R3̅m layered structure. It should be noted that the edge-shared TM–TM 

in Fm3̅m symmetry can be differentiated from that in the R3̅m layered structure. On the other hand, 

the ST-NCM sample showed a rather different RDF dependence, compared with NCM, on the 

same thermal conditions.  
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Figure 3.1.14. Normalized TM K-edge XANES spectra of the (a) Mn K-edge, (b) Ni K-edge, and (c) 

Co K-edge of NCM and ST-NCM as functions of heating temperature.  
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Figure 3.1.15. Radial distribution functions (RDF) for Fourier-transformed k3-weighted TM K-edge 

EXAFS spectra of the (a) Mn K-edge, (b) Ni K-edge, and (c) Co K-edge of NCM and ST-NCM as 

functions of heating temperature. 
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Above ~250 °C, the RDFs for all of the TM ions developed features of the cubic Fd3̅m 

spinel-like phase with the coexistence of edge-shared and corner-shared octahedral sites. This 

means that the pillar layer on the surface of primary particle could lessen the thermal shock to the 

core-charged NCM material. Under the thermally-mitigated environment, the Co and Ni ions in 

the layer would have the chance to easily migrate to the empty interstitial sites between the edge-

shared octahedral slabs, instead of participating in the direct phase transition to cubic Fm3̅m rock 

salt. The atomic rearrangement resulted in a new generation of corner-shared TM–TM interactions 

(marked by * in Figure 3.1.15) and then the formation of short-range order of the spinel-like phase. 

Based on the XANES result of the Ni2+, Co3+, and Mn3+ states at the higher temperatures, the 

locally thermal-driving phase was estimated to be a mix of the normal spinels of Ni2+Co3+
2O4 and 

Ni2+Mn3+
2O4.  

As shown by the results, a thermally driven structural degradation mechanism can be 

suggested for the NCM and ST-NCM samples, based on the assumption that the atomic-selective 

thermal reductions of the TM elements during heating gave rise to the oxygen release from the 

lattice. The reaction can be classified as follows: 

 

NCM sample: 3(NCM)4+O2 (layered) → 3(NCM)2+O (rock-salt like) + 
3

2
O2↑ 

ST-NCM sample: 3(NCM)4+O2 (layered) → (Ni2+Co3+Mn3+)3O4 (spinel-like) + O2↑ 

  

The structural change accompanied the oxygen evolution from the lattice, and the amount 

of the evolved oxygen for the structural transformation from the layered to rock-salt phase was 

higher than that for the transformation from the layered to spinel phase. This result is attained by 

the stabilized structure with pillars on the surface of grains. In addition, the stronger Mn–O bonding 

by Mn4+ in the ST-NCM primary particle’s surface restrained the release of oxygen, and therefore 

the ST-NCM sample showed lower total generated heat in the highly delithiated state.  
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Table 3.1.1. Rietveld refinement results of the (a) NCM and (b) ST-NCM samples.  

 

Goodness-of-fit parameters Lattice parameter c/a : 4.9585 

Reduced χ2 1.886 a 2.8677 

Total Rwp
a 5.46 c 14.2196 

Fractional coordinates Space group R-3m 

Atom Site x y z Occupancy  

Li1 3b 0.0000 0.0000 0.0000 0.9493  

Li2 3a 0.0000 0.0000 0.5000 0.0553  

Ni1 3a 0.0000 0.0000 0.5000 0.5960  

Co1 3a 0.0000 0.0000 0.5000 0.2089  

Mn1 3a 0.0000 0.0000 0.5000 0.2081  

O1 6c 0.0000 0.0000 0.2416 0.9823  

Ni2 3b 0.0000 0.0000 0.0000 0.0561  

 

 

Goodness-of-fit parameters Lattice parameter c/a : 4.9627 

Reduced χ2 1.215 a 2.8673 

Total Rwp
a 4.48 c 14.2295 

Fractional coordinates Space group R-3m 

Atom Site x y z Occupancy  

Li1 3b 0.0000 0.0000 0.0000 0.9736  

Li2 3a 0.0000 0.0000 0.5000 0.0854  

Ni1 3a 0.0000 0.0000 0.5000 0.5577  

Co1 3a 0.0000 0.0000 0.5000 0.1954  

Mn1 3a 0.0000 0.0000 0.5000 0.1968  

O1 6c 0.0000 0.0000 0.2416 0.9186  

Ni2 3b 0.0000 0.0000 0.0000 0.0318  

 

a 

b 
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Table 3.1.2. Information of the integrated L3/L2 ratio of the Mn L-edge on the Region 1 and 2. 

 I (L3)/I (L2) ratio Oxidation state of Mn 

NCM (region1) 3.02 ~2.67+ 

NCM (region2) 1.98 4+ 

ST-NCM (region1) 1.97 4+ 

ST-NCM (region2) 2.01 4+ 
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3.1.4 Conclusion 

 

In conclusion, the LiNi0.6Co0.2Mn0.2O2 cathode material with surface-treated primary 

particles (ST-NCM) was prepared using the solution with completely ionized lithium and cobalt 

sources. The ST-NCM primary particles’ surface, which consisted of a cation-mixing layer as a 

pillar layer, effectively improved the structural stability and electrochemical performance by 

suppressing the microcracks in the particles and grains during cycling. Moreover, the ST-NCM 

evidently prevented the oxygen evolution from phase transition at elevated temperature by 

suppressing the structural degradation and stronger Mn–O bonding. This concept of coating for the 

primary particles can be applied as a new strategy for surface modification to realize improvements 

in both electrochemical properties and thermal stability.  
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3.2 Generation of Nano glue-like layer as bridge of grains for stable Ni-rich cathode 

materials in lithium ion batteries  

 

3.2.1 Introduction 

The demand for high-performance lithium-ion batteries (LIB) in terms of energy density and 

life time have increased with an expansion in their applications from mobile devices to electric 

vehicles (EVs) and energy storage systems (EESs).37 Thus, cathode materials should fulfil 

important criteria such as high energy density, high power density, long cycle life, and thermal 

stability in a wide range of temperatures. Ni-rich cathode materials, such as LiNixCo1-x-yAlyO2 (x ≥ 

0.8, y ≤ 0.05), LiNixCo1-x-yMnyO2 (0.6 ≤ x ≤ 0.9, 0.1 ≤ y ≤ 0.2) have garnered attention for their 

application in advanced LIBs due to the high specific capacity and economical merits of the 

materials.38  

The higher Ni-content in the structure leads to higher specific capacity, but as Ni-content 

increases, the material exhibits poor cycling performance and thermal instability caused by the 

acceleration of cation mixing and surface side reaction, especially at elevated temperature.2, 8, 39 In 

this regards, several researchers have undertaken efforts to modify the Ni-rich material by using 

surface coatings (metal oxide, metal phosphates, etc.), introducing a concentration-gradient of a 

transition metal, and developing a core-shell structure.27e, 40 Nevertheless, Ni-rich cathodes still 

have several problems at elevated temperatures caused by morphological degradation. 

Ni-rich cathode materials show the morphology of secondary particles, which consists of 

single crystals with an average size <0.5 μm. Accordingly, the secondary particles contain many 

grain boundaries and voids that are distinct from LiCoO2 single particles.41 Thus, Ni-rich materials 

tend to be pulverized upon cycling because of anisotropic volume-changes in each single crystal 

having different crystal orientations in a secondary particle.11 This morphological degradation 

causes a loss in electronic conductivity and exposes new active sites, resulting in continuous 

performance degradation in terms of rate capability, cyclability, and structural stability upon 

cycling. Moreover, the electrochemical deterioration of Ni-rich materials also gets worse at 

temperatures >45 °C. 

Our group has reported the possibility of an internal coating in a secondary particle by using 

a fully dissolved precursor solution as a coating source.42 Subsequently, we found that a stable 

active material coating on spinel cathode materials using a solution-based process could effectively 

enhance their electrochemical performance without sacrificing their high capacity. We have 

demonstrated several advantages of the coating such as epitaxial growth of coating layer, high 

coating coverage, capacity contribution and enabling primary particle coating in a secondary 

particle, metal oxidation state tuning, and surface structure tuning.43 Recently, we have applied the 



64 

 

concept of coating to a layered LiNi0.6Co0.2Mn0.2O2 cathode.44 We successfully introduced stable 

LixCoO2 with a layered structure on both the inside and outside of secondary particles, and the 

cathode exhibited improved electrochemical performance. However, the capacity retention of the 

surface modified sample at 60 °C was 80% for 150 cycles, indicating a large difference in capacity 

retention between 60 °C and 25 °C. 

Herein, we demonstrate a simple coating to introduce a glue-nano-filler layer (denotes as G-

layer) between the grains of the LiNi0.8Co0.15Al0.05O2 (NCA) cathode materials, which consists of 

middle-temperature LixCoO2 (MT-LCO, x < 1) with a spinel-like structure. By applying the coating, 

we accomplished outstanding capacity retention of 87% after 300 cycles at 60 °C without using 

any electrolyte additives, even when the Ni content of this material was as high as 80%. We 

investigate the role of the coating layer using the combination of an electron microscope, powder 

characterization, and electrochemical characterization along with a computational method. 
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3.2.2 Experimental method 

 

Preparation of pristine sample. To prepare Ni0.89Co0.11(OH)2, a typical co-precipitation 

method was implemented.45 The stoichiometric amount of Al acetate was dissolved in ethanol. The 

Ni0.89Co0.11(OH)2 precursor powder was poured into a separately prepared aluminium solution and 

mixed vigorously for 1 h, and dried at 80 °C in a vacuum oven. The dried powder was mixed with 

LiOH·H2O (molar ratio 1:1.03) and annealed at 450 °C for 5 h, followed by heating at 750 °C for 

18 h under oxygen gas blowing. Finally, the LiNi0.8Co0.15Al0.05O2 (denoted by NCA) powders were 

obtained. 

Fabrication of glue-like filler layer. 100 g of the NCA powders were added to a coating 

solution which includes dissolved lithium and cobalt acetate in ethanol. The amounts of lithium 

were decided by the amount of residual lithium in the NCA cathode materials. The amount of 

coating material (MT-LCO) was optimized to 1 wt% of the NCA powder. The solvent was 

evaporated at 60 °C with stirring, and the powder was calcined at 600 °C for 4 h. 

Material characterization. The morphology of particles and cross-sectional images were 

obtained by using focused ion beam (FIB)-scanning electron microscopy (SEM) technique (FEI 

Helios Nano Lab 450). Additionally, the samples were thinned by a low-energy Ar-ion milling 

system (Fischione Model 1040 Nanomill). The HAADF-STEM images were taken using a probe-

side aberration corrected TEM (JEOL JEM-2100F). The pellet density (PD) of the cathode powder 

was measured by preparing pellets with 13 mm diameter 2.5 g powder under 25 MPa (253.93 kgf 

cm−2) for 30 s. 

Electrochemical evaluation. The electrochemical performance was evaluated by a coin-

type 2032R lithium half-cell. The cathode electrode was prepared by mixing a typical slurry with 

cathode materials powder, carbon black and PVDF binder with a mass ratio of 92:4:4 in N-methyl-

2-pyrrolidinone. The loading level of cathode material was ~8.0 mg cm-2 (Std. Dev 0.1). The cells 

were assembled in an argon-filled glove box with a 2032R type cell kit. The electrolyte for the 

half-cells was 1.15 M LiPF6 with ethylene carbonate–dimethylene carbonate–diethylene carbonate 

(30:40:30 vol%) (Panax Etec). The galvanostatic electrochemical impedance spectroscopy (GS-

EIS) was performed by two channels of multichannel potentiostats (BioLogic/VSP-300). Channel 

1 provided a galvanostatic signal (a biased current) to the cells, and channel 2 applied a series of 

small AC waves on the galvanostatic signal of channel 1, resulting in potential waves to calculate 

impedances. 

MD simulation. To investigate the effect of the voids on the interaction between NCA 

particles, stoichiometric NCA particles with spherical shape were modelled with a radius of 25 Å  

and 50 Å . The flat (001) surfaces were introduced to the particles, which were terminated with O 
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and Li (Inset of Figure 3.2.12a). For the interfacial study of NCA and MT-LCO, the near 

coincidence site lattice (NCSL) theory46 was used to minimize the strain energy caused by lattice 

mismatch. We constructed two systems of slab model (i.e. NCA/NCA or NCA/MT-LCO) with the 

percentage of lattice misfit less than 2% (Fig. S9a). The thickness of each slab was approximately 

30 Å , and they were separated from each other by 5 Å  in the simulation box, where the height was 

set to be 200 Å  (Fig. S9b and d). Each slab was made of cross attachments from (001), (104), (101), 

or (110) NCA surfaces and (001), (101), (111) or (113) MT-LCO surfaces. Each slab of the 

rectangular unit cell was cleaved from the bulk system in such a way that the surface became 

stoichiometric and electroneutral; several types of terminations of surfaces were obtained (Fig. 

S9c). We mainly classified slabs by their polarity, i.e. polar surfaces included NCA(001), 

NCA(101), MT-LCO(113), and MT-LCO(111) and nonpolar surfaces included NCA(104), 

NCA(110), MT-LCO(001), and MT-LCO(101). Polar surface was defined to have a dipole due to 

atomic arrangement along the z-axis. When interfaces were constructed, possible combinations of 

surface termination and 90° rotation relative to each surface were taken into account. For NCA 

models (Fig. S9c), NCA (001) slab was made of O and Li terminations on top and bottom surfaces, 

respectively, and thus its surface exhibited relatively large local dipole inducing high chemical 

reactivity.47 On the other hand, NCA (104) slab has no dipole with terminations of Li, O, and Ni5c 

(i.e. 5-coordinated) at both surfaces. NCA (101) slab, which looks like a tilted structure of NCA 

(104) slab, was made of Li and O terminations inducing a local dipole. NCA (110) slab was made 

of Li, Ni4c (i.e. 4-coordinated), and O terminations at both surfaces, so a local dipole was not 

induced. For MT-LCO (Fig. S9d), MT-LCO (001) slab was made of Li, Co5c, and O terminations 

and each termination had the same surface structure if rotated by 90°. MT-LCO (101) slab had two 

different terminations, where the top one (i.e. LiCo4cO-1) was rectangular-centred Li termination 

while the bottom one (i.e. LiCo4cO-2) was rectangular-primitive Li termination. Although these 

two terminations were different, there were no surface dipoles along the z-axis because of their 

identical stoichiometries at surfaces. MT-LCO (113) slab had two different terminations with 

LiCo3c and O, which induced a local dipole. MT-LCO (111) slab, which was particularly very 

unstable to contain a local dipole, was constructed by distributing terminated oxygen atoms into 

top and bottom surfaces to minimize dipole moment. Table S3 presents the structural properties of 

each surface model. All-atom molecular dynamics simulations were performed using the Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) package.48 The calculations 

were based on the Born model of ionic solids which have been commonly used for metal oxides. 

In this model, the interionic interactions were described by long-range Coulombic interactions and 

short-range Buckingham potential representing electron–electron repulsion and van der Waals 

forces as follows: 
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where Aij, ρij, and Cij are empirical pair potential parameters, rij is the interionic separation, 

and qi and qj are the charge of ion i and j, respectively. Each ion was treated as a non-polarizable 

formal charge. The potential parameters used in this study for NCA and MT-LCO are listed in 

Table S4. The empirical parameters of Li-O, Ni-O, Co-O, and O-O were taken from the literature.49 

A cutoff radius of 12.0 Å  was used for short-range interactions and the particle–particle particle–

mesh (PPPM) method50 was incorporated for the electrostatic interactions. The velocity Verlet 

algorithm was used with a timestep of 2 fs. Periodic boundary conditions were implemented. The 

temperature and pressure of the system were controlled by a Nose-Hoover thermostat with a 

damping parameter of 0.1 ps and a Nose-Hoover barostat with a damping parameter of 1 ps, 

respectively. All simulations were conducted under the NPxxPyyLzzT ensemble, where Pxx and Pyy 

were set to 1 atm and Lzz was fixed. MD simulations of model systems were carried out initially at 

the temperature of 1300 K for 400 ps. After that, the systems were cooled down to near 0 K at a 

cooling rate of 1 K/ps. Additional 200 ps of simulations near 0 K were performed to optimize the 

structures. This approach was previously used to make the surfaces at the interface come closer 

and overpass energy barriers to find the global minimum of the potential energy surface.51 To 

compare the relative binding strength between NCA/NCA interface and NCA/MT-LCO interface, 

binding energy per unit area between the two slabs was calculated with the final configuration of 

the simulation, which is described by the equation below: 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =
𝐸𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 − 𝐸𝑠𝑙𝑎𝑏1 − 𝐸𝑠𝑙𝑎𝑏2

𝐴𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒
 

where Einterface is the energy of the total system, Eslab1 and Eslab2 are energies of electroneutrally 

cleaved top and bottom slabs at the interface, and Ainterface is the area of the interface.  
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3.2.3 Results and Discussion 

 

The coating solution was prepared by completely ionized lithium and cobalt acetate in 

ethanol solution (Figure. 3.2.1). We have reported this simple method in our previous work (also, 

see Methods).43a, 44 Ionized coating sources infiltrated into the secondary particles through the gap 

between each primary particles, enabling the coating inside and outside of secondary particles 

(Figure 3.2.2). In contrast to the process followed in previous work (calcination at 800 °C for 4 h) 

this low firing temperature of 600 °C leads to the formation of a spinel-like phase MT-LCO 

between grains (denoted as G-layer).52 

There are several important parameters such as powder pH and moisture content which must 

be considered in the research of Ni-rich cathode material for Li-ion batteries. The water content 

and pH of the powder associated with residual lithium should be restricted within 250 ppm and 

<11.7, respectively, or it leads to safety issues in the battery and failures in battery manufacturing 

processes such as accelerated HF formation and slurry gelation, respectively.39 In forming the G-

layer, as presented in Table 3.2.1, the residual lithium compounds could be consumed as lithium 

precursors to the coating process because MT-LCO has additional lithium sites of 8a and 16d. 

Figure 3.2.3a shows the aberration-corrected high annular dark-field scanning transmission 

electron microscopy (STEM) image of pristine sample along the [100] zone axis. Each grain of the 

pristine sample showed a typical layered structure with a space group of R3̅m with lattice fringes 

of (003) and (012) plane corresponding to the d-spacing of 4.7 Å  and 2.3 Å , respectively. Since the 

Ni-rich cathode consists of anisotropically oriented primary particles (grain), the sample shows 

several voids and gaps at the nanometer-scale between grains, as shown Fig. 3.2.3b and c. For the 

G-layer sample, the STEM image shows the atomic arrangement of the coating layer along the 

[011]cubic zone axis (Figure 3.2.3d). This could be matched with the space group of Fd3̅m, which 

consisted of Co and Li occupying 16d and 16c octahedral sites, respectively.53 At the calcination 

temperature of 600 °C, LixCoO2 called middle-temperature LixCoO2 (MT-LCO, x < 1) could be 

formed with a spinel-like structure.52, 54 As a result, voids with a size >10 nm and tiny gaps of 2–

10 nm could be filled by MT-LCO on the coating process. The thin coating layers of <10 nm 

between the primary particles in a secondary particle were confirmed by HR-TEM images as 

shown in Fig. 3.2.3e and f (Figure 3.2.4 and 3.2.5). 

The pellet density (PD) of the cathode powder was measured by preparing pellets with 13 

mm diameter, 2.5 g powder under 25 Mpa (253.93 kgf cm−2) for 30 s. The PD can be a criterion 

for the achievable electrode density using the powder, and so it can be correlated with volumetric 

energy density; commercial Ni-based cathodes have ~3.3 g cm−3.55 The pellet density of the G-

layer was increased to 3.41 g cc−1, as against the pristine sample with 3.32 g cc−1. As shown in Fig. 
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2g and h, the pristine sample was pulverized after the PD test, in contrast to the G-layer sample. 

This result indicates enhanced mechanical strength of secondary particles caused by the formation 

of glue-layer between grains, which results in an extended contact area among the primary particles.  
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Figure 3.2.1. Schematic diagram of glue-layer fabrication mechanism. The scheme shows a 

formation of glue layer (purple) in a NCA secondary particle (gray) during the coating processes. The 

cross-sectional SEM images of the pristine sample show a severe morphological degradation during the 

electrochemical distinct from that of G-layer sample. The key roles of the glue layer on the 

electrochemical performance of the materials will be discussed in detail. 
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Figure 3.2.2. SEM images for surface morphology of (a, c) Pristine and (b, d) G-layer samples, Cross-

sectional images of (e) Pristine and (f) G-layer samples 
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Table 3.2.1. Comparison of physical properties of pristine and G-layer samples after synthesis.  

Increasing particle size and decreasing specific surface area by primary particle coating is shown this 

table.   

Physical properties Pristine G-layer 

Particle Size 

Distribution 

[㎛] 

D50 7.55 8.25 

Dmin 4.76 5.64 

Dmax 13.12 15.25 

Tap Density [g/cc] 2.47 2.46 

Pellet Density [g/cc] 3.34 3.41 

BET Surface Area [m2/g] 0.43 0.16 

Moisture Content [ppm] 1019 212 

pH 12 11.5 
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Figure 3.2.3. Photographs and SEM images of pristine and G-layer powders after pellet density 

test. STEM images of grains of (a) Pristine and (d) G-layer samples. Fast fourier transform (FFT) image 

of inserted in (a) and (d), respectively. The HR-TEM images between grains (b, c) Pristine ((c) 

Expanded image of red rectangle in (b)) and (e, f) G-layer samples ((f) Expanded image of red rectangle 

in (e)). The pellets were collected after pressing with the pressure of 25 MPa (=254.93 kgf cm─2) for 30 

sec. Top view SEM images; (g) Pristine sample (h) G-layer sample. The pellets of the powder were 

shown in the insert of (g and h), respectively. 
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Figure 3.2.4. STEM images and EDS mapping results of (a) pristine and (b) G-layer samples 
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Figure 3.2.5. STEM images for grain boundaries of (a, b) Pristine and (c, d) G-layer samples 
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To directly compare the capacity retention of the sample between 25 °C and 60 °C, the 

discharge capacities were normalized by the first discharge capacity (Figure 3.2.6a). Note that both 

the first discharge capacities of the pristine and G-layer samples were 200 mAh g−1, with coulombic 

efficiency of 94% (Figure 3.2.7). No decrease in capacity after coating suggests minimal reaction 

between the pristine and coating material at 600 °C. In general, a higher coating temperature 

resulted in the diffusion of the coating material into the pristine sample, which accompanies a 

decreased discharge capacity. 40d One of the striking features of the G-layer sample was that the 

capacity retention curve at 60 °C was almost superimposed on that at 25 °C in 300 cycles. (Figure 

3.2.6a). It is known that capacity degradation of cathode materials becomes more severe as 

temperature increases due to the accelerated surface side reactions with the electrolytes and 

structural changes from the layered to rock-salt NiO phases. This outstanding cyclability of the Ni-

rich cathode at elevated temperatures has not been reported yet.14, 40c, 56 For instance, the Ni3(PO4)2 

coating on LiNi0.80Co0.15Al0.05O2 to improve cycle life at high temperature was reported by Lee et 

al.57. The capacity retention of the Ni3(PO4)2 coated sample was 75% after 100 cycles at 55 °C. 

According to our previous research,45 the difference in capacity retentions of the 

LiNi0.81Co0.1Al0.09O2 cathode after 200 cycles at 25 °C and 60 °C was ~20%. In comparison with 

previous works, the G-layer sample demonstrated good performance at 25 °C and 60 °C even after 

300 cycles. In the cycling test (Figure 3.2.6b), the operating voltages of the pristine sample were 

significantly changed, which is indicative of an increase in internal resistances during the charge 

and discharge process. On the other hand, those of the G-layer sample were almost unchanged. 

This new coating method was further proved by another high Ni-rich cathode material, 

LiNi0.8Co0.1Mn0.1O2 (NCM811), which showed substantially improved capacity retention of the 

coated sample relative to the pristine NCM sample (Figure 3.2.8). 

Another important issue with Ni-rich cathodes is poor structural stability in the fully charged 

state (fully delithiated state) because of their unstable layered structure of vacant lithium slabs.58 

The structural instability leads to dissolution of transition metal ions into electrolytes and the 

formation of a phase transition, especially at elevated temperatures, which results in safety issues.59 

Figure 3.2.6c shows the discharge curves of the samples before and after storage at 60 °C for 14 

weeks in a fully charged state (4.3 V). The pristine sample displayed 21.85% deteriorated discharge 

capacity with 153 mAh g−1. On the other hand, the G-layer sample sustained the discharge capacity 

of 187 mAh g−1, showing 94% capacity retention. We believe that MT-LCO filler layers provide 

structural stability to each grain even after delithiation. 
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Figure 3.2.6. Electrochemical evaluation at high temperature and STEM/EDXS images after 300 

cycles of the samples. (a) Cycle performance of the pristine and G-layer samples between 3.0 and 4.3 

V at 25, 60 °C (charge rate: 0.5 C; discharge rate: 1 C). The voltage profiles are available in 

supplementary figure 4. (b) Voltage versus cycle number in cycling at high temperature for pristine and 

G-layer samples. (c) Voltage profile of discharge for storage test at high temperature. The cells are 

stored at 60 oC for 14 weeks after 4.3V charge (Q=Discharge capacity). STEM images of the cross-

sectioned particle; (d) Pristine sample before and after cycle. (e) G-layer sample before and after cycle.  
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Figure 3.2.7. Voltage profiles of (a) Initial charge and discharge for the Pristine and G-layer sample, (b) 

Cycling at high temperature (60oC) between 3.0-4.3V, and (c) Cycling at room temperature (25oC) 

between 3.0-4.3V 
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Figure 3.2.8. Voltage profiles of (a) Initial charge and discharge for the LiNi0.8Co0.1Mn0.1O2 (NCM811) 

and G-layer NCM811 sample, (b) Cycle retention at high temperature (60oC) between 3.0-4.3V for the 

NCM811 and G-layer NCM811 samples 
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The Ni-based cathode materials with a layered structure consist of alternately stacked close-

packed lithium layers between O-TM-O (TM are transition metals) slabs along the c-axis. In the 

delithiation process, the repulsion force between the two neighbouring oxygen layers was 

increased by extracting the lithium ions from Li layers. Consequently, lattice parameter c increased. 

Meanwhile, a higher valence state of transition metals leads to a contraction in the ion radius of 

TM, resulting in a decrease in lattice parameters a and b. The reverse reaction occurs during the 

lithiation process, and therefore a large anisotropic lattice volume change occurs during the charge 

and discharge. The change in lattice parameters for the LiNi0.8Co0.15Al0.05O2 cathode material was 

reported to be the highest in the layered compounds, showing Δa and Δc of −2.1% and 2.3%, 

respectively.60 The large lattice volume change could lead to micro-cracks, inducing an 

electrochemical grinding effect between grains.61 On the other hand, a spinel-like structure of the 

MT-LCO shows a smaller lattice volume change because of concurrent changes in the spinel 

structure in three-dimension,62 thereby playing an effective role in mitigating the electrochemical 

grinding effect. 

Figure 3.2.6d and e show the STEM images of the cross-sectional particle of the pristine and 

G-layer samples after 300 cycles at 60 °C. Notably, different morphology changes were observed. 

The pristine sample showed severely developed cleavages of sizes >200 nm between the grains, 

and all the grains are shattered after the cycling test (Figure 3.2.6d). On the other hand, the G-layer 

sample retained the pristine morphology of the secondary particle without any collapse (Figure 

3.2.6e). These morphological changes were verified in most particles, as shown in Figure 3.2.9. 

Mitigating micro-cracks in cycling could effectively suppress the development of a new SEI layer 

as an electrical resistance resulted from the reaction in the electrolyte between grain boundaries 

(Figure 3.2.10).  
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Figure 3.2.9. Cross-sectional SEM images of secondary particles of pristine and G-layer samples. The 

particle before cycle; (a) Pristine and (b) G-layer samples. The particle after cycle; (c, e, g) Pristine and 

(d, f, h) G-layer samples. 
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Figure 3.2.10. STEM-EDXS images between grain boundaries of (a) pristine and (b) G-layer samples 

after 300 cycle at 60 oC. 
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Figure 3.2.11a shows the discharge capacity of the two samples as a function of the cycle 

number with varying discharge current density from 0.1C (= 200 mAh g−1) to 7C (the charge rate 

was fixed to 0.5C) at 25 °C. With increasing C-rate, the G-layer sample outperforms the pristine 

sample and the voltage profiles at different c-rates showed a larger IR drop in the pristine sample 

than in the G-layer sample. This can be explained by the formation of G-layer in a secondary 

particle. Nano-sized voids between grains enable an electrolyte to infiltrate the secondary particle 

so that the high lithium ion diffusivity of the electrolyte can improve the lithium ion mobility in 

the secondary particle. However, for electron transfer, this morphology is a disadvantage due to 

the many grain boundaries and voids.63 Thus, the electron conductivity in the secondary particle 

can be enhanced by a glue layer as a bridge owing to the following two factors:64 

1) extended contact area in the secondary particle, and  

2) improved electron mobility caused by the higher electron conductivity of MT-LCO  

The enhanced rate capability of the G-layer sample was further investigated via in-situ 

galvanostatic-electrochemical impedance spectroscopy (GS-EIS) during galvanostatic discharge 

process at 1C rate.65 The analysis was performed on the charged cell with different depths of 

discharge (DOD) from 0% to 100% during lithiation. The chronopotentiometric profile of lithiation 

of the pristine and G-layer samples up to 2.9 V at 1C rate after charging to 4.3 V at 0.5C are 

presented in Fig. 3.2.11c. Figure 3.2.11d shows the Nyquist plots of the GS-EIS obtained from the 

charged samples at different ΔDODs of 10, 20, 40, 50, 80, and 90%. The width of intermediate-

frequency semi-circles related to RCT increased with increasing ΔDOD. The values of RCT were 

extracted from the intermediate-frequency semi-circle in the impedance spectra, and the results are 

presented in Table 3.2.2. At DOD 90%, the RCT value of the G-layer sample was 35 Ω, but that of 

the pristine sample was 74 Ω. Charge transfer resistance associated with the lithium ion 

intercalation by reduction reaction should be low in order to deliver a high capacity at high-rate 

cycling. In this regard, the MT-LCO acting as a bridge between grains could provide the pathway 

for fast electrons and ion kinetics with effectively reduced charge transfer resistance. 
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Figure 3.2.11. Rate performance results and GS-EIS analysis data. (a) Rate capabilities of Pristine 

and G-layer evaluated between 3.0 and 4.3 V at 25 °C. (b) Voltage profiles of the first cycles at each C 

rates during the rate performance test of (a). Galvanostatic-Electrochemical Impedance Spectroscopy 

(GS-EIS) in discharge at 1C rate; (c) Voltage profile of Pristine and G-layer samples. (d) Nyquist plots 

of Pristine and G-layer samples at different DOD of 10%, 20%, 40%, 50%, 80%, and 90% on the 

chronopotentiometric profiles are measured simultaneously in (c). The EIS spectra consist of high-

frequency semi-circles, intermediate-frequency semi-circles, and low-frequency inclined lines. The 

resistances were characterized by the different frequency semi-circles and inclined lines: (i) solution 

resistance (Rs) and solid electrolyte interface (SEI) layer resistance (RSEI) by high-frequency semi-circle, 

(ii) charge transfer resistance (RCT) by intermediate-frequency semi-circle, (iii) Warburg impedance (ZW) 

by low-frequency sloped diffusion tail.  

 

  



85 

 

Table 3.2.2. GS-EIS fitting results 

 

Parameter DOD (%) Pristine G-layer 

Re /Ω 

20% 

50% 

90% 

1.589 

0.413 

2.01 

1.839 

1.72 

1.897 

RSEI /Ω 

20% 

50% 

90% 

4.131 

1.263 

0.825 

2.285 

1.941 

0.207 

RG /Ω 

20% 

50% 

90% 

- 

- 

- 

2.861 

9.163 

11.18 

RCT /Ω 

20% 

50% 

90% 

42.3 

48.78 

74.24 

2.081 

2.51 

34.99 
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To investigate the effect of the voids on the interaction between primary particles, the 

interaction energy was evaluated with respect to the gap distance between two spherical NCA 

particles of layered structure with (001) facets facing with each other. The (001) facets are 

dominant in the layered structure with a stable energy state. Three combinations of termination 

type of each surface (i.e. Li/Li, Li/O and O/O) were taken into account. As shown in Figure 3.2.12a, 

the interaction energies between two particles become negligible at the gap distance of ~5 nm 

regardless of the types of terminations. Considering the voids with a size of >10 nm and the tiny 

gap distance observed using HR-TEM (Figure 3.2.3b) was in a range of 2–10 nm, resulting a weak 

binding force between the grains. Thus, to observe the filling effect by MT-LCO of the spinel 

structure as a glue layer, we calculated the binding energies of combinatorial interfaces between 

NCA (001), (101), (104), or (110), and MT-LCO (001), (101), (113), or (111) surfaces by 

constructing slab models (Figure 3.2.15 - 3.2.18). Figure 3.2.12b shows the average binding 

energies of interfaces classified by surface polarity. For all cases, the binding strengths of 

NCA/MT-LCO interfaces were larger than those of NCA/NCA interfaces. This result clearly 

suggests that MT-LCO filling the voids can play the role of glue between NCA particles (Figure 

3.2.12c). 

These glue-like effects were investigated in detail with the structural properties (i.e. surface 

polarity, surface planar density, coordination number of surface) of each surface of NCA and MT-

LCO. Interfaces formed with O-terminated NCA(001) have large binding energies on average due 

to large polarity (Figure 3.2.14a). Especially, the binding strength between polar O-terminated 

NCA(001) and polar MT-LCO(113) has the largest value (i.e. -64.71 J m−2), where the dipole 

moment induces metal infiltration into the interfacial region to develop strong adhesion (Left 

configuration in Figure 3.2.12d). Other factors such as planar density of each surface and 

coordination number of atoms located in the outermost surface also acted on the interfacial binding 

energies.66 Low surface-planar densities with low-coordinated Ni, Al, and Co usually induced the 

diffusion of surface atoms due to low coherence so that higher binding energy was eventually 

expected. To investigate the isolated effects of surface planar density and coordination number of 

surface, nonpolar surface slabs (i.e. NCA(104), NCA(110), MT-LCO(101), and MT-LCO(001)) 

were chosen for analysis. The interfaces with higher planar densities and higher coordination 

numbers of outermost metal atoms (i.e. NCA(104), MT-LCO(001)) had lower binding energies 

(Figure 3.2.14c). Those factors induced a low diffusivity of surface atoms (Middle configuration 

in Figure 3.2.12d). 

NCA/NCA interfaces were investigated to estimate the binding energies of initial grain 

boundaries of fully bound NCA primary particles. Among these interfaces, binding energy was 

found to be relatively high when the interface was formed with NCA(001) surface (Figure 3.2.14b) 
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because of atomic diffusion into the interfacial region when the same termination (i.e. O/O, Li/Li) 

was applied (Figure 3.2.17). Especially, for the O-terminated NCA(001) surface, the diffusions of 

Ni, Al, and Co into the interfacial region induced a large interfacial energy (i.e. -34.01J m−2) (Right 

configuration in Figure 3.2.12d), which was comparable to that of NCA/MT-LCO. However, it 

does not change the fact that the average binding strength is still expected to be larger for the 

interface of NCA/MT-LCO in consideration of the presence of several difference interfaces and 

also of the presence of voids. 
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Figure 3.2.12. Results of molecular dynamics (MD) simulation. (a) Interfacial energy gradient 

depend on distance between NCA particles with radius of 25Å and 50Å with different terminations. 

(i.e. Li termination and Oxygen termination) (b) The average binding energy of unit area (J/m2) between 

surfaces classified depending on the surface polarity. (i.e. polar surfaces : NCA(001), NCA(101), MT-

LCO(113), and MT-LCO(111), nonpolar surfaces : NCA(104), NCA(110), MT-LCO(001), and MT-

LCO(101). Blue bar indicates the binding energy between NCA and MT-LCO surfaces. Grey bar 

indicates the binding energy between NCA and NCA surfaces. (c) Schematic illustration of interfacial 

binding energies of void and glue-layer. (d) Left : Interface of O-terminated NCA(001) with O-

terminated MT-LCO(113); Middle : NCA(104) with MT-LCO(001); Right : O-terminated NCA(001) 

with O-terminated NCA(001). Interfacial region is expressed with orange color and infiltrated Ni, Al, 

and Co atoms from NCA were expressed with cyan dashed-circle. 
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Table 3.2.3. Planar density of Li, TM, and O atoms at the surface, and coordination number of outermost 

TM of each surface model. 

Surface Index Termination 

Planar density (Å -2) Coordination # 

of outermost 

TM 
Total Li TM O 

NCA 

(001) 
Li 0.141  0.141 - - 6 

O 0.141  - - 0.141 6 

(104) LiNi5cO 0.243  0.061 0.061 0.121 5 

(101) Li 0.073  0.073 - - 5 

(101) O 0.073  - - 0.073 5 

(110) LiNi4cO 0.171  0.043 0.043 0.085 4 

MT-LCO 

(001) LiCo5cO 0.249  0.062 0.062 0.125 5 

(101) 
LiCo4cO-1 

& LiCo4cO-2 
0.176  0.044 0.044 0.088 4 

(113) 
LiCo3c 0.076  0.057 0.019 - 3 

O 0.057  - - 0.057 5 

(111) 
O-1 0.072  - - 0.072  6 

O-2 0.072  - - 0.072  6 
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Table 3.2.4. Interaction parameters of short-range Buckingham potential and charge of each ion. 

Interaction A (eV) ρ (Å ) C (eVÅ -6) q(e) 

Li+−O2− 632.1018 0.2906 0.00  +1 

Co3+−O2- 1329.820 0.3087 0.00  +3 

Ni3+−O2- 1279.230 0.2932 0.00  +3 

Al3+−O2- 1114.9 0.3118 0.00  +3 

O2−−O2− 22764.3 0.149 44.53  -2 
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Figure 3.2.13. Scheme of interface modeling. (a) Near Coincidence Site Lattice (NCSL) theory. 

Two rectangular surface lattices (solid black lines and red dotted lines) are shown with lattice 

parameters (i.e. a1, b1, a2, and b2) and supercell size parameters (A1, B1, A2 and B2). (b) 

Representative interface model system composed of two surface slabs. (c) and (d) Top view and 

side view of each rectangular unit cell of NCA and MT-LCO surfaces, respectively. Dotted-lines 

represent termination type of each surface. Li, Ni, Co and O atom are bright purple, navy, blue, red 

color respectively. Al and Co dopants are not shown in NCA surface because Ni atoms are randomly 

replaced by dopants after building interface. 
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Figure 3.2.14. The binding energy of unit area (J/m2) of each (a) NCA/MT-LCO and (b) NCA/NCA 

interface. NCA surface slab was described with termination. (c) Non-polar NCA/MT-LCO. Red bar 

indicates combination of low planar density slabs, purple bar indicates combination of high planar 

density slab and low planar density slab, and blue bar indicates combination of high planar density 

slabs. 
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Figure 3.2.15. Final configuration of each NCA/MT-LCO interface formed with NCA(001) and 

NCA(104) with planar coincidence densities (i.e. ΣN and ΣM for NCA and MT-LCO) and binding 

energies (J/m2). Li, Ni, Co, Al and O atom are bright purple, navy, blue, pink, and red color 

respectively.  
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Figure 3.2.16. Final configuration of each NCA/MT-LCO interface formed with NCA(101) and 

NCA(110) with planar coincidence densities (i.e. ΣN and ΣM for NCA and MT-LCO) and binding 

energies (J/m2). Li, Ni, Co, Al and O atom are bright purple, navy, blue, pink, and red color 

respectively.  
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Figure 3.2.17. Final configuration of each NCA/NCA interface formed with NCA(001) and 

NCA(104) with planar coincidence densities (i.e. ΣT and ΣP for NCA on top and bottom) and binding 

energies (J/m2). Li, Ni, Co, Al and O atom are bright purple, navy, blue, pink, and red color 

respectively. 
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Figure 3.2.18. Final configuration of each NCA/NCA interface formed with NCA(101) and 

NCA(110) with planar coincidence densities (i.e. ΣT and ΣP for NCA on top and bottom) and binding 

energies (J/m2). Li, Ni, Co, Al and O atom are bright purple, navy, blue, pink, and red color 

respectively. 
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3.2.4 Conclusion 

We successfully introduce a thin spinel-LixCoO2 layer in- and outside of a 

LiNi0.8Co0.15Al0.05O2 (NCA) secondary particle via the solution-based coating method. The 

obtained cathode demonstrated an outstanding cyclability with ~87% of capacity retention after 

300 cycles at both RT and 60 °C and an excellent rate capability. The coating layer could effectively 

protect the unstable surface of primary particles of the Ni-rich cathode during cycles; moreover, 

the mechanical strength and electronic conductivity of a secondary particle could be enhanced by 

reducing the gaps between anisotropically oriented grains. The role of spinel-LixCoO2 layer was 

further investigated through molecular dynamics simulations. The binding strength of NCA/MT-

LCO interfaces was larger than that of NCA/NCA interfaces, so that MT-LCO filling the voids in 

the NCA secondary particle could play a key role in enhancing its mechanical strength. Thus, 

considering the interfacial binding strength between the host and the coating, the solution-based 

active material coating on a secondary particle opens up a new approach to advanced Li-ion battery 

cathode. 
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