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Abstract 

Significant focus has been directed towards Ni-rich cathodes in lithium-ion batteries 

(LIBs) as they have been shown to become the sustainable electrodes for electric 

vehicles (EVs) applications. Particularly, Ni-rich layered oxides (NLO) cathodes with 

stoichiometric ratios of Ni ≥ 80% have gained substantial attention due to their 

impressive high energy density. Nonetheless, NLO compounds suffer several crucial 

problems such as Li+/Ni2+ cation mixing, structural degradation, side reactions, and 

micro-cracks. These problems deteriorate the battery performance, especially at high 

current density and high voltage. This PhD research focused on modifying 

polycrystalline NLO to alleviate these crucial problems. To this end, a novel 

sol/antisolvent method with boron-related materials has been developed to modify the 

different NLO materials or their precursors. The underlying mechanisms of the 

modification effects by the proposed sol/antisolvent method for the superior NLO 

cathodes for EV applications have also been studied. First, a high initial Coulombic 

efficiency and ultra-stable mechanical integrity of LiNi0.85Co0.1Mn0.05O2 are achieved. 

This is mainly because the modification with crystalline LiBO2 nanoparticle coating and 

nanorod wrapping on NLO can provide double protection against electrolytes. Second, 

the innovative design of a three-in-one effect incorporating radially aligned structure 

and amorphous LiBO2 coating and B-doping on NLO has proven compelling. This 

strategy has enabled extremely high discharge capacity and excellent cycling stability 

in LiNi0.83Co0.05Mn0.12O2 materials. Third, the benefits of radially aligned structure and 

B-doping extend to the ultra-high Ni content materials such as LiNiO2 with improved 

Li/Ni ordering, resulting in markedly superior capacity retentions compared to the well-

formed and similar-sized single-crystal LiNiO2. This work demonstrates the efficacy of 

utilizing novel sol/antisolvent treatment with boron-related materials in advancing NLO 

cathode development. The findings establish viable strategies for creating superior NLO 

cathodes for the rigorous demands of EV applications.  
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Chapter 1 Introduction 

This chapter reports the background study of the thesis, it includes a review of the 

development of lithium-ion battery (LIB) from prototype to commercialization, the 

study of LIBs undergoing rapid development in EVs application in recent years, the 

comparison of four main LIBs technologies for EVs, and the characteristic description 

of Ni-rich NCM as one of the most promising cathodes for EVs. The significance and 

originality of the thesis are described subsequently. The purpose is to recall the historical 

background of LIBs and to figure out the relationship between LIBs and Ni-rich layered 

oxide cathodes for the EVs application.  

1.1. Background Study 

1.1.1. Lithium-ion Battery from Prototype to 

Commercialization 

Since the commercialization of LIBs by Sony in 1991, LIBs have been fully integrated 

into our daily lives (He et al., 2023). The applications of LIBs become more and more 

diverse including electric cars, power tools, medical devices, smart watches, drones, 

satellites, and utility-scale storage (Grey and Hall, 2020). Before the introduction of Ni-

rich layered oxide cathodes in LIBs for EVs application, it is necessary to understand 

LIBs as electrochemical energy storage devices. The history of LIBs from prototype to 

commercialization is first studied. It is found that the discovery of new materials can 

result in the development of the energy density of LIBs. Adopting carbon materials as 
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the anode can solve the safety problems encountered by the commercialization of LIBs. 

To help the readers know the important criteria for evaluating LIBs, the theoretical 

capacity and energy density of LIBs are calculated, which are the fundamental limits for 

the different LIB systems (Grey and Hall, 2020). 

1.1.1.1. First Generation of Lithium-ion Battery 

The prototype of LIBs was invented by M. Stanley Whittingham in 1976, worked in 

Exxon Research and Engineering Company, USA, he demonstrated the first lithium-

based rechargeable battery (Li/TiS2) system based on intercalation chemistry 

(Manthiram, 2020, Whittingham, 1976b, Whittingham, 1976a). Compared with first 

practical rechargeable batteries (lead-acid batteries), which was invented in 1859 by 

French scientist Gaston Planté and used as the power for a three-wheeled electric vehicle 

in 1881 (Kurzweil, 2010), the lithium titanium disulfide (LixTiS2) battery system 

processes completely different cell reactions, due to the substances undergoing redox 

reactions was completely changed. 

Whittingham’s idea was inspired by the new superconductors of layered 

dichalcogenides of the transition metal atomics from groups IVB and VB in the periodic 

table reported in 1971 by F.R. GAMBLE etc. (Gamble et al., 1971, Cairns and 

Shimotake, 1969). In this first lithium-based rechargeable battery, lithium was used as 

the anode, TiS2 as the cathode, and lithium hexafluorophosphate in propylene carbonate 

as the electrolyte to construct the Li/TiS2 battery system. Lithium was intercalated into 

TiS2 lattice during discharge, then extracted from TiS2 electrode during charge. The 
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reversibility of this Li/TiS2 system had been confirmed after 1100 times cycling at 4 mA 

(Whittingham, 1976a). 

The ternary phases with the layered structure were formed by an intercalation reaction 

in this Li/TiS2 battery system as shown below: 

𝐿𝐿𝐿𝐿 + 1
𝑥𝑥
𝑇𝑇𝐿𝐿𝑆𝑆2 →

1
𝑥𝑥
𝐿𝐿𝐿𝐿𝑥𝑥𝑇𝑇𝐿𝐿𝑆𝑆2(0 ≤ 𝑥𝑥 ≤ 1)    Equation (1. 1) 

The topochemical method was adopted in Whittingham’s work to analyse this cathode 

reaction in cells as shown in Figure 1. 1. 

 

Figure 1. 1. Possible classification of cathode reactions (Whittingham, 1976b). 
 

Based on the topochemical reaction of the cathode, the electrochemical reaction of 

layered TiS2 with Li in the discharge/charge process occurs very rapidly and reversibly 

at ambient temperature. The existence of a non-stoichiometry ternary compound was 

further demonstrated by using Li7 nuclear magnetic resonance (Silbernagel and 

Whittingham, 1976).  

The experimental energy density of Li/TiS2 battery was found to be 480 Wh/kg 

(Whittingham, 1976a). The theoretical energy density 𝐸𝐸𝑑𝑑  of Li/TiS2 system can be 

calculated by the following calculation equations: 

𝛥𝛥𝛥𝛥 = −𝑛𝑛𝑛𝑛𝐸𝐸 = −1 × 96500 × 2.5 = −241250 𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚 = −241.25 𝐾𝐾𝐽𝐽/𝑚𝑚𝑚𝑚𝑚𝑚 =
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−67.01 𝑊𝑊ℎ/𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚    Equation (1. 2) 

𝐸𝐸𝑑𝑑 = 𝛥𝛥𝐺𝐺
𝑀𝑀𝑤𝑤

= 67.01 𝑊𝑊ℎ
0.11893 𝑘𝑘𝑘𝑘

= 563.44 𝑊𝑊ℎ/𝑘𝑘𝑘𝑘     Equation (1. 3) 

where 𝛥𝛥𝛥𝛥  is free energy change during discharge in KJ/mol, 𝑛𝑛  is the corresponding 

mole electron transfer in mole, 𝑛𝑛 is the Faraday’s constant 96500 C/mol, 𝐸𝐸 is the cell 

electromotive force as a reference in V, 𝐸𝐸𝑑𝑑 is theoretical specific energy per mass in 

Wh/kg, 𝑀𝑀𝑤𝑤 is the molecular weight of reactants in g/mol. The above equations are also 

applicable for calculating the theoretical energy densities of other battery systems. 

Because of the advantages of smaller molecular weight and relatively higher cell 

electromotive force, the theoretical energy density of Li/TiS2 battery is twice the 

theoretical energy density of Pb/PbO2 lead-acid battery (246.18 Wh/kg with the 

electromotive force- 𝐸𝐸  of 2.05 V) (Gong et al., 2015). However, due to the intrinsic 

safety concerns of internal short circuits triggered by lithium needles and dendrites with 

long branching structures during the recharging process, the first generation of 

rechargeable lithium-ion batteries (Li/TiS2 system) had not been commercialized (Yan 

et al., 2020).   

1.1.1.2. Discovery of LiCoO2 

According to Equation (1. 2) and Equation (1. 3) for calculating the energy density of 

the battery system, we know that higher electromotive force, more electron transfer, and 

smaller molecular weight of reactants can enhance the energy density. Higher energy 

density is favored for many different application scenarios. Ever since the invention of 

Li/TiS2 battery system, researchers intended to develop a positive electrode (cathode) 
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with a layered structure, that has a larger energy density than LixTiS2 battery. Based on 

the fundamental understanding that metal oxides have lower p-orbital energy than their 

corresponding sulphides, therefore increasing the cell voltage (Figure 1. 2), and 

knowing that lithium ion (Li-ion) may be mobile in solid electrolytes, J.B. 

GOODENOUGH etc. were enlightened in 1980 to speculate that close-packed oxygen 

arrays might be suitable for the mobility of Li-ions (Mizushima et al., 1980, Mizushima 

et al., 1981).  

 

Figure 1. 2. Oxides with lower p-orbital energy than sulphides (Manthiram, 2020). 
 

Based on the above hypothesis, transition-metal lithium oxides LiMO2 were considered 

to crystallise in a layered structure. During the cell reaction, MO2 phase with the layered 

structure would be generated through the removal of Li-ions from a high-voltage cell. 

Several transition-metal, V-Vanadium, Cr-Chromium, Co-Cobalt, and Ni-Nickel lithium 

oxides LiMO2 were investigated. Results showed that LiCoO2 is the most promising 

material for higher Li-ion mobilities (Mizushima et al., 1980, Mizushima et al., 1981). 
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Three factors were considered accounting for the superior property of LiCoO2: (a) Li-

ion diffusion becomes easier due to the larger space between oxygen layers facing the 

Li layer in LiCoO2 than in the other LiMO2 oxides, benefiting from the smaller ionic 

size of Co3+ (i.e. 0.545 Å for Co3+, 0.56 Å for Ni3+, 0.615 Å for V3+, 0.64 Å for Cr3+) 

(Shannon, 1976); (b) The oxygen layers are strongly polarised towards cobalt layers due 

to the low-spin state of Co(Ⅳ)/Co(Ⅲ), which guarantees the stability of layered 

structure; (c) Cobalt and lithium ions existing in alternate layers in LiCoO2 with good 

ordering, while the corresponding nickel compound would suffer from disordering.  

Both the cell electromotive force and the theoretical energy density are much higher for 

Li/LixCoO2 (0≤x≤1) system than for Li/LixTiS2 system, with the value of 4 V and 

1095.55 Wh/kg, respectively (Whittingham, 1976a, Mizushima et al., 1981). Energy 

density was enhanced from Li/LixTiS2 system with the 𝐸𝐸𝑑𝑑  of about 563 Wh/kg to 

Li/LixCoO2 (0≤x≤1) system with the 𝐸𝐸𝑑𝑑 of about 1100 Wh/kg. It can be concluded that 

the discovery of LiCoO2 is a key milestone towards the practical application of lithium-

ion batteries.  

1.1.1.3. Commercialization of Lithium-ion Battery 

Using lithium metal as an anode would trigger serious battery safety issues due to its 

high reactivity, low melting temperature and combustion (Brandt, 1994, Yang et al., 

2024). Until Japanese scientist Yoshio Nishi considered using carbonaceous materials 

as anode for the electrochemical intercalation of lithium, LIBs had eventually achieved 

commercialization with their high energy density, high cycling stability, and good safety 
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(Yoshino, 2013, Ozawa, 1994). The first commercial model of LIB is C/LiCoO2 system, 

C represents different kinds of carbon like the graphitizable carbon and the non-

graphitizable carbon. Such C/LiCoO2 battery system with a cylindrical construction was 

first put into use for the portable telephone by Sony Corporation in 1991, using lithium 

salt LiPF6 dissolved in propylene carbonate as the electrolyte (Ozawa, 1994). An image 

of the cylindrical type LIB is shown in Figure 1. 3. 

 

Figure 1. 3. Cell construction of cylindrical type LIB (Zubi et al., 2018). 
 

In this first commercial model of (C/LiCoO2) LIB system, both anode (C) and cathode 

(LiCoO2) active components are layered materials, as illustrated in Figure 1. 4. During 

the charging and discharging process, lithium ions move back and forth between these 

two electrodes. Meanwhile, the electrons move in the opposite direction in the external 

circuit. Li ions are charge carriers in LIBs. Therefore, the capacity of the battery is 

directly proportional to the amount of Li ions that move between the cathode and anode 

through the electrolyte. 
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Figure 1. 4. Schematic of the configuration of rechargeable LIB with (C/LiCoO2) 

system (Liu et al., 2016). 
 

Different from the cell reactions of Li/LiCoO2 battery system, the detailed cell reactions 

of C/LiCoO2 battery system are shown below (Sun, 2015): 

Cathode reaction: 𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑂𝑂2 ↔ 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝐿𝐿𝐿𝐿1−𝑥𝑥𝐿𝐿𝑚𝑚𝑂𝑂2 + 𝑥𝑥𝑚𝑚−  Equation (1. 4) 

Anode reaction: 6𝐿𝐿 + 𝑥𝑥𝐿𝐿𝐿𝐿+ + 𝑥𝑥𝑚𝑚− ↔ 𝐿𝐿6𝐿𝐿𝐿𝐿𝑥𝑥    Equation (1. 5) 

Overall reaction:𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑂𝑂2 + 6𝐿𝐿 ↔ 𝐿𝐿𝐿𝐿1−𝑥𝑥𝐿𝐿𝑚𝑚𝑂𝑂2 + 𝐿𝐿6𝐿𝐿𝐿𝐿𝑥𝑥   Equation (1. 6) 

According to the above overall reaction of Equation (1. 6) and Equation (1. 2) and 

Equation (1. 3), and choosing electromotive force of 4.3 V (Konarov et al., 2017), the 

theoretical energy density of C/LiCoO2 lithium-ion battery can be calculated to be 

678.30 Wh/kg, higher than Li/TiS2 system (563.44 Wh/kg) but lower than Li/LiCoO2 

system (1095.55 Wh/kg ).  

In addition, a simple estimation of theoretical energy density 𝐸𝐸𝑑𝑑 can be shown below 

from a viewpoint of physical principle: 

𝐸𝐸𝑑𝑑 = 𝐸𝐸𝑛𝑛𝑛𝑛 × 𝐿𝐿𝑠𝑠𝑠𝑠      Equation (1. 7) 
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where, 𝐸𝐸𝑛𝑛𝑛𝑛   is the nominal voltage of cell in 𝑉𝑉, 𝐿𝐿𝑠𝑠𝑠𝑠 is the theoretical specific capacity 

of the cell in mAh/g. The theoretical capacity of any material is given by: 

𝐿𝐿 = 𝑛𝑛𝑛𝑛       Equation (1. 8) 

𝐿𝐿  represents capacity in mAh/g; 𝑛𝑛  is the number of electrons exchanged; 𝑛𝑛  is the 

Faraday’s constant 96500 C/mol.  

Concerning the cathode of LiCoO2: 

𝐿𝐿𝑠𝑠𝑠𝑠/𝑐𝑐 = 𝑛𝑛𝑛𝑛
3.6×𝑀𝑀𝑤𝑤

= 273.89 mAh/g   Equation (1. 9) 

Concerning the anode of carbon: 

𝐿𝐿𝑠𝑠𝑠𝑠/𝑎𝑎 = 𝑛𝑛𝑛𝑛
3.6×𝑀𝑀𝑤𝑤

= 371.99 mAh/g   Equation (1. 10) 

For C/LiCoO2 battery system, the cathode capacity is lower than the anode capacity. It 

means that the cell capacity of LIB (C/LiCoO2 system) is primarily determined by the 

cathode material. 

It is worth mentioning that, considering the safety issue and longer life expectancy of 

LIBs for commercial application, the lower nominal voltage is applied. Therefore, the 

practical energy density is much lower than the above-calculated theoretical energy 

density. For example, the nominal voltage (voltage that the cell will exhibit through 

most of its discharge (Mikolajczak et al., 2011)) for a 18650 cell is 3.6 V, which is lower 

than the voltage (larger than 4.2 V) before the loss of oxygen for LiCoO2 during charging 

(Tarascon and Armand, 2001).which is lower than the voltage before the start of oxygen 

loss during charging (Venkatraman et al., 2003). The practical energy density of 18650 

C/LiCoO2 LIB is calculated based on the nominal voltage together with the 

corresponding molar electron transfer of 0.5 moles per redox reaction of Equation (1. 6) 
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to be 283.94 Wh/kg. The practical capacity of LiCoO2 is limited to 136.95 mAh/g, only 

half of the theoretical capacity of 273.89 mAh/g.  

Table 1. 1 summarises a pathway for realising the commercialization of LIBs. In short, 

the emergence of the first practical rechargeable battery Pb/PbO2 system in 1859 is the 

first commercial model of energy conversions between chemical energy and electrical 

energy for energy storage and conversion application. Then in 1976, the prototype of 

the Li/TiS2 LIB system appeared. The idea of TiS2 as cathode was ignited by the new 

superconductors of layered dichalcogenides of the transition metals of groups IVB and 

VB in the periodic table. At the year of 1980, oxides replaced sulphides as cathode of 

LIB by Li/LiCoO2 system resulting in larger cell voltage. While in the last stage of 

realising the successful commercialization of LIBs, the carbonous material was used as 

anode constructing C/LiCoO2 system to host lithium for solving the intrinsic unsafety 

issues triggered by the lithium anode at the year of 1991.  

The theoretical energy density of rechargeable battery had been developed from about 

246 wh/kg for lead-acid battery to nearly 1100 wh/kg for Li/LiCoO2 LIB battery. 

Because of the milestone contribution from M. Stanley Whittingham, J.B. Goodenough, 

and Yoshio Nishi, these three researchers won the Nobel Chemistry Prize in 2019 for 

the development of LIBs.  

It can be concluded that each science and technology process is based on discoveries. 

Meanwhile, because of continuous development, LIBs have become fully integrated 

into our daily lives used in almost all portable electronic devices as mobile power source, 

making fossil fuels obsolete become possible. Undoubtedly, the review of the history of 



11 
 

LIB from prototype to commercialization can inspire thinking about the way to improve 

the promising Ni-rich layered oxides cathodes for LIBs for EVs application. Beyond the 

layered oxide cathodes like LiCoO2 and LiNiO2, the spinel oxide cathodes like LiMn2O4 

and polyanion oxide cathodes like LiFePO4 were also explored from the 1980s to 1990s 

(Manthiram, 2020). Since the 1980s, the layered oxide cathodes have evolved with the 

substitution of Mn to give LiNixCoyMnzO2 and Al to give LiNixCoyAlzO2 (x+y+z=1) 

(Manthiram and Goodenough, 2021). 

 
Table 1. 1. A pathway for realising the commercialization of LIBs. 

Year Anode/ 
Cathode 

Electromotive 
Force-𝑬𝑬 

(V) 

Theoretical-
𝑬𝑬𝒅𝒅 

(Wh/kg) 

Inventors Stage of LIB 
Commercialization 

1859 Pb/PbO2 2.05 246 French 

scientist: 

Gaston Planté 

Emerge of the first 

practical rechargeable 

battery in the world 

1976 Li/TiS2 2.5 563 USA scientist: 

M. Stanley 

Whittingham 

Prototype of LIB 

1980 Li/LiCO2 4 1100 Japan & UK 

Scientists: 

K.Mizushima, 

J.B. 

Goodenough 

etc. 

Oxides replaced 

sulphides as the 

cathode of LIB 

1991 C/LiCoO2 4.3 678 Japan 

scientists: 

Yoshio Nishi, 

etc. 

Commercialization of 

LIB by Sony 

corporation 
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1.1.2. Lithium-ion Battery Applications: Rapid Development in 

Electric Vehicles (EVs)   

There are five main types of commercial LIBs, which use LiCoO2, LiMn2O4, LiFePO4, 

Li(NixCoyAlz)O2, and Li(NixCoyMnz)O2, (x+y+z=1) as cathode material, those batteries 

are referred to as LCO, LMO, LFP, NCA, and NCM batteries respectively. The 

numerous demands of LIBs originate from the stimulation of the information technology 

revolution and environmental & energy technology innovation revolution. The 

applications are broadened from consumer electronics & devices, to the new market of 

electric vehicles, like plug-in hybrid electric vehicles (PHEVs) and battery-electric 

vehicles (BEVs), as well as energy storage systems, such as integration with renewable 

energy resources to balance power generation and utilization (Figure 1. 5) (Ding et al., 

2019, Liang et al., 2019).  

 

Figure 1. 5. Broad application of LIBs (Ding et al., 2019, Liang et al., 2019).  
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LIBs-based EVs have achieved fast development under the green philosophy as shown 

in Figure 1. 6 with zero tailpipe emissions during running. Especially in urban areas, 

the toxic emissions from vehicles with internal combustion engines can be significantly 

reduced by the transport of EVs (Aijaz and Ahmad, 2022). Although vehicle 

electrification may increase air pollution damages in regions with high shares of coal-

fired power plants, the development of clean electricity grids could be conducive to low 

damages from EVs in both climate change and air pollution (Tong and Azevedo, 2020).   

 

Figure 1. 6. Illustration of an electric vehicle with no tailpipe emission (Konarov et al., 

2017). 
 

Table 1. 2 shows the LIBs market demand with the past development and future 

perspectives. Before 2015, LIBs demand for portable electronic devices occupied the 

main market. Wherein, in 2020, LIB demand for road-transport reached over 1.5 times 

than that of portable electronics with a capacity of 76 GWh, and would increase to 245 

GWh in 2030, taking up to about 63% of the total LIBs demand. The total Li-ion battery 

market in GWh/y grows quickly after 2015, which is consistent with the growing market 
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of LIBs leading materials as shown in Figure 1. 7. The leading materials involve LMO, 

LCO, LFP, NCA, and NCM. Leading materials in LIB market grew dramatically from 

the 650 t in 1995 to 45,000 t in 2010, then 180,000 t in 2016, and it was predicted would 

reach 400,000 t in 2025. Wherein, LMO, LFP, NCA, and NCM (also written as NMC) 

batteries are mainly used for EVs, because of their advantages of more stable crystal 

structures, material abundance and lower cost compared to LCO (Ding et al., 2019). The 

percentage of LMO, LFP, NCA, and NCM has significantly increased from a small 

percentage in 1995 to about 50 % in 2010, almost 80 % in 2016, and is predicted to 

reach 84 % in 2025.  

 
Table 1. 2. Li-ion battery market in GWh/y, past development and future perspectives 

(Zubi et al., 2018).  

 
2010 2015 2020 2025 2030 

Cell phones 6 11 17 28 44 

Tablets 1 7 12 17 25 

PC 12 9 9 9 11 

Portable electronics, other 3 4 7 12 20 

Portable electronics, total 21 31 45 66 100 

EV 0 11 65 115 200 

PHEV 0 2 8 13 25 

HEV 0 0 2 7 15 

Road-transport, other 0 0 1 2 5 

Road-transport, total 0 13 76 137 245 

Storage in power supply 0 0 2 10 30 

Other applications 1 1 2 7 15 

Total 22 45 125 220 390 
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Figure 1. 7. Leading materials in LIB market from 1995 to 2016 and forecast to 2025 

(Yoshino, 2014, Li et al., 2018). 
 

 

Figure 1. 8. The global plug-in electric vehicles market share from 2010 to 2020 (Irle, 

2021). 
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Figure 1. 8 presents the global plug-in vehicle market share from 2010 to 2020 (Irle, 

2021). Among different countries, China gains the greatest achievement, and occupied 

the largest plug-in EVs market size from 2016 to 2020, together with an increasing trend. 

According to the latest report on the development of global LIBs in GWh in 2023, global 

LIBs manufacturing grows much quicker than the previously predicted data (Sugumaran 

and Amutha Prabha, 2023). The previous expectations for 2025 with a 220 GWh LIB 

market as shown in Table 1. 2 have already been exceeded in 2020 with a 250 GWh 

LIB market (Sugumaran and Amutha Prabha, 2023). Since such a good development 

momentum, the new expectation of the global LIB market in 2030 will reach 2000 GWh 

(Sugumaran and Amutha Prabha, 2023), which is about five times the predicted data in 

2018. There is also a higher expectation from 259 to 2500 GWh within the years 2020-

2030 with an average growth of 25.4 percent per year (Wu et al., 2022). The drastically 

rising demand for EVs has led to the enormous growth of LIB demand (Qiao et al., 

2021).  

1.1.3. LMO, LFP, NCA, and NCM Batteries 

Figure 1. 9 represents the relationship between the potential and capacity of electrode 

materials (Kanno, 2006, Osiak et al., 2014). It is very useful to learn about the materials 

used for LIBs and to understand the function of electrodes in LIBs. As shown in Figure 

1. 9, the positive electrode (i.e. cathode) is a metal oxide with high potential vs Li/Li+ 

compared with negative electrode (i.e. anode). The negative electrode varies from 

carbon material, nitrides, and silicon alloy to lithium metal. The battery potential is the 
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electric potential difference between the positive electrode and the negative electrode. 

From Figure 1. 9, it can be detected that the cathode material is the major determinant 

of battery performance, because it offers a much lower capacity than anode material 

does. The charging and discharging capacities of batteries are limited by the cathode 

material. So, the naming principle for LIBs is after the cathode material (Chen et al., 

2020). 

 

Figure 1. 9. Relationship between potential and capacity for electrode materials (Kanno, 

2006, Osiak et al., 2014). 
 

Five aspects of battery technology are compared for the conventional EVs-used LIBs, 

including energy density, power density, safety, cost, and life span for these four main 

LIBs (LFP, LMO, NCA, and NCM) in Figure 1. 10 (Ding et al., 2019). LFP batteries 

provide the highest safety standard and longest lifetime, while NCA and NMC provide 

the highest energy density, and LMO exhibits a moderate level for each aspect. LFP and 

NCM batteries dominate the Chinese market for EV applications (Sybil Pan, 2023).  
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Figure 1. 10. Multi-dimension estimation of four main LIBs technologies for EVs (Ding 

et al., 2019). 
 

The crystal structures of each cathode material together with the different voltages and 

capacity profiles are shown in Figure 1. 11 (Markevich et al., 2019). Theoretically, the 

amount of energy that a battery can supply corresponds to the area under the discharge 

curve. The energy difference among LFP, LMO, and NCM (or named NMC) batteries, 

as shown in Figure 1. 10, can be easily comprehended by comparing the areas under 

the different discharge curves as shown in Figure 1. 11. Meanwhile, the discharge curve 

is strongly related to operating conditions like the C-rate and operating temperature 

(Shepard, 2021). The NCM in Figure 1. 11 is referred to the compound 

LiNi0.33Co0.33Mn0.33O2. 
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Figure 1. 11. Different cathode materials with different voltages and capacity profiles 

(Markevich et al., 2019). 
 

Inside LIBs, lithium ions are shuttled between the cathode and anode while electrons 

move in the opposite direction through the external wire to accomplish the 

electrochemical process. The performance of LIBs can be simulated based on the 

pseudo-two-dimensional mechanism model, which is composed of the Li-ion mass 

transfer equations (Fick diffusion equations), potential equations (Ohm’s law), and 

electrochemical reaction equations at the solid-liquid interface (Butler Volmer equation) 

(Zhang et al., 2020). Therefore, the Li-ion diffusion rate can be considered as an 

important factor affecting the battery performance. Each cathode material has its unique 

Li-ion transport pathway accompanied by corresponding activation energy (Julien et al., 

2014, Manthiram, 2020). 

In general, LMO is spinel oxide with high thermodynamic stability and high voltage. 
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LMO is characterised by the stable crystal structure, and fast Li-ion conductivity due to 

the three-dimensional Li-ion diffusion pathway, but the lowest theoretical capacity 

among LFP, LMO, NCA, and NCM due to the highest molecular weight as shown in 

Figure 1. 11. LFP is polyanion oxide with a stable olivine structure, wherein, all 

oxygens are strongly covalently bonded to P5+ to form the (PO4)3- tetrahedral polyanion 

thus difficult to extract. LFP also holds a low theoretical capacity, and the electronic 

conductivity is the poorest among the four main LIBs technologies for EVs, due to LFP 

containing iron cations with just one oxidation state (2+ or 3+ for lithiation/delithiation, 

respectively), moreover, ionic conductivity is also the lowest due to only one-

dimensional Li-ion diffusion pathway. NCA and NCM show the advantages of high 

theoretical capacity and high operating voltage, and exhibit relatively fast Li-ion 

conductivity due to the two-dimensional Li-ion diffusion pathway. However, the 

drawback of NCA and NCM batteries is that cobalt is expensive, scarce, and thermally 

unstable (Manthiram, 2020, Wang et al., 2019b).  

1.1.4. Ni-rich NCM: One of the Most Promising Cathode for 

EVs  

1.1.4.1. Advantage on both Specific Capacity and Operating 

Voltage for Ni-rich NCM in Comparison with Li/Mn-rich 

Cathodes 

‘Range anxiety’ and ‘Charging time anxiety’ are the main barriers for EVs to compete 

with internal combustion engine vehicles (Li et al., 2020c, Chakraborty et al., 2022). 
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Lots of attention has been paid to new cathode materials with higher specific capacities 

and higher operating voltage. One of them is LiNi0.5Mn1.5O4 spinel. It is a Mn-rich 

cathode, whose redox potential is around 4.8 V versus Li/Li+, but the theoretical capacity 

is only up to 147 mAh/g (Markevich et al., 2019). And such LiNi0.5Mn1.5O4 battery 

requires a high-voltage resisting electrolyte (Roth, 2012). Another cathode material is 

Li-rich NCM the two-phase material of Li2MnO3 and LiTMO2 (TM = Ni, Co, Mn), 

formally known as xLi2MnO3⋅(1−x)LiTMO2 with a specific capacity greater than 250 

mAh g-1 (de Biasi et al., 2019). The featured voltage and capacity profiles of these two 

cathode materials can be found in Figure 1. 11. Li-rich NCM cathodes encounter several 

problems like voltage fading, short lifespan, etc., which hinder commercial application 

(Zheng et al., 2017).  

In addition, Ni-rich layered oxide LiNi1−xMxO2 (M= Co or Mn, etc.; 1− x > 0.5) is 

deemed as the most promising cathode for EVs because of their high capacity (>200 

mAh g−1) above a charge voltage of 4.3 V, relatively low cost, and environmental 

friendly characteristic due to low cobalt content, as well as better chemical stability in 

the charged state (Konarov et al., 2017, Wu et al., 2015, Xu et al., 2016).  

Typical voltage profiles of NCM layered oxide cathodes of different Ni contents and 

LiCoO2 are shown in Figure 1. 12. The numbers (111, 523, 622, 811) represent the 

stoichiometric ratios of Ni: Co: Mn. All NCM compounds exhibit similar 

charge/discharge profiles (Figure 1. 12). Compared with other cathode materials in 

Figure 1. 11, NCM811 appears relatively slow voltage fading and high discharged 

capacity, which indicates the synergic advantages of specific capacity and operating 
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voltage for Ni-rich NCM. Furthermore, the operating potential of Ni-rich NCM at 4.3 

V (versus Li/Li+) is also amicable for conventional electrolytes, for example, 

LiPF6/carbonates electrolyte, making it relatively easy to be commercialized based on 

the existing electrolyte system (Markevich et al., 2019).  

 

Figure 1. 12. Comparison of charge and discharge curves of  NCM cathodes and LiCoO2 

(Markevich et al., 2019). 

1.1.4.2. Structural and Chemical Aspects of High-Voltage and 

High-Capacity Ni-rich NCM 

The capacity and voltage advantage of Ni-rich NCM originates from the chemical and 

structural properties. Ni-rich NCM battery is a new member of the NCM family with 

higher Ni content, which is also a solid solution of LiNiO2, LiCoO2, and LiMnO2 as 

shown in Figure 1. 13. (a) (Susai et al., 2018). Ni-rich NCM is developed based on the 

conventional NCM compound, which holds the same structure of LiNi1/3Mn1/3Co1/3O2 

presented in Figure 1. 13. (b) (Li et al., 2019), but lattice parameters are different due to 
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the substitution of cobalt and manganese with nickel to give LiNi1–x–yCoxMnyO2 

(x+y<0.5). The different stoichiometric ratios of Ni, Co, and Mn are the pronounced 

characteristics distinguishing Ni-rich NCM from conventional NCM.  

 

Figure 1. 13. (a) Phase diagram of LiNiO2, LiCoO2, and LiMnO2; (b) Layered structure 

of Ni-rich NCM compound (Susai et al., 2018, Li et al., 2020b).  
 

Each transition metal element contributes different features to NCM material (Radin et 

al., 2017). Firstly, manganese offers excellent chemical stability, as the high-spin 

Mn3+/4+:eg band lies well above the O2−:2p band (Manthiram, 2017). In comparison with 

other transition metals in Ni-rich NCM, the valence of Mn is naturally oxidised to 4+ 

while the valence of Ni is reduced to 2+ in the fully lithiated state. While during 

deintercalation, nickel and cobalt are oxidised to higher valence states, manganese 

remains in the tetravalent state. Manganese exhibits electrochemically inert and benefits 

for the local structure stability. Even in the overcharged state (deeply delithiated state) 

manganese ion is chemically stable (Radin et al., 2017, Manthiram et al., 2017).  

Cobalt improves the rate performance and layered ordering, as the smaller size of cobalt 

can result in smaller interlayer space of the transition metal (TM) layer, which makes 
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the lithium layer wider and the lithium ions can migrate more easily. Meanwhile, the 

substitution of cobalt for nickel in TM slabs can reduce Li/Ni disordering, so a strictly 

2D α-NaFeO2 type layered structure can be obtained (Susai et al., 2018, Rougier et al., 

1996).  

Nickel is the crucial redox active element in NCM, whose redox couples of Ni2+/3+ and 

Ni3+/4+ contribute most to the reversible capacity. Unlike LiCoO2 where only 50% 

lithium is utilized due to oxygen release, Ni2+/3+ in NCM batteries can be easily oxidised 

to the +4 state by charging without the release of molecular oxygen in the ternary NCM 

system, hence a large amount of lithium can be employed, which results in larger 

reversible specific capacity than that of LiCoO2. The specific capacity increases along 

with more nickel content in these materials, up to 240 mAhg−1, which is the limitation 

of LiNiO2(LNO) (Markevich et al., 2019, Radin et al., 2017, Susai et al., 2018, 

Chakraborty et al., 2020).  

It is believed that because of the high energy density and continuous technology 

development, NCM (or NMC) will gradually replace LFP, NCA, and other batteries for 

EV applications. Figure 1. 14 shows the predicted share of total LIBs for EVs by battery 

type from 2018 to 2040 (Mitchell, 2020). Nickel-manganese-cobalt oxide is the 

increasingly dominant LIB chemistry for EVs. Moreover, the detailed cathode shares in 

LIB markets based on installed GWh from 2012 to 2030 are shown in Figure 1. 15 

(Celine Buechel, 2021), which shows that the overall trend of the LIB market is the 

shifting from cobalt-rich to nickel-rich cathodes. In the most recent 2023, the data 

illustrates that the largest market for LIBs cathodes is occupied by NMC532 and 
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NMC622 accounting for over 60% of the market share, while NMC811 holds a 

relatively minor presence, constituting less than 10% of the market. However, 

projections anticipate a substantial shift by 2030, wherein NMC811 is forecasted to 

capture nearly 40% of the LIB cathode market. Meanwhile, it is foreseen that NMC811 

together with NMC622 will constitute the predominant cathode technologies in the LIB 

market by that timeframe.   

 

Figure 1. 14. Share of total LIBs for EVs by battery type from 2018 to 2040 with the 

prediction (Mitchell, 2020).  
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Figure 1. 15. Cathode shares in LIB markets based on installed GWh (Celine Buechel, 

2021). 

1.2. Significance and Originality of the Thesis 

According to the background study, it can be known that LIBs-based EVs have achieved 

great progress in the road-transport market. As NCM holds the synergistic advantage of 

higher voltage and higher capacity than that of LFP, NCM LIBs have become the 

dominant batteries for EVs. However, the current cathode share in LIB markets is 

mainly occupied by NCM622 and NCM523 rather than NCM811 or higher nickel 

content NCM. The application of NCM622 and NCM523 would limit the driving range 

of EVs and accordingly become a problem for EVs to compete with internal combustion 

engine vehicles in the market. It is therefore important to realise Ni-rich NCM with 

stoichiometric ratios of Ni ≥ 0.8 as the dominant cathode materials of LIBs for the next-

generation passenger EVs with the expected driving ranges greater than 600 km per 
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charge, approaching those of internal combustion engine vehicles (Choi et al., 2020). 

However, the commercialization of these Ni-rich NCM with Ni content ≥ 80% is 

difficult, because such ultra-high Ni content cathode material has intrinsic drawbacks of 

(1) performance degradation i.e., voltage and capacity fade and (2) safety risk over the 

lifespan of the battery (Zhang, 2020). These two drawbacks would become more serious 

with increasing nickel content in Ni-rich NCM according to the fundamental 

characteristic of NCM materials on the correlation of performance and safety with Ni 

content as shown in Figure 1. 16 (Noh et al., 2013). Batteries with higher Ni content 

demonstrate higher capacity, poor thermal stability, and lower capacity retention. It is 

paramount to make innovations to mitigate these problems for ultra-high Ni content 

NCM.   

 

Figure 1. 16. Fundamental characteristics of NCM materials on the correlation of 

performance and safety with Ni content (Noh et al., 2013). 
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This thesis will focus on the modification of superior Ni-rich layered oxide cathodes 

(stoichiometric ratios of Ni≥0.8) with novel coating and/or doping strategies to achieve 

improved electrochemical performances. After the coating and/or doping modification 

on the cathode material or the precursor with the novel sol/antisolvent method, as well 

as the combination of radially aligned structure, the performance of Ni-rich NCM with 

Ni content ≥ 80% has been greatly improved. Key performance improvements include 

higher initial Coulombic efficiency, better rate capability, improved cycling and thermal 

stability, and higher energy density.  

 

This thesis delineates a clear objective centred on the development of novel 

modification strategies to mitigate performance degradation and pull out the full 

potential of Ni-rich layered oxides (Ni content ≥ 80%) as cathodes for advanced LIBs. 

By doing so, it is envisaged that these meticulously tailored approaches will propel the 

performance frontiers of next-generation NLO cathodes. 

 

The research was carried out in four stages: (1) the underlying mechanism of Ni-rich 

NCM electrochemical performance degradation and current modification strategies 

were studied by abundant pieces of literature review, (2) the innovative and effective 

modification strategies to mitigate the problems that accelerate Ni-rich NCM (Ni 

content ≥ 80%) electrochemical performance decaying were investigated based on the 

experimental studies and analysis, (3) the combined modification strategies were 

pursued to achieve synergistic modification effect and excellent electrochemical 
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performance of Ni-rich NCM (Ni content ≥ 80%), (4) the extreme high Ni content 

layered oxide cathode i.e. LiNiO2 was further modified with the developed method. 

 

The outcomes of this thesis will contribute to accelerating the development of high-

performance Ni-rich NCM cathodes with stoichiometric ratios of Ni ≥ 0.8, and relieve 

the issue of ‘Range anxiety’ and ‘Charging time anxiety’ of EVs. The innovations in the 

modification strategies for improving the electrochemical performances of Ni-rich 

layered oxides (Ni content ≥ 80%) in this thesis are gathered here. 

 

Firstly, in the work of sol/antisolvent coating with crystalline LiBO2 for 

LiNi0.85Co0.1Mn0.05O2 cathode towards high initial Coulombic efficiency and ultra-

stable mechanical integrity, a novel and facile sol/antisolvent coating modification of 

Ni-rich layered oxide LiNi0.85Co0.1Mn0.05O2 is developed. The uniform LiBO2 nano 

spherical particles coating together with LiBO2 nanorods wrapping provide double 

protection against electrolyte. This simple in-site modification and repairing technology 

guarantees good mechanical integrity of polycrystalline Ni-rich cathode.  

 

Secondly, in the work of sol/antisolvent combined coating and doping with boron-

related materials for LiNi0.83Co0.05Mn0.12O2 cathode towards high specific capacity and 

high cycling stability, the combined boron-related coating and doping modification can 

be achieved by sol/antisolvent coating for the precursor with the further lithiation 

calcination. The study also shows that the combination of joint coating and doping by 
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boron-related material, along with the radially aligned structure, has greater advantages 

over just doping or coating modification. The triple synergistic effect achieves high 

stability in cycling at both cut-off voltages of 4.3 V and 4.5 V. 

 

Thirdly, in the work of sol/antisolvent with boron treatment for the modification of 

LiNiO2 cathode, the sol/antisolvent boron treatment can produce ordered and well-

crystallised primary particles of LiNiO2, accompanied by the improved discharge 

capacity and rate capability. The synthesised LiNiO2 inherits the radially aligned 

structure of the precursor. The performances of the boron-treated radially structured 

polycrystalline LiNiO2 by sol/antisolvent method on the specific capacity and the long-

term cycling stability in the voltage range of 2.8-4.3 V and 2.8-4.6 V are better than that 

of the single crystal LiNiO2 as reported by other people (Kim et al., 2022). It 

demonstrates that the benefit from the radically arranged structure of the Ni-rich layered 

oxide cathodes is also applicable to the extremely high Ni content material of LiNiO2.  
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Chapter 2 Literature Review 

This chapter presents a literature review of the underlying mechanism of Ni-rich NCM 

electrochemical performance degradation and the current modification strategies. To 

address the performance degradation of Ni-rich NCM, it is important to identify the 

leading causes. Li+/Ni2+ cation mixing, surface structural degradation, side reactions, 

and microcracks are the four main factors inducing electrochemical performance decay 

(Li et al., 2020a). Based on the understanding of the four main factors accounting for 

electrochemical performance decay and the review of the current modification strategies 

for NLO cathode materials, the design principle of the modification can be elaborated. 

Inspired by the study in this chapter, innovative modifications of Ni-rich NCM are 

expected to achieve superior electrochemical performance.  

2.1. Four Main Factors Responsible for the Decaying of Ni-

Rich NCM 

2.1.1. Li+/Ni2+ cation mixing 

The NCM material LiNixCoyMnzO2, with 𝑥𝑥 + 𝑦𝑦 + 𝑧𝑧 = 1 belongs to the hexagonal α-

NaFeO2 (𝑅𝑅3�𝑚𝑚) structure. In this structure, the O element is located in the intermediate 

layer between the Li and TM layers (Figure 2. 1. (a)) (Sun and Zhao, 2017). First-

principles theoretical simulation to calculate the Jahn−Teller (JT) distortion of the 

TM−O octahedral complex has demonstrated that the multivalence states Ni2+/Ni3+ and 

Co2+/Co3+ coexist in the NCM material from NCM111 to NCM811 (Figure 2. 1. (b)) 
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(Sun and Zhao, 2017). Ni2+ (0.69 Å) ion is larger than that of the Ni3+ (0.56 Å) ion and 

has an ionic radius similar to that of Li+ (0.76 Å) ions, which makes Li+/Ni2+ cation 

mixing easier. Li+/Ni2+ cation mixing can result in irreversible capacity degradation and 

poor rate performance owing to the presence of Ni2+ in the Li layer (Xiao et al., 2022). 

Higher nickel ion content results in more severe mixing and more negative effects on 

the electrochemical performance of NLO materials. 

 

Figure 2. 1. TM-O octahedral complexes in NCM: (a) Ni, Mn, and Co reside at the 

octahedral site surrounded by six O atoms; (b) Local view of the TM-O octahedral 

complexes (Sun and Zhao, 2017). 
 

During charging, the Ni2+ ions in the Li layer can be oxidised to a high valence state, 

resulting in a local shortening of the inter-slab distance. This shortening is caused by the 

smaller Ni3+ ion, which can constrain Li insertion during discharge and ultimately lead 

to some irreversible capacity loss as shown in Figure 2. 2 (Manthiram et al., 2017). 

Meanwhile, lithium ions located in the TM layers are also difficult to extract from the 

crystal lattice, which impedes the Li-ion diffusion and weakens the rate capability (Fu 
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et al., 2014).  

 

Figure 2. 2. Schematic diagram of local collapse of inter-slab space due to Li+/Ni2+ 

cation mixing during charging-discharging (Manthiram et al., 2017).  
 

The degree of Li+/Ni2+ cation mixing can be measured by using X-ray diffraction (XRD) 

analysis. Typical XRD patterns of LiNi0.8Co0.1Mn0.1O2 with different excess amounts of 

Li are shown in Figure 2. 3. The sharp diffraction peaks and clear peak splitting of the 

(006)/(102) and (108)/(110) pairs indicated a well-crystallised layered structure. The 

I(003)/I(104) intensity ratio of the XRD data is typically used to show the level of 

Li+/Ni2+ cation mixing. A high I(003)/I(104) intensity ratio represents a low degree of 

Li+/Ni2+ cation mixing (Wu et al., 2015). Theoretically, less Ni2+ implies less Li+/Ni2+ 

cation mixing (Wang et al., 2019a). In addition to using I(003)/I(104) intensity ratio of 

the XRD data to evaluate the degree of Li+/Ni2+ cation mixing of Ni-rich NCM, a 3D 

tomographic morphology and elemental mapping information using nano-scale X-ray 

Absorption Near Edge Structure (nano-XANES) with high spatial resolution was also 

developed to analyse cation mixing. XANES can show the Ni3+ concentration of NCM 

particles as shown in Figure 2. 4 (Yang et al., 2019). The red colour represents a high 

Ni3+ percentage. Nano-XANES method can serve as a supplement for analyzing 

Li+/Ni2+ cation mixing. In this PhD research, the traditional XRD analysis will be used 

to evaluate the degree of Li+/Ni2+ cation mixing of the synthesised Ni-rich cathode 
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materials. 

 

Figure 2. 3. XRD patterns of LiNi0.8Co0.1Mn0.1O2: (a) with Li excess of 0%, (b) Li 

excess of 10%, and (c) Li excess of 20% (Wu et al., 2015). 
 

 

Figure 2. 4. 2D XANES mapping showing the Ni3+ concentration of NCM 

(LiNi0.8Co0.1Mn0.1O2) particles after cycling. (The colour scheme indicates the 

percentage of Ni3: Ni3+/ (Ni3+ + Ni2+)) (Yang et al., 2019). 
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It is worth mentioning that Li+/Ni2+ cation mixing is also called Li/Ni disordering. The 

phenomenon of Li/Ni disordering occurs throughout the lifespan of the NLO battery 

from the initial active material synthesis to the end of the battery life. Normally, the 

Li/Ni disordering of NLO can be considered as the thermal decomposition of LixNiO2, 

as described by Equation (2. 1) and (2. 2) with the overall reaction of Equation (2. 3 

(Zhang, 2020). 

3𝐿𝐿𝐿𝐿𝑥𝑥𝑁𝑁𝐿𝐿𝑂𝑂2 (𝑚𝑚𝑙𝑙𝑦𝑦𝑚𝑚𝑙𝑙𝑚𝑚𝑙𝑙) → 𝐿𝐿𝐿𝐿𝑥𝑥𝑁𝑁𝐿𝐿2 𝑂𝑂4(𝑠𝑠𝑠𝑠𝐿𝐿𝑛𝑛𝑚𝑚𝑚𝑚) + 𝑁𝑁𝐿𝐿𝑂𝑂(𝑙𝑙𝑚𝑚𝑟𝑟𝑘𝑘 𝑠𝑠𝑙𝑙𝑚𝑚𝑠𝑠) + 𝑥𝑥𝐿𝐿𝐿𝐿2𝑂𝑂 Equation (2. 1) 

𝐿𝐿𝐿𝐿𝑥𝑥𝑁𝑁𝐿𝐿2𝑂𝑂4(𝑠𝑠𝑠𝑠𝐿𝐿𝑛𝑛𝑚𝑚𝑚𝑚) → 2𝑁𝑁𝐿𝐿𝑂𝑂(𝑙𝑙𝑚𝑚𝑟𝑟𝑘𝑘 𝑠𝑠𝑙𝑙𝑚𝑚𝑠𝑠) + 𝑥𝑥
2
𝐿𝐿𝐿𝐿2𝑂𝑂 + 4−𝑥𝑥

2
𝑂𝑂2  Equation (2. 2) 

3𝐿𝐿𝐿𝐿𝑥𝑥𝑁𝑁𝐿𝐿𝑂𝑂2(𝑚𝑚𝑙𝑙𝑦𝑦𝑚𝑚𝑙𝑙𝑚𝑚𝑙𝑙) → 3𝑁𝑁𝐿𝐿𝑂𝑂(𝑙𝑙𝑚𝑚𝑟𝑟𝑘𝑘 𝑠𝑠𝑙𝑙𝑚𝑚𝑠𝑠) + 3𝑥𝑥
2
𝐿𝐿𝐿𝐿2𝑂𝑂 + 6−3𝑥𝑥

4
𝑂𝑂2  Equation (2. 3) 

Because of its thermodynamically unstable characteristics, LixNiO2 is reduced to a low 

valence of 2+ along with Li2O and O2 products. Therefore, it would be effective to solve 

the Li/Ni disordering of NLO by improving its thermodynamic stability. Meanwhile, 

Li/Ni disordering worsens as the NLO battery gets deeply discharged owing to the 

production of more Ni2+ ions at a large degree-of-discharge (DOD).  

Based on the above literature studies, it can be concluded that Li+/Ni2+ cation mixing is 

a crystal structure change phenomenon derived from the unstable layered structure of 

NLO material. Discovering and eliminating it will be beneficial for reducing the barriers 

to Li-ion extraction/insertion within the NLO material, leading to the persistently high 

specific capacity delivered from the NLO material during the electrochemical cycling. 
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2.1.2. Surface Structural Degradation 

When LIB undergoes the charge and discharge cycles, it is common for the layered 

oxide cathode to experience surface structural degradation. The surface structural 

degradation of Ni-rich NCM is characterised by a transition from a layered structure 

(𝑅𝑅3�𝑚𝑚) to a spinel-like structure (𝑛𝑛𝑙𝑙3�𝑚𝑚) and rock-salt structure (𝑛𝑛𝑚𝑚3�𝑚𝑚). This issue 

becomes more severe at higher temperatures and is directly induced by the migration of 

TM ions into the Li layer during cycling. The surface structural instability of Ni-rich 

NCM is closely linked to the transfer of Ni2+ ions to the Li+ sites. In other words, 

Li+/Ni2+ cation mixing induces the nonstoichiometric NCM and surface structural 

degradation. An illustration of the ordered and disordered structures of layered lithium 

metal oxides and their structural transformations is shown in Figure 2. 5 (Liu et al., 

2015). The interfacial reactions between the electrolyte and cathode can result in 

increased formation of Ni2+ ions due to the reduction of high-valence Ni4+ ions and then 

the migration to Li layers, causing further surface structural degradation (Yang et al., 

2023). 
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Figure 2. 5. Illustration of structural transformation in layered lithium metal oxides with 

cation disorder: (a) Well-ordered 𝑅𝑅3�𝑚𝑚  structure; (b) The cation mixing phase with 

𝑛𝑛𝑚𝑚3�𝑚𝑚  structure; (c) 𝑅𝑅3�𝑚𝑚  structure with Li vacancies in highly charged state; (d) 

Partially cation mixed phase with TM ions in Li slab (Liu et al., 2015). 
 

NiO rock-salt phase is ionically insulated, which can result in sluggish Li-ion diffusion 

kinetics and lead to capacity fading. As the battery cycles, the transformation from layer 

to spinel/rock salt structure typically begins on the surface of individual Ni-rich NCM 

particles and gradually spreads inward. The surface structural degradation can result in 

altered lattice constants and the release of oxygen from the lattice in Ni-rich NCM. This 

process can cause the generation and expansion of holes and cracks in cathode materials, 
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accelerate the reaction with the electrolyte, and cause significant performance 

degradation and safety problems (Zhang et al., 2021a, Tang et al., 2019, Hwang et al., 

2014, Yang and Xia, 2016, Gu et al., 2013, Yan et al., 2017).  

Figure 2. 6 presents the charge and discharge voltage curves of the NCM811/Li half-

cell in the first cycle, along with the corresponding differential capacity plot. The three 

pairs of oxidation/reduction peaks in the differential capacity plot correspond to phase 

transitions between H1–M, M–H2, and H2–H3 (Märker et al., 2019). H represents the 

hexagonal structure and M represents the monoclinic structure. All the phases of H1, M, 

H2, and H3 belong to 𝑅𝑅3�𝑚𝑚 layered structure.  

 

Figure 2. 6. (a) First charge and discharge voltage curves of a NCM811/Li half-cell; 

and (b) The corresponding differential capacity (dQ/dV) plot (Märker et al., 2019).  
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For the end-member of NLO, LixNiO2 (0≤x≤1) experiences a symmetry change of 

rhombohedral structure→ monoclinic structure→ rhombohedral structure when lithium 

is extracted from the host structure with different lithium/vacancy ordering within the 

lithium layer. The phase change is reversed when Li is inserted into the host structure 

(Delmas et al., 1999, Arroyo y de Dompablo and Ceder, 2003). A schematic diagram of 

such phase change with Li/vacancy ordering for LixNiO2 with the identification of 

different phases is shown in Figure 2. 7 (Delmas et al., 1999). “Rhombohedral” is not 

a crystal system, it is replaced by the “Hexagonal” phase, and is labeled by “H”. When 

lithium is extracted from LixNiO2 (0≤x≤1), it also experiences the reversible sequence 

of stable phases as follows: H1(pristine LiNiO2)→M→H2→H3 (Bianchini et al., 2019). 

Comparing Figure 2. 6 and Figure 2. 7, it can be found that the obvious difference is 

the different degrees of the phase transitions for NCM811 and LiNiO2. LiNiO2 exhibits 

a stronger degree of phase transition on H2–H3 with a longer transition platform in the 

charge/discharge curves. 
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Figure 2. 7. Illustration of the phase change with Li/vacancy ordering for LixNiO2 with 

identification of different phases (Delmas et al., 1999, Bianchini et al., 2019). 

 

Among the phase transitions of Ni-rich NCM (Ni content ≥ 80%) during cycling,  the 

H2–H3 phase transition is detrimental and undesirable, as it can speed up surface 

structural degradation (Tan et al., 2022). The reason for H2–H3 phase transition 

accelerating the surface structural degradation of Ni-rich NCM is discussed here. This 

is mainly because such a phase transition can lead to detrimental anisotropic volume 

change and anisotropic mechanical strain, which can cause internal microcracks. The 

microcracks triggered by the H2–H3 phase transition create a fresh surface where 

structural degradation can easily occur. Meanwhile, surface structural degradation 

phenomena would develop from the external surface of the particle to the new surface 

inside (Jamil et al., 2020).   

The detrimental volume changes triggered by H2–H3 phase transition have been 
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demonstrated by Lai etc. through high-resolution synchrotron radiation diffraction by 

Rietveld refinement with a 𝑅𝑅3�𝑚𝑚  structure model on the investigation of a 

LiNi0.85Co0.10Mn0.05O2 cathode material (N85CM) (Lai et al., 2020). The change in the 

lattice parameters of the N85CM cathode during the first charge-discharge process is 

shown in Figure 2. 8 using high-resolution synchrotron radiation diffraction analysis. A 

significant decrease in the lattice parameter 𝑟𝑟 along with the largest volume shrinkage 

by phase transition of H2→H3 can be detected. Oxygen release and/or TM migration 

are considered the main reasons.  

 

Figure 2. 8. High-resolution synchrotron radiation diffraction analysis of N85CM 

cathodes during the first cycling process (Lai et al., 2020). 
 

It can be considered that the essence of surface structural degradation (layered-spinel-

rock salt structural transformations) of NLO can be equal to Li+/Ni2+ cation mixing. The 

H2–H3 phase transition is a distinctive feature for NLO with Ni content greater than or 

equal to 80 %, as it cannot be observed for NCM111 and NCM622, as shown in Figure 
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2. 9 (Jung et al., 2017). The fresh internal microcracks associated with the 

transformation of the H2–H3 (naturally, the accelerated reduction of unstable Ni4+ to be 

Ni2+ ions in the new surface) can enhance the degree of structural degradation due to 

more Li+/Ni2+ cation mixing in the new surfaces. Therefore, suppressing the H2–H3 

phase transition and improving its reversibility will be beneficial for mitigating the 

layered-spinel-rock salt structural transition, and accordingly improving the 

electrochemical performance of Ni-rich NCM with stoichiometric ratios of Ni ≥ 0.8. 

 

Figure 2. 9. dQ/dV curves of three different NMC/graphite cells recorded at 0.1 C-rate 

(3rd cycle) (Jung et al., 2017). 
 

The surface structural degradation is also derived from the unstable layered structure of 

NLO material. Beyond the XRD analysis can be used to determine the existence of 

structural degradation, transmission electron microscopy (TEM) can also be valuable 

for identifying the structural changes by observing the changes in the arrangement of 

atoms in NLO material near the particle surface. In this PhD research, XRD and TEM 
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analyses will be used to evaluate the effect of the structure degradation on the 

electrochemical performance of NLO materials and demonstrate the restriction of the 

surface structural degradation by the proposed strategies. 

2.1.3. Side Reactions 

In addition to lithium insertion/desorption reactions inside NLO LIBs, there are also 

many side reactions in NLO cathode materials (Oka et al., 2023). The side reactions can 

directly influence the electrochemical performance of LIBs, which can be divided into 

two types: the formation of lithium residue Li2CO3/LiOH on the surface of Ni-rich 

layered oxides before the assembly of the battery and the reactions between the active 

materials and the electrolytes inside the LIBs. These side reactions can result in a thicker 

solid electrolyte interface (SEI) film during cycling, along with an increase in the 

electrochemical polarisation resistance and the concentration polarisation impedance. In 

particular, at a high operating voltage (over 4.3 V) or high current density, transition 

metal dissolution reactions can be deepened by acid leaching (Xu et al., 2016). 

Specifically, to maintain a layered structure, excessive Li is used to synthesise Ni-rich 

NCM cathodes, which can easily react with moisture and air. The residual lithium oxide 

Li2O/LiOH can absorb moisture and CO2 at the particle surface under ambient 

conditions during storage and produce Li2CO3 and LiOH, commonly known as residual 

lithium, as shown in Figure 2. 10 (Cho et al., 2014). Li2CO3/LiOH layer is 

electrochemically inactive to lithium intercalation/de-intercalation, which is believed to 

be responsible for the capacity loss of the NCM material (Wu et al., 2014). 
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Figure 2. 10. Surface reaction of Ni-rich materials in air (Cho et al., 2014). 
 

Furthermore, Li2CO3 can react with the LiPF6-based electrolyte solutions, which can 

seriously deteriorate the cyclic stability, because the gaseous species of Li2CO3 can be 

absorbed on the surface of the active material with a decreased active surface area on 

the cathode material and gradually aggregate the battery’s polarisation (Bi et al., 2016). 

The specific reaction pathway is shown below: 

𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛6 + 𝐿𝐿𝐿𝐿2𝐿𝐿𝑂𝑂3 → 𝐿𝐿𝑂𝑂𝑛𝑛3 + 𝐿𝐿𝑂𝑂2 + 3𝐿𝐿𝐿𝐿𝑛𝑛   Equation (2. 4) 

On the other hand, the side reactions among the active materials and electrolytes are 

more complex. Because of the side reactions among the active materials and electrolytes, 

the electrochemical kinetics and cycling stability of the NLO LIBs will be weakened. 

Meanwhile, potential safety issues could also occur, leading to the NLO LIBs aging.  
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Figure 2. 11. Formation of the SEI layer after cycling of the Ni-rich cathode material in 

liquid electrolyte (Liu et al., 2015). 
 

An image of the SEI layer due to side reactions between the surface of the Ni-rich 

material and electrolyte is shown in Figure 2. 11 (Liu et al., 2015). The inorganic 

components of LiF, Li2CO3, and Li2O are inactive materials, which would impede the 

diffusion of Li+ ions and influence electrochemical performance. Organic components 

such as LixPFyOz and ROCO2Li are the decomposition products of electrolytes, which 

are formed based on the proposed oxygen radical mechanism (Guéguen et al., 2016).  

The detailed side reactions involving the solvents and LiPF6 salt based on the oxygen 

radical mechanism are shown below:(Guéguen et al., 2016) 

𝐻𝐻𝑅𝑅𝐿𝐿𝑂𝑂3 → 𝑅𝑅𝑂𝑂 · +𝐿𝐿𝑂𝑂2 + 𝐻𝐻+ + 𝑚𝑚−    Equation (2. 5) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛6 ↔ 𝐿𝐿𝐿𝐿𝑛𝑛 + 𝐿𝐿𝑛𝑛5     Equation (2. 6) 

𝐿𝐿𝑛𝑛5 + 𝑅𝑅𝑂𝑂𝐻𝐻 → 𝐿𝐿𝑂𝑂𝑛𝑛3 + 𝐻𝐻𝑛𝑛 + 𝑅𝑅𝑛𝑛    Equation (2. 7) 

𝐿𝐿𝑂𝑂𝑛𝑛3 + 𝑅𝑅𝑂𝑂𝐻𝐻 → 𝐿𝐿𝑂𝑂𝑛𝑛2(𝑂𝑂𝑅𝑅) + 𝐻𝐻𝑛𝑛    Equation (2. 8) 

𝐿𝐿𝑂𝑂𝑛𝑛3 + 𝑅𝑅𝐿𝐿𝑂𝑂3𝑅𝑅 → 𝐿𝐿𝑂𝑂𝑛𝑛2𝑂𝑂𝑅𝑅 + 𝐿𝐿𝑂𝑂2 + 𝑅𝑅𝑛𝑛   Equation (2. 9) 

According to the above reaction equations, it can be known that when the cyclic ethylene 

carbonate (R = C2H3 in Equation (2. 5)) is oxidised, it may produce RO ∙ radicals that 
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may subsequently (via Equation (2. 7)) hydrolyze the salt and leads to various 

organofluorine compounds, such as fluoroethylene C2H3F . An equilibrium reaction 

between LiPF6, LiF, and PF5 is shown in Equation (2. 6). Alkylfluorophoshate and 

alkyldifluorophosphate in Equation (2. 8) and Equation (2. 9) can be further produced 

due to the reaction among POF3, ROH and carbonate solvents. These organic phosphate 

products also impede Li-ion intercalation.  

Besides the reaction of POF3 and PF5 with consumption of ROH can lead to the 

formation of HF, traces of water can also lead to the formation of HF as shown 

below:(Seidl et al., 2016) 

𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛6 ↔ 𝐿𝐿𝑛𝑛5 + 𝐿𝐿𝐿𝐿𝑛𝑛
𝐻𝐻2𝑂𝑂�⎯� 𝐿𝐿𝐿𝐿𝑛𝑛 + 𝐿𝐿𝑂𝑂𝑛𝑛3 + 2𝐻𝐻𝑛𝑛  Equation (2. 10) 

The formation of HF is a major reason for the failure of LIBs during long-term cycling. 

It is postulated that HF is mainly responsible for the dissolution of the layered NCM 

electrode material, resulting in capacity attenuation as it can reduce Li+ ion insertion 

sites. Beyond resulting in the loss of positive electrode capacity, the dissolved transition 

metal ions and their complexes can move into the negative electrode and destroy the 

SEI, contributing to a further increase in cell impedance and capacity fading (Guéguen 

et al., 2016, Pouraghajan et al., 2021, Evertz et al., 2016). MFx (M represents Ni, Co, 

Mn, etc. other than Li) can also be produced because of the dissolution of NCM 

materials as by-products on the surface of the NCM particles (Li et al., 2020b).  

The SEI layer produced by the side reactions between the surface of Ni-rich materials 

and electrolytes has both positive and negative effects (Gourdin et al., 2013). For a 

positive impact, a denser SEI layer would be more effective in preventing the electrode 
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from undergoing additional reactions with the electrolyte. This is because the electrolyte 

molecules cannot travel to the active material surface, thus suppressing SEI growth. 

Because of this protection, the cycling performance and service life of the battery can 

be greatly improved. For the negative impact, a certain amount of electrolyte and lithium 

ions is permanently consumed during the irreversible formation of the SEI layer (Pinson 

and Bazant, 2012). The initial loading capacity was no longer available for Li insertion 

because of the consumption of Li+ ions. In particular, for Ni-rich NCM, more metastable 

Ni4+ ions were induced when charging to a high cut-off voltage. The decomposition of 

electrolytes becomes more serious because of the catalytic activity of Ni4+, the harsh 

interfacial chemical reaction and TMs dissolution are also deepened (Xue et al., 2020, 

Li et al., 2017b).  

Beyond the SEI formation due to the side reactions from the decomposition of 

electrolytes and the dissolution of metal elements from the active material, there are also 

O2 gas production side reactions inside LIBs. Ni-rich layered oxide cathodes suffer from 

the detrimental effect of oxygen release, which is triggered by decomposition of the 

active material (NLO). A simplified decomposition reaction for NLO cathode to produce 

O2 is shown below (M represents Ni, Co, Mn, etc.) (Sharifi-Asl et al., 2019). 

𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀𝑂𝑂2(𝑚𝑚𝑙𝑙𝑦𝑦𝑚𝑚𝑙𝑙𝑚𝑚𝑙𝑙) → 𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀𝑂𝑂2(𝑚𝑚𝑙𝑙𝑦𝑦𝑚𝑚𝑙𝑙𝑚𝑚𝑙𝑙) + 𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀3−𝑥𝑥𝑂𝑂4(𝑠𝑠𝑠𝑠𝐿𝐿𝑛𝑛𝑚𝑚𝑚𝑚) + 𝜀𝜀𝑂𝑂2 →

𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀𝑂𝑂2(𝑚𝑚𝑙𝑙𝑦𝑦𝑚𝑚𝑙𝑙𝑚𝑚𝑙𝑙) + 𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀3−𝑥𝑥𝑂𝑂4(𝑠𝑠𝑠𝑠𝐿𝐿𝑛𝑛𝑚𝑚𝑚𝑚) + 𝐿𝐿𝐿𝐿𝑥𝑥𝑀𝑀1−𝑥𝑥𝑂𝑂(𝑙𝑙𝑚𝑚𝑟𝑟𝑘𝑘 𝑠𝑠𝑙𝑙𝑚𝑚𝑠𝑠) + 𝛿𝛿𝑂𝑂2 Equation (2. 11) 

This equation is consistent with the thermal decomposition of LixNiO2 in Equation (2. 

3). The release of oxygen during the charge/discharge process of NLO LIBs proceeds 

through the following process: when Ni is oxidised to form an extremely unstable Ni4+ 
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species at the extreme delithiation state, the unstable Ni4+ species can readily capture 

electrons from the oxygen atom. Subsequently, because the oxygen atom loses its 

electrons, the evolution of oxygen gas and the formation of oxygen vacancies are 

induced. However, more O2 gas and pores are produced when O is continuously oxidised 

(Liao and Manthiram, 2015, Yin et al., 2021).  

CO2 and CO also evolve along with the oxygen evolution inside NLO LIBs. The 

observed CO2 and CO emissions were mainly due to the chemical reaction of the 

reactive lattice oxygen with the electrolyte. The cell voltage vs. time. accompanied by 

the gas evolution analysis of a NCM811-graphite cell over four charge/discharge cycles 

at 0.2 C and 25℃ between 2.6 and 4.8 V is shown in Figure 2. 12 (Jung et al., 2017). 

Different types of gases were detected in the NCM811-graphite cell during 

charge/discharge cycles. Jung et al.’s research also shows that, for NCM111 and 

NCM622, the oxygen release occurs at roughly 4.7 V vs. Li/Li+ at 25 ℃, while for 

NCM811, it occurs at a voltage of 4.3 V vs. Li/Li+ at 25 ℃, which is much lower than 

that of NCM111 and NCM622. Therefore, the end-of-charge voltage is constrained for 

the practical application of NCM811, which affects the achievable specific energy.  
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Figure 2. 12. Cell voltage vs. time of a NCM811-graphite cell over four 

charge/discharge cycles at 0.2 C and 25℃ between 2.6 and 4.8 V, in a cell containing 

400 µL of 1.5 M LiPF6 in ethylene carbonate, glass fiber separators and 16.40 mg 

NCM811 (The corresponding gas analysis is shown below, the dashed lines stem from 

the graphite electrode) (Jung et al., 2017). 
 

It is worth mentioning that in addition to the capacity fading problem, the oxygen release 

phenomenon can also result in serious safety problems, especially for NCM with a 

stoichiometric ratio of Ni≥0.8 (Liao and Manthiram, 2015). When the nickel-rich 

cathode is charged above 4.2 V (high voltage), the released oxygen species (O2, O2-, O-) 

from the host structure of the cathode material in the highly delithiated states react 

rapidly with the electrolyte. Not only the structural degradation but also the generation 

of the cathode-electrolyte interphase layer is believed to be triggered by this reaction. 

However, this reaction generates a large amount of heat, which triggers serious thermal 

runaway (Dai et al., 2023). The large amount of O2 released together with the heat 

release can be considered as a poor thermal stability characteristic of NLO. Thermal 

runaway caused by the poor thermal stability of the electrode material is highly likely 
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to cause the battery explosion, which seriously hinders the development of Ni-rich 

cathode materials (Song et al., 2023). 

For thermal stability comparison, the samples for the different NCM materials with 

different nickel contents were tested by heating up to 600 ℃ in the absence of 

electrolytes by Bak et al. (Bak et al., 2014). The results are shown in Figure 2. 13. 

Compared with NCM611, NCM811 released a larger amount of oxygen when the 

charged samples were heated to 600 ℃. The temperatures for the substantial O2 release 

of different NCM materials coincided well with the onset temperatures of the first phase 

transition (structural degradation) from the layered phase to the spinel phase. The higher 

the Ni content, the poorer the thermal stability of the NCM materials. 

 

 

Figure 2. 13. Mass spectroscopy profiles for the oxygen collected simultaneously 

during the measurement of in situ time-resolved X-ray diffraction and the corresponding 

temperature region of the phase transitions for NMC samples (Bak et al., 2014). 
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Through the above literature studies on the side reactions, we can know that the side 

reactions are complex because involving almost all the components inside LIBs. Not 

only the SEI layer can be produced along with the increased battery resistance, but the 

gas release especially for the oxygen release can be triggered, which is very dangerous 

for the safety of the battery. In particular, the catalytic activity of Ni4+ makes the side 

reaction of NLO (Ni≥0.8) more abundant, resulting in more consumption of active Li 

and Ni by the electrolyte. Separating the contact between Ni4+ and the electrolyte turns 

into predominant to inhibit the side reactions. Considering the side reaction can induce 

changes in the battery resistance and many kinds of by-products on the surface of the 

cathode material, carrying out the battery resistance analysis and the SEI components 

analysis of the produced NLO batteries is important in this PhD research. 

2.1.4. Micro-cracks 

It has been reported that the formation of microcracks is mainly due to anisotropic 

changes in the lattice dimension along with lattice volume shrinkage and expansion 

during Li extraction and insertion, which is very harmful to the long-term capacity of 

Ni-rich layered cathodes (Liu et al., 2017). Meanwhile, oxygen vacancies are also one 

of the reasons for microcrack generation. This is because stress can be formed owing to 

the concentration gradient of oxygen vacancies, and the connection of oxygen vacancies 

can produce a flawed structure (Yin et al., 2021). The image of microcrack inside the 

NCM622 sample after 150 charge-discharge cycles is shown in Figure 2. 14 (Kim et al., 

2015). Obviously, the ionic and electronic connectivity of sub-surface primary particles 
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would be degraded with increased impedance and a sluggish, incomplete 

electrochemical reaction owing to these microcracks. On the other hand, the electrolyte 

can further penetrate the interior of the cathode material along the microcracks to create 

a new SEI layer, resulting in more structural degradation and side reactions, which 

would be detrimental to the electrochemical performance of the NLO cathode materials.  

 

Figure 2. 14. Images of crack inside a NCM622 sample after 150 charge-discharge 

cycles (Kim et al., 2015). 
 

For the normally used polycrystalline NLO material, nanometre-sized primary particles 

agglomerate to form micrometer-sized secondary particles. There are many grain 

boundaries and voids inside NLO, as shown in Figure 2. 15. These parts can be 

considered weak mechanical parts of the material. The inter-granular cracking along the 

boundaries between primary particles is therefore deemed to be the predominant reason 

for the structural failure of the polycrystalline NLO materials (Liu et al., 2017). 
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Figure 2. 15. Image of uncycled a NLO primary and secondary particles. The white 

dashed line delineates the boundary of a primary particle (Liu et al., 2017). 
 

It is suggested that constraining the DOD can mitigate the generation of micro-cracks 

polycrystalline NLO cathodes as shown in Figure 2. 16, wherein, 4.2-2.5 V is 0-100% 

DOD and 4.05-3.48 V is 10-70% DOD. According to the schematic shown in Figure 2. 

16, it can be seen that, for the cycle test with a DOD of 0-100%, microcracks can easily 

be generated in the secondary particles because of the high stress with large shrinkage 

and expansion of NLO crystal lattices. For the cycle test with a DOD of 10-70%, the 

generation of microcracks can be reduced because of the small shrinkage and expansion 

of NLO crystal lattices. The formation of a NiO-like structure on the surface of primary 

particles can also be restricted with a DOD of 10-70%. However, it is not a good choice 

for commercialisation because of its decreased energy density (Watanabe et al., 2014).  
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Figure 2. 16. Schematic illustration of micro-crack growth and structural deterioration 

of a Ni-rich layered oxide cathode(LiNi0.76Co0.14Al0.70O2) with different DOD cycling 

(Watanabe et al., 2014). 
 

The formation of microcracks can be considered as a mechanical issue of NLO materials. 

The mechanical properties calculation of a NLO cathode material (LiNi0.8Co0.1Mn0.1O2, 

NCM811) were calculated by Min and Cho et al. using the density functional theory 

(Min and Cho, 2018). The anisotropic mechanical properties of the NCM811 are shown 

in Figure 2. 17, which shows that NCM811 withstands a greater compression stress than 

tension stress. The in-plane direction strength was higher than that in the out-of-plane 

direction for both the tension and compression conditions. Density functional theory 

calculation also demonstrated that the stability of the entire structure relies on the 

interaction of the Li, O, and TM layers. When more lithium is extracted from the layered 

oxide material, the stability of the TM and O layers weakens. The mechanical integrity 

of NLO can deteriorate without the bonding network of Li–O. Therefore, the mechanical 
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strength of NLO weakened with the increasing Ni content during electrochemical 

cycling. This is because there is more extraction of Li at the same voltage for a higher 

Ni content, along with a larger specific capacity (Min and Cho, 2018).  

 

Figure 2. 17. Mechanical property calculation of NCM811 under the boundary 

condition of tensile and compressive deformation based on density functional theory: 

(a) Directions where the tensile and compressive deformation is applied for the in-plane 

and out-of-plane; (b) Stress-strain curves for NCM811 under tensile and compressive 

deformation in both in- and out-of-plane directions (Min and Cho, 2018). 
 

In summary, to solve the problems of microcracks in NLO cathode materials, 

approaches that can decrease the anisotropic changes in the lattice dimensions, improve 

the mechanical strength of the NLO material, and reduce the formation of oxygen 

vacancies during the charge/discharge process are required. This also implies not only 

the problems of electrochemistry but also the problems of chemistry and mechanics that 

need to be solved for NLO cathode materials. Since microcracks can occur in both the 

inner and outer regions of NLO particles, the milling process for NLO particles to 

observe the internal microcracks will be required for this PhD research. 

Through a comprehensive study of the mechanism of electrochemical performance 
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degradation of NLO cathodes, it is clear that the four main factors of Li+/Ni2+ cation 

mixing, surface structural degradation, side reactions, and microcracks are intrinsic 

problems for NLO cathodes. These problems lead to electrochemical performance decay 

of NLO cathodes and are influenced by the increase of the Ni content in Ni-rich cathodes. 

To mitigate these four main problems, many modification strategies including surface 

coating, lattice/bulk doping, and strategies beyond coating/doping, have been proposed 

to improve the performance of NLO cathode materials, as discussed in Section 2.2.  

2.2. Current Modification Strategy 

2.2.1. Coating of Ni-rich Cathode Materials for Lithium-ion 

Batteries 

Because of changing the surface chemistry or providing physical protection layers, 

surface coating has proven effective in improving the electrochemical properties and 

thermal stability of cathode materials for LIBs. Specifically, the surface coating can 

prevent direct contact between the cathode material and the electrolyte, and accordingly 

avoid the decomposition of the electrolyte and mitigate detrimental side reactions. For 

the NLO cathode, the coating layer can also release the surface layer to spinel/rock salt 

phase transformations. This is because the interfacial reactions between the high-

valence Ni4+ ions and the electrolyte to become Ni2+ ions can be restrained, along with 

less Li/Ni disordering. In addition, oxygen removal, particularly in the highly delithiated 

state, can be mitigated by coating, therefore, the cycle lifetime of NLO cathodes can be 

enhanced (Chen et al., 2010, Xia et al., 2018b, Nisar et al., 2021).  
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Ideally, the coating layers should be thin, homogenous, and have superior ionic and 

electronic conductivities. When a coating material with high ionic and electronic 

conductivity is used, Li-ion diffusion/electron migration during cycling is enhanced, 

which improves the rate performance of battery. In addition, a mechanically rigid and 

stable coating film is ideal because it can mitigate the generated stresses associated with 

volumetric changes during charging/discharging. Moreover, an easy and scalable 

coating process is valuable for popularisation. The ideal requirements for the surface 

coating of cathode materials to address the challenges of current surface coating are 

shown in Figure 2. 18 (Nisar et al., 2021). 

 

Figure 2. 18. Challenges and requirements of surface coatings for cathode materials 

(Nisar et al., 2021). 
 

There are four main coating approaches for cathodes: co-precipitation coating, sol-gel 

coating, dry coating (ball milling), and chemical vapour deposition (CVD) coating, as 

shown in Figure 2. 19 (Zuo et al., 2017). Different coating approaches can achieve 

different electrochemical performances. For co-precipitation coating types (Figure 2. 

19. (a)), various coating films can be produced on the cathode material, involving both 
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the monolayer and the multiple layers. However, many process parameters influence the 

precipitation effect, such as the pH, reaction temperature, and dropping speed of the 

reagent.  

In the sol-gel coating process (Figure 2. 19. (b)), deionized water or other solution will 

be used to disperse the cathode particles in a sol condition, and then the functional 

solution will be added into the sol to get the gel under certain reaction conditions. After 

the evaporation of the gel, a coated sample can be obtained. Compared with other 

coating technologies, the reaction is relatively easy to control, and the chemical 

uniformity of the coating layer can be guaranteed for a multi-component system. 

However, concerning the NLO cathode, when water is used to produce the sol solution, 

the cathode surface structure is destroyed, owing to its significant sensitivity to water.  

Dry coating (Figure 2. 19. (c)) is a modification technology of mechanical coating by 

nanoparticles in surface modification equipment. Dry coating has the advantage of 

relatively low cost and has a small impact on the environment compared with the wet 

process. However, because of inhomogeneous and island coatings, the dry coating 

process hinders broad commercial adoptability.  

The chemical vapor deposition process is shown in Figure 2. 19. (d). A more uniform 

coating layer can be obtained through CVD coating, as nucleation and film formation 

occur simultaneously at high temperatures in the tubular furnace. However, the high-

temperature fields are more complicated and costly. 
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Figure 2. 19. Schematic diagram of four different coating processes:(a) Co-precipitation; 

(b) Sol-gel; (c) Dry coating; and (d) Chemical vapor deposition (CVD) (Zuo et al., 2017). 
 

According to Ye et al.’s review (Ye et al., 2021), various coating materials are used for 

the modification of Ni-rich cathode materials, which can be divided into inactive and 

active coatings. Oxides, fluorides, and phosphates are ascribed to the inactive coatings. 

Carbon-based materials, electron-conductive polymers, and inorganic Li-ion conductors 

are active coating. Although a large number of active and inactive coatings have been 

adopted by researchers to improve the electrochemical performance of different cathode 

materials. The interactions between the coating materials and the active materials and 

electrolyte solutions have not yet been clarified completely.  

One hot coating direction is the in-situ form of the conductor membrane on the surface 

of NCM cathode materials by capturing Li residual impurities. Several coating 

modifications have been reported, such as the La4NiLiO8 coating formed by partially 

sacrificing Ni ions from the cathode substrate to react with nano-La2O3 and LiOH by 
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the solid-state method, which exhibits good electron and ionic conductivities, and acts 

as a protector, and can effectively prevent the electrolyte attack of NCM811 (Zhou et 

al., 2021). Another example is the in-situ form of lithium boron oxide during the cycle 

progress by the reaction between B2O3 and Li-sources from the active materials or 

electrolyte, lithium boron oxide is a fast ionic conductor material that can not only 

suppress the side reactions but also promote ion migration (Li et al., 2020a). A more 

concrete and graphic example is shown in Figure 2. 20, which presents a diagram for 

the in-situ building of a hybrid nano-coating for NCM811 material (Li et al., 2016). 

Ultrathin hybrid LixAlO2 and LixTi2O4 nanomembranes encapsulated on the surface of 

NCM811 cathode materials were produced by hydrolysis of titanium isopropoxide and 

aluminum isopropoxide in NCM811 aqueous solution by consuming the Li-residue on 

the surface of the NCM811 cathode material. The hybrid nanomembrane-encapsulated 

NCM811 cathode was effectively stabilised during long-term cycling. These examples 

give the idea that at the same time by creating the coating protection, the drawbacks of 

the NLO materials are eliminated. 
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Figure 2. 20. Diagram of the design and synthesis of hybrid nanomembrane-

encapsulated NCM cathode materials (Li et al., 2016). 
 

From the literature reviews on coating modification, it becomes evident that the wet 

coating process offers a distinct advantage in verifying the uniformity of the coating 

film, thus, the wet coating processes are extensively employed in commercial cathode 

material manufacturing to protect the cathode materials. However, one challenge is 

associated with the sensitivity of Ni-rich NCM cathode materials to water, owing to the 

excessive Li used for Ni-rich NCM cathodes to maintain a layered structure. Therefore, 

a non-aqueous environment, for example in ethanol, is more suitable for the surface 

coating of Ni-rich NCM cathodes (Li et al., 2020b, Xia et al., 2018b). These studies 

open the mind to exploring the utilization of the non-aqueous environment to modify 

NLO materials in the wet coating process to achieve coating protection in this PhD 

research. 
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2.2.2. Doping of Ni-rich Cathode Materials for Lithium-ion 

Batteries 

Doping, also known as cation substitution, has proven to be a promising way to 

overcome the problem of structural instability of electrode materials, so as to enhance 

the cycling stability and safety issues of Ni-rich cathode materials. Many dopant ions 

have been studied to improve the structural stability of Ni-rich materials. Common 

dopants used for NLO are Al–aluminum, Zr–zirconium, Ti–titanium, B–boron, etc. (Yan 

et al., 2020). The C/3 cycling test of NCM811 electrodes comprising undoped and doped 

active materials in coin cells at 45°C was performed by Weigel et al. as shown in Figure 

2. 21 (Weigel et al., 2019). The C/3 cycling test results shown in Figure 2. 21 were 

performed from 2.8 V to 4.3 V after 1 cycle at C/15 rate, 2 cycles at C/10, then a rate 

capability measurement with 3 cycles at C/3, 0.8 C, 1 C, 2 C, 4 C and C/10 (C defined 

as 180 mAh g-1). Al–aluminum, Ti–titanium, Mg–magnesium, Si–silicon, Zr–zirconium, 

and Ta–tantalum are the doped elements. Obviously, unlike the undoped NCM811 

cathodes (black points) exhibiting relatively fast capacity fading, the capacity fading 

rate of the doped NCM811 cathodes slows down. In particular, Ta-doped NCM811 

exhibited the highest discharge capacity and the best long-term cycling stability. Such 

improvement is considered to be related to the multiple structural and surface effects 

associated with (1) the limitation of the c parameter contraction at the end of the 

charging, (2) the increased Li+ ion intercalation kinetics, (3) the decreased cation mixing, 

and (4) the surface stabilisation together with the lowered impedance growth throughout 

cycling (Weigel et al., 2019).  



63 
 

 

Figure 2. 21. Discharge capacities of NCM811 electrodes comprising undoped and 

doped active materials, in coin cells at 45°C (Weigel et al., 2019).  
 

Except for the cation substitution, anion substitution strategies, such as F–fluorine, Cl–

chlorine, and S–sulfur, have also been reported. However, the number of anions 

available for substitution is smaller than that of cations (Binder et al., 2018). Cation 

doping is encouraging and requires further study. Nevertheless, there is no thorough 

explanation of the mechanism by which each dopant element improves the performance 

of Ni-rich materials. 

Normally, the layered structure of electrodes is not affected by a few dopants, except for 

the formation of small new phases. To achieve doping/atom substitution, researchers 

have often used co-calcination, self-combustion, co-precipitation, and solid-state 

reaction methods (Li et al., 2020b). Cations can be divided into four different valence 

groups: monovalent, divalent, trivalent, and tetravalent. Among them, monovalent and 

divalent dopant elements act as pillars to support the structural integrity, which remains 
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in the Li layers. Trivalent and tetravalent dopants occupy the TM sites. The 

electrochemical performance can be improved through proper doping with increased 

lattice spacing, reduced bandgap, and increased electrical conductivity of cathodes 

(Sharifi-Asl et al., 2019).  

To clarify the mechanisms of Al and Mg dopants at the atomic level, first-principles 

calculations were employed to study the effects of Al and Mg doping on oxygen 

evolution and structural stability in Li1-x(Ni0.8-yCo0.1Mn0.1)O2 (x and y = 0.04 for Mg 

and Al doping, respectively) (Min et al., 2017). They investigated the most 

representative defective states, oxygen vacancies, and cation disordering, by computing 

the formation energies of each defect for the fully lithiated and delithiated structures. 

The atomic configuration model used for the calculation is shown in Figure 2. 22. The 

calculation results indicate that Al doping at the Ni site results in the lowest formation 

energy, which is the most energetically stable. Mg doping preferentially occupies the Li 

sites. Meanwhile, first-principles calculations provide the theoretical foundations to 

understand that oxygen evolution can be effectively prevented by doping Al with larger 

formation energy for the oxygen vacancy defective state than the undoped and Mg-

doped samples. The cation-disordered structures in the fully lithiated state can be 

mitigated by doping Mg with a larger formation energy for the Li/Ni exchange defective 

state than that of the undoped and Al-doped samples. 
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Figure 2. 22. Atomic configurations for the structure of (a) LiMO2, where M=transition 

metals (Ni, Co, and Mn), and the schematic structures for each of the defects, (b) Li 

vacancies (VLi), (c) oxygen vacancy (VO), (d) excess Ni (NiLi), (e) Li/Ni exchange (LiNi–

NiLi), and (f) Ni migration (Nimig) (Min et al., 2017). 
 

The study on the literature reviews of the doping and coating modifications indicates 

that doping mainly changes the internal composition of the cathode material, the coating 

mainly changes the external composition of the cathode material. It is worth noting that, 

in addition to the different doping elements with distinct modification effects, the doping 

sites also influence the modification effects, which either stabilise the layered structure 

or increase the Ni-O bond strength (Zhang, 2020). According to the understanding of 

the mechanism of Ni-rich NCM electrochemical performance degradation, it is known 

that the factor of Li+/Ni2+ cation mixing causes the nonstoichiometric structure of Ni-

rich materials and structure degradation. Beyond the crack generation and capacity 

fading that can be triggered by the problem of oxygen release, the drawback of oxygen 

release can also result in serious safety problems, especially for a stoichiometric ratio of 

Ni≥0.8. The weak Ni-O bond is responsible for these problems. To meet the demand for 
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high-performance batteries for EV applications, it is necessary to explore optimised 

dopants to stabilise the Li-TM-O host structure of Ni-rich NCM against phase 

transitions and oxygen release. The binding energy of Ni-O, Co-O, and Mn-O is 391.6 

kJ·mol−1, 368 kJ·mol−1, and 402 kJ·mol−1, respectively (Dean, 1978, Chen et al., 2018). 

B-O binding force is high (B-O bond enthalpy: 809 kJ·mol−1) (Li et al., 2020a), which 

is even higher than that of Zr–O (766 KJ·mol-1) (Jamil et al., 2020). Boron is a promising 

choice among the elements available for the doping modification of Ni-rich NCM, 

which can be the preferred doping element in this PhD research. The B doping sites will 

be investigated by the analyses of TEM and XRD on the synthesised NLO materials to 

clarify the B doping effects in the specific experiment. 

2.2.3. Beyond Doping and Coating Strategies of Ni-rich Cathode 

Materials for Lithium-ion Batteries 

Beyond the doping and coating strategies for improving the electrochemical 

performance, different modification strategies have also been proposed, which involve 

the design of core-shell structure of Ni-rich cathode materials (Wu et al., 2019b, Liu et 

al., 2021), the design of a full concentration gradient structure (Lim et al., 2016), using 

a single crystal structure to replace the polycrystalline structure of Ni-rich cathode 

materials (Deng et al., 2022, Yoon et al., 2023), and refining the primary particles of 

polycrystalline Ni-rich cathode materials with the radial distribution (Park et al., 2018, 

Ryu et al., 2020). A schematic of these strategies is presented in Figure 2. 23.  
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Figure 2. 23. Strategies beyond doping and coating for improving the electrochemical 

performance of Ni-rich cathode materials: (a) Core-shell structure (Wu et al., 2019b); 

(b) Full concentration gradient structure (Lim et al., 2016); (c) Single-crystalline 

structure (Deng et al., 2022); (d) The refined radially aligned structure (Park et al., 2018).  
 

The principles of the above four strategies beyond coating and doping modification are 

also discussed. The strategies of core-shell structure and full concentration gradient 

structure aim to create Ni-rich cathode particles with a relatively low Ni content outer 

layer but an extremely high Ni content inside. Such designs can guarantee a high specific 

capacity from the inside and cycling stability owing to the protection from the outside 

layer rich in Co or Mn. However, the corresponding modifications begin with the 

synthesis of the precursor. The co-precipitation method is mainly adopted to achieve the 

core-shell structure and full concentration gradient structure by adding a Ni-high 

aqueous solution into the reactor to form the inside part, followed by the addition of Ni-

less aqueous solution to form the outside part. Meanwhile, NaOH solution and ammonia 

solution acted as the precipitating agent and chelating agent, respectively, during the 
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entire process.  

For the single-crystalline structure strategy, the calcination temperature for obtaining a 

single-crystal morphology is higher than that of the conventional polycrystalline Ni-rich 

cathode, which means that more energy will be consumed for calcination. Compared 

with polycrystalline structures, single-crystalline cathode structures have the advantages 

of being resistant to mechanical fracturing and tolerance of gas evolution, usually 

appearing with more stable cycling stability than the polycrystalline Ni-rich cathodes 

(Ryu et al., 2021, Yang et al., 2023). Owing to the low Li-ion diffusion kinetic inside 

the single-crystalline cathode material, single-crystal cathodes deliver unsatisfactory 

performance, especially at high C rates. Reducing the size of single-crystal particles or 

regulating the surface facets would help to enhance the cathode kinetics and cycling 

stability (Ran et al., 2022, Kim et al., 2022).   

In contrast to the randomly oriented primary particles that form the conventional 

spherical secondary particles of a Ni-rich cathode, the refined radially particles in the 

strategy of the refined radially aligned structure are composed of the radially aligned 

primary particles. The refined structure can shorten the Li-ion diffusion pathways, 

reduce the aggregation of stress, and dissipate strain energy along the interparticle 

boundaries during cycling as shown in Figure 2. 24 (Lee et al., 2019, Ryu et al., 2020). 

The refined structure has many advantages, which can improve Li-ion diffusion kinetic 

and achieve better mechanical integrity. It is reported that adding dopants like B, Al, W, 

and Ta can realise the radially aligned structure of Ni-rich cathode materials, probably 

owing to the lower surface energy of the (003) facet as the preferential faceting to be 
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elongated (Sun et al., 2020, Kim et al., 2020). Another viable approach to control the 

morphology of the Ni-rich cathode materials is to adjust the reaction parameters for 

synthesising the precursor. Research has shown that a co-precipitation process with an 

optimised high NH3·H2O concentration and high stirring speed can produce a precursor 

with a radially aligned structure without dopants (Xu et al., 2019).  

 

Figure 2. 24. (a) Li-ion diffusion pathways inside the randomly orientated primary 

particles and the radially aligned primary particles (Lee et al., 2019); (b) Differences in 

the local stress concentration and stress distribution among the secondary particles 

consisting of randomly oriented, radially oriented, and size-refined radially oriented 

particles (Ryu et al., 2020).   
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In summary, the literature review of the performance degradation mechanism of NLO 

cathode materials and the current modification strategies helps to understand the 

problems of NLO cathode materials, answers the question of why the modification is 

necessary for NLO cathode materials, and instructs the analysis about the modification 

of NLO cathode materials using the different characterisation tools. The purpose of the 

modification strategies becomes clear: to strengthen the internal structure, establish a 

protective layer between the electrode and electrolyte, reduce microcrack occurrence, 

and ultimately improve the cycling performance, rate capability, and safety issues of 

NLO cathode materials for LIBs. For NLO (Ni≥0.8) cathode materials, the side reaction 

between the active material surface and the electrolyte is the most detrimental and fatal 

drawback. A uniform surface protection layer on the NLO cathode materials can be 

placed as the premier solution. Among the current modification strategies, it is 

preferable to use wet coating modification, that is co-precipitation coating and sol-gel 

coating, to build a uniform protection layer. However, some drawbacks to the current 

wet coatings, such as the complicated process parameters in the co-precipitation strategy 

and the high-temperature evaporation necessary for the sol-gel strategy, require 

innovations. The aqueous environment should also be avoided because of the sensitivity 

of NLO cathode materials to water. To address these problems, a novel wet coating, 

named sol/antisolvent coating, was developed in this thesis based on the thinking of 

“like dissolves like”. Considering the multiple modifications may result in better effects, 

a modification from the novel wet coating method along with the combined doping and 

coating treatment and the radially aligned structure was proposed.  
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Chapter 3 Materials and Equipment  

This chapter describes the materials and experimental equipment used to modify Ni-rich 

cathode materials and prepare coin cells. The coin cell assembly process, 

electrochemical property test equipment, and material characterisation instruments are 

also listed. 

3.1. Materials and Experimental Equipment 

Table 3. 1 presents the materials and reagents used in this study. Ni-rich NCM with 

stoichiometric ratios of Ni ≥ 0.8 is the object of modification to achieve superior NLO 

cathodes. Ni content of cathode materials and precursors used in this study was greater 

than 80%. LiNi0.85Co0.1Mn0.05O2 from Ningbo Rongbay New Energy Technology Co., 

Ltd was used as the cathode material. Ni0.83Co0.05Mn0.12(OH)2 and Ni(OH)2 were 

obtained from Zhejiang Huayou Cobalt Co., Ltd., and Hebei Guifa Alloy Wear-Resistant 

Materials Co. Ltd., respectively. LiOH·H2O was used as the Li source. Carbon black 

(Super P®), polyvinylidene fluoride (PVDF), and N-methyl pyrrolidone (NMP) were 

used as the conductive agent, binder, and solvent to be mixed with the NLO powders to 

prepare the electrode slurry. Lithium metaborate (LiBO2) was a coating material used to 

modify Ni-rich cathode materials. Boron oxide (B2O3) was used to realise boron-related 

coating/doping of Ni-rich cathode material. Ethanol (C2H5OH) and tetrahydrofuran 

(C4H8O) were solvents with different functions used in the modification process.  
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Table 3. 1. Materials and reagents used in the study. 

No. Material Manufacturer Application 

1 LiNi0.85Co0.1Mn0.05O2 
Ningbo Ronbay New Energy 

Technology Co., Ltd. 

Cathode 
material to be 

modified. 

2 Ni0.83Co0.05Mn0.12(OH)2 
 Zhejiang Huayou Cobalt Co., 

Ltd. 
Precursor to 
be modified. 

3 Ni(OH)2 
Hebei Guifa Alloy Wear-

Resistant Materials Co. Ltd. 
Precursor to 
be modified. 

4 LiOH·H2O Aladdin (Purity: 98%) 

Lithium 
source for 
lithiation 

calcination. 

5 Carbon black (Super 
P®) Alfa Aesar (Purity: 99+%) 

Conductive 
agent for 
preparing 
electrode 

slurry. 

6 Polyvinylidene 
fluoride (PVDF) Kynar (HSV 900) 

Binder for 
preparing 
electrode 

slurry. 

7 N-methyl pyrrolidone 
(NMP) Aladdin (Purity: 99.9%) 

Solvent for 
preparing 
electrode 

slurry. 

8 
Lithium metaborate 
(LiBO2) 

Aladdin (Purity: 99.9%) 
Coating 

material for 
modification. 

9 Boron oxide (B2O3) Aladdin (Purity: 99.9%) 
Boron-related 
coating/doping 
modification. 

10 Ethanol (C2H5OH) Aladdin (Purity: 99.8±%) 

Dispersion 
medium for 
modification 

process. 

11 
Tetrahydrofuran 
(C4H8O) Aladdin (Purity: 99.9±%) 

Antisolvent 
for 

modification 
process. 
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 Figure 3. 1, Figure 3. 2, and Figure 3. 3 show the primary experimental equipment, 

including the BEQ horizontal high-temperature tubular furnace (Figure 3. 1), WZM 1.5 

L double-tank ball mill machine (Figure 3. 2), and MBRAUN UNI-lab glove box 

workstation (Figure 3. 3). The tubular furnace was mainly used for the calcination 

process to synthesise superior Ni-rich cathode materials. The ball mill machine was used 

to evenly mix the lithium source and the precursor of the cathode active materials. The 

coin cell assembly and disassembly were performed in the glove box filled with 

protective argon gas, with O2 and H2O concentrations of less than 0.5 ppm. In addition 

to the large equipment, some relatively small equipment are not shown. They are also 

indispensable in applications, such as multi-point magnetic stirrers, automatic film 

applicators, electrode sheet punching machines, laboratory tablet compressors, 

hydraulic crimpers, and blast drying ovens. These relatively small pieces of equipment 

were used to stir the electrode slurry, coat the electrode slurry onto aluminum foil, punch 

the electrode sheet, compress the electrode sheet, seal the coin cell, dry the materials, 

and evaporate the organic solvents. All of these play important roles in the 

transformation of raw materials into finished cells.  
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Figure 3. 1. BEQ horizontal high-temperature tubular furnace. 
 

 

Figure 3. 2. WZM 1.5 L double-tank ball mill machine. 
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Figure 3. 3. MBRAUN UNI-lab glove box workstation. 

3.2. Electrochemical Property Test Equipment and Material 

Characterisation Instruments 

In this study, the coin cells were used for testing the electrochemical properties of NLO 

materials. A schematic diagram of the coin cell assembly showing each component is 

presented in Figure 3. 4. The coin cell was composed of a positive case, cathode, 

separator, anode, spacer, spring, and negative case. After the components were 

assembled in sequence, as depicted in Figure 3. 4, the appropriate amount of electrolyte 

was added to the cell, then the cell was sealed on a hydraulic crimper to produce the 
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final coin cell battery. The cathode slurry was coated onto the aluminum foil and dried 

to form the cathode. The separator was a monolayer or multilayer microporous 

membrane obtained from Celgard®. A pure lithium disk was used as the anode. The 

addition of a spacer and spring closely packed the coin cell. 

 

Figure 3. 4. Coin cell assembly showing each component. 
 

Solartron Analytical 1400 cell test station and Wuhan LAND cell test system were used 

to analyse the electrochemical properties of the coin cells. The corresponding test 

stations are shown in Figure 3. 5 and Figure 3. 6, separately. Cyclic voltammetry 

measurement (CV) and electrochemical impedance spectroscopy (EIS) of the coin cell 

batteries were performed using a Solartron Analytical workstation. Galvanostatic 

cycling with potential limitation (GCPL) measurements were completed in the LAND 

cell test system, which involves long-term cycling tests, rate capability tests, different 

cut-off voltage tests, and different current density tests. The LAND cell test system can 
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also make the coin cell battery in the delithiated state for further thermal stability 

evaluation. To minimise the impact of atmospheric fluctuations, these two 

electrochemical property test systems were kept in a separate battery testing room with 

controlled temperature and humidity levels. 

 

Figure 3. 5. Solartron Analytical 1400 cell test station. 

 

Figure 3. 6. Wuhan LAND cell test system: left is the LANHE CT3002A system with 

8 channels; right is the real test image. 
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The names and brands of the material characterisation instruments used in this study are 

listed in Table 3. 2. Main material characterisation instruments used in this study.. The 

pictures of material characterisation instruments are not shown here, as they can be 

obtained by contacting the dealers. The purpose of each material characterisation 

instrument is summarised. SEM is used to observe the microscopic morphology of the 

material. TEM is used to identify the morphology of the nano-sized coating layer and 

the phase transitions of the material. SEM/EDS is used to analyse the element 

distribution of the material. TEM/EDS is used to determine the element composition by 

semi-quantitative estimation. XRD is used to identify the material’s crystalline structure. 

AFM is used to present the 3D image of the material and calculate Young’s modulus. 

FIB-SEM is used to observe the microstructure of the cross-section of the material. XPS 

is used to analyse the chemical state of the material surface. ICP-OES is used for 

qualifying the dissolved elements from the material. DSC-TG is used to observe the 

dehydration and decomposition of material. DSC 3 is used to measure phase transition 

and heat flow from the material. FTIR is used to determine the existence of a particular 

substance. Some of these characterisation instruments are complementary to obtaining 

the structural and functional information for the material. A thorough understanding of 

the material can be realised using multiple characterisation technologies. The specific 

applications of each characterisation instrument are elaborated in detail in the 

subsequent sections. Thanks to these characterisation technologies, the mechanism of 

each modification on NLO cathode materials can be clarified. 
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Table 3. 2. Main material characterisation instruments used in this study. 

No. Characterisation Method Instrument 
1 Scanning electron microscope 

(SEM)  
Hitachi S4800 

2 Transmission electron microscope 
(TEM)  

JEOL JEM2100 

3 Scanning electron microscopy with 
energy dispersive X-ray 

spectroscopy (SEM/EDS)  

FEI Quanta FEG 250 

4 Transmission electron microscope 
equipped with energy dispersive X-

ray spectroscopy (TEM/EDS)  

ThemoFisher Talos F200x 

5 X-ray diffraction (XRD)  Bruker D8 DISCOVER  
6 Atomic force microscope 

 (AFM)  
VEECO Dimension 3100 

7 Focused ion beam scanning electron 
microscope (FIB-SEM) 

 
Carl Zeiss Auriga 

8 X-ray photoelectron spectroscopy 
(XPS)  

Shimadzu Krotos AXIS Supra 

9 Inductively coupled plasma optical 
emission spectrometer (ICP-OES)  

SPECTRO ARCOS 

10 Differential scanning calorimetry 
and thermogravimetric analyser 

(DSC-TG)  

NETZSCH STA 449F3 

11 Thermal analysis system  
(DSC 3)  

Mettler Toledo 

12 Fourier transform infrared 
spectrometer (FTIR)  

Thermo Nicolet 6700 
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Chapter 4 Sol/Antisolvent Coating with 

Crystalline LiBO2 for LiNi0.85Co0.1Mn0.05O2 

Cathode Towards High Initial Coulombic 

Efficiency and Ultra-stable Mechanical 

Integrity 

This chapter reports the novel and facile sol/antisolvent coating modification of 

LiNi0.85Co0.1Mn0.05O2 (NCM). Ethanol was used to disperse the nano-sized LiBO2 to 

form the sol, and tetrahydrofuran (THF) was used as an antisolvent to prepare a cluster 

of nanoparticles to be coated on the surface of NCM. The coating thickness could be 

tuned by varying the amount of THF added. The LiBO2 nanorod deposition was formed 

over the crack of the NCM cathode, likely acting as a patch to repair the original defect 

of the intrinsic crack. The uniform LiBO2 nano-spherical particles coating together with 

LiBO2 nanorods wrapping provided double protection against electrolytes. This simple 

in-site modification and repair technology guarantees a high initial Coulombic 

efficiency of 90.3% at 0.2 C between 2.8 and 4.3 V vs Li+/Li, superior rate capability, 

enhanced fast charge property at 3 C, and good mechanical integrity of the 

polycrystalline Ni-rich cathode. The work described in this chapter has been published 

in 2022.  

4.1. Introduction  

As mentioned in Chapter 1, Ni-rich layered oxides (NLO) (Ni ≥ 80%) are promising 
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cathode materials for high-energy LIBs for EVs. However, their practical application is 

difficult because of the effects of the four main problems, including Li+/Ni2+ cation 

mixing, surface structural degradation, side reactions, and microcracks, which have 

been introduced in Chapter 2. Among these four problems, the problem of microcracks 

is very harmful to the long-term capacity of NLO cathodes, as it increases cell 

impedance and accelerates side reactions. The anisotropic shrinkage and expansion of 

the primary particles from the H2→H3 phase transition are responsible for the 

intergranular cracking (Yin et al., 2021). On the other hand, intragranular cracks can be 

ascribed to bond dissociation or structural instability, which is not only a mechanical 

failure but also a problem of structural degradation (Min and Cho, 2018, Yin et al., 2021). 

Both single-crystalline NLO (SC-NLO) and polycrystalline NLO (PC-NLO) can suffer 

microcracks (Ryu et al., 2021), but SC-NLO exhibits relatively high mechanical 

integrity compared with PC-NLO (Payandeh et al., 2021). For PC-NLO, intergranular 

cracking has been demonstrated to be a critical mechanism for cycling degradation 

because of the existence of grain boundaries and voids inside the primary particles as 

the mechanically weak part of the material (Liu et al., 2017), which is also mentioned 

in Chapter 2. In particular, under fast (dis)charging conditions, the degree of cracking 

becomes significant. The cracks not only gathered at the centre of the PC-NLO but also 

developed to the secondary particle surface with the increase in current density (Xia et 

al., 2018a). Therefore, it is a great challenge to mitigate the prominent problem of 

intergranular microcracks in PC-NLO during cycling at fast (dis)charging. The purpose 

of this study is to alleviate the formation of microcracks and synergistically improve the 



83 
 

electrochemical properties of polycrystalline Ni-rich cathode materials. 

Surface coating is a fundamental and effective method for modifying cathode materials 

with reduced microcracks. In particular, the surface coating acted as a protective 

passivation film with high stability. The coating layer plays a role in preventing direct 

contact between the cathode material and electrolyte, and to a certain extent, avoids the 

attack from the electrolyte and diminishes the potentially harmful side reactions related 

to structural stability. For instance, metal ion dissolution results from HF erosion (Yan 

et al., 2020). The surface phase transformations of the NLO cathode can also be released 

under the protection of the coating layer owing to the slow interfacial reaction between 

high-valence Ni4+ ions and the electrolyte with fewer Ni2+ ions (Xia et al., 2018b). 

Among these coating materials, LiBO2 modification of cathode materials is abundant 

because of its high Li-ion conductivity and deformability, even for application in all-

solid-state lithium batteries (Li et al., 2020a, Du et al., 2019, Zhang et al., 2019c). To 

the best of our knowledge, there are two predominant methods adopted for coating 

LiBO2: the dry coating method with ball milling and a solution method based on the 

chemical reaction between H3BO3 and LiOHˑH2O or residual lithium species (LiOH or 

Li2CO3) on NLO (Li et al., 2020a, Lim et al., 2014, Du et al., 2019). In comparison to 

the dry coating of typical inhomogeneous and islanded characteristics, it is easy to 

confirm the uniformity of the coating film using the wet chemical coating of the solution 

method (Nisar et al., 2021). However, the conventional solution method normally 

requires a complex synthesis process with a high temperature and a long coating time 

(Zuo et al., 2017). Therefore, a new wet-coating method must be developed.  
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An antisolvent precipitation method has attracted our attention, which presents the 

unique advantage of an easy process in which ethanol is used as an antisolvent with poor 

solubility to realise lithium-containing oxide precipitation on LiNi0.5Co0.2Mn0.3O2 and 

LiNi0.8Co0.1Mn0.1O2 in a completely dissolved lithium-containing oxide aqueous 

solution (Hashigami et al., 2019b, Hashigami et al., 2018, Hashigami et al., 2019a). 

Antisolvent precipitation is a key process that can be realised at room temperature. 

However, considering the sensitivity of water to NLO with metallic element leaching, 

as well as the possibility of surface structure destruction because of excessive Li 

existence to maintain a layered structure (Xia et al., 2018b, Zuo et al., 2017). The 

aqueous environment should be avoided. It was reported that the sol system can 

guarantee a uniform coating reagent distribution with the help of chelating agents such 

as citric acid (Zuo et al., 2017), or dispersion of coating precursors such as metallo-

organic compounds in ethanol or methanol (Li et al., 2016, Huy et al., 1996). Herein, 

the integration of the sol system and the antisolvent effect without the chemical reaction 

process is envisaged for the coating. This is a purely physical process involving 

nanoparticle dispersion and aggregation. A schematic of the strategy for sol/antisolvent 

LiBO2 coating of the active material is shown in Figure 4. 1. The key steps include 

forming a nano-LiBO2 sol in an organic medium with a commercial LiBO2 powder and 

utilising the antisolvent effect of other organic media to accomplish LiBO2 nanoparticle 

aggregation and its deposition on active materials. With further antisolvent treatment 

and high-speed rotation, LiBO2 nanoparticles can be transformed into nanorods and 

wrapped on the outermost surface after coating with smaller nano-LiBO2. Post-
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calcination in an oxygen atmosphere was performed to obtain the final LiBO2-coated 

NCM. The protection mechanism of the LiBO2 nanoparticle coating was achieved by 

hindering electrolyte penetration into NLO, restricting TM ion dissolution, and 

protecting against attack from HF. 

 

Figure 4. 1. Design mechanism of the sol/antisolvent method in anhydrous environment 

for coating. 
 

Such a sol/antisolvent wet coating is fast and convenient, with a coating time of only 35 

min. PC-NLO coated by salmon-roe-like nano LiBO2 particles was developed using this 

method. The final synthesised LiBO2-coated NCM has a three-layer structure with a thin 

NiO-like rock-salt phase layer existing between the LiBO2 coating layer and the NCM 

bulk of the layered structure, which exhibits enhanced Li-ion diffusion characteristic 

and improved rate capability. The fast-charging property is improved with higher 

capacity retention and restricted microcracks, according to the cathode cross-section 

observations. In addition, the ICE developed from 78.65% for pristine NCM to a very 

high ICE value of 90.3% after LiBO2 coating at 0.2 C. Moreover, the bandage-like 
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LiBO2 nanorods can deposit over the crack, likely acting as a patch to repair the intrinsic 

defect before battery operation. Owing to the additional blocking from the LiBO2 

nanorods, the penetration of the electrolyte into the interior of the electrode along the 

intrinsic cracks can be further mitigated. The side reactions could also be alleviated to a 

large extent. It is expected that such a facile sol/antisolvent wet coating can result in 

good mechanical integrity of the PC-NLO during cycling. 

4.2. Experimental Section 

4.2.1. Pristine NCM and LiBO2 powders 

The pristine NCM sample is LiNi0.85Co0.1Mn0.05O2, a kind of PC-NLO obtained from 

Ningbo Ronbay New Energy Technology Co., Ltd (Ronbay). HELOS (H3938) & 

OASISDRY/L, R3 laser particle size analyser was used to evaluate the particle size 

distribution of the NCM. The result is shown in Figure 4. 2 with the volume mean 

diameter (VMD) of 11 μm. The D10, D50, and D90 were 4.71 μm, 10.07 μm, and 18.62 

μm respectively. Anhydrous LiBO2 powder as the coating material was purchased from 

Aladdin, Shanghai. To understand the thermal properties of the pristine NCM and LiBO2 

powders, differential scanning calorimetry (DSC) and thermogravimetric (TG) analysis 

were performed using a simultaneous thermal analyser NETZSCH STA 449F3 in an 

argon atmosphere. 
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Figure 4. 2. Particle size distribution of LiNi0.85Co0.1Mn0.05O2 (NCM) powders.  

4.2.2. Synthesis of LiBO2-coated NCM by Sol/Antisolvent Wet 

Coating 

LiBO2-coated NCM was synthesised by combining sol/antisolvent wet coating of NCM 

with nano-LiBO2. A schematic of the actual experimental operation is shown in Figure 

4. 3. First, the NCM powder was mixed with a LiBO2 ethanol sol solution. THF was 

chosen as the antisolvent with a very low polarity (dielectric constant of 7.52) compared 

to that of ethanol (dielectric constant of 24.6) (Society, 2022). LiBO2 coating is fulfilled 

by making the aggregation of nano-LiBO2 deposits on the surface of NCM with THF 

antisolvent effect. The nano-LiBO2 dispersed ethanol sol was produced using anhydrous 

alcohol to disperse the LiBO2 particles with the assistance of an ultrasonic instrument. 

The selection of THF as an antisolvent is not just only based on the consideration of the 

large polarity difference between ethanol and THF, the properties of relatively inert, 

high volatility, and good wettability of THF are also the advantages to be chosen as the 

antisolvent. Due to inertia, the undesired detriment to the performance of cathode 
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material during the mixing can be averted. Because of its high volatility, THF can be 

easily removed after drying in a blast drying oven. With the help of good wettability, 

not only is the outer surface of the primary particles of Ni-rich cathode material covered 

by LiBO2 nanoparticles, but the gaps between the primary particles can also be adhered 

by some LiBO2 nanoparticles. The gaps between the primary particles are the 

mechanical weak part of the material, involving grain boundaries and voids, the 

deposition of LiBO2 nanoparticles on gaps ensures better protection against electrolyte 

attack. 

 

 

Figure 4. 3. Schematic diagram of combined sol/antisolvent wet coating NCM with 

nano-LiBO2: First, NCM powder was mixed in LiBO2 ethanol sol, followed by pumping 

THF as an antisolvent for depositing LiBO2 on the NCM surface. 
 

The detailed experimental procedure is as follows. To prepare LiBO2-coated NCM, 2 g 

NCM powder was weighed for each coating modification. To produce the LiBO2 ethanol 

sol, 0.083 g LiBO2 (mass ratio for LiBO2/NCM was 4:96) was added to 60 mL of 

anhydrous alcohol with ultrasonic treatment for 9 h at a frequency of 53 kHz. After 

settlement for 3.5 days, the sol was obtained for the follow-up wet coating. The sol 

showed no obvious “Tyndall effect” at bright environment but a very clear “Tyndall 
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effect” in a dark environment with laser beam irradiation (Figure 4. 4). The 50 mL upper 

clear liquid from the two beakers (i.e. LiBO2 ethanol sol) was put into a three-neck flask. 

2 g NCM powder was added to the sol and stirred at 800 rpm for 10 min. After mixing 

the NCM powders in the sol, the sol turned black. THF was pumped into the black liquid 

using a peristaltic pump to coat LiBO2 onto the surface of the NCM. The entire process 

was performed in a three-neck flask maintained at 20 ℃ in a water bath with continuous 

magnetic stirring. After full consumption of THF, the black liquid was vacuum filtered 

to collect the produced LiBO2-adhered NCM powder. The powder was then placed in a 

blast drying oven at 50 ℃ and dried overnight. The dried powder was transferred into a 

tubular furnace and heated at 500 ℃ for 8 h in an oxygen atmosphere to enhance the 

mechanical properties of the coating film. The final LiBO2-coated NCM was 

synthesised via calcination.  
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Figure 4. 4. Pictures of “Tyndall effect” of prepared LiBO2 ethanol sol. 
 

To control the different coating thicknesses, two different addition dosages of 70 ml and 

35 ml THF were applied, which corresponded to pumping times of 35 min and 17.5 min 

at a flow rate of 2 ml/min through the peristaltic pump. The modified samples with 35-

min and 17.5-min THF treatment were named 1b-NCM and 2b-NCM, respectively, 

where b represents LiBO2. As a supplement, the antisolvent effect of THF was verified 

using a laser beam, where the scattering light intensity became strong after pouring THF 

into the LiBO2 ethanol sol (Figure 4. 5).  
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Figure 4. 5. (a) No clear scattering of light on the irradiation of laser beam in sol after 

settlement for three and a half days; (b) Stronger scattering of light through the colloidal 

particles after adding THF into the upper LiBO2 ethanol sol. 

4.2.3. Materials Characterisation 

ICP-OES (SPECTRO ARCOS) analysis was performed to confirm the elementary 

composition of the NCM sample. The morphologies and microstructures of NCM and 

LiBO2-coated NCM were analysed using scanning electron microscope (SEM, S4800, 

Hitachi) and transmission electron microscope (TEM, JEM2100, JEOL). Elemental 

analysis was performed using scanning electron microscopy with energy dispersive X-

ray spectroscopy(SEM/EDS, FEI Quanta FEG 250). The crystalline structure was tested 

by high-performance X-ray diffraction (XRD, D8 DISCOVER, Bruker) from 10° to 80° 

at a scan rate of 1°/min. The obtained XRD data were analysed using the Rietveld 

refinement program in the General Structure Analysis System (GSAS) software package. 

Atomic Force Microscope (AFM, Dimension 3100, Vecco) was used to probe the 3D 

geometric features and mechanical properties of the materials. The cross-section of the 

cathode materials was examined using focused ion beam (FIB)-SEM (Auriga, Carl 

Zeiss). To investigate the composition characteristics of solid electrolyte interphase (SEI) 
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formation, X-ray photoelectron spectroscopy (XPS, Krotos AXIS Supra, Shimadzu) was 

performed on the surface of the cathode.  

4.2.4. Electrochemical Tests  

The electrochemical performances of the NCM and LiBO2-coated NCM materials were 

investigated through galvanostatic cycling with potential limitation (GCPL) 

measurements between 2.8-4.3 V (vs. Li/Li+) at different current densities (1 C = 200 

mA g-1) at room temperature using a LAND cell test system in a 2032 coin-type half 

cell. The cell was mainly composed of cathode electrodes, lithium metal foil as the 

anode, Celgard 2400 separator, and an electrolyte of 1M LiPF6 in a volume ratio of 3:7 

ethylene carbonate (EC)/dimethyl carbonate (DMC). The slurry for preparing the 

cathode electrode was prepared by magnetic mixing of the active material, Super P 

conductor, and PVDF binder in a mass ratio of 8:1:1 in N-methyl pyrrolidone (NMP) 

solvent. The slurry was subsequently coated onto an Al foil, dried in a blast drying oven 

at 80 ℃ for 12 h, and then punched and pressed into circle electrodes with a diameter 

of 14 mm. The as-prepared cathode electrode was incorporated into a coin-type cell 

filled with 80 μL electrolyte in an argon-filled glove box (O2 < 0.5 ppm; H2O < 0.5 ppm, 

MBRAUN UniLab). The mass loading of active material was approximately 5 mg cm-

2. After completion of the cell assembly, the coin-type cells were placed in a battery 

testing room for 24 h before the electrochemical test. Cyclic voltammetry (CV) 

measurements and electrochemical impedance spectroscopy (EIS) tests over the 

frequency range of 0.1 MHz to 0.01 Hz between 2.8-4.3 V (vs. Li/Li+) at 0.1 mV/s plus 
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the varied scan rates were conducted on an electrochemical workstation (Solartron 

Analytical). Li-ion diffusion coefficient and resistance of different coin cells with the 

NCM cathode and LiBO2-coated NCM cathode were studied. 

4.3. Results and Discussion 

4.3.1. Successful Synthesising of LiBO2-coated NCM by 

Sol/Antisolvent Wet Coating 

LiBO2 is an ionic compound with high polarity, based on the principle of “like dissolves 

like”, the weaker the polarity of the solution, the lower the solubility of LiBO2. The 

solubility of crystalline LiBO2 in water is 2.57 g/100 g (20 ℃), whereas, for ethanol, 

the solubility is very poor. It was even reported that crystalline lithium borate powder is 

insoluble in alcohol (Agency, 1980, Kipper, 2007). Ethanol has a relatively low polarity 

with a dielectric constant of 24.6, compared with water with a high dielectric constant 

of 78.54 (20 ℃) (Society, 2022). Due to the poor solubility of LiBO2 in the ethanol 

solution, the LiBO2 sol dispersed in ethanol can be prepared (Figure 4. 4). 

Although the LiBO2 ethanol sol has been produced, it is essential to determine whether 

the following antisolvent treatment is effective in transferring the nanoparticles onto the 

NCM surface. SEM was first performed to characterise the microstructures of the 

pristine NCM, 1b-NCM, and 2b-NCM samples, and the results are shown in Figure 4. 

6. Figure 4. 6. (a) illustrates the SEM image of the pristine NCM, wherein some small 

particles are detected depositing along the grain boundaries, which should be the lithium 

residues. Compared with NCM particles with a mean diameter of 11 μm, the amount of 
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lithium residue is small. The sol/antisolvent coating modification and post-calcination 

did not remove the existence of the lithium residues from NCM. This is mainly because 

the post-calcination temperature is only 500 ℃, which is much lower than the thermal 

decomposition temperature of LiOH (starting at 800 ℃ with the reaction LiOH→ Li2O 

+ H2O) and Li2CO3 (starting at 730 ℃ with the reaction Li2CO3→ Li2O + CO2). It is 

difficult to reduce the lithium residues by post-calcination at 500 ℃. Because of the 

small amount of lithium residues and the small impact of the modification treatment on 

the lithium residues, it is reasonable to compare the pristine sample with the modified 

sample subjected to the post-calcination process. 

 

Figure 4. 6. SEM images: (a) pristine NCM, (b) 1b-NCM, (c) 2b-NCM, (d-f) bandage-

like nanorod wrapping the outmost layer of 1b-NCM; and EDS mapping of Ni, Co, Mn, 

O and B elements: (g-k) 1b-NCM. 
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Figure 4. 6. SEM images: (a) pristine NCM, (b) 1b-NCM, (c) 2b-NCM, (d-f) bandage-

like nanorod wrapping the outmost layer of 1b-NCM; and EDS mapping of Ni, Co, Mn, 

O and B elements: (g-k) 1b-NCM. show SEM images of 1b-NCM and 2b-NCM, 

respectively. Both surfaces are intensively covered by nano-sized particles, which are 

completely different from pristine NCM. Compared to 2b-NCM treated with 35 ml of 

THF, 1b-NCM was subjected to a double dose of 70 ml THF. Nano-particle coating film 

of 1b-NCM (Figure 4. 6. (b)) appears to be more compact than that of 2b-NCM (Figure 

4. 6. (c)). Moreover, abundant small nano LiBO2 particles were formed to gather 

together with nanorods adhering to the outermost layer of NCM for 1b-NCM (Figure 4. 

6. (d)). The high magnification image shown in Figure 4. 7 indicates that the nanorod 

is composed of the aggregation of smaller LiBO2 nanoparticles. According to this Figure, 

the tiny LiBO2 nanoparticles gather to form the nanorod which can be easily identified 

on the end face of the large nanorod and the enlarged image of the small nanorod. These 

nanorods likely acted as bandages to wrap the NCM secondary particles, including the 

defect region of the cracks (Figure 4. 6. (e) and (f)). It can be seen that the LiBO2 

nanorods blocked the opening of the intrinsic cracks of the material to some degree, 

which mitigated the penetration of the electrolyte. EDS mapping was further conducted 

for 1b-NCM, as shown in Figure 4. 6. (g-k), where the element boron was detected on 

the surface of observed secondary particles. The distribution of boron was 

comparatively uniform, indicating a homogeneous layer of the nano-LiBO2 coating. 
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Figure 4. 7. SEM images of enlarged nanorods comprising tiny LiBO2 nanoparticle 

aggregates.  
 

The uniformity of the surface coating film of 2b-NCM was poor, corresponding to the 

shorter time of the antisolvent process with less THF consumption. For 2b-NCM, LiBO2 

ethanol sol was obtained from the residual liquid in the 100 ml cylinder beakers after 

the consumption of 1b-NCM, possibly involving some LiBO2 particles from the bottom 

of the cylinder beakers. Some amorphous LiBO2 lumps were also found on the surface 

of 2b-NCM. Considering the coarse coating film of 2b-NCM, severe variation would 

occur in the electrochemical performance test. The electrochemical properties 

comparison before and after sol/antisolvent wet coating modification will focus on the 

pristine NCM and 1b-NCM. In the following description, unless otherwise specified, 

the LiBO2-coated NCM refers to the 1b-NCM samples.  

Referring to Figure 4. 6, the size of the LiBO2 particles is much smaller than that of the 

NCM primary particle which has a length larger than 500 nm. With the help of the 

antisolvent effect, NCM acts as nucleation in the sol to adsorb a large amount of smaller 
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nano LiBO2 particles, accompanied by nanorod formation from nanoparticle 

aggregation under high-speed rotation conditions. The principle of sol/antisolvent wet 

coating can be ascribed to the poor solubility of ethanol and the antisolvent effect of 

THF on LiBO2, as well as the highly driven force from the surface energy reduction of 

nanoparticles. After the formation of the nanorods with further antisolvent effects, the 

LiBO2 nanorods can be thrown onto the cathode material surface under the action of 

centrifugal force originating from high-speed rotation. Cracks are the deficient part of 

the cathode material, and it is easy for LiBO2 nanorods to adhere to cracks that have a 

very high surface energy. Meanwhile, there is more friction between the nanorod and 

the cracked part than other smooth parts of the cathode material, which can effectively 

fix the nanorod and reduce slippage. Therefore, LiBO2 nanorods can be deposited over 

cracks.  

It is worth mentioning that the nanosized lamella-shaped coating film was also 

successfully synthesised using the LiBO2 ethanol sol after being placed for over 15 days 

in such a sol/antisolvent wet coating method. As shown in the SEM image in Figure 4. 

8, NCM is intensively covered by nanosized lamella, which is of LiBO2, completely 

different from the spherical-like nano-LiBO2 coating. This demonstrates that such a 

sol/antisolvent wet coating can realise the multi-morphology coating modification. 

Because the sol/antisolvent wet coating process is almost complete in a nonaqueous 

environment, it is beneficial for NCM coating modification. Furthermore, in contrast to 

the evaporation treatment of the organic solution to obtain the final coated material in 

sol/gel coating (Zuo et al., 2017), vacuum filtration is adopted in this novel 
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sol/antisolvent to obtain the coated product, which makes the wet coating process more 

environmentally friendly.  

 

Figure 4. 8. Lamella-shaped coating in sol/antisolvent method by using LiBO2 ethanol 

sol placed for over fifteen days. 

4.3.2. XRD, TEM, and AFM Tests 

Various techniques were employed to analyse the pristine NCM and LiBO2-coated NCM. 

It has been suggested that Li/Ni disordering tends to increase significantly with 

increasing annealing temperature (Hinuma et al., 2007). The influence of post-

calcination after wet-coating at 500 ℃ for 8 h on Li/Ni disordering was analysed by 

XRD analysis. In practice, I(003)/I(104) intensity ratios of XRD data can be used to 

show the level of Li/Ni disordering. A high I(003)/I(104) intensity ratio indicates a low 

degree of Li/Ni disordering (Wu et al., 2015). XRD patterns of NCM and LiBO2-coated 

NCM are shown in Figure 4. 9. The peaks of both original and modified materials were 

well-indexed based on the layered hexagonal α-NaFeO2 structure with a space group of 

𝑅𝑅3�𝑚𝑚. For NCM, the I(003)/I(104) intensity ratio is 1.913, while the value of LiBO2-

coated NCM decreases after post-calcination treatment, but it is still as high as 1.878, 

which is larger than 1.2, suggesting that cation mixing is very low (Ren et al., 2020). 
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Meanwhile, the splitting of (006)/(102) was also clear and was inserted as an enlarged 

diffraction peak. These data indicate that LiBO2-coated NCM maintained a well-layered 

structure. However, no feature peaks of crystal LiBO2 are detected, mainly because of 

the trace amount. Furthermore, the crystal structure parameters of NCM and LiBO2-

coated NCM were calculated using the Rietveld refinement method, as shown in Table 

4. 1. The results show that lattice parameters a and c of LiBO2-coated NCM are both 

larger than those of NCM. All c/a ratios were higher than 4.9, suggesting high cation 

ordering in all the samples (Sun et al., 2019). The variation in the lattice parameters of 

the material can be ascribed to the increased Li+/Ni2+ cation mixing owing to the post-

calcination treatment. Because Li+ has a larger ion radius of 0.076 nm than Ni2+ with an 

ion radius of 0.069 nm, TMO2 inter-slab thickness can be increased after the Ni site is 

replaced by Li, where TM represents transition-metal (Lei et al., 2019).  

 

Figure 4. 9. XRD patterns and Rietveld refinement results of samples: (a) pristine NCM; 

(b) LiBO2-coated NCM. 
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Table 4. 1. Crystal structure parameters of original NCM and LiBO2-coated NCM 

Sample a 
(Å) 

c 
(Å) c/a 

Rwp 
(%) 

Rp 
(%) 

NCM 2.8733 14.2073 4.945 9.92 6.34 

LiBO2-coated NCM 2.8771 14.2163 4.941 9.12 6.16 

 

To clarify the detailed morphology and structure of the nano-LiBO2 coating, TEM was 

performed to characterise the pristine NCM and LiBO2-coated NCM. Since the TEM 

test is limited to samples with thickness of less than 1 μm, while the VMD of the original 

NCM was 11 μm, powders of active materials were smashed using a hydraulic tablet 

press machine for the TEM test. The result is shown in Figure 4. 10. The multi-

dimensional atom arrangements are not completely exhibited because the particle has a 

reasonable thickness in the TEM test. Two sets of lattice fringes were identified for each 

species. Figure 4. 10 (a) illustrates a high-resolution transmission electron microscopy 

(HRTEM) image of pristine NCM. The lattice spacings of 0.4791 nm and 0.202 nm are 

in good agreement with (003) and (104) interplanar spacings of hexagonal NCM layered 

structure (𝑅𝑅3�𝑚𝑚). No coating material was observed for pristine NCM. In contrast, for 

the LiBO2-coated NCM, as shown in Figure 4. 10 (b), many spherical particles adhered 

to the surface of the NCM bulk. The coating particles looked like salmon roe piling up 

tightly, some of which were marked by pink dotted circles. The interplanar distances in 

the two orientations of the coated nanoparticles were measured to be 0.215 and 0.204 

nm, respectively. In addition to glass-LiBO2, lithium metaborate also has a crystal 

system of α-LiBO2 and γ-LiBO2 (Lei et al., 2009). The raw LiBO2 powder was also 

confirmed to be a typical crystalline LiBO2 sample rather than glass-LiBO2, as no 
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exothermic peak for the glass transition was detected in the DSC curve (Figure 4. 11. 

(b)) (Wu et al., 2019c).  

 

Figure 4. 10. HRTEM images and corresponding FFT patterns for (a) pristine NCM; (b 

and c) LiBO2-coated NCM. 
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Figure 4. 11. TG-DSC curves of samples at 30-820 ℃ at a heating rate of 10 ℃/min in 

an argon atmosphere: (a) NCM powder and (b) LiBO2 powder. 
 

Another HRTEM image of LiBO2-coated NCM is presented in Figure 4. 10. (c), in 

which the lattice spacing of 0.4798 nm is defined for the (003) plane of NCM bulk, 

while NiO-like rock-salt phase (𝑛𝑛𝑚𝑚3�𝑚𝑚) with interplanar spacings of 0.235 and 0.288 

nm with an angle of 120° for (200) and (111) planes were also observed between the top 

of the bulk layered phase and LiBO2 coating. Such a new rock-salt phase is clearer with 

nearly 2.5 nm thickness shown in the enlarged HRTEM image in Figure 4. 12. Ni 

cations were transferred from the original transition metal layer to the Li layer. The 

boundary line between the rock-salt phase and LiBO2 coating is indicated by a purple 

curve. It is generally considered that the NiO-like rock salt phase layer can act as a pillar 

to stabilise the original layered structure and prevent further structural transformation 

during the charge/discharge process (Zheng et al., 2017). The thermal stability decreases 

with an increasing Ni content of NCM materials (Noh et al., 2013). The formation of 

the NiO-like rocksalt can be ascribed to the thermal decomposition process of NLO 

because of the post-calcination, which is equal to the Li/Ni disordering from the 

viewpoint of chemistry based on Equation (4. 1):(Zhang, 2020) 
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3𝐿𝐿𝐿𝐿𝑥𝑥𝑁𝑁𝐿𝐿𝑂𝑂2(𝑚𝑚𝑙𝑙𝑦𝑦𝑚𝑚𝑙𝑙𝑚𝑚𝑙𝑙) → 3𝑁𝑁𝐿𝐿𝑂𝑂(𝑙𝑙𝑚𝑚𝑟𝑟𝑘𝑘 𝑠𝑠𝑙𝑙𝑚𝑚𝑠𝑠) + 3𝑥𝑥
2
𝐿𝐿𝐿𝐿2𝑂𝑂 + 6−3𝑥𝑥

4
𝑂𝑂2  Equation (4. 1) 

 

Figure 4. 12. The enlarged HRTEM image of LiBO2-coated NCM shows the phase 

transformation from the layered phase into the rock-salt phase with a purple curve 

indicating the boundary between the rock-salt phase and the LiBO2 coating. 

 

The phase transformation to the rock-salt phase can also be detected in LiBO2-coated 

NCM according to the enlarged diffraction peaks of selected regions in the XRD patterns 
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of pristine NCM and LiBO2-coated NCM (Figure 4. 13). In this figure, it is clear that 

the peaks after modification shift to the left tending to (111) face and (220) face of NiO 

(Kong et al., 2019), indicating the phase transformation. The formation of the rock-salt 

phase can be considered as one reason for the variation in Li/Ni disordering after the 

sol/antisolvent wet coating modification. Based on the above TEM and XRD analyses, 

a three-layer structure composed of an inner NCM with a layered structure, an interlayer 

with a very thin rock-salt structure, and an outer coating of the crystalline LiBO2 layer 

can be confirmed for LiBO2-coated NCM.  

 

Figure 4. 13. Selected regions of the XRD patterns of the pristine NCM and LiBO2-

coated NCM are shown in Figure 4. 9.  
 

AFM was used to analyse the mechanical properties and geometric morphology of the 

pristine NCM and LiBO2-coated NCM. The 2b-NCM sample obtained with a shorter 

time and smaller dosage of THF for the antisolvent process was also analysed to better 

illustrate the coating function of the LiBO2 nanoparticles. AFM images are shown in 

Figure 4. 14. 
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Figure 4. 14. AFM images and mechanical properties of the surface of NCM, 1b-NCM, 

and 2b-NCM by AFM. 
 

In contrast to the clean surface of the NCM primary particles, very small LiBO2 particles 

were detected on the entire surface of 1b-NCM. The average modulus of NCM was 2.2 

GPa which was the highest among the three samples. Although 1b-NCM exhibited the 

lowest average modulus with the value of 0.8 GPa, 2b-NCM showed an average 
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modulus of 1.2 GPa, which is the middle level among the three samples. The results 

demonstrate that the LiBO2 coating made the stiff surface of NCM soft, which would 

be beneficial for releasing the stress initiated by charge/discharge cycling. Hence, crack 

formation after cycling was mitigated after the sol/antisolvent wet coating of LiBO2.  

Moreover, together with the elastic modulus, the surface roughness parameters 𝑅𝑅𝑞𝑞  (root-

mean-square roughness) and maximum height difference 𝐻𝐻𝑑𝑑  were also analysed and 

summarised in Table 4. 2. After coating with small nano-sized LiBO2 particles, the 

surface roughness was reduced to 𝑅𝑅𝑞𝑞  of 263 nm and 224 nm for 1b-NCM and 2b-NCM, 

respectively, while 𝑅𝑅𝑞𝑞  of NCM is 323 nm. 𝐻𝐻𝑑𝑑 of 1b-NCM was also decreased. Owing 

to the low surface roughness, the contact gaps among the solid materials can be 

diminished, and the material homogeneity is enhanced. Hence, the uniformity of the 

electric net inside the cathode can be improved accordingly. The deposition of nano-

LiBO2 on the grain boundary of NCM is considered a beneficial factor for reducing the 

surface roughness.  

Table 4. 2. Surface morphology and mechanical parameters of NCM, 1b-NCM, and 2b-

NCM by AFM 

Parameter NCM 1b-NCM 2b-NCM 

Elastic Modulus / GPa  2.2 0.8 1.2 

𝑅𝑅𝑞𝑞  / nm 323 263 224 

𝐻𝐻𝑑𝑑 / μm  2.2 1.8951 2.2698 

 

The Young’s modulus of NCM811, α-LiBO2, and γ-LiBO2 are presented in Table 4. 3 

according to other studies with values of approximately 220, 51, and 312 GPa, 

respectively (Lim et al., 2018, Basalaev et al., 2019). Compared with α-LiBO2, the 
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Young’s modulus of γ-LiBO2 was approximately six times higher even higher than that 

of NCM811. It can be concluded that the coated LiBO2 particles are mainly α-LiBO2 

with a low Young’s modulus, which can effectively decrease the surface stiffness of the 

cathode. However, the different elastic modulus between 1b-NCM and 2b-NCM can be 

reasonably ascribed to the different thicknesses of the coating films. 2b-NCM exhibits 

a higher value implying a thinner coating in comparison with 1b-NCM. Therefore, the 

thickness of the coating film could be adjusted by changing the amount of antisolvent 

used in this novel wet coating process. In combination with the convenient adjustment 

of coating thickness and the discussion of the principle of sol/antisolvent wet coating, 

the four main advantages of sol/antisolvent wet coating are summarised in Table 4. 4; 

that is the aqueous environment is avoided, coatings with different morphologies are 

available, no high-temperature evaporation occurs, and changing the antisolvent dosage 

can tune the coating thickness.  

 
Table 4. 3. Young’s modulus of NCM811, α-LiBO2 and γ- LiBO2 

Material Young’s modulus /GPa 

NCM811 ~220 (Lim et al., 2018) 

α-LiBO2 ~51 (Basalaev et al., 2019) 

γ-LiBO2 ~312 (Basalaev et al., 2019) 
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Table 4. 4. List of advantages of sol/antisolvent wet coating 

Advantage Description 

① Non-aqueous environment Ethanol/THF solution without 
water; 

② Multi-morphology coating available Spherical-like/lamella-shaped 
coating; 

③ No evaporation of organic solution Vacuum filtration to obtain 
coated sample; 

④ Convenient adjustment of coating thickness Changing antisolvent dosage. 

 

An FTIR test was performed to further identify the coating film. The FTIR absorption 

spectra of LiBO2, NCM and LiBO2-coated NCM is shown in Figure 4. 15. According 

to Li Lei etc.’s paper (Lei et al., 2009), such LiBO2 sample mainly appears the 

absorption peaks of α-LiBO2 highlighted with the red wavenumbers. Meanwhile, there 

are also some absorption spectra consistent with the signals of γ-LiBO2 with the 

wavenumbers labelled in black for the LiBO2 sample. After comparison, it is apparent 

that the LiBO2-coated NCM reveals the signal of the main FTIR absorption peak of α-

LiBO2 at appropriately 1170 cm-1, which does not appear for NCM. The other relatively 

distinct absorption peak for LiBO2-coated NCM at appropriately 896 cm-1 is also 

detected in good agreement with the absorption peak of γ-LiBO2, which is different from 

that of NCM. In addition, an XRD test was performed on the LiBO2 sample, indicating 

the coexistence of α-LiBO2 and γ-LiBO2, as shown in Figure 4. 16, whereas the signal 

intensity of γ-LiBO2 was much lower than that of α-LiBO2. These results imply that the 

coating film of LiBO2 consists of mixed phases of α-LiBO2 and γ-LiBO2. After coating 

modification, the surface mechanical properties changed from stiff to soft, mainly owing 
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to α-LiBO2. The lattice distances of 0.215 and 0.204 nm in the coating film are shown 

in Figure 4. 10. (b) can be assigned to (020) and (021) lattice planes, respectively, of α-

LiBO2. 

 

Figure 4. 15. FTIR absorption spectra of LiBO2, NCM, and LiBO2-coated NCM. 

 

Figure 4. 16. XRD pattern of the LiBO2 sample. 
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In summary, although after sol/antisolvent LiBO2 coating, Li/Ni disordering increases 

to a certain degree, the crystallinity of LiBO2-coated NCM does not suffer a serious 

impact but still maintains good cation ordering. Based on the AFM results, the 

morphology was improved with a lower surface roughness. Thus, the electric net can be 

enhanced. Meanwhile, the surface of the cathode material becomes soft, which is 

expected to mitigate microcrack formation during cycling. 

4.3.3. Improved Rate Capability and High Current Cycling 

Performance after LiBO2 Coating with Electrochemical 

Study 

Salmon-roe-like LiBO2 nanoparticles are covered onto the surface of NCM through the 

sol/antisolvent wet coating process. The modification effects on the electrochemical 

performance were studied by GCPL measurements by comparing the NCM and LiBO2-

coated NCM samples. First, the rate performances of pristine NCM and LiBO2-coated 

NCM were measured in the voltage range of 2.8-4.3 V (vs. Li/Li+). For the LiBO2-

coated NCM, the test was slightly different. The first five cycles at 0.1 C were changed 

to 0.2 C (i.e. initial 10 cycles at 0.2 C), and the current density returned directly to 0.2 

C after 3 C, all others were the same (Figure 4. 17. (a)). Such adjustments were 

performed based on the detection of some deep capacity diving for LiBO2-coated NCM 

at a small current density of 0.1 C (10 mA g-1), particularly for thicker coating along 

with THF antisolvent treatment of 1 and 2 h, dominantly ascribed to the low electron 

conductivity of α-LiBO2 and γ-LiBO2. The theoretical calculation of α- and γ-phase 
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LiBO2 crystals were reported with wide-gap dielectrics band gaps Eg(α)=7.6 eV and 

Eg(γ)=10.4 eV, much wider than Eg of a delithiated NCM811 (less than 2.0 eV) 

(Basalaev et al., 2019, Lim et al., 2018). A comparison of the discharge capacities 

between NCM and LiBO2-coated NCM at different current densities is shown in Figure 

4. 17. (a), both NCM and LiBO2-coated NCM exhibit lower specific capacity along with 

increased current density. Nevertheless, unlike the rapid capacity decline for NCM, the 

capacity variation of LiBO2-coated NCM is not significant, which implies that LiBO2 

coating modification of the cathode can effectively improve the rate capability of the 

NCM/Li half-coin cell.  

Figure 4. 17. (b) shows the cycling performance at 3 C (3 C= 600 mA g-1) for NCM and 

LiBO2-coated NCM. A long activation process (ten cycles at 0.2 C) was applied to the 

LiBO2-coated NCM cathode to ensure good electrochemical kinetics for long-term 

cycling tests. In detail, both NCM and LiBO2-coated NCM were first activated at 0.2 C 

for 10 cycles, followed by every 5 cycles of 0.5 C, 1 C, and 2 C cycles, then finally 

cycled at 3 C for a total of 100 cycles. Although some capacity fluctuation appears for 

LiBO2-coated NCM at the initial 0.2 C, the cycling performance at the following 3 C 

high current density was noticeably improved. Not only does the initial specific capacity 

develop from 123.3 mAh g-1 to 148.4 mAh g-1 during the first discharge cycle, and the 

3 C cycling stability strengthened with capacity retention increasing from 68.37% to 

76.55% after the whole 75 cycles at 3 C.  
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Figure 4. 17. Detailed electrochemical performance test data of NCM and LiBO2-coated 

NCM:(a) Rate performances；(b) Cycling performances at 3 C between 2.8-4.3 V; (c 

and d) First cycle charge/discharge profiles from panel b at 0.2, 0.5, 1, 2, and 3 C, 

respectively; (e and f) dQ dV-1 curves at selected cycles of 1st and 5th cycle at 2 C, 1st, 

33rd and 55th cycle at 3 C; (g and h) First cycle charge-discharge characteristic curves 

showing improvement of ICE, and the corresponding dQ dV-1 curves.   
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An in-depth evaluation of the GCPL data was performed to explore the reasons for 

improved electrochemical performance. The charge/discharge voltage profiles of the 

first cycle of NCM and LiBO2-coated NCM at 0.2, 0.5, 1, 2, and 3 C in the 3 C cycling 

test are shown in Figure 4. 17. (c and d). The smaller polarisation and overpotential are 

responsible for the improved rate capability owing to the LiBO2 coating. Figure 4. 17. 

(e and f) illustrate the dQ dV-1 curves at 3 C cycling test involving 1st cycle and 5th cycle 

at 2 C, 1st cycle, 33rd cycle and 55th cycle at 3 C. We identified three pairs of redox peaks 

coinciding with the phase transitions of the hexagonal phase to the monoclinic phase 

(H1–M), monoclinic phase to the hexagonal phase (M–H2), and hexagonal phase to the 

hexagonal phase (H2–H3) (Zhang et al., 2019a). Compared with NCM, LiBO2-coated 

NCM maintains better reversibility of the peak for the H1–M phase transition, marked 

by dotted circles. Potential differences in the H1–M phase transition between the 

oxidation and reduction peaks for the 1st cycle at 2 C, the 1st cycle at 3 C, and the 55th 

cycle at 3 C were calculated. For NCM, the potential differences are 0.134 V, 0.261 V, 

and 0.422 V, respectively, whereas for LiBO2-coated NCM, the corresponding potential 

difference of the H1–M peak is much smaller, with values of 0.051 V, 0.116 V, and 0.210 

V.   

Coulombic efficiency (CE) is an important index for estimating the cycling life of LIBs 

(Xiao et al., 2020). The initial Coulombic efficiency (ICE) provides fundamental 

information regarding the electrochemical process (Ha et al., 2021). Referring to the 

tests of rate performance and 3 C cycling, it was found that all ICEs of LiBO2-coated 

NCM at the initial 0.2 C are higher than that of NCM. A LiBO2-coated NCM sample in 
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the 1 C cycling test (Figure 4. 18) reveals the highest ICE value of 90.30% at 0.2 C 

versus that of NCM with a value of 78.65%. It is a superior ICE value for NLO 

compounds at 0.2 C within the voltage range of 2.8-4.3 V. A comparison of ICE with 

other coating modifications is presented in Table 4. 5. It can be found that such 

crystalline LiBO2 coating stands out among other studies, the ICE value is higher than 

other test cases even at smaller current density or higher cut-off voltage for the first 

cycle. The corresponding 1st cycle charge-discharge characteristic curves at 0.2 C of two 

samples are shown in Figure 4. 17. (g). The charge capacity of pristine NCM was 249.7 

mAh g-1 in the first cycle. It decreases to 231.9 mAh g-1 for LiBO2-coated NCM, which 

means that the total number of Li ions departing from the cathode decreased after LiBO2 

coating. In contrast, the discharge capacity of the first cycle at 0.2 C increases from 

196.4 mAh g-1 for NCM to 209.4 mAh g-1 for LiBO2-coated NCM, which indicates that 

the total number of Li ions back to the cathode increased (Xiao et al., 2020).  
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Figure 4. 18. (a) Cycling performances of NCM and LiBO2-coated NCM within the 

voltage range of 2.8-4.3 V at 1 C; (b and c) dQ dV-1 curves at selected cycles of 3rd cycle 

and 10th cycle at 0.2 C (Black is NCM, red is LiBO2-coated NCM). 
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Table 4. 5. Improvement of initial Coulombic efficiency of NLO by coating 

Coating 

materials 
Cathode materials Initial Coulombic efficiency References 

Mixed α- and 

γ-  LiBO2 

LiNi0.85Co0.1Mn0.05O2 ICE increased to 90.3% at 0.2 C 

(40 mA g
-1

) in the voltage range of 

2.8-4.3 V 

This work 

Li3PO4 LiNi0.8Co0.1Mn0.1O2 ICE increased to 81.2% at 0.2 C 

(40 mA g
-1

) between 3.0 and 4.3 V 

(Fan et al., 

2019) 

Graphene-

Li3PO4 

LiNi0.8Co0.1Mn0.1O2 ICE increased to 82.7% at 0.2 C 

(40 mA g
-1

) between 3.0 and 4.3 V 

(Fan et al., 

2019) 

Li3PO4 LiNi0.85Co0.1Mn0.05O2 ICE increased to 89.1% at 0.1 C 

(20 mA g
-1

) between 2.8 and 4.3 V 

(Fang et 

al., 2021) 

Li2O-2B2O3 LiNi0.8Co0.1Mn0.1O2 ICE increased to 88.83% at 0.1 C 

(18 mA g
-1

) in the voltage range of 

2.8-4.3 V 

(Zhang et 

al., 2019b) 

Al2O3 LiNi0.8Co0.1Mn0.1O2 ICE increased to 88.02% at 0.1 C 

(18 mA g
-1

) in the voltage range of 

2.8-4.3 V 

(Zhang et 

al., 2019b) 

ZrO2 LiNi0.8Co0.1Mn0.1O2 ICE increased to 88.04% at 0.1 C 

(18 mA g
-1

) in the voltage range of 

2.8-4.3 V 

(Zhang et 

al., 2019b) 

La2Ni0.5Li0.5O4 LiNi0.8Co0.1Mn0.1O2 ICE increased to 83.9% and 84.6% 

respectively at 0.2 C (40 mA g
-1

) in 

the voltage range of 2.75-4.3 V and 

2.75-4.5 V 

(Wu et al., 

2019a) 

 

Based on the study by Kasnatscheew et al. (Kasnatscheew et al., 2016a), the specific 

capacity loss in the first cycle can be categorised into two types: irreversible, which is 

related to the structural changes of NCM occupying a small part of the capacity loss, 
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and reversible, which is caused by the kinetic limitations and can be recovered through 

continued cut-off voltage loading. Herein, both the irreversible and reversible capacity 

losses decreased after the sol/antisolvent LiBO2 coating modification, which boosted 

the ICE. The enhanced lithiation reaction kinetics are responsible for the decrease in 

reversible capacity loss because of the increased Li-ion diffusion coefficient owing to 

the high ion conductivity of both α-LiBO2 and γ-LiBO2. Recent research has reported 

that the lithium ionic conductivity of α-LiBO2 is on the order of 10-6 Scm-1, and that of 

γ-LiBO2 is on the order of 10-5~10-6 Scm-1 (Hirose et al., 2019). These values are much 

higher than the lithium ionic conductivity of NCM on the order of 10-8~10-9 Scm-1 

(Heenan et al., 2020, Amin and Chiang, 2016). The decline in irreversible capacity loss 

can be ascribed to the coating layer of crystalline LiBO2 as well as the already existing 

rock-salt phase after LiBO2 coating, as detected in the TEM image. Therefore, the LiBO2 

coating serves as a barrier against contact with the electrolyte to mitigate the reduction 

of unstable Ni4+ to Ni2+ ions, thus alleviating Li+/Ni2+ cation mixing (Gauthier et al., 

2015). Meanwhile, the already existing rock-salt phase before cycling can further reduce 

the rate of the forward reaction in Equation (4. 1) in the view of thermodynamics. Thus, 

the irreversible capacity loss associated with structural changes can be reduced during 

the first cycle. In addition, compared with LiBO2-coated NCM, the decomposition of 

the electrolyte is more serious for NCM because of the catalytic activity of Ni4+ without 

coating protection (Xue et al., 2020). After LiBO2 coating, the harsh interfacial chemical 

reaction and transition metal dissolution were alleviated. When the consumption of Li 
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ions for side reactions decreases, more Li ions can return to the cathode with a higher 

ICE.  

In addition, the voltage plateaus of the 1st cycle charge/discharge curve of the two 

samples are completely different. In Figure 4. 17. (g) a longer first voltage plateau near 

3.8 V is distinguished for LiBO2-coated NCM. The corresponding dQ dV-1 curve clearly 

shows that the first phase transition (corresponding to H1→M at 3.78 V) turns into a 

stronger and sharper peak presented in Figure 4. 17. (h), which indicates that more 

abundant Li ions have been extracted from the LiBO2-coated NCM at the stage of 

H1→M phase transition. Meanwhile, the second phase transition of M→H2 at 4.0 V 

becomes very weak. The last phase transition of H2→H3 was transferred to a slightly 

higher voltage (4.2 V) with a lower peak intensity. However, after the initial 0.2 C 

cycling, LiBO2-coated NCM exhibited typical differential capacity analysis (dQ dV-1) 

curves, similar to the pristine NCM, as shown in Figure 4. 18. (b and c).  

Some other distinctions can be observed in these two figures(Figure 4. 17. (g and h)), 

wherein the voltage for H1→M phase transition becomes lower with a broader voltage 

range. The same phenomenon can be detected in Figure 4. 18. (b and c). H2→H3 phase 

transition was consistently depressed in these graphs. As we know, the mechanical strain, 

which is initiated by the detrimental anisotropic volume change mainly due to H2–H3 

phase transition in the highly charged state, would lead to internal microcracks (Lai et 

al., 2020). The suppression of H2–H3 phase transition after crystalline LiBO2 coating 

can be considered favourable for improving the electrochemical performance. 

Considering the rock-salt phase NiO layer in LiBO2-coated NCM, the bulk layered 
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structure must occupy excessive Li ions. It is suspected that extracting Li ions to a 

stoichiometric ratio of 0.2 ~ 0.4 would become comparatively more difficult than the 

pristine NCM (Liu et al., 2015). The higher voltage detected for H2–H3 phase transition 

of the LiBO2-coated NCM during the charging process can probably demonstrate such 

an argument. Furthermore, the larger capacity contributed by H1–M phase transition 

suggests that the crystalline LiBO2 coating facilitates phase transition to the monoclinic 

(M phase) metastable phase.  

Generally, during the discharging of the cell at a high current density, the discharge 

voltage declines to a great degree compared to the open-circuit voltage owing to an 

overvoltage. The overvoltage is equal to the product of the internal cell resistance and 

current (Kasnatscheew et al., 2016a, Kasnatscheew et al., 2016b). The lower the 

discharge voltage, the lower the discharge capacity. For the rate performance, the Li-ion 

diffusion rate is deemed as the determining factor because the Li-ion diffusion rate 

becomes much slower than the electron migration with the increase in current density 

(Liu et al., 2018). Compared with bulk NCM, both α-LiBO2 and γ-LiBO2 are fast Li-ion 

conductors, which can help improve the Li-ion diffusion rate of the cathode and 

accordingly improve the rate performance of the material. Meanwhile, the soft LiBO2 

nanoparticle coating together with the bandage-like LiBO2 nanorod deposition can 

mitigate the disruption of the electron pathway. The broken electron pathway is initiated 

by battery operation and the already existing intrinsic crack defects of the cathode 

material. Such a modification with double protection from nanoparticle coating and 

nanorods wrapping can provide a better continuous electric net, which is also helpful in 
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achieving excellent rate performance. The enhanced structural integrity after cycling 

was demonstrated by follow-up FIB-SEM analysis.  

The improved lithium diffusion is further confirmed by CV analysis at varied scan rates 

from 0.1-0.5 mV s-1 in the voltage range of 2.8-4.3 V based on the Randles-Sevcik 

equation as follows:(Tian et al., 2015, Viji et al., 2016) 

𝐼𝐼𝑝𝑝
𝑚𝑚

= 0.4463𝑛𝑛 � 𝑛𝑛
𝑅𝑅𝑅𝑅
�
1/2

𝐿𝐿𝜈𝜈1/2𝐴𝐴𝑒𝑒𝐷𝐷𝐿𝐿𝐿𝐿+
1/2   Equation (4. 2) 

Where 𝐼𝐼𝑠𝑠 is the peak current (A), 𝑚𝑚 is the mass of active material, 𝑅𝑅 is gas constant, 𝑛𝑛 

is Faraday constant, 𝑇𝑇 is the absolute temperature (298.15 K), Li+ concentration 𝐿𝐿 is 

determined referring to one Li+ occupying on average unit cell (Tian et al., 2015), 

thereof, 1.635×10-2 mol cm-3 for NCM with unit cell volume of 101.58 Å3, 1.630×10-2 

mol cm-3 for LiBO2-coated NCM with unit cell volume of 101.91 Å3 based on the cell 

refinements, 𝜈𝜈  is scan rate (V s-1), 𝐴𝐴𝑒𝑒  is the electroactive area (1.99×102 cm2 g-1 for 

NCM, 2.60×102 cm2 g-1 for LiBO2-coated NCM). CV curves of NCM and LiBO2-coated 

NCM are shown in Figure 4. 19 (a) and (b). Li-ion diffusion coefficient 𝐷𝐷𝐿𝐿𝐿𝐿+ can be 

derived from the fitted slopes of data by plotting 𝐼𝐼𝑠𝑠  versus square root of scan rate 

(Figure 4. 19. (c)). For NCM, Li-ion diffusion coefficient 𝐷𝐷𝐿𝐿𝐿𝐿+  at the oxidation peak is 

calculated to be 4.808 ×10-11 cm2 s-1 (Li-extraction from active material), and 𝐷𝐷𝐿𝐿𝐿𝐿+  at 

the reduction peak is 2.088×10-11 cm2 s-1 (Li-insertion to active material). For LiBO2-

coated NCM, both Li-extraction and Li-insertion 𝐷𝐷𝐿𝐿𝐿𝐿+ were higher with the values of 

1.303×10-10 cm2 s-1 and 6.458×10-11 cm2 s-1 respectively. Table 4. 6 gathers the Li-ion 

diffusion coefficients of NCM and LiBO2-coated NCM using the Randles-Sevcik 
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equation. This result confirms that the superior electrochemical performance at high 

current density can be partly ascribed to the improved Li-ion diffusion coefficient after 

the crystalline LiBO2 coating through sol/antisolvent treatment. 

 

Figure 4. 19. CV curves of (a) NCM, (b)LiBO2-coated NCM at varied scan rates within 

the voltage range of 2.8-4.3 V; (c) Corresponding plots for 𝐼𝐼𝑠𝑠 vs 𝜈𝜈1/2. 

 

Table 4. 6. Li-ion diffusion coefficients of NCM and LiBO2-coated NCM by Randles-

Sevcik equation 

𝐷𝐷𝐿𝐿𝐿𝐿+/ cm2 s-1   Li-extraction Li-insertion 

NCM 4.808 ×10-11  2.088×10-11 

LiBO2-coated NCM 1.303×10-10 6.458×10-11 
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4.3.4. Comparison of SEI Chemical Composition and Micro-

cracks of NCM and LiBO2-coated NCM after Cycling 

To understand the passivation effect of crystalline LiBO2, the SEI layer (also called as 

cathode-electrolyte interphase CEI) on the cathode surface was characterised by XPS. 

Both NCM and LiBO2-coated NCM were analysed before and after 3 C cycling. All the 

spectra were corrected by referencing the C 1s line to 284.8 eV. The wide scans of NCM 

and LiBO2-coated NCM cathode electrodes are shown in Figure 4. 20. The wide scan 

spectra indicate that both samples are covered by CEI layers after 3 C cycling, which is 

mainly produced by oxidative decomposition of electrolyte with strong peaks of O 1s at 

a binding energy of 532.1 eV (Figure 4. 20. (a)) and 531.7 eV (Figure 4. 20. (b)) (Liu 

et al., 2020, Zhang et al., 2018a). Meanwhile, the peaks of C 1s and F 1s are weakened 

after 3 C cycling at the binding energy of 284.5 eV and 688.5 eV, respectively (Liu et 

al., 2020). Hence, electrolyte decomposition was the main component of the CEI layers 

in both samples.  

 

Figure 4. 20. XPS survey scan of (a) NCM, (b) LiBO2-coated NCM (the black line 

represents uncycled samples, the red line represents samples after 3 C cycling). 
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Figure 4. 21. XPS spectra of samples after 3 C cycling: (a, c) C 1s, O 1s of NCM; (b, 

d) C 1s, O 1s of LiBO2-coated NCM; (e, g, and i) F 1s, P 2p and Li 1s of NCM; (f, h 

and j) F 1s, P 2p and Li 1s of LiBO2-coated NCM; (k) The chemical composition ratio 

for CEI species in the interfacial layers (the atomic concentrations of C, O, F, P, and Li 

for different samples are listed). 
 

The individual element XPS spectrum after 3 C cycling was fitted with sub-peaks and 

assigned to the chemical states shown in Figure 4. 21. In C 1s spectra (Figure 4. 21. (a) 

and (b)), electrolyte decomposition with C=O (290.3, and 290.1 eV), C-O (285.5 eV) 

were identified (Liu et al., 2020). Compared with NCM, the electrolyte decomposition 

deposition on the cathode surface of LiBO2-coated NCM was reduced with the 
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emergence of the H2C-CF2 peak (286.3 eV) and weakened peak intensity of the C=O 

bond (Schulz et al., 2018). This was confirmed by the O 1s spectra, where NCM (Figure 

4. 21. (c)) presents a higher intensity of the O=C peak with binding energy at 532.0 eV 

than that of LiBO2-coated NCM (Figure 4. 21. (d)) at 531.9 eV. Some C-O from 

electrolyte decomposition (532.8 eV, Figure 4. 21. (d)) was detected for LiBO2-coated 

NCM (Liu et al., 2020). The other two subpeaks of O 1s spectra can be assigned to M-

OH (530.5, and 530.4 eV) and O-metal (528.4, and 528.5 eV) (Liu et al., 2020, Zhang 

et al., 2018a). Obviously, the intensity of the O-metal peak for LiBO2-coated NCM was 

lower, implying less active metal element dissolution and less Li2O formation. 

F 1s, P 2p, Li 1s XPS spectra of corresponding samples are shown in Figure 4. 21. (e-

j). As shown in Figure 4. 21. (e) and (f), the peaks of C-F (687.6, and 687.0 eV) 

correspond to PVDF, the peak at (685.0, and 684.9eV) is assigned to LiF (Liu et al., 

2020), wherein LiF peak intensity is much lower for LiBO2-coated NCM. In P 2p spectra 

(Figure 4. 21. (g) and (h)), P-F (137.3, and 137.5 eV) and P-O, P=O chemical bonds 

(133.5, and 133.4 eV) conform to the feature peaks of LixPFy and LixPOyFz (Schulz et 

al., 2018, Huang et al., 2019). Li 1s spectra are shown in Figure 4. 21. (i) and (j), the 

peaks at higher binding energy (55.3, and 55.4 eV) are related to Li2CO3. The lower 

binding energy (54.2, and 54.8 eV) is in agreement with the Li-O chemical bond, which 

is ascribed to the active material of the NCM cathode electrode, for LiBO2-coated NCM 

it should be assigned to Li-O of LiBO2 with a broad peak (Schulz et al., 2018, Zhang et 

al., 2018b).  
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A ratio analysis of the main components of the CEI layer after 3 C cycling for NCM and 

LiBO2-coated NCM was performed. The C=O and C-O species are organic compounds, 

while Li2CO3, LixPFyOz, LiF, and O-metal are the dominant inorganic constituents. 

Figure 4. 21. (k) presents the chemical composition ratio of the CEI layer in the 

interfacial layer of NCM and LiBO2-coated NCM derived from XPS analysis. The 

detected CEI chemical composition ratio of the interface layer on NCM is higher than 

that of LiBO2-coated NCM, which demonstrates that less electrolyte decomposition 

occurs after the crystalline LiBO2 coating modification and less accumulation of 

organic/inorganic interfacial species deposited on the cathode after being subjected to 

the high current density cycling with the crystalline LiBO2 coating. It is concluded that 

the nanocrystalline LiBO2 coating acts as a protective layer against attack from the 

electrolyte and mitigates side reactions between the active material and electrolyte.  

To analyse the microcrack formation inside the Ni-rich cathode material, FIB-SEM 

analysis was performed to observe the cross-section of the cathode electrode after 

cycling. Cross-sectional SEM images of the NCM and LiBO2-coated NCM samples 

after 1 C and 3 C cycling are shown in Figure 4. 22. Both samples appear to crack along 

the boundary of the primary particles, but the densities of the intergranular cracks of the 

two types of samples are completely different. For the LiBO2-coated NCM, the crack is 

mainly restricted in the centre of secondary particles. While for NCM, the crack 

propagated from the centre to the surface of the secondary particles, especially after 3 

C cycling, and the crack became more serious in contrast to that of LiBO2-coated NCM 

(more clearly in the magnified images). Therefore, the LiBO2 coating could effectively 
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restrict the development of cracking after cycling even at a high current density.  

 

Figure 4. 22. FIB-SEM characterisation of cathode electrodes made by NCM and 

LiBO2-coated NCM after cycling 

 

Based on comprehensive investigations of the electrochemical and mechanical 

properties, five main reasons are considered responsible for the fewer microcracks after 

LiBO2 coating. First, because of the soft mainly α-LiBO2 coating, the particle stiffness 

can be reduced, which is beneficial for releasing stress and strain initiated in the process 

of Li-ion extraction/insertion of active material, thereby reducing crack formation (Liu 
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et al., 2021). The depressed H2–H3 phase transition after the crystalline LiBO2 coating 

can be considered as the second reason, which plays an active role in alleviating 

secondary particle structure cracking, as noticeable microcracking occurs in the voltage 

regions above 4.0 V together with the lattice unit cell volume change that coincided with 

the H2–H3 phase transition (Zhang, 2020). Third, α-LiBO2 and γ-LiBO2 can absorb CO2 

at room temperature (Román-Tejeda and Pfeiffer, 2012). Although the CO2 absorption 

is not considerably high, the crystalline LiBO2 coating can positively alleviate the 

impact of gas evolution during cycling. Fourth, the three-layer structure together with 

the cracks blocked by the LiBO2 nanorods provides strong protection against the attack 

from the electrolyte. The element loss from the cathode material initiated by side 

reactions between the NCM and the electrolyte can be effectively prohibited. Because 

the stability of the entire structure relies on the interaction of the Li, O, and TM layers, 

the limited element loss during cycling makes the layered oxide material more stable 

and inhibits crack formation after cycling (Min and Cho, 2018). Finally, the cracking 

degree is normally considered to be positively correlated with the charging/discharge 

rate, mainly because of the enhanced mismatch between the local ionic and electronic 

conductivities (Xia et al., 2018a). In the case of the LiBO2-coated NCM, α-LiBO2 and 

γ-LiBO2 increased the Li-ion diffusion coefficient and decreased the electronic 

conductivity. Under the synergistic effects of the modified ion and electron conductivity, 

the microcracks induced by the high current density can be alleviated.  

Additionally, because the polycrystalline Ni-rich cathode material has plentiful primary 

particles to form a near-spherical secondary particle, the structural compactness of the 
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secondary particles with a larger size is poorer than that of particles with a small size. 

Regardless of the stage before the battery operation or during battery operation, the 

large-sized polycrystalline Ni-rich cathode material is more prone to cracking. Prior to 

battery operation, the large-sized polycrystalline Ni-rich cathode material can easily 

crack under external shocks in the ball-milling process and fracturing process, which 

are the steps of the cathode material synthesis process. Meanwhile, during battery 

operation, the primary particles of large-sized polycrystalline material would suffer 

more inconsistent shrinkage and expansion during Li-ion extraction and insertion 

because of the longer Li-ion diffusion pathway in its charging/discharging cycle. It is 

therefore considered that the buffering protection from soft LiBO2 nanoparticle coating 

and nanorod wrapping against cracking would be more pronounced for a polycrystalline 

material with a larger size than that with a small size. 

4.4. Conclusion 

A fast and convenient sol/antisolvent wet coating was developed to achieve nano-LiBO2 

coating of NLO in an anhydrous environment. The synthesised LiBO2-coated NCM has 

a three-layer structure with a thin NiO-like rock-salt phase layer that exists between the 

LiBO2 coating and NCM bulk. Owing to the α- and γ-mixed LiBO2 coating modification, 

the modified battery exhibited a high ICE and a better fast charging ability with 

improved rate performance and 3 C cycling stability. The improved battery performance 

can be ascribed to the smaller polarisation, strengthened electrochemical reversibility of 

the H1–M phase transition and depressed H2–H3 phase transition, and enhanced Li-ion 
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diffusion coefficient of the electrode. The protection of the crystalline LiBO2 coating 

was demonstrated by the reduced accumulation of organic/inorganic interfacial species 

deposits after cycling. The predominant problem of microcracks during the cycling of 

PC-NLO was also effectively alleviated by such a sol/antisolvent nano-LiBO2 coating. 

In summary, the hypothesis of nanoparticle dispersion and aggregation for wet coatings 

is feasible. In addition to LiBO2, it is also worth studying other coating materials with 

sol/antisolvent methods to further improve NLO.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



130 
 

 

 

 

  



131 
 

Chapter 5 Sol/Antisolvent Combined 

Coating and Doping with Boron-related 

Materials for LiNi0.83Co0.05Mn0.12O2 Cathode 

Towards High Capacity and High Cycling 

Stability 

This chapter reports the sol/antisolvent treatment of the precursor of Ni-rich cathode 

material and the subsequent lithiation calcination to obtain a superior Ni-rich cathode 

material with combined boron-related doping and coating, along with an intrinsic daisy-

like structure. Complete smooth and dense boron-related coating and near-surface 

doping can be achieved by Daisy-Ni83-Bmiddle which inherits the daisy-like structure 

from the precursor and can achieve superior long-term cycling, excellent rate 

performance, and strengthened thermal stability.   

5.1. Introduction 

Ni-rich layered oxides LiNixCoyMn1-x-yO2 and LiNixCoyAlzO2 (NCM and NCA, x≥0.8) 

are regarded as the most promising cathodes for electric vehicles (EVs) because of their 

high capacities, high working potentials and relatively low costs (Zhang, 2020). The 

higher the nickel content, the higher capacity it can deliver, as nickel is the crucial redox 

active element in NCM and NCA with the Ni2+/3+ and Ni3+/4+ redox couples contributing 

primarily to the reversible capacity (Markevich et al., 2019). However, compared to 

traditional layered ternary oxides with low Ni content, the higher Ni content in NCM 
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and NCA leads to poorer cycling stability, weaker rate capability, and inferior thermal 

stability. These disadvantages limit the life span of batteries and impact their application 

in EVs (Bak et al., 2014, Wolfman et al., 2022). More serious Li/Ni disordering, 

structural degradation, parasitic reactions, and microcracks are identified as the main 

factors that accelerate the electrochemical and thermal instability of NLO (Ni ≥ 80%). 

To promote the use of NLO (Ni ≥ 80%) as excellent cathode materials, many strategies 

have been proposed to address their relatively quick degradation during cycling. Coating, 

which alters surface chemistry or provides physical protection layers, is the most 

fundamental strategy. Coating can be classified into two categories: inactive and active 

coatings. The inactive coatings such as oxides, fluorides, and phosphates can mainly act 

as passive layers against side reactions between the cathode and electrolyte. Active 

coatings, on the other hand, offer dual benefits, which not only can act as a protection 

layer to improve the surface structural stability of the cathode material but can also 

accelerate the charge transfer between the cathode material and electrolyte with 

enhanced rate capability because of superior electron conductivity and/or superior Li-

ion conductivity, such as carbon-based coating materials (Ye et al., 2021, Guan et al., 

2020). For high-energy density lithium-ion battery cathode materials such as NLO (Ni 

≥ 80%), active coatings are considered ideal for modification (Nisar et al., 2021). For 

instance, dual-conductive coating layers composed of the Li-ion conductor Li3PO4 and 

the electronic conductor polypyrrole (PPy) have been developed by Chen et al. to 

improve both the cyclability and C-rate performance of LiNi0.8Co0.1Mn0.1O2 (Chen et 

al., 2017). Doping, another effective and commonly used strategy, improves the 
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structural stability of NLO (Ni≥80%), making it more stable and resistant to phase 

transitions and oxygen release. There are two types of doping: cationic (dopants like Al, 

Ti, Si, Mg, and Fe, etc.) and anionic (dopants like F, Cl, and S, etc.) (Weigel et al., 2019, 

Binder et al., 2018). With proper lattice/bulk doping, the electrochemical properties can 

be enhanced owing to the increased lattice spacings, reduced bandgap, and increased 

electrical conductivity (Sharifi-Asl et al., 2019). Furthermore, doping strengthens the 

TM-O bond (TM = transition metal) within the Li-TM-O host structure, making it more 

stable and resistant to phase transitions and oxygen release. This results in slower 

capacity fading and better thermal stability (Min et al., 2017).  

Although the above-mentioned modification strategies are often categorised separately, 

their combination is crucial for enhancing the internal and external structures of the 

cathode material, leading to superior electrochemical performance (Yan et al., 2020). 

This is because their combination has multifunctional effects (Ahaliabadeh et al., 2022). 

Ni-rich NCM and NCA (Ni≥80%) with core-shell or concentration gradient structure 

offer promising avenues for research. Usually, the core-shell structure features a high-

capacity Ni-rich core surrounded by a Ni-poor shell that enhances the structural and 

thermal stability (Wang et al., 2022, Wu et al., 2019b). Some shells can be composed of 

a spinel phase or rock-salt phase, improving the particle rigidity and stability during 

harsh electrochemical testing (Kim et al., 2018, Kalluri et al., 2020). The concentration 

gradient structure within NLO ensures that all internal regions are electrochemically 

active with varying transition metal (TM) concentrations. Mn-rich or Co-rich surfaces 

can maintain structural integrity and reduce strain during cycling (Lim et al., 2016, Liu 
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et al., 2021). Finally, the refined microstructure of Ni-rich NCM or NCA (Ni ≥ 80%) 

represents another novel approach. Doping with boron and aluminum can conceive the 

refined microstructure (Sun et al., 2020). In the refined structure, the primary particles 

are elongated and aligned in a radial orientation, unlike conventional polycrystalline Ni-

rich layered oxides with randomly oriented primary particles. The refined morphology 

can reduce the aggregation of stress and dissipate the strain energy along the 

interparticle boundaries during cycling. The stress mitigation effect becomes more 

pronounced with narrower radially aligned primary particles (Ryu et al., 2020).  

The objective of this investigation was to attain the highest level of performance from 

NLO (Ni≥80%) materials by harnessing the advantages of their refined microstructure 

and the concurrent impact of coating and doping. It is important to note that we did not 

incorporate dopants with the intention of establishing a radially aligned arrangement of 

primary particles, but rather to adopt a precursor with a refined structure. The cathode 

material can inherit such a radially aligned structure after lithiation under the appropriate 

calcination conditions. Generally, boron-containing oxides (B2O3, Li2O-2B2O3, Li3BO3, 

and LiBO2), which are the hot coating agents for the modification of cathode materials. 

are considered good ion-conductors with high chemical stability (Yan et al., 2020, Yoon 

et al., 2021, Li et al., 2022, Lv et al., 2022). Boron is also a highly effective dopant for 

improving the structure and thermal stability of Li-TM-O host structure. This is 

primarily due to B-O binding energy is 809 kJ mol-1, significantly exceeding those of 

Ni-O (319.6 kJ mol-1), Co-O (368 kJ mol-1), Mn-O (402 kJ mol-1), and Al-O (512 kJ 

mol-1) of Ni-rich NCM or NCA (Park et al., 2018, Jeong et al., 2020). Therefore, it is 
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reasonable to consider that a high-capacity and high-stability NLO (Ni≥80%) cathode 

can be achieved through combined coating and doping with boron-related oxides or 

boron-related lithium salts based on the intrinsic radially aligned microstructure. In this 

study, we used a unique NLO precursor (Ni0.83Co0.05Mn0.12(OH)2) with a "daisy-like" 

cross-section for lithiation and modification. The outer regions of this precursor exhibit 

a remarkably radially aligned arrangement, resembling daisy petals, while the central 

region, resembling the pistil, comprises tightly packed, very small particles. To achieve 

the combined boron-related coating and doping modification, small amounts of B2O3 

were added homogeneously on the surface of the specific hydroxide precursor by 

sol/antisolvent treatment before the lithiation process, which was developed in our 

previous study (Zhang et al., 2022). This approach ensures the lithiated oxide inherits 

the tailored structure and achieves the desired combined boron-based modification. To 

the best of our knowledge, previous research has only focused on separative boron-

related coating modification or separative boron-related doping modification (Chen et 

al., 2021, Lv et al., 2022, Xia et al., 2022, Park et al., 2018, Amalraj et al., 2021). Despite 

some research reports on simultaneous boron-related coating and doping modification, 

the intrinsic refined microstructure of a radially aligned arrangement has not been 

studied together (Xie et al., 2019, Li et al., 2022).  

The synthesised Ni-rich cathode material exhibits excellent electrochemical 

performance and thermal stability due to the “three-in-one” effect. Daisy-Ni83-Bthin 

and Daisy-Ni83-Bmiddle can deliver superior discharge capacity of 208.8 mAh g-1and 

209.1 mAh g-1 at 0.2 C, together with the discharge capacity of 223.7 mAh g-1 and 222.1 
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mAh g-1at 0.1 C between 2.8-4.3 V, and more outstanding discharge capacity of 233.2 

mAh g-1 and 230.4 mAh g-1 at 0.1 C between 2.8-4.5 V. Meanwhile, Daisy-Ni83-Bthin 

and Daisy-Ni83-Bmiddle demonstrated improved cycling stability compared with the 

pristine Daisy-Ni83. However, the modification mechanisms of Daisy-Ni83-Bthin and 

Daisy-Ni83-Bmiddle differ slightly. Especially for Daisy-Ni83-Bmiddle, it achieves 

exceptional capacity retentions over 90% after 100 cycles at various current rates (3 C, 

1 C, 0.5 C, 0.2 C) between 2.8-4.3 V and 0.2 C between 2.8-4.5 V, which are also higher 

than that of pristine Daisy-Ni83 in all the evaluation scenarios. This superior 

performance was attributed to the combined boron-related coating and doping achieved 

in Daisy-Ni83-Bmiddle. While, Daisy-Ni83-Bthin primarily undergoes boron doping 

modification and lacks the complete protective coating layer, leading to weaker 

resistance against high current density and high cut-off voltage. Furthermore, the search 

for the optimal lithiation calcination condition reveals four factors for achieving the 

ideal specific capacity in specially structured Ni-rich cathode materials: a highly ordered 

layered structure, clean surface without obvious lithium residues, reduced gaps among 

primary particles, and daisy-like radially refined structure. 

5.2. Experimental Section 

5.2.1. Ni-rich LiNi0.83Co0.05Mn0.12O2 Cathode Material (Daisy-

Ni83) Preparation 

To exploit the distinct advantage of the refined microstructure, we use the hydroxide 

precursor Ni0.83Co0.05Mn0.12(OH)2 in itself holding a tailored microstructure obtained 
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from Huayou Cobalt company. Scanning electron microscopy (SEM, S4800, Hitachi) 

was used to analyse the morphology. Figure 5. 1 shows SEM morphologies of the 

precursor Ni0.83Co0.05Mn0.12(OH)2. The precursor holds a spherical shape with 

interwoven lamellar primary particles (Figure 5. 1. (a and b)). SEM images of the cross-

section of the precursor at different magnifications are shown in Figure 5. 1. (d, e, and 

f), which looks like a daisy as shown in Figure 5. 1. (c). Large lamellar particles with a 

length of approximately 1 µm were arranged radially; meanwhile, many small 

nanoparticles with a length of approximately 50 nm filled up the core of the precursor.  

 

Figure 5. 1. SEM morphologies of the precursor Ni0.83Co0.05Mn0.12(OH)2: (a and b) 

spherical-shape precursor, (c) a picture of daisy, (d, e, and f) cross-section images of 

precursor at different magnifications. 
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X-ray diffraction test (XRD, D8 ADVANCE, Bruker) was performed on the precursor 

powder to identify the crystalline structure. The test result is shown in Figure 5. 2, which 

demonstrates that the precursor is pure β-Ni(OH)2 phase having a hexagonal-layered 

structure (Li et al., 2011, Yin et al., 2019). 

 

Figure 5. 2. XRD spectrum of the hydroxide precursor Ni0.83Co0.05Mn0.12(OH)2. 
 

It is commonly acknowledged that, the more the Ni content, the optimal calcination 

temperature for lithiation shifts to the lower value. It is basically due to the presence of 

unstable Ni3+ at a higher temperature, which would lead to serious Li+/Ni2+ cation 

mixing and the deterioration of electrochemical properties (Butt et al., 2022). However, 

too low a calcination temperature will cause poor structural crystallinity of the material 

(Zheng et al., 2018). To prepare high-capacity Ni-rich cathode material, the calcination 

temperature for Ni0.83Co0.05Mn0.12(OH)2 with mixed exceeded LiOH·H2O was varied 
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from 720 ℃ to 810 ℃ for 13 h in oxygen atmosphere for comparison. Before being 

subjected to the final calcination temperature in the lithiation process, the sintered 

materials were kept at 500 ℃ for 5 h to make the profound melt of the lithium source. 

The ramping rate was 3 ℃/min for heating and is natural cooling in an oxygen 

atmosphere. Among those different calcination processes, the one that can guarantee 

high discharge capacity (≥ 200 mAh g-1) when charged to 4.3 V will be confirmed as 

the optimal calcination condition. The synthesised high-capacity cathode material from 

the optimal calcination condition will be named “Daisy-Ni83”. The same lithiation 

calcination condition will be used for the following combined boron-related coating and 

doping-treated cathode materials. 

 

Figure 5. 3. XRD patterns of LiOH·H2O after different drying treatments. 
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It should be noted that lithium hydroxide monohydrate (LiOH·H2O) can easily absorb 

moisture when exposed to the air. LiOH·H2O was dried before mixing with the precursor. 

However, a high drying temperature and long drying time could remove the crystal 

water from LiOH·H2O by changing the lithium salt to LiOH (Wolfman et al., 2022). In 

this case, the molar weight of the lithium source becomes larger than the designed one. 

To avoid such conditions, XRD tests were performed on 7 g LiOH·H2O samples before 

and after different drying cycles. According to Figure 5. 3: XRD patterns of LiOH·H2O 

upon different drying treatments, the sample appears pure LiOH·H2O phase before 

drying, while the sample dried at 80 ℃ for 24 h changes into the LiOH phase with the 

coexistence of LiOH·H2O phase. The XRD pattern of the sample drying at 60 ℃ for 7 

h was almost the same as the sample before the drying and fitted well with the LiOH 

H2O diffraction code of JCPDS 24-0619. Therefore, it is appropriate to select the drying 

treatment at 60 ℃ for 7 h to remove the moisture from the lithium source for lithiation.  

5.2.2. Synthesis of Boron-related Coating and Doping Modified 

Ni-rich LiNi0.83Co0.05Mn0.12O2 Cathode Material with 

Intrinsic Radially Aligned Microstructure 

B2O3 purchased from Aladdin Shanghai was chosen as the boron source to modify 

Daisy-Ni83. For the XRD test, the B2O3 particles were milled and pulverized using 

ethanol during grinding. The XRD spectrum (Figure 5. 4) demonstrates that it is a 

completely amorphous material with broad humps consistent with the B2O3 diffraction 

code of JCPDS 06-0297 (Shuai et al., 2017).  
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Figure 5. 4. XRD pattern of B2O3 after milling. 
 

A schematic diagram of the synthesis of the boron-related coating and doping-modified 

LiNi0.83Co0.05Mn0.12O2 based on the intrinsic refined microstructure of the daisy-like 

cross-section is shown in Figure 5. 5. First, a B2O3 coating is achieved on the precursor 

by a sol/antisolvent coating. The process is similar to the coating of LiBO2 onto the 

cathode material that we have done previously (Zhang et al., 2022). B2O3-coated 

Ni0.83Co0.05Mn0.12(OH)2 was further calcinated with the dried lithium source to obtain 

the final modified cathode materials. 
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Figure 5. 5. Schematic diagram of the synthesis of the combined boron-related coating and doping-modified LiNi0.83Co0.05Mn0.12O2 based on the 

intrinsic refined microstructure of daisy-like cross-section. 
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In the detail of synthesising boron-related coating and doping modified Ni-rich 

LiNi0.83Co0.05Mn0.12O2 cathode material with the intrinsic refined microstructure, 2 g 

precursor with daisy-like cross-section image as shown in Figure 5. 1 was poured into 

50 ml B2O3 ethanol sol and was stirred at 800 rpm with a magnetic stirrer for 10 min. 

Then 35 ml tetrahydrofuran (THF) was used as the antisolvent with using the peristaltic 

pump to control the feeding speed at 2 ml/minute. The sol/antisolvent coating was 

limited to 17.5 min. A three-neck flask was used to coat the precursors with B2O3. The 

three-neck flask was maintained at 20 ℃ in a water bath with continuous magnetic 

stirring.  

To compare the effects of different amounts of B2O3 on the cathode material, we 

prepared the ethanol sols containing different doses of B2O3. The mole mass ratios of 

boron to precursor Ni0.83Co0.05Mn0.12(OH)2 were varied to be 0.05, 0.075, and 0.1. Based 

on the 2 g precursor, the masses of B2O3 added to 60 ml anhydrous alcohol were 0.0377, 

0.0566, and 0.0755 g, respectively. After completing the B2O3 coating of the precursor, 

the solid particles were collected by vacuum filtration. The powder was dried in a blast 

drying oven at 50 ℃ overnight. The subsequent lithiation calcination process was the 

same as the process for Daisy-Ni83. The synthesised cathode materials would inherit 

the daisy-like cross-section combined with boron-related coating and doping. They were 

named Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick based on the 

treatment from different B2O3 ethanol sols with B2O3 contents of 0.0377 g, 0.0566 g, 

and 0.0755 g, respectively. An interesting phenomenon is the production of B2O3 

ethanol sol (Figure 5. 6) is much quicker than LiBO2 ethanol sol, which needs only 100 
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min rather than 9 h for dispersing B2O3 in 60 ml anhydrous alcohol with ultrasonic 

treatment. Furthermore, the B2O3 ethanol sol can be used after deposition of only one 

day more efficiently than the LiBO2 ethanol sol which requires over three days for 

deposition.  

 

Figure 5. 6. Transparent B2O3 ethanol sol with the light scattering by laser beam. 

5.2.3. Electrochemical and Thermal Stability Tests of Daisy-

Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-

Ni83-Bthick 

For electrochemical tests, different cathode materials were mixed with a Super P 

conductor and PVDF binder at a mass ratio of 8:1:1 in N-methyl pyrrolidone (NMP). 

The slurry was coated onto an Al foil and dried in a blast drying oven at 80 ℃ for 5 h. 

The electrode plate was then punched and pressed with 10 MPa into 14 mm diameter 

circle electrodes for weighting. Afterward, the circled electrode plates were put in an 
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oven at 80 ℃another 12 h. Then the positive electrode was then assembled with a 

Celgard M825 separator, lithium metal anode, spacer, spring, positive and negative 

cases, and 100 μL electrolyte into a 2032 coin-type half cell. The electrolyte was 

composed by the volume ratio of 3:7 ethylene carbonate (EC)/dimethyl carbonate (DMC) 

with 1 M LiPF6. The electrolyte amount of 100 μL was higher than that used with 80 

μL electrolyte for the first work, considering that a higher electrolyte amount favors 

long-time cycling due to the inevitable electrolyte decomposition in longer cycle tests 

(Chen et al., 2019). The coin-cell assembly was completed in an argon-filled glove box 

with O2 less than 0.5 ppm and H2O less than 0.5 ppm (MBRAUN UniLab). The mass 

of active material was approximately 6–8 mg. Various electrochemical testing machines 

and methods have been used for these coin cells. First, galvanostatic cycling with 

potential limitation (GCPL) measurements at different current densities (1 C = 200 mA 

g-1) in the voltage range of 2.8 to 4.3 V (vs Li/Li+) using a LAND cell test system at 

room temperature. The purpose of such GCPL testing was to investigate the cycling 

stabilities and rate performances of the different cells. Second, electrochemical 

impedance spectroscopy (EIS) tests over the frequency range of 0.1 MHz to 0.01 Hz 

were conducted for coin cells to investigate the electrolyte resistance (𝑅𝑅𝑠𝑠) and charge 

transfer resistance (𝑅𝑅𝐶𝐶𝑅𝑅)  for each coin cell. EIS tests were performed by an 

electrochemical workstation (Solartron Analytical). 

Thermal stability was analysed using a differential scanning calorimeter (DSC 3, 

Mettler Toledo). Normally, delithiated cathode materials are used for the thermal 

stability test (Kim et al., 2019, Wang et al., 2021). For obtaining the delithiated cathode 
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materials, the coin cells were firstly fully cycled 3 times at 0.2 C in the voltage range of 

2.8 to 4.4 V and then charged to 4.3 V at 0.1 C and stopped. The charged cells were then 

disassembled in an argon-filled glove box. The positive electrode was removed from the 

cell and rinsed in dimethyl carbonate (DMC) for 3 h, and dried in a glove box for another 

3 h. Subsequently, the cathode material was scraped from the aluminum foil, collected, 

and stored in a bottle in the glove box. The cathode powder in the bottle was then 

transferred to an aluminum crucible and sealed using a Mettler Toledo press in a glove 

box. The sealed crucible with cathode material was investigated by DSC 3 in a nitrogen 

atmosphere from 30 to 400 ℃ at a rate of 1 ℃/min to obtain the DSC data.  

5.2.4.  Material Composition and Microstructure 

Characterisation of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-

Ni83-Bmiddle, and Daisy-Ni83-Bthick 

ICP-OES (SPECTRO ARCOS) analysis was carried out to confirm the elementary 

compositions of the synthesised Ni-rich cathode materials. The phase states of the 

synthesised Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-

Bthick were identified by XRD (D8 ADVANCE, Bruker). The morphologies and 

microstructures of the Ni-rich cathode materials were observed using scanning electron 

microscope (SEM, S4800, Hitachi). A transmission electron microscope (TEM) 

equipped with energy dispersive X-ray spectroscopy (Talos F200x, ThemoFisher) was 

adopted to obtain high-resolution images of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-

Ni83-Bmiddle and Daisy-Ni83-Bthick, as well as the cathode electrolyte interphase 
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(CEI) film after cycling. Scanning electron microscopy with energy dispersive X-ray 

spectroscopy (SEM/ EDS, FEI Quanta FEG 250) was also used to perform the elemental 

mapping. X-ray photoelectron spectroscopy (XPS, Krotos AXIS Supra, Shimadzu) was 

used to analyse the boron compounds in the cathode material powders and the 

compositional characteristics of the CEI films on different cathodes. 

5.3. Results and Discussion 

5.3.1. Four Factors Determining the Optimal Lithiation 

Calcination Condition for Daisy-Ni83 

The high discharge capacity, equal to or larger than 200 mAh g-1 when charged to 4.3 

V based on the electrochemical test, is deemed as the index to determine the optimal 

lithiation calcination condition for Daisy-Ni83. Figure 5. 7 shows the 1 C cycling 

performances of LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at 720, 750, and 

780 ℃ with 5% mole excess LiOH·H2O in the voltage range of 2.8-4.3 V. The 1 C 

cycling performances was tested with an activation process with 10 cycles at 0.2 C and 

followed by 5 cycles at 0.5 C before the long 1 C cycling with a total of 165 cycles in 

the voltage range of 2.8-4.3 V. The molar ratio of precursor to LiOH·H2O was initially 

determined as 1:1.05, considering the evaporation of lithium source at high temperatures 

and the possibly severe Li/Ni disordering arising from the lack of lithium (Yu et al., 

2020). The results show that the discharge capacity declines at 0.2 C as the calcination 

temperature is reduced, wherein the red, blue, and yellow point represents the 

LiNi0.83Co0.05Mn0.12O2 cathode material synthesised at 780 ℃, 750 ℃, and 720 ℃, 
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respectively. Obviously, the long-term cycling at 1 C experiences quick capacity fading 

for all samples, especially after the 90th cycle as shown in Figure 5. 7. 

 

Figure 5. 7. 1 C cycling performances of LiNi0.83Co0.05Mn0.12O2 cathode materials 

synthesised at 720, 750, and 780 ℃ with 5% mole excess LiOH·H2O between 2.8-4.3 

V. 
 

The detailed maximum discharge capacity of each sample at 0.2, 0.5, and 1 C in the 

voltage range of 2.8 to 4.3 V synthesised at different calcination temperatures with 5% 

mole excess lithium source is listed in Table 5. 1. The discharge capacity of 

LiNi0.83Co0.05Mn0.12O2 cathode material synthesised at 780 ℃ with 5% mole excess 

LiOH·H2O appears relatively higher than those synthesised at 750 ℃ and 720 ℃ at 

different current densities. However, the discharge capacity of 186.9 mAh g-1 at 0.2 C 

between 2.8-4.3 V is not high enough. 
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Table 5. 1. Maximum discharge capacity of each cathode material at 0.2, 0.5, and 1 C 

in the voltage range of 2.8 to 4.3 V synthesised at different calcination temperatures with 

5% mole excess LiOH·H2O. 
                          Temperature 

 
Discharge Capacity (mAh g-1) 

720 ℃ 750 ℃ 780 ℃ 

0.2 C 175 179.7 186.9 

0.5 C 164.1 170 176.2 

1 C 150.3 155.1 159.4 

 

 

Figure 5. 8. 0.2 C cycling performances of LiNi0.83Co0.05Mn0.12O2 cathode material 

synthesised at 780 ℃ with 5% mole excess LiOH·H2O in the voltage range of 2.8-4.3 

V and 2.8-4.5 V. 
 

A higher discharge capacity of 190.5 mAh g-1 at 0.2 C between 2.8-4.3 V is found during 

0.2 C cycling of LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at 780 ℃ with 5% 

mole excess LiOH·H2O as shown in Figure 5. 8. The discharge capacity can reach 199.7 
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mAh g-1 at 0.2 C with the cut-off voltage at 4.5 V, but such capacity is still not ideal 

(Konarov et al., 2017). To improve the specific capacity of the Ni-rich cathode material 

until it reaches an index equal to or larger than 200 mAh g-1 when charged to 4.3 V, the 

reasons for the relatively low capacity need to be determined. 

SEM and XRD tests were performed to investigate the factors associated with relatively 

low specific capacity. Figure 5. 9 shows the SEM images of the surface of the original 

Ni0.83Co0.05Mn0.12(OH)2 precursor and LiNi0.83Co0.05Mn0.12O2 cathode materials 

synthesised at different temperatures from 720 ℃ to 780 ℃ with 5% mole excess 

LiOH·H2O. It can be seen that the primary particles on the outside surface of 

LiNi0.83Co0.05Mn0.12O2 cathode material are distributed more densely after changing the 

calcination temperature from 720 ℃ to 780 ℃ as shown in Figure 5. 9. (b1), (c1), and 

(d1). This is because the size of primary particles increases owing to the better fusion of 

primary particles at higher calcination temperatures. Meanwhile, abundant small 

particles adhere to the surface of the cathode materials, especially at lower calcination 

temperatures, which should be the lithium residues (Zhang et al., 2022). These lithium 

residues make the surface of the cathode material appear dirty, as shown in Figure 5. 9. 

(b1) and (c1). The existence of abundant lithium residues can be considered a reason for 

the low specific capacities. The generation of lithium residues can increase the interface 

impedance of cathode materials and lead to irreversible capacity loss during the first 

cycle (Su et al., 2021). 
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Figure 5. 9. SEM images on the surface of the original Ni0.83Co0.05Mn0.12(OH)2 

precursor and LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at different 

temperatures with 5% mole excess LiOH·H2O: (a1-a3) precursor, (b1-b3) cathode 

material synthesised at 720 ℃, (c1-c3) cathode material synthesised at 750 ℃, (d1-d3) 

cathode material synthesised at 780 ℃. 
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Figure 5. 10 shows the cross-section SEM images of the original 

Ni0.83Co0.05Mn0.12(OH)2 precursor and LiNi0.83Co0.05Mn0.12O2 cathode materials 

synthesised at different temperatures with 5% mole excess LiOH·H2O, it is clear that 

the grain size of primary particles gets increases from 720 ℃ to 780 ℃ (Figure 5. 10. 

(b1), (c1), and (d1)). There are large gaps between the primary particles for samples 

synthesised at 720 ℃ (Figure 5. 10. (b1) and (b2)), whereas gaps can hardly be found 

for samples synthesised at higher calcination temperatures, such as at 780 ℃ (Figure 5. 

10. (d1) and (d2)). It is reasonable to consider that the gaps between primary particles 

of samples synthesised at low temperature is another factor accounting for the low 

specific capacity, similar to the sample synthesised at 720 ℃. Because the gaps can be 

filled after the fusion of primary particles at higher calcination temperatures, the 

drawback of gaps between the primary particles can be mitigated. Theoretically, the 

minimised gaps between the primary particles can enhance the conductivity of the 

cathode material, and the corresponding specific capacity can be improved. In addition, 

as shown in Figure 5. 10. (a1), (b1), (c1), and (d1), 720 ℃, 750 ℃, or 780 ℃, daisy-

like structure was not destroyed. A higher calcination temperature corresponds to a 

larger petal structure. The distribution of primary particles with radially aligned 

arrangements resembling petals of daisies originating from precursor, was inherited for 

all samples.  
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Figure 5. 10. SEM images on the cross-section of the original Ni0.83Co0.05Mn0.12(OH)2 

precursor and LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at different 

temperatures with 5% mole excess LiOH·H2O: (a1-a2) precursor, (b1-b2) cathode 

materials synthesised at 720 ℃, (c1-c2) cathode materials synthesised at 750 ℃, (d1-

d2) cathode materials synthesised at 780 ℃ (the red dashed boxes on the left are 

magnified as shown on the right).  
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XRD results of LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at 720 ℃, 750 ℃, 

and 780 ℃ with 5% mole excess LiOH·H2O are shown in Figure 5. 11. The XRD 

patterns of different samples match well with the standard pattern of 𝑅𝑅3�𝑚𝑚  LiNiO2 

(JCPDS No.09-0063). The main characteristic peaks are marked in this XRD spectrum. 

Generally, the Li/Ni disordered distribution is considered to be one of the main reasons 

for the capacity decrease of Ni-rich layered oxide (Wu et al., 2015). The ratio of 

I(003)/I(004) can act as the index to indicate the degree of Li/Ni disordering. The higher 

the ratio, the more well-defined is the layered structure of the material. The values of 

I(003)/I(004) for LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at 720, 750, and 

780 ℃ with 5% mole excess LiOH·H2O are listed in Table 5. 2. Compared with the 

sample synthesised at 780 ℃, the values of I(003)/I(004) for samples synthesised at 

720 ℃ and 750 ℃ are lower, which means the higher calcination temperature of 780 ℃ 

gives the material better crystallinity than those synthesized at 720 ℃ and 750 ℃. 

However, a calcination temperature that is too high will affect the crystallinity. This is 

because a temperature that is too high can destroy the Li/Ni ordering owing to the 

inevitable loss of Li and O (Zhang, 2020, Wang et al., 2017). 



155 
 

 

Figure 5. 11. XRD patterns of LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at 

different temperatures with 5% mole excess LiOH·H2O. the gray line represents 720 ℃, 

the green line represents 750 ℃, and the purple line represents 780 ℃. 

 

Table 5. 2. I(003)/I(104) intensity ratios of XRD data to indicate the degree of Li/Ni 

disordering for LiNi0.83Co0.05Mn0.12O2 cathode materials synthesised at 720 ℃, 750 ℃ 

and 780 ℃ with 5% mole excess LiOH·H2O. 

Sample 720 ℃ 750 ℃ 780 ℃ 

I(003)/I(104) 1.2872 1.5405 1.6233 

 

To determine the upper limit temperature for synthesising such specially structured 

polycrystalline cathode material, the calcination temperature of 810 ℃ with 5% mole 

excess LiOH·H2O was also studied. XRD and SEM analysis of the cathode material 
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810 ℃with 5% mole excess LiOH·H2O were performed. Figure 5. 12 shows the 

corresponding XRD and SEM results, which shows that the sample synthesised at 810 ℃ 

fits well with the 𝑅𝑅3�𝑚𝑚 LiNiO2 structure. But the ratio of I(003)/I(004) is extremely low 

with only 1.0825 less than 1.2, indicating that the temperature of 810 ℃ is not 

appropriate for sintering such precursors, owing to severe cationic disordering (Ren et 

al., 2020). Compared with the particles synthesised at 780 ℃, as shown in Figure 5. 9. 

(d1), the primary particle size at 810 ℃ calcination condition becomes larger with the 

same scalebar of 500 nm, even some single crystals with lengths over 1 µm can be found, 

which are marked by the white dotted circles in the inserted SEM image of Figure 5. 

12. Considering such poor Li/Ni ordering and the tendency of single crystal growth, the 

reversible specific capacity would be low, and no electrochemical test was performed 

for such an 810 ℃ sample. 

 

Figure 5. 12. XRD patterns of LiNi0.83Co0.05Mn0.12O2 cathode material synthesised at 

810 ℃ with 5% mole excess LiOH·H2O (SEM images of such cathode material are 

inserted). 
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From the above comprehensive analysis, it can be confirmed that without destroying the 

daisy-like structure, the problems of large amounts of lithium residues, gaps between 

primary particles, and Li/Ni disordered distribution of cathode materials are the main 

reasons for the relatively low capacity. It is reasonable to think a slight decrease in the 

amount of lithium source and an appropriate increase in the calcination temperature can 

effectively eliminate the aforementioned problems. The lithiation calcination conditions 

were adjusted to a calcination temperature of 800 ℃ along with 2% mole excess 

LiOH·H2O. 50 cycles charging/discharging performances of LiNi0.83Co0.05Mn0.12O2 

cathode material synthesised at 800 ℃ with 2% mole excess LiOH·H2O at the current 

density of 0.2 C within the voltage range of 2.8-4.3 V and 2.8-4.5 V is shown in Figure 

5. 13. It indicates that different from LiNi0.83Co0.05Mn0.12O2 cathode materials 

synthesised at 780 ℃ with 5% mole excess LiOH·H2O, as shown in Figure 5. 8, 

LiNi0.83Co0.05Mn0.12O2 cathode material synthesised at 800 ℃ with 2% mole excess 

LiOH·H2O delivers higher capacities, the discharge capacity can reach 198.5 mAh g-1 

at the current density of 0.2 C in the potential range of 2.8-4.3 V, and reach 214.9 mAh 

g-1 for 0.2 C at 4.5 V. These values can reach the ideal capacities for Ni-rich layered 

oxides of appropriately 200 mAh g-1 up to 4.3 V (Konarov et al., 2017). The 

corresponding LiNi0.83Co0.05Mn0.12O2 cathode material synthesised at 800 ℃ with 2% 

mole excess LiOH·H2O was therefore named Daisy-Ni83.  
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Figure 5. 13. 0.2 C cycling performances of LiNi0.83Co0.05Mn0.12O2 cathode material 

synthesised at 800 ℃ with 2% mole excess LiOH·H2O (Daisy-Ni83) in the voltage 

range of 2.8-4.3 V and 2.8-4.5 V. 

 

Figure 5. 14. XRD patterns of LiNi0.83Co0.05Mn0.12O2 cathode material synthesised at 

800 ℃ with 2% mole excess LiOH·H2O (Daisy-Ni83). 
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The XRD analysis of Daisy-Ni83 is shown in Figure 5. 14. The XRD spectrum 

demonstrated that Daisy-Ni83 fitted well with the standard pattern of 𝑅𝑅3�𝑚𝑚  LiNiO2 

(JCPDS No.09-0063). The I(003)/I(104) intensity ratio is 1.5394 larger than 1.2, and the 

clear separation of adjacent peaks of (006)/(102) and (108)/(110) can be observed, 

confirming that Daisy-Ni83 has a well ordered layered structure with a high degree of 

crystallinity.  

SEM images on the surface and cross-sections at different angles and magnifications for 

Daisy-Ni83 are shown in Figure 5. 15. In contrast to the appearance of large amounts 

of lithium residues on the surface of cathode materials synthesised at 720, 750, and 780 ℃ 

with 5% mole excess LiOH·H2O, as shown in Figure 5. 9, the lithium residue was 

greatly reduced for Daisy-Ni83, which appeared as a clean surface (Figure 5. 15. (a1-

a4)). Meanwhile, the overall gaps among primary particles are further reduced owing to 

the developed particle fusion when comparing Figure 5. 15. (a1) of cathode material 

synthesised at 800 ℃ and Figure 5. 9. (d1) cathode material synthesised at 780 ℃. For 

Daisy-Ni83, no matter the cutaway images with an oblique angle ( Figure 5. 15. (b1-

b4)), or cross-section images of a plane perpendicular to the secondary particle (Figure 

5. 15. (c1-c4)), the arrangement of primary particles keeps a good radical distribution, 

liking the blooming flower. Overall, the characteristics of good crystallinity, less 

amount of lithium residues, improved particle fusion, and the daisy-like cross-section 

structure inherited from the precursor enabled Daisy-Ni83 to achieve the ideal specific 

capacity. The relevant lithiation calcination conditions were determined to be optimal 

for synthesising Ni-rich cathode materials. 
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Figure 5. 15. SEM images of LiNi0.83Co0.05Mn0.12O2 cathode material synthesised at 

800 ℃ with 2% mole excess LiOH·H2O (Daisy-Ni83): (a1-a4) surface images at 

different magnifications, (b1-b4) cutaway images with an oblique angle, (c1-c4) cross-

section images of a plane perpendicular to the sphere.    
 

The longer 0.2 C cycling within the voltage ranges of 2.8-4.3 V and 2.8-4.5 V of Daisy-

Ni83 are further studied. The results are shown in Figure 5. 16. The first 10 cycles at 

0.2 C can be regarded as the activation process. For the cycling voltage between 2.8-4.3 

V, it delivers the discharge capacity of 198.1 mAh g-1 at the 11th cycle, after 50 cycles, 

Daisy-Ni83 exhibits 193.8 mAh g-1 with a capacity retention of 97.83% versus the 11th 
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cycle. The radial arrangement of the primary particles played a significant role in 

realising the good capacity retention of Daisy-Ni83. That is because, compared with the 

randomly oriented primary particles suffering localized stress concentration during 

galvanostatic cycling and the complicated and twisted Li-ion diffusion pathway, such a 

daisy-like arrangement of primary particles is beneficial for stress release, and the Li-

ion diffusion pathway is simple along the radial direction. Therefore, materials with 

daisy-like refined microstructure can achieve good delithiation/lithiation reversibility 

(Park et al., 2018, Lee et al., 2019).  

Nevertheless, when it reaches the 79th cycle within the voltage range of 2.8-4.3 V as 

shown in Figure 5. 16, it appears to fluctuate, and the Coulombic efficiency drops from 

99.02% to 94.36%, then to 90.53% without overcharge from the 78th cycle to the 79th 

cycle, then the 80th cycle. Meanwhile, the obvious polarisation with voltage drop 

appears after the 78th cycle as inserted in Figure 5. 16, which suggests degradation of 

the cathode (Xin et al., 2022), despite the internal short circuit at the 88th cycle stopping 

the observation on the performance of the cathode material. For the voltage window at 

2.8-4.5 V, the continuous charge/discharge process was realized for each cycle from the 

first cycle to the 150th cycle. However, the material appears a relatively quicker capacity 

fading rate than that with the cut-off voltage of 4.3 V, with a capacity retention of 93.21% 

from the specific capacity of 213.6 mAh g-1 at the 11th cycle to the specific capacity of 

199.1 mAh g-1 after 50 cycles. After the 140th cycle, the capacity fading rate accelerates, 

evidenced by a steeper slope. Finally, at the last 150th cycle, it delivered a discharge 

capacity as low as 165.6 mAh g-1, and the capacity retention dropped to 77.53% after 



162 
 

150 cycles at 0.2 C in the voltage range of 2.8-4.5 V.  

 

Figure 5. 16. 0.2 C longer cycling performances of LiNi0.83Co0.05Mn0.12O2 synthesised 

at 800 ℃ with 2% mole excess LiOH·H2O (Daisy-Ni83) in the voltage range of 2.8-4.3 

V and 2.8-4.5 V (Charge/discharge curves within 2.8-4.3 V are inserted). 
 

Overall, the four factors of good crystallinity with ordered layered structure, clean 

surface without obvious lithium residues, reduced gaps among primary particles, and 

daisy-like radial refined structure were demonstrated to effectively guarantee a high 

discharge capacity and good capacity retentions over 50 cycles. However, for the longer 

cycling at 0.2 C, the material exhibits unstable charge/discharge performances, 

characterized by either declined Coulombic efficiencies accompanied by obvious 

polarisation or a more rapid capacity fading rate. This implies that depending only on 

the radially distributed microstructure is not sufficient to guarantee the long-term 

cycling stability for such Ni-rich cathode materials. We believe protections from coating 

and/or doping are necessary for Daisy-Ni83 to alleviate the Coulombic efficiency 

decline and/or capacity fading, which originate from the high surface reactivity with the 
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electrolyte and the mechanical degradation of the cathode particles during long-term 

charge/discharge cycling (Li et al., 2020c, Zhao et al., 2022b).  

5.3.2. Greatly Developed Cycling Stability at Different Cut-off 

Voltages at 4.3 V and 4.5 V after the Treatment of the 

Combined Boron-related Coating and Doping with 

Intrinsic Radially Aligned Microstructure 

For the cycling stability study, four types of test conditions at different current rates of 

1 C, 0.5 C, 0.2 C within the voltage range of 2.8-4.3 V and 0.2 C within the voltage 

range of 2.8-4.5 V are launched for the samples of Daisy-Ni83, Daisy-Ni83-Bthin, 

Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick. The cycling test results are shown in 

Figure 5. 17, the red point represents the data of Daisy-Ni83, the yellow point represents 

the data of Daisy-Ni83-Bthin, the blue point represents the data of Daisy-Ni83-Bmiddle, 

and the green point corresponds to the data of Daisy-Ni83-Bthick. Thereinto, 1 C 

cycling performances between 2.8-4.3 V with the initial 10 cycles activation at 0.2 C, 

followed by 5 cycles at 0.5 C, and the subsequent 150 cycles at 1 C are shown in Figure 

5. 17. (a). The performances over 200 cycles at 0.5 C with the initial ten activation cycles 

at 0.1 C between 2.8-4.3 V are shown in Figure 5. 17. (b). For 0.2 C cycling, two voltage 

ranges of 2.8-4.3 V and 2.8-4.5 V are tested. The Figure 5. 17. (c) shows 150-cycles 

performances at 0.2 C with the initial 10 cycles activation at 0.1 C with a cut-off voltage 

of 4.3 V, and Figure 5. 17. (d) shows 150-cycles performances at 0.2 C with the initial 

10 cycles activation at 0.1 C with a cut-off voltage of 4.5 V. 
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Figure 5. 17. Cycling performance comparison of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick: (a) 1 C cycling 

between 2.8-4.3 V; (b) 0.5 C cycling between2.8-4.3 V; (c) 0.2 C cycling between 2.8-4.3 V; (d) 0.2 C cycling between 2.8-4.5 V.
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During 1 C cycling (Figure 5. 17. (a)), the initial specific capacity of Daisy-Ni83 is 

169.4 mAh g-1 at 1 C, but the capacity decays to 103.8 mAh/g after the full 165 cycles. 

The capacity retention was calculated to be 61.28 % for Daisy-Ni83 from the initial 

cycle to the 165th cycle at 1 C. Daisy-Ni83-Bthin achieved a capacity retention of 89.23 % 

after the full cycling, delivering a specific capacity of 177.4 mAh g-1 in the 1st cycle and 

158.3 mAh g-1 in the last 165th cycle. The corresponding capacity retentions for Daisy-

Ni83-Bmiddle and Daisy-Ni83-Bthick were 87.15 % and 86.2 %, respectively. 

Compared with Daisy-Ni83, the three modified cathode materials exhibited better 

capacity retention for 150 cycles at 1 C between 2.8-4.3 V. Meanwhile, the capacity 

retention after 100 cycles at 1 C reached 94.31% and 94.29% for Daisy-Ni83-Bthin and 

Daisy-Ni83-Bmiddle, respectively, a high level compared with other person’s report 

about 89.9% capacity retention after Zr and B-related multiple doping and coating (Feng 

et al., 2020) and also higher than 87.78% capacity retention for Daisy-Ni83. The 

capacity retention of 100 cycles at 1 C for Daisy-Ni83-Bthick was relatively lower than 

that of the other two modified samples, with a value of 92.38%. These data imply that 

1 C cycling performance with a cut-off voltage of 4.3 V can be effectively improved by 

the designed modifications.  

In 0.5 C cycling (Figure 5. 17. (b)), the specific capacity of the 1st cycle at 0.5 C for 

Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick is 185.8 

mAh g-1, 184.4 mAh g-1, 186.6 mAh g-1, and 184.9 mAh g-1, separately. When it comes 

to the 200th cycle, the specific capacity of each sample changes to 110.8 mAh g-1, 162.8 

mAh g-1, 160.2 mAh g-1, and 54.9 mAh g-1, separately. Not like Daisy-Ni83 and Daisy-
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Ni83-Bthick exhibiting quick capacity fading after the full charging/discharging test at 

the current rate of 0.5 C, both Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle keep 

excellent capacity retention of 88.29% and 85.85% after the full 200 cycles, which are 

much higher than that of Daisy-Ni83 with the capacity retention of 59.63% and Daisy-

Ni83-Bthick with the capacity retention of 29.69%. The result indicates that both Daisy-

Ni83-Bthin and Daisy-Ni83-Bmiddle can be effective against capacity fading in case of 

more cycle numbers and longer cycle time.  

The same phenomenon occurs in the 0.2 C galvanostatic cycling between 2.8-4.3 V as 

shown in Figure 5. 17. (c), where both Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle 

perform better modification effects. The capacity retention of the full 150 cycles at 0.2 

C with the initial 10 cycles activation at 0.1 C develops from 84.54% for Daisy-Ni83 to 

91.81% and 88.8% for Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle, respectively. The 

specific capacity of the 1st cycle at 0.2 C between 2.8-4.3 V is 203.8 mAh g-1, 195.3 

mAh g-1, 208 mAh g-1, and 197.8 mAh g-1 for Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-

Ni83-Bmiddle, and Daisy-Ni83-Bthick, separately. The specific capacity at the last 

cycle at 0.2 C between 2.8-4.3 V is 172.3 mAh g-1, 179.3 mAh g-1, 184.7 mAh g-1, and 

0 mAh g-1 for each sample.  

In 0.2 C cycling with the cut-off voltage of 4.5 V (Figure 5. 17. (d)), the capacity 

retention for the full 150 cycles can be greatly enhanced from 0% for Daisy-Ni83 to 

82.71% and 88.07% for Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle, respectively. The 

capacity retention of Daisy-Ni83-Bmiddle reached 91.06% after 100 cycles at 0.2 C in 

the high voltage range of 2.8-4.5 V, which is a high value compared with other reports 
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on the cycling performance of Ni-rich cathode material by co-doping (the relevant 

capacity retention is only 87.68%) (Zhang et al., 2021b).  

 

 

Figure 5. 18. First cycle electrochemical curves comparison for Daisy-Ni83, Daisy-

Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick: (a and b) charge/discharge 

profiles at 0.1 C for the cut-off voltage at 4.3 V and 4.5 V, respectively; (c and d) the 

corresponding dQ/dV curves at 0.1 C for the cut-off voltage at 4.3 V and 4.5 V, 

respectively. 

 

Analysis of the first cycle is important for the battery. Figure 5. 18 compares the 

electrochemical curves of samples at 0.1 C in 2.8-4.3 V and 2.8-4.5 V at the first cycle 

from Figure 5. 17. (b) and (d). The soared capacity for charging by Daisy-Ni83-Bthin, 

Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick than that of Daisy-Ni83 can be found in 

Figure 5. 18. (a and b). The corresponding dQ/dV curves are shown in Figure 5. 18. (c 
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and d). The delithiation/lithiation reaction of Ni-rich cathode material undergoes several 

phase transitions matching with three pairs of redox peaks, first from an initial 

hexagonal phase (H1) to a monoclinic phase (M), then to the second hexagonal phase 

(H2), and the third hexagonal phase (H3) during charging, and they reverse during 

discharging (Yang et al., 2023). According to Figure 5. 18. (c) and (d), it can be observed 

that the peak intensities at each phase transition of the modified samples are greater than 

those of the pristine Daisy-Ni83, especially for the stage of H1 → M phase transitions, 

which are marked by the dotted cycles. This result indicates that sufficient phase 

transition reactions occurred after modification, which promoted the release of more 

abundant lithium ions in the first cycle. Meanwhile, Daisy-Ni83-Bmiddle can achieve a 

specific capacity of 230.4 mAh g-1 at the first cycle at 0.1 C during discharging in 2.8-

4.5 V, and Daisy-Ni83-Bthin can achieve a higher specific capacity of 233.2 mAh g-1 at 

the 3rd cycle in ten cycles activation at 0.1 C between 2.8-4.5 V. The initial high specific 

capacity provides the foundation for the high specific capacity in the following cycles. 

To the best of our knowledge, these very high specific capacity values of Ni-rich cathode 

materials are rarely reported for the Ni content of approximately 80%, which approach 

240 mAh g−1 for LiNiO2.  
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To better display the variation in the specific capacity before and after modification with 

Daisy-Ni83, Table 5. 3 lists the summary of the 1st cycle, 100th cycle, and last cycle 

discharge capacities for the different current density cycling between 2.8-4.3 V and 2.8-

4.5 V. For simplification, the sample name of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-

Ni83-Bmiddle, and Daisy-Ni83-Bthick are labeled as NoB, B-thin, B-middle, and B-

thick, respectively. All in all, for the 1st cycle at the different current rates between 2.8-

4.3 V and 2.8-4.5 V, all samples deliver almost similar capacity, which means the adding 

inactive boron-related material does not cut down the electrochemical activity of the 

material at the initial step of cycling. Nevertheless, the different added amounts of 

boron-related material would have different effects on the cycling stability, as it has been 

reported that the excess boron doping can block the Li-ion diffusion pathways and/or 

enhance the cation disordering (Lee et al., 2019, Roitzheim et al., 2021). 
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Table 5. 3. Summary of 1st cycle, 100th cycle, and last cycle discharge capacity for 

different current density cycling in 2.8-4.3 V and 2.8-4.5 V (Initial 10 cycles 

performance at 0.1 C is also shown.) 
 

Discharge capacity / mAh g-1 
1 C cycling @ 2.8-4.3 V Discharge capacity / mAh g-1 

0.5 C cycling @ 2.8-4.3 V 
Sample 1st cycle  

(11th cycle) 
100th cycle  

(115th  
cycle) 

150thcycle 
(165th 
cycle) 

1st cycle  
(11th 

cycle) 
100th 
cycle  
(110th 
cycle) 

190th 
cycle 
(200th 
cycle) 

NoB 169.4 148.7 103.8 185.8 173.8 110.8 

B-thin 177.4 167.3 158.3 184.4 178.6 162.8 

B-
middle 

175.1 165.1 152.6 186.6 176.8 160.2 

B-thick 173.2 160 149.3 184.9 169 54.9 
 

Discharge capacity / mAh g-1 
0.2 C cycling @ 2.8-4.3 V 

Discharge capacity / mAh g-1 
0.2 C cycling @ 2.8-4.5 V 

Sample 1st cycle  
(11th cycle) 

100th cycle  
(110th  
cycle) 

140thcycle 
(150th 
cycle) 

1st cycle  
(11th 

cycle) 

100th 
cycle  
(110th 
cycle) 

140th 
cycle 
(150th 
cycle) 

NoB 203.8 183.6 172.3 215.6 179.4 0 

B-thin 195.3 186.8 179.3 217.5 189.9 179.9 

B-
middle 

208 195.2 184.7 211.3 192.4 186.1 

B-thick 197.8 0 0 206.4 0 0 

 Discharge capacity / mAh g-1 
0.1 C cycling @ 2.8-4.3 V 

Discharge capacity / mAh g-1 
0.1 C cycling @ 2.8-4.5 V 

Sample 1st cycle/ 
10th cycle 
(activation 
for 0.5 C 
cycling) 

1st cycle/ 
10th cycle 

(activation 
for 0.2 C 
cycling) 

 1st cycle 
(activation 
for 0.2 C 
cycling) 

10th cycle 
(activation 
for 0.2 C 
cycling) 

 

NoB 208.7/211.4 208.4/213.9  225.8 227.2  

B-thin 206.9/213.3 194.8/200.8  227.7 229 (233.2_3th cycle) 

B-
middle 

198.8/205.5 215.5/220.8  230.4 218.3  

B-thick 197.5/203.7 201.7/210.7  208.8 211.2  
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To better show the modification differences among Daisy-Ni83-Bthin, Daisy-Ni83-

Bmiddle, and Daisy-Ni83-Bthick, the histogram of capacity retentions of full cycles, 

and 100 cycles at 1 C, 0.5 C, 0.2 C in 2.8-4.3 V and at 0.2 C in 2.8-4.5 V of all samples 

referring to Table 5. 3 is shown in Figure 5. 19. For the full long-term cycling under 

each test condition (Figure 5. 19. (a-d)), both Daisy-Ni83-Bthin and Daisy-Ni83-

Bmiddle exhibited good modification effects. For the 100 cycles performance (Figure 

5. 19. (e-h)), only Daisy-Ni83-Bmiddle can achieve all the capacity retention above 90% 

and higher than that of Daisy-Ni83 in all evaluation scenarios. The capacity retention 

for the full cycling of Daisy-Ni83-Bmiddle is 2.80%, 2.44%, and 3.01% lower than 

Daisy-Ni83-Bthin in 2.8-4.3 V at the current rate of 1 C, 0.5 C, and 0.2 C. This difference 

was relatively small. The capacity retention for full cycling of Daisy-Ni83-Bmiddle is 

5.36% higher than Daisy-Ni83-Bthin in 2.8-4.5 V at the current rate of 0.2 C. 

Considering the requirement of high voltage and high capacity to obtain high energy 

density, it can be said that Daisy-Ni83-Bmiddle has better comprehensive properties 

than Daisy-Ni83-Bthin to cope with harsh application conditions of high operating 

voltage. We will focus on the analysis of Daisy-Ni83-Bmiddle in subsequent study.  
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Figure 5. 19. The histogram of capacity retention for Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick: (a-d) full 

cycles capacity retention at 1 C, 0.5 C, 0.2 C in 2.8-4.3 V and at 0.2 C in 2.8-4.5 V, respectively; (e-h) 100 cycles capacity retention at 1 C, 0.5 C, 

0.2 C in 2.8-4.3 V and at 0.2 C in 2.8-4.5 V, respectively. 



173 
 

 
Figure 5. 20. (a, b) Charge/discharge profiles of Daisy-Ni83 and Daisy-Ni83-Bmiddle for 1 C cycling between 2.8-4.3 V from Figure 5. 17. (a) 
involving the 1st cycle at 0.2 C, 11th cycle at 0.5 C, and 16th, 30th, 60th, 90th,120th, 150th cycle at 1 C. (c, d) Corresponding dQ dV−1 curves of Daisy-
Ni83 and Daisy-Ni83-Bmiddle for 1 C cycling between 2.8-4.3 V. (e) Rate performances of all samples between 2.8-4.3 V. (f) 3 C cycling 
performances of all samples in the voltage range of 2.8-4.3 V.  
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The charge/discharge profiles of Daisy-Ni83 and Daisy-Ni83-Bmiddle for 1 C cycling 

between 2.8-4.3 V from cycling performance comparison of Figure 5. 17. (a) are shown 

in Figure 5. 20. (a, b). Compared with the large voltage drop that emerged at Daisy-

Ni83 (Figure 5. 20. (a)) during 1 C cycling, the voltage drop was distinctly depressed 

at Daiy-Ni83-Bmiddle (Figure 5. 20. (b)). The corresponding dQ dV−1 curves of 1 C 

cycling between 2.8-4.3 V are shown in Figure 5. 20. (c, d). It can be seen that no matter 

H1–M phase transition or H2–H3 phase transition, Daisy-Ni83(Figure 5. 20. (c)) suffers 

seriously from polarisation with poor reversibility. In contrast, as shown in Figure 5. 20. 

(d), the shift of oxidation peaks to higher voltage can be effectively suppressed, and the 

reduction peaks moving to lower voltage is also depressed by Daisy-Ni83-Bmiddle 

during 1 C cycling. The voltages for the 1st cycle at 1 C (i.e. the 16th cycle of full 1 C 

cycling) of redox peaks corresponding to H1–M and H2–H3 phase transitions are 

marked out. The relevant oxidation-reduction voltage difference of Daisy-Ni83-

Bmiddle is 0.0308 V and 0.0967 V smaller than that of Daisy-Ni83, with the value of 

0.0837 V and 0.1312 V for the phase transitions. The good reversibility of the phase 

transitions during the charging/discharging process is an important factor accounting for 

the superior electrochemical reversibility of Daisy-Ni83-Bmiddle.  

Furthermore, the rate performances and high current density cycling were investigated. 

Figure 5. 20. (e) and (f) represent the rate performances of all samples of Daisy-Ni83, 

Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick between 2.8-4.3 V 

and the corresponding 3 C cycling performances in the voltage range of 2.8-4.3 V, 

separately. As shown in Figure 5. 20. (e), the rate performance is measured every 5 
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cycles at different current rates of 0.1 C, 0.2 C, 0.5 C, 1 C, 2 C, 3 C, and then back to 

0.1 C and 0.2 C. Obviously, Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle performance 

better rate performance than Daisy-Ni83. When the current density reaches 3 C, the 

pristine Daisy-Ni83 delivers the discharge capacity of 119.5 mAh g-1, while Daisy-Ni83-

Bthin and Daisy-Ni83-Bmiddle can reach 141.7 mAh g-1 and 136.7 mAh g-1, 

individually. When the current density returned to 0.1 C, both Daisy-Ni83-Bthin and 

Daisy-Ni83-Bmiddle exhibited a higher specific capacity of 215.2 mAh g-1 and 210.8 

mAh g-1 than that of Daisy-Ni83 with 204.9 mAh g-1. Although Daisy-Ni83-Bthin 

appears a marginally higher specific capacity than Daisy-Ni83-Bmiddle at a high current 

rate, the cycling stability of Daisy-Ni83-Bthin at 3 C was not ideal compared with 

Daisy-Ni83-Bmiddle. The capacity retention of Daisy-Ni83-Bthin for 3 C cycling with 

100 cycles is 80.73%, higher than that of Daisy-Ni83 with a capacity retention of 69.9%, 

but lower than that of Daisy-Ni83-Bmiddle with a capacity retention of 91.86%. Daisy-

Ni83-Bthick exhibits the weakest modification effect, with a capacity retention of 

78.77%. To better demonstrate the modification effect of Daisy-Ni83-Bmiddle for 

cycling under a high current rate, only the capacity retentions of Daisy-Ni83 and Daisy-

Ni83-Bmiddle are presented in Figure 5. 20. (f). Contrasted to the quick capacity decay 

and capacity fluctuation of Daisy-Ni83 at 3 C cycling, Daisy-Ni83-Bmiddle displayed 

excellent cycling stability with much slower capacity decay. The delivered discharge 

capacity at the end 100th cycle at 3 C is greatly enhanced from 74.3 mAh g-1 for Daisy-

Ni83 to 121.8 mAh g-1 for Daisy-Ni83-Bmiddle.  
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To highlight the benefit of the integration of boron-related coating and doping together 

with the intrinsic daisy-like structure for strengthening the electrochemical performance 

of Ni-rich cathode material, the modified results by Daisy-Ni83-Bthin and Daisy-Ni83-

Bmiddle were compared with those of other Ni-rich cathode materials. The comparison 

is gathered in Table 5. 4. The initial capacity and capacity retention data under the test 

conditions are listed.  

In summary, regardless of whether the modification with single doping treatment by 

boron or other multielements (Amalraj et al., 2021, Roitzheim et al., 2021, Zhang et al., 

2021b), or the single coating treatment of B2O3 or LiBO2/B2O3 hybrid material (Chen 

et al., 2021, Su et al., 2022), the combination treatment of doping and coating (Feng et 

al., 2020), or structure adjustment to form a radially oriented structure by boron doping 

(Park et al., 2018, Lee et al., 2019), Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle exhibit 

more stable cycling performances at a cut-off voltage of 4.3 V. Even at a higher cut-off 

voltage (4.5 V), superior performance was achieved by Daisy-Ni83-Bmiddle. 

Meanwhile, the initial discharge capacities of Daisy-Ni83-Bthin and Daisy-Ni83-

Bmiddle were also relatively high, indicating their superior competitiveness as excellent 

Ni-rich cathode materials.  
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Table 5. 4. Electrochemical performance comparison between this work and other 

people’s reports. 

Electrodes Modification 
Rate 

(mA/g) 

Initial 
Capacity 
(mAh/g) 

Capacity 
Retention 

References 

Daisy-Ni83 
Combined boron-

related coating 
and doping 

200 
(2.8-4.3 V) 177.4/175.1 94.31%/94.29% 

(100 cycles) 
Daisy-Ni83-Bthin/ 

Daisy-Ni83-Bmiddle 
(this work) 

LiNi
0.8

Co
0.1

Mn
0.1

O
2
 

Zirconium and 
boron co-doping 

and lithium 
zirconium coating 

200 
(3.0-4.3 V) ≈180 89.9% 

(100 cycles) (Feng et al., 2020) 

LiNi
0.85

Co
0.10

Mn
0.05

O
2
 Boron doping 200 

(3.0-4.3 V) ≈180 94% 
(100 cycles) (Amalraj et al., 2021) 

Daisy-Ni83 
Combined boron-

related coating 
and doping 

100 
(2.8-4.3 V) 184.4/186.6 

96.85%/94.75% 
(100 cycles) 

88.29%/85.85% 
(200 cycles) 

Daisy-Ni83-Bthin/ 
Daisy-Ni83-Bmiddle 

(this work) 

LiNi
0.8

Co
0.1

Mn
0.1

O
2
 Boron doping 80 

(3.0-4.3 V) ≈170 87% 
(120 cycles) (Roitzheim et al., 

2021) 

LiNi
0.84

Co
0.10

Mn
0.06

O
2
 

Boron doping to 
form radially 

oriented structure 
100 

(3.0-4.3 V) ≈187 93.1% 
(50 cycles) (Lee et al., 2019) 

LiNi
0.90

Co
0.05

Mn
0.05

O
2
 

Boron doping to 
form radially 

oriented structure 
90 

(2.7-4.3 V) unknown 91% 
(100 cycles) (Park et al., 2018) 

Daisy-Ni83 
Combined boron-

related coating 
and doping 

40 
(2.8-4.3 V) 195.3/208 95.65%/93.85% 

(100 cycles) 
Daisy-Ni83-Bthin/ 

Daisy-Ni83-Bmiddle 
(this work) 

LiNi
0.87

Co
0.10

Al
0.03

O
2
 B

2
O

3
 coating 40 

(2.8-4.3 V) 184 86% 
(100 cycles) (Chen et al., 2021) 

LiNi
0.8

Co
0.1

Mn
0.1

O
2
 LiBO

2
/B

2
O

3
 hybrid 

coating 
40 

(2.75-4.3 V) 185.8 95.7% 
(100 cycles) (Su et al., 2022)  

Daisy-Ni83 
Combined boron-

related coating 
and doping 

40 
(2.8-4.5 V) 217.5/211.3 87.31%/91.06% 

(100 cycles) 
Daisy-Ni83-Bthin/ 

Daisy-Ni83-Bmiddle 
(this work) 

LiNi
0.8

Co
0.1

Mn
0.1

O
2
 

Doping with 
sodium and 

bromine 
36 

(3.0-4.5 V) ≈210 87.68% 
(100 cycles) (Zhang et al., 2021b) 
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EIS is further studied. The sum of the internal resistances decreased after modification. 

Table inserted in Figure 5. 21. (a) displays the detailed resistance. The electrolyte 

resistances(𝑅𝑅𝑠𝑠)  in each coin cell are similar about 1 Ω, while the charge transfer 

resistance (𝑅𝑅𝐶𝐶𝑅𝑅) on the surface of the cathode material becomes lower from 69.72 Ω for 

the pristine Daisy-Ni83, to 50.15 Ω for Daisy-Ni83-Bthin, to 32.1 Ω for Daisy-Ni83-

Bmiddle, and to 54.46 Ω for Daisy-Ni83-Bthick. To sum up the above analysis, it can 

be seen that the modification causes the charge transfer resistance of the cathode 

material to decline, which can be considered as the direct reason for promoting 

delithiation phase transition reactions, resulting in increased capacity in the charging 

process. Daisy-Ni83-Bmiddle had the lowest internal resistance, coinciding with the 

highest charge capacities in the first cycles, as shown in Figure 5. 18.  

The Warburg impedance can be represented by the low-frequency region of the Nyquist 

plot related to Li-ion diffusion (Luo et al., 2018). As shown in the EIS test in Figure 5. 

21. (a), the phase angles of the oblique lines are not 45° but tend to be 90°, which 

indicates the Warburg impedances of tested samples are consistent with the case of the 

finite diffusion model under reflective boundary conditions (Lazanas and Prodromidis, 

2023). Equation (5. 1) is used to calculate Li-ion diffusion coefficient 𝐷𝐷𝐿𝐿𝐿𝐿+: 

𝐷𝐷𝐿𝐿𝐿𝐿+ = 𝑅𝑅2𝑅𝑅2

2𝐴𝐴2𝑛𝑛4𝑛𝑛4𝐶𝐶𝐿𝐿𝐿𝐿
2 𝜎𝜎2

     Equation (5. 1) 

Where 𝑅𝑅 is the gas constant, 𝑇𝑇 is the absolute temperature (298.15 K), 𝐴𝐴 is the surface 

area of electrode (1.5394 𝑟𝑟𝑚𝑚2), 𝑛𝑛 is the number of electrons per molecule during the 

redox process, 𝑛𝑛  is the Faraday constant, 𝐿𝐿𝐿𝐿𝐿𝐿  is the concentration of lithium ion in 

electrode (10-3 𝑚𝑚𝑚𝑚𝑚𝑚 𝑟𝑟𝑚𝑚−3), and 𝜎𝜎 is the Warburg factor. The slope of the plot for 𝑍𝑍′ vs 



179 
 

𝜔𝜔−1/2 is 𝜎𝜎, the corresponding relationship lines between 𝑍𝑍′ and 𝜔𝜔−1/2 for all samples 

are shown in Figure 5. 21. (b) by selecting the tail data from the Nyquist plots. The 

calculated Li-ion diffusion coefficients for each sample are illustrated in Figure 5. 21. 

(c). For Daisy-Ni83, 𝐷𝐷𝐿𝐿𝐿𝐿+  is calculated to be 8.19 × 10−13 cm2 s−1. For Daisy-Ni83-Bthin, 

Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick, 𝐷𝐷𝐿𝐿𝐿𝐿+ are higher with the value of 3.51× 

10−12 cm2 s−1, 4.61× 10−12 cm2 s−1, and 3.5× 10−12 cm2 s−1, respectively. This 

modification can indeed enhance the Li-ion diffusion rate, which plays a positive role 

in improving the rate performance.  

 

Figure 5. 21. (a) EIS test results of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-

Bmiddle, and Daisy-Ni83-Bthick with Nyquist plots and fitting data; (b) Warburg plot 

used to calculate Li-ion diffusion coefficient; (c) the corresponding diffusion 

coefficients of Li-ion in each cathode material.  
 
 



180 
 

Commonly, a high state of charge (SOC) is believed to be detrimental to the weakening 

of the electrochemical performance of Ni-rich cathode materials owing to the potential 

boost in oxygen release and Li+/Ni2+ cation mixing (Yang et al., 2023). Combining all 

the electrochemical analyses for all the samples, we can conclude that the capacity 

fading during long-term cycling of Daisy-Ni83 can be significantly mitigated by Daisy-

Ni83-Bthin and Daisy-Ni83-Bmiddle, even at a high SOC, corresponding to the high 

charge capacity in the first cycle. The long-term cycling data for each cathode material 

at different current rates and cut-off voltages are summarised here. On the whole, the 

capacity retention of full 165 cycles at 1 C cycling with initial 10 cycles at 0.2 C and 5 

cycles at 0.5 C in 2.8-4.3 V develops from 61.28% for Daisy-Ni83 to 89.23% for Daisy-

Ni83-Bthin and 87.15% for Daisy-Ni83-Bmiddle. The capacity retention of full 200 

cycles at 0.5 C cycling with initial 10 cycles at 0.1 C in 2.8-4.3 V develops from 59.63% 

for Daisy-Ni83 to 88.29% for Daisy-Ni83-Bthin and 85.85% for Daisy-Ni83-Bmiddle. 

The capacity retention of full 150 cycles at 0.2 C cycling with initial 10 cycles at 0.1 C 

in 2.8-4.3 V develops from 84.54% for Daisy-Ni83 to 91.81% for Daisy-Ni83-Bthin and 

88.8% for Daisy-Ni83-Bmiddle. The capacity retention of full 100 cycles at 3 C cycling 

with initial 10 cycles at 0.1 C in 2.8-4.3 V develops from 69.9% for Daisy-Ni83 to 80.73% 

for Daisy-Ni83-Bthin and 91.86% for Daisy-Ni83-Bmiddle. Additionally, at the higher 

cut-off voltage, the capacity retention of the full 150 cycles at 0.2 C with initial 10 cycles 

at 0.1 C in 2.8-4.5 V develops from the complete failure with 0% for Daisy-Ni83 to 

82.71% for Daisy-Ni83-Bthin and 88.07% for Daisy-Ni83-Bmiddle.  

Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle should have achieved the designed coating 
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and doping modification to provide effective protection for long-term cycling. In the 

case of a larger current and higher operating voltage, Daisy-Ni83-Bmiddle is more 

excellent than Daisy-Ni83-Bthin with better cycling stabilities. There must be some 

modification differences between Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle, which 

will be revealed using various characterisation methods. The negative effect of Daisy-

Ni83-Bthick on long-term cycling under most test conditions is also discussed.  

5.3.3. Modification Mechanism of Daisy-Ni83-Bthin and Daisy-

Ni83-Bmiddle with the Analysis of ICP-OES, XRD, SEM-

EDS, TEM, and XPS  

The mole ratio of Li, Ni, Co, Mn, and B of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-

Bmiddle, and Daisy-Ni83-Bthick are tested based on the analysis of ICP-OES. The data 

are presented in Table 5. 5. For Daisy-Ni83, the mole ratio of Li, Ni, Co, Mn, and B is 

1.05: 0.829: 0.0489: 0.118: 0.00432. The molecular formula of Daisy-Ni83 is 

Li1.05Ni0.829Co0.049Mn0.118B0.004O2. According to the rounding rule, a 0.004-mole ratio of 

boron in Daisy-Ni83 can be rounded to a 0.00-mole ratio, which is negligible. For Daisy-

Ni83-Bthin, the mole ratio is 1.03: 0.821: 0.0482: 0.117: 0.0136 for Li: Ni: Co: Mn: B. 

For Daisy-Ni83-Bmiddle, the mole ratio is 1.02: 0.819: 0.0481: 0.116: 0.0170 for Li: 

Ni: Co: Mn: B. In the case of Daisy-Ni83-Bthick, the mole ratio of B suddenly decreased 

to 0.0103, and the corresponding mole ratio was 1: 0.824: 0.0484: 0.118: 0.0103 for Li: 

Ni: Co: Mn: B. These ICP-OES data imply that the modification makes boron 

participates in the formation of the active material. There are three possible existence 
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forms either in the form of boron-related doping or in the form of boron-related coating, 

or in the form of combined boron-related doping and coating. The following 

characterisations SEM and TEM, will address this question. Other characterisation 

methods including X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 

(XPS), will be used to clarify the modification mechanism of the greatly developed 

cycling stability by Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle. 

 

Table 5. 5. ICP-OES analysis of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, 

and Daisy-Ni83-Bthick. 

Active material Elementary composition [mol] 
Li Ni Co Mn B 

Daisy-Ni83 1.05 0.829 0.0487 0.118 0.00432 (negligible) 

Daisy-Ni83-Bthin 1.03 0.821 0.0482 0.117 0.0136 

Daisy-Ni83-Bmiddle 1.02 0.819 0.0481 0.116 0.0170 

Daisy-Ni83-Bthick 1 0.824 0.0484 0.118 0.0103 
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Figure 5. 22 shows the SEM images of different precursors and the corresponding 

cathode material of Daisy-Ni83 (a1-a6), Daisy-Ni83-Bthin (b1-b6), Daisy-Ni83-

Bmiddle (c1-c6), and Daisy-Ni83-Bthick (d1-d6) at different magnifications. Before the 

sol/antisolvent B2O3 coating, the gaps between the lamella-shaped structures with the 

same orientation as the primary particles of the precursor can be clearly identified in 

Figure 5. 22. (a1). After the pristine precursor was subjected to the sol/antisolvent B2O3 

coating with different ethanol sols with different B2O3 concentrations, the gaps between 

the lamella-shaped structure with the same orientation of primary particles of the 

precursor were filled, as shown in Figure 5. 22. (b1), (c1), and (d1), which corresponds 

to the precursor of Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick.  
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Figure 5. 22. SEM images of different precursors and the corresponding cathode 

material of Daisy-Ni83(a1-a6), Daisy-Ni83-Bthin(b1-b6), Daisy-Ni83-Bmiddle(c1-c6), 

and Daisy-Ni83-Bthick(d1-d6) at different magnifications. (The large-sized B2O3 

particles on the precursor of Daisy-Ni83-Bthick are circled by the yellow dotted lines.) 
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Meanwhile, the boundaries between the lamella-shaped structures of each primary 

particle of the precursor became more blurred from Daisy-Ni83-Bthin to Daisy-Ni83-

Bmiddle, then to Daisy-Ni83-Bthick, accompanied by an increase in the B2O3 

concentration in the sol. In particular, the precursor of Daisy-Ni83-Bthick (Figure 5. 22. 

(d1)), not only the gaps between lamella-shaped structures of each primary particle are 

filled with small nano-sized B2O3, but the boundaries between different primary 

particles are also covered by relatively larger B2O3 particles, which are circled by the 

yellow dotted lines. An enlarged SEM image of the Daisy-Ni83-Bthick precursor is 

shown in Figure 5. 23. Obviously, such a large slender strip of material enlarged at the 

right side is composed of many nearly 80 nm-sized B2O3 particles.  

 

 

Figure 5. 23. Enlarged SEM image of the precursor of Daisy-Ni83-Bthick. 
 

Theoretically, accompanied by an increase in the amount of B2O3 in the ethanol sol, the 

amount of B2O3 coating on the precursor should increase, resulting in an increased mole 

ratio of boron and a decreased mole ratio of lithium in the cathode material. This is 

because the increased addition of boron induced more lithium sources to be consumed 
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after the reaction with B2O3, resulting in a variation in the composition. ICP-OES 

analysis of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-

Bthick shown in Table 5. 5 is broadly consistent with this idea. The mole ratio of Li 

gradually decreases from 1.05 for Daisy-Ni83, to 1.03 for Daisy-Ni83-Bthin, then to 

1.02 for Daisy-Ni83-Bmiddle, and finally to 1 for Daisy-Ni83-Bthick.  

The mole ratio of boron increases from 0.00432 (negligible) for Daisy-Ni83, to 0.0136 

for Daisy-Ni83-Bthin, to 0.0170 for Daisy-Ni83-Bmiddle, and finally back to 0.0103 

for Daisy-Ni83-Bthick. The sudden decrease in the amount of boron in Daisy-Ni83-

Bthick can be ascribed to the larger amount of large-sized B2O3 particles adhered to the 

precursor of Daisy-Ni83-Bthick, which is different from Daisy-Ni83-Bthin and Daisy-

Ni83-Bmiddle. Compared to the small-sized B2O3 particles, the adhesion of the large-

sized B2O3 particles onto the precursor of Daisy-Ni83-Bmiddle was relatively weak, as 

shown in the enlarged SEM image in Figure 5. 23. Large-sized B2O3 particles protrude 

from the precursor of Daisy-Ni83-Bthick, and some even have a length longer than 1 

µm which can be easily removed by rubbing in the ball mill machine during the process 

of mixing with a lithium source.  

The appearance of large-sized B2O3 particles on the precursor of Daisy-Ni83-Bthick is 

ascribed to the ethanol sol containing the insufficiently dispersed large-scale nanosized 

B2O3 particles, owing to the large amount of added B2O3 in ethanol with the limited time 

of ultrasonic treatment. The large nanosized B2O3 particles further gathered together at 

high-speed rotation, resulting in isolated and long linear-shaped adhesions. Although 

more lithium sources are consumed by a greater amount of B2O3 during the calcination 
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process for synthesising Daisy-Ni83-Bthick, some of the formed lithium-boron oxides 

are separated from the active material owing to the stripping of the large-sized B2O3 

particles during the ball milling process. The separated lithium-boron oxides did not 

participate in modifying the active material and did not appear in the Daisy-Ni83-Bthick 

sample for the ICP-OES test; therefore, the larger amount of boron was not detected. 

Meanwhile, the mole ratio of Ni is higher for Daisy-Ni83-Bthick than Daisy-Ni83-Bthin 

and Daisy-Ni83-Bmiddle, but lower than Daisy-Ni83 also indicates only small amounts 

of B2O3 taking part in the modification in Daisy-Ni83-Bthick, large amounts of B2O3 

are wasted due to the insufficient ultrasonic treating time for high concentrated B2O3 

ethanol sol. The boron-related coating on the precursor was recognised by subsequent 

SEM-EDS analysis.  

The surface distinctions on the precursors of Daisy-Ni83, Daisy-Ni83-Bthin, Daisy-

Ni83-Bmiddle, and Daisy-Ni83-Bthick can be identified in Figure 5. 22. (a1)-(d1) and 

(a2)-(d2), but the SEM surface images (Figure 5. 22. (a3)-(d3) and (a4)-(d4)) and cross-

section images (Figure 5. 22. (a5)-(d5) and (a6)-(d6)) of each cathode material in 

Figure 5. 22 look similar at different magnifications. Nevertheless, it can be confirmed 

that all cathode materials maintain a daisy-like radial refined structure, as shown in 

Figure 5. 22. (a6), (b6), (c6), and (d6) marked by the red dotted lines, which indicates 

that the modified cathode materials of Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and 

Daisy-Ni83-Bthick all can inherit the intrinsic radially aligned microstructure from the 

precursor.   
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Figure 5. 24. XRD diffraction patterns of cathode material of Daisy-Ni83, Daisy-Ni83-

Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick with high power Bruker D8 

ADVANCE. 
 

Table 5. 6. The intensity ratio of I(003)/I(104) for each active material 

Active material I(003)/I(104) 

Daisy-Ni83 1.5601 

Daisy-Ni83-Bthin 1.4537 

Daisy-Ni83-Bmiddle 1.5831 

Daisy-Ni83-Bthick 1.2324 

 

Figure 5. 24 shows the XRD diffraction patterns of cathode material of Daisy-Ni83, 

Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick with high power 

Bruker D8 ADVANCE. All the samples can match well with the standard pattern of 
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𝑅𝑅3�𝑚𝑚 LiNiO2 (JCPDS No.09-0063). The corresponding intensity ratios I(003)/I(104) for 

each active material are listed in Table 5. 6. The intensity ratio of the (003) peak to the 

(104) peak could be used as an indicator of the degree of cation mixing. Among these 

four active materials, the intensity ratio I(003)/I(104) of Daisy-Ni83-Bthick is the lowest 

at nearly 1.2, which means that this material has relatively serious cation mixing 

compared with the other three materials (Ren et al., 2020). The poor Li/Ni ordering was 

responsible for the negative effect of Daisy-Ni83-Bthick on long-term cycling under 

most test conditions. The relatively high intensity ratios of I(003)/I(104) for Daisy-

Ni83-Bthin and Daisy-Ni83-Bmiddle which are larger than 1.2, are favourable factors 

for excellent long-term cycling stability under most test conditions. The poor Li/Ni 

ordering of Daisy-Ni83-Bthick can be ascribed to the presence of higher amounts of 

B2O3 on the precursor, which can consume more lithium and make the lithium source 

relatively lean for lithiation of the precursor itself.  

Figure 5. 25 presents magnifications of selected 2-Theta regions from Figure 5. 24. It 

indicates that, compared with the pristine Daisy-Ni83 (NoB), Daisy-Ni83-Bthin (B-

thin), and the sample Daisy-Ni83-Bthick (B-thick)) samples, the peaks slightly shifted 

to higher angles due to the shrinking of the unit cell by the small boron ions substituting 

the larger metal ions at the TM layer (Roitzheim et al., 2021). While the sample Daisy-

Ni83-Bmiddle shows peaks slightly shifting to lower angles, indicating that the unit cell 

volume is expanded by B doping at the interstitial sites of the packed oxygen in the TM 

and lithium layers (Roitzheim et al., 2021, Chen et al., 2018). Regardless of whether B 

is doped at the Ni site or at the interstitial site, the XRD data imply that the designed 
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modification can achieve boron doping in the cathode material. However, the number 

of borons participating in the doping modification and the number of borons 

participating in the coating modification for each sample could not be determined. The 

XRD analysis demonstrates that the boron-related sol/antisolvent treatment does not 

destroy the Li/Ni ordering of Daisy-Ni83-Bthin and Daisy-Ni83-Bmiddle but weakens 

the Li/Ni ordering of Daisy-Ni83-Bthick.  

 

Figure 5. 25. Amplifications of selected 2-Theta regions from Figure 5. 24.  
 

Figure 5. 26 illustrates EDS mapping of O, Ni, Mn, Co, and B elements for Daisy-Ni83-

Bthin precursor (B-thin precursor), Daisy-Ni83-Bthin cathode material, and Daisy-

Ni83-Bmiddle cathode material. For the top row of the B-thin precursor, five elements, 

O, Ni, Mn, Co, and B were identified on the surface of each secondary particle of the 

B-thin precursor, and these elements were uniformly distributed to shape each 

secondary particle of the B-thin precursor. Because boron is a light element and its mole 

ratio is also the lowest among O, Ni, Mn, Co, and B elements, the signal intensity of 

boron is not as high as that of other elements. EDS mapping of the B-thin precursor 
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demonstrates that the precursor can achieve a uniform coating of nano B2O3 particles 

even with the lowest B2O3 concentration in ethanol sol for synthesising Daisy-Ni83-

Bthin by sol/antisolvent treatment. However, in the element mapping of the cathode 

material of Daisy-Ni83-Bthin, as shown in the middle row, O, Ni, Mn, and Co can be 

identified on the surface of each secondary particle of Daisy-Ni83-Bthin, whereas the B 

element does not show up to outline the shape of each secondary particle. In the bottom 

row of the cathode material Daisy-Ni83-Bmiddle, the signal intensity of boron on the 

surface is clear, which can visualise the shape of each secondary particle matching the 

O, Ni, Mn, and Co element mappings. B single on the left bottom of the particle is 

relatively weak because there is a certain angle for the high-energy electron beam 

irradiating the surface of the particle, and the left bottom area is shaded from the 

projected side of the spherical-like powder. Based on the EDS mapping and XRD results, 

it can be speculated that the coated nano B2O3 particles on the precursor dominantly 

participated in the doping modification of Daisy-Ni83-Bthin. For Daisy-Ni83-Bmiddle, 

the coated nano B2O3 particles on the precursor participate in both doping and coating 

because of the relatively higher B2O3 concentration in the ethanol sol for Daisy-Ni83-

Bmiddle than for Daisy-Ni83-Bthin.  
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Figure 5. 26. EDS mapping of O, Ni, Mn, Co, and B elements for B-thin precursor, Daisy-Ni83-Bthin, and Daisy-Ni83-Bmiddle. 
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The speculation that Daisy-Ni83-Bthin is mainly subjected to boron doping, and Daisy-

Ni83-Bmiddle is subjected to both boron-related whole surface coating and doping is 

further confirmed by TEM analysis. Figure 5. 27 presents TEM images of the cathode 

materials Daisy-Ni83 and Daisy-Ni83-Bthin with high resolution. In Figure 5. 27. (a1), 

the left image is a spherical secondary particle of Daisy-Ni83, and the right image is the 

corresponding enlarged image of the green-circled part on the left. The selected area 

electron diffraction (SAED) pattern is shown inside. 0.4708 nm spacing for (003) 

planes, 0.2003 nm spacing for (104) planes, and 0.2486 nm spacing for (101) planes 

match well with the standard XRD pattern of 𝑅𝑅3�𝑚𝑚  LiNiO2 (JCPDS No.09-0063). 

Another TEM image of Daisy-Ni83 is shown in Figure 5. 27. (a2), a very clear atomic 

arrangement can be visualised on the right of Figure 5. 27. (a2), the distance of the 

lattice fringes is measured to be 0.4715 nm consistent with the (003) interplanar spacing 

of 𝑅𝑅3�𝑚𝑚 LiNiO2. Therefore, the good crystallinity of the secondary particles of pristine 

Daisy-Ni83 was confirmed.  

For comparison, Figure 5. 27. (b1 and b2) show the TEM images of Daisy-Ni83-Bthin. 

The SAED pattern along with high-resolution TEM images of the green circled part of 

the Daisy-Ni83-Bthin particle are presented. In the SAED pattern of Figure 5. 27. (b2), 

(104), (101), and (113) crystalline planes are identified. Meanwhile, a halo feature 

appears in the centre of the SAED pattern, indicating the existence of an amorphous 

material (Roslova et al., 2023). The amorphous material is the coating layer, and a clear 

border between the bulk of the active material and amorphous material can be discerned. 

However, only this local protruding part which is cycled by the green line appears as 
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the coating layer for Daisy-Ni83-Bthin, which cannot be found in other locations along 

the edges of the particles, as shown in Figure 5. 27. (b1). The further amplified image 

labelled with “2” presents an image of gradual disappearance of the coating layer. This 

observation indicates that Daisy-Ni83-Bthin possesses only a partial coating on the 

surface of the spherical secondary particles. The coating is very local and does not 

completely wrap the secondary particles.   

For Daisy-Ni83-Bmiddle, the complete and uniform coating of spherical secondary 

particles can be detected by TEM analysis. Figure 5. 28 presents the TEM image of the 

cathode material of Daisy-Ni83-Bmiddle. A spherical secondary particle of Daisy-Ni83-

Bmiddle is shown in Figure 5. 28. (a). The picture on the right in Figure 5. 28. (a) is 

the magnified image of the green circled part of the Daisy-Ni83-Bmiddle particle, a very 

uniform coating layer with the thickness about 10 nm can be distinguished. After 

observing the full circle of the secondary particle, all areas of the secondary particle 

surface appeared as a coating. The representative areas are labelled with “Ⅰ”, “Ⅱ”, and 

“Ⅲ” in Figure 5. 28. (a) and the corresponding enlarged TEM images are shown in 

Figure 5. 28. (b, c, and d). In these enlarged figures, the thicknesses of the coating layers 

at different positions are indicated by blue dotted lines. For the area of “Ⅰ”, the thickness 

of 16.3 nm, 15.5 nm, and 14.6 nm are measured for the coating layer. For the area of 

“Ⅱ”, the coating thickness of 7.4 nm and 8.4 nm are measured. The coating thickness of 

12.8 nm, 7.8 nm, and 11.2 nm are measured for the area “Ⅲ”. The coating layer was 

continuous with an average thickness of 11.75 nm based on the eight measured positions, 

as shown in Figure 5. 28. This observation indicates that the coating layer is relatively 
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uniform and complete for the spherical secondary particles of Daisy-Ni83-Bmiddle, 

which is different from the gradually disappearing coating layer of Daisy-Ni83-Bthin, 

as shown in Figure 5. 27. (b1) and (b2). Meanwhile, the complete coating layer of 

Daisy-Ni83-Bmiddle was very smooth and dense, as shown in the magnified TEM 

images with a scale bar of 10 nm.  

In the high-resolution TEM (HRTEM) images of Figure 5. 28. (a), (b), (c), and (d), the 

interplanar spacings of 0.2036 nm, 0.4763 nm (or 0.4789 nm), and 0.2435 nm match 

well with the (104), (003), and (101) crystal planes of 𝑅𝑅3�𝑚𝑚 LiNiO2. The interplanar 

spacing of the (003) plane is shown in Figure 5. 28. (b), the two measured interplanar 

distances (0.4763 nm and 0.4789 nm) are larger than the d-spacing of 0.4715 nm for the 

(003) plane for the pristine Daisy-Ni83, as shown in Figure 5. 27. (a2). This means that 

lattice expansion of the material occurs after the combined boron-related doping and 

coating of Daisy-Ni83-Bmiddle. The TEM observation of Daisy-Ni83-Bmiddle is 

consistent with the XRD results, both indicate the volume expansion of the unit cell of 

Daisy-Ni83-Bmiddle, in contrast to the pristine Daisy-Ni83 (Liu et al., 2023, Huang et 

al., 2020). 

Such coating modifications can also be found in other secondary particle surfaces in 

Daisy-Ni83-Bmiddle. EDS mapping and TEM observations indicated that Daisy-Ni83-

Bmiddle achieved combined boron-related doping and coating, and the coating was 

complete and relatively uniform on the secondary particle. Daisy-Ni83-Bthin also 

achieves boron-related doping and coating, but the coating is incomplete and very local 

on the particle surface. Therefore, compared with Daisy-Ni83-Bthin, Daisy-Ni83-
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Bmiddle exhibits better cycling stability at high cut-off voltage and high current density. 

The excellent electrochemical performance of Daisy-Ni83-Bmiddle under harsh 

conditions of high cut-off voltage and high current density can be ascribed to the smooth, 

dense, and complete coating layer, which provides stronger protection than the 

incomplete coating of Daisy-Ni83-Bthin against side reactions between the cathode 

material surface and the electrolyte. 
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Figure 5. 27. TEM images of cathode material: (a1 and a2) Daisy-Ni83; (b1 and b2) Daisy-Ni83-Bthin, panel b2 is the enlarged image from the 

area in the green circled part shown in panel b1. 
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Figure 5. 28. TEM images of cathode material of Daisy-Ni83-Bmiddle: (a) the spherical secondary particle of Daisy-Ni83-Bmiddle with high-

resolution TEM image; (b, c, and d) enlarged images for the local areas indicated as “Ⅰ”, “Ⅱ”, and “Ⅲ” of the spherical particle in panel (a).
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The EDS analysis equipped in the TEM machine was performed on the coating layer 

and the near-surface area for the cathode material of Daisy-Ni83-Bthin, which are 

shown in Figure 5. 29. The area inside the coating layer (left image in Figure 5. 29), 

the atomic fraction of B is as high as 21.71%, which means that the coating layer is 

composed of boron-related material. For the near-surface area as shown on the right-

hand side of Figure 5. 29, the atomic fraction of B is detected to be 5.97%, and the 

corresponding mole percentage of B in the sum of Ni, Co, Mn, and B is calculated to be 

9.9% much higher than that the ICP-OES result of 1.36% shown in Table 5. 5. This 

indicates that boron doping mainly occurred in the near-surface area of the secondary 

particles. This point of view is further confirmed by the EDS mapping analysis of the 

entire secondary particle of Daisy-Ni83-Bthin, as shown in Figure 5. 30. For the 

micron-level survey, EDS can be used to measure a depth of more than 300 nm below 

the surface. The corresponding signal acquisition of the entire secondary particle of 

Daisy-Ni83-Bthin costs about 30 min, the atomic fraction of B is 0.18% for the 

secondary particle and much lower than the B atomic fraction of 5.94% in the near-

surface area. Meanwhile, the B signal in the EDS element mapping does not appear 

because of the very low atomic fraction. It is worth noting that the phenomenon of B 

atom doping mainly in the surface region of the cathode material, has also been reported 

by other researchers for the modification of the NCA(LiNi0.8Co0.15Al0.05O2) cathode 

(Chen et al., 2018).  
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Figure 5. 29. EDS analysis on the coating layer and the near-surface area for cathode 

material of Daisy-Ni83-Bthin (The analysis area is at position “1” marketed in Figure 

5. 27. (b2)). 
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Figure 5. 30. EDS compositional maps of the Ni, Co, Mn, O, and B elements for a 

secondary particle of Daisy-Ni83-Bthin from Figure 5. 27. (b1). 
 

For the boron-related coating layer, the mole ratios of B: O in the TEM-EDS survey 

were found to be 21.71:36.29 equal to 0.598, matching with the composition of LiBO2 

rather than Li3BO3. The coating material was the glass amorphous LiBO2. XPS results 

(Figure 5. 31) about the B 1s peaks in the XPS spectra of different cathode material 

powders further confirm this conclusion. There was no obvious B 1s XPS peak for 

Daisy-Ni83 (Figure 5. 31. (a)). Meanwhile, B 1s XPS peaks appeared in Daisy-Ni83-

Bthin (Figure 5. 31. (b)), Daisy-Ni83-Bmiddle (Figure 5. 31. (c)), and Daisy-Ni83-
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Bthick (Figure 5. 31. (d)) at around 192 eV, corresponding to the B-O bonding of LiBO2 

(Hu et al., 2017). Glass amorphous LiBO2 is a faster ion conductor, which is beneficial 

for the rate performance (Zhao et al., 2022a).  

 

Figure 5. 31. B 1s peaks at XPS spectrum of cathode material powders: (a) Daisy-Ni83; 

(b) Daisy-Ni83-Bthin; (c) Daisy-Ni83-Bmiddle; and (d) Daisy-Ni83-Bthick. 

 

The particles of Daisy-Ni83 and Daisy-Ni83-Bmiddle after a total of 150 cycles at 1 C 

with the initial 10 cycles at 0.2 C and 5 cycles at 0.5 C between 2.8-4.3 V were observed 

by TEM, with images shown in Figure 5. 32. (a1-a4) and (b1-b4), respectively. A 

secondary particle of the cycled Daisy-Ni83 without modification is shown in Figure 5. 

32. (a1). Another secondary particle of the cycled Daisy-Ni83-Bmiddle with a complete 

coating is shown in Figure 5. 32. (b1). According to Figure 5. 32. (a2) with a scale bar 
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of 100 nm, the CEI on the cycled Daisy-Ni83 is obvious along the surface, which looks 

incompact different from the LBO2 coating layer. Such an incompact CEI can hardly be 

found on the surface of the cycled Daisy-Ni83-Bmiddle with the same scale bar of 100 

nm, as shown in Figure 5. 32. (b2). A few carbon blacks with ellipsoidal shapes adhering 

to the coating layer of the cycled Daisy-Ni83-Bmiddle can be found (Zhao et al., 2019, 

Galimberti et al., 2020). The thickness of the CEI on cycled Daisy-Ni83 reached 25 nm, 

as shown in Figure 5. 32. (a3) almost reach the thickness of LiBO2 coating layer on the 

cycled Daisy-Ni83-Bmiddle shown in Figure 5. 32. (b3). In contrast to the dense and 

smooth coating layer in Figure 5. 32. (b3), the inhomogeneous characteristic of the CEI 

on the cycled Daisy-Ni83 in Figure 5. 32. (a3) appeared to be more prominent with 

further magnification. The further magnified TEM images of cycled Daisy-Ni83 and 

Daisy-Ni83-Bmiddle are observed. In contrast to the thick and inhomogeneous CEI of 

Daisy-Ni83, as shown in Figure 5. 32. (a4), a layer with a thickness of less than 5 nm 

and relatively even CEI deposits on the outside of the coating layer of Daisy-Ni83-

Bmiddle can be detected in Figure 5. 32. (b4). Overall, the CEI of cycled Daisy-Ni83-

Bmiddle is much smaller and flatter than that of cycled Daisy-Ni83, which indicates that 

the side reactions were greatly suppressed by Daisy-Ni83-Bmiddle, leading to better 

cycling performance. 
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Figure 5. 32. TEM images of Daisy-Ni83 and Daisy-Ni83-Bmiddle particles at different magnifications after the total 150 cycles at 1 C with the 

initial 10 cycles at 0.2 C and 5 cycles at 0.5 C between 2.8-4.3 V: (a1-a4) Daisy-Ni83 and (b1-b4) Daisy-Ni83-Bmiddle with complete coating. 
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It is known that CEI is mainly initiated by side reactions between the electrolyte and the 

surface of Ni-rich materials, along with the decomposition of electrolytes and the 

dissolution of transition metals (Fang et al., 2021, Liu et al., 2015). The suppressed side 

reactions of Daisy-Ni83-Bmiddle were further confirmed by XPS analysis. The results 

are shown in Figure 5. 33.  

In C 1s spectra (Figure 5. 33. (a) and (b)), electrolyte decomposition with C=O, C-O-

C, and C-OH (289.7 eV, 287.6 eV, and 285.8 eV) can be confirmed (Schulz et al., 2018). 

The other two subpeaks at 291.3 eV and 284.8 eV are assigned to C-F of PVDF and C-

C of carbon black (Andersson et al., 2002). Compared with the cycled Daisy-Ni83 

electrode, the cycled Daisy-Ni83-Bmiddle electrode appears to have higher signals C-F 

of PVDF and C-C of carbon black along with other lower C 1s signals originating from 

electrolyte decomposition, which means that less decomposition of the electrolyte 

occurs for Daisy-Ni83-Bmiddle. P 2p spectra (Figure 5. 33. (c) and (g)) also verify such 

an idea with stronger signals of P-O, P=O chemical bonds for Daisy-Ni83 at 135.1 eV 

than Daisy-Ni83-Bmiddle at 134.8 eV (Schulz et al., 2018).  

More amount of NiF2/LiF is detected in F 1s spectra with higher peak intensity for 

Daisy-Ni83 at 685.9 eV (Figure 5. 33. (b)) than Daisy-Ni83-Bmiddle at 685.7 eV 

(Figure 5. 33. (f)) (Li et al., 2020d). The restrained interface side reactions of Daisy-

Ni83-Bmiddle are also reflected by the Ni 2p spectra, where the peak intensity of NiF2 

for Daisy-Ni83-Bmiddle at 857.9 eV (Figure 5. 33. (h)) is weaker than that of Daisy-

Ni83 at 858.8 eV (Figure 5. 33. (d)) (Zhu et al., 2022, Li et al., 2017a). Ni is the main 

redox-active element for delivering capacity during cycling; hence, less Ni dissolution 
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guarantees the excellent electrochemical performance of Daisy-Ni83-Bmiddle 

(Markevich et al., 2019). 
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Figure 5. 33. XPS C 1s, F 1s, P 2p, and Ni 2p spectra of the cathode electrode after 150 cycles at 1 C with the initial 10 cycles at 0.2 C and 5 cycles 

at 0.5 C between 2.8-4.3 V: (a-d) Daisy-Ni83 and (e-h) Daisy-Ni83-Bmiddle. 
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Figure 5. 34. DSC curves of the cathode powders in fully delithiated states at a scanning 

rate of 1℃/min in nitrogen atmosphere: (a) Daisy-Ni83(NoB), (b) Daisy-Ni83-Bthin(B-

thin), (c) Daisy-Ni83-Bmiddle (B-middle), and (d) Daisy-Ni83-Bthick(B-thick).  
 

Figure 5. 34 presents the DSC curves of the cathode powders of Daisy-Ni83, Daisy-

Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni83-Bthick at fully delithiated states 

with the scanning rate of 1℃/min from 30 ℃ to 400 ℃ at the nitrogen atmosphere. 

During the DSC test of NCM811 reported by Wang et al. (Wang et al., 2021), the first 

exothermic peak occurs at approximately 200-250 ℃ corresponding to the structural 

change from layered phase (𝑅𝑅3�𝑚𝑚 ) to spinel phase Ⅰ (LiMn2O4-type), the second 

exothermic peak at approximately 300 ℃ corresponds to the structural change from 

layered phase (𝑅𝑅3�𝑚𝑚) to spinel phase Ⅱ (Mn3O4-type). The heat release for structural 
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change from the layered phase to spinel phase Ⅰ was much higher than that for spinel 

phase Ⅱ. The test results for our samples conform to this feature. The difference is that 

there is an endothermic peak between 200-250 ℃ in Figure 5. 34. (a), (b), (c), and (d) 

due to the melting of PVDF (Huang et al., 2016). The starting temperatures for the 

transition from the layered phase to spinel phase Ⅰ and from the layered phase to spinel 

phase Ⅱ are marked in Figure 5. 34. (a), (b), (c), and (d), which are 201.9 ℃/308.6 ℃, 

205.2 ℃/311.6 ℃, 213.8 ℃/313.7 ℃, and 216 ℃/317.9 ℃ separately for Daisy-Ni83, 

Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle, and Daisy-Ni82-Bthick. The generated heats 

were normalised to 670 J g-1, 584 J g-1, 544 J g-1, and 423 J g-1, respectively.  

The higher peak temperatures and lower amounts of heat generated in the DSC test 

indicated improved thermal stability after boron-related doping and coating 

modification. Compared with Daisy-Ni83-Bthin, Daisy-Ni83-Bmiddle exhibited better 

thermal stability, which was ascribed to the higher boron content for doping and coating. 

Although ICP-OES implies Daisy-Ni83-Bthick has the smallest mole ratio of boron in 

the modified samples, owing to the stripping of B2O3 during the process of mixing with 

the lithium source in the ball mill machine, Daisy-Ni83-Bthick exhibits superior thermal 

stability compared to Daisy-Ni83-Bmiddle, which can possibly be attributed to the poor 

Li/Ni ordering. This is because, from the viewpoint of thermodynamics, the phase 

transition reactions of Daisy-Ni83-Bthick become difficult. The disordered Li/Ni 

arrangement of Daisy-Ni83-Bthick would involve some spinel phases and/or rock-salt 

phase, which appears better thermal stability compared with the layered phase.  

Although Daisy-Ni83-Bthick exhibited the best thermal stability, the poor Li/Ni 
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ordering and unstable cycling performances under most test conditions reduced the 

application value of Daisy-Ni83-Bthick. Compared with Daisy-Ni83-Bthin, Daisy-

Ni83-Bmiddle is a more ideal Ni-rich cathode material with excellent long-term cycling 

stability at both the high cut-off voltage and the high current density and also exhibits 

superior thermal stability. The achievement of Daisy-Ni83-Bmiddle can be attributed to 

the fact that by retaining the radial structure, a completely smooth and dense boron-

related coating and near-surface doping can improve thermal stability and effectively 

inhibit electrolyte decomposition and transition metal dissolution. This embodies the 

advantages of the three-in-one effect of the coating and doping with an intrinsic daisy-

like structure. 

5.4. Conclusion 

In the step of determining the optimal lithiation calcination condition, the four factors 

of good crystallinity with ordered layered structure, clean surface without obvious 

lithium residues, reduced gaps among primary particles, and the daisy-like radially 

aligned structure are demonstrated to be important for such special structured Ni-rich 

cathode material to achieve high discharge capacity over 200 mAh g-1 between 2.8-4.3 

V and nearly 240 mAh g-1 between 2.8-4.5 V. In the sol/antisolvent B2O3 coating on the 

precursor of the daisy-like structure followed by the optimal lithiation calcination 

condition, the modification process does not destroy the special daisy-like structure, but 

realises the combined boron-related coating and doping together with the radially 

aligned primary particles. Meanwhile, the synthesised coating layer appeared very 
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smooth and dense with nanosized thickness and was identified as the material of the 

glass amorphous LiBO2. Boron doping was concentrated in the near-surface area of the 

secondary particles of the cathode material. Owing to these boron-related coating and 

doping, the modified Ni-rich cathode materials Daisy-Ni83-Bthin and Daisy-Ni83-

Bmiddle exhibited better long-term cycling stability, rate capability, and thermal 

stability than the unmodified Daisy-Ni83. The difference is that Daisy-Ni83-Bthin is 

subjected to an incomplete coating for the secondary particle, while Daisy-Ni83-

Bmiddle is subjected to a complete coating of the secondary particle. Sufficient 

protection from the complete coating on the secondary particle of Daisy-Ni83-Bmiddle 

leads to superior cycling performances at the high cut-off voltage and high current 

density. For Daisy-Ni83-Bthick, the relatively lean lithium source for lithiation causes 

the material to exhibit poor Li/Ni ordering, which is responsible for its poor cycling 

performance under most test conditions.  

Overall, with the help of sol/antisolvent B2O3 treatment on the specially structured 

precursor and the subsequent lithiation calcination, the three-in-one effect of the radially 

aligned microstructure and the incorporated coating and doping can be achieved. 

Compared with the separate doping or coating modification, the benefit of the three-in-

one effect is obvious. This study plays a positive role in promoting the development of 

Ni-rich cathode materials by providing new ideas and references.  
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Chapter 6 Sol/Antisolvent with Boron 

Treating for the Modification of LiNiO2 

Cathode 

This chapter reports the sol/antisolvent boron treatment with lithiation calcination to 

modify the end member of the Ni-rich layered oxide LiNiO2 (LNO). A Ni(OH)2 sample 

with a radially aligned structure was used as the precursor. A combination of radially 

structured and B-doped LNO materials can be achieved. One of the modified LNO 

materials doped with boron exhibits superior electrochemical performance, even better 

than the well-formed and similar-sized single-crystal LNO material.  

6.1. Introduction 

The specific capacity of Ni-rich layered oxide cathode materials increases with 

increasing Ni content, and the highest discharge capacity of up to 240 mAh g-1 can be 

attributed to the extremely high Ni content of LiNiO2 (Markevich et al., 2019). However, 

as the Ni content increases, the structural stability, interfacial stability, and thermal 

stability of the Ni-rich layered oxide decrease, particularly for the end member of 

LiNiO2 (Qiu et al., 2021, de Biasi et al., 2019). Unlike NCM811, which delivers 

negligible capacity fading and voltage decay for 50 cycles at 0.5 C (100 mA g-1) with a 

cut-off voltage of 4.3 V (Wang et al., 2023), LiNiO2 experiences quick capacity fading 

at a cut-off voltage of 4.3 V with a smaller current density of 0.1 C (18 mA g-1) (Yoon 

et al., 2017). Although the rapid capacity fading of LiNiO2 can be alleviated by 
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decreasing the cut-off voltage to 4.1 V, the expense is the low discharge capacity of only 

179 mAh g-1 at 0.1 C (18 mA g-1) (Yoon et al., 2017). It is mainly due to the most 

detrimental effect of H2 phase to H3 phase transformation above 4.1 V, which involves 

a sharp shrinkage of the unit cell volume and a sudden collapse of the structure leading 

to harmful impacts on the material’s stability (de Biasi et al., 2019).  

Many studies have been conducted to mitigate the rapid capacity fading of LiNiO2 above 

4.1 V. The main strategies for modifying LiNiO2 are almost the same as those for 

NCM811, which include doping and coating treatment. For example, the Mg/Al co-

doping strategy can achieve better cycling stability and rate capability of LiNiO2 (Shen 

et al., 2023). LixWyOz amorphous coating for LiNiO2 can restrict primary particle 

growth during synthesis and increase the resistance of the secondary particles to 

microcracking (Geng et al., 2022). In addition, synthesising LiNiO2 with a well-formed 

and similar-sized single-crystal structure (SC-LNO) can enhance the rate capability or 

achieve high cycling stability, which is correlated with the different shapes and 

dominant surface facets of the single crystals (Kim et al., 2022).  

Considering that the sol/antisolvent boron-related treatment is beneficial for improving 

the electrochemical performance of NCM with Ni content greater than 80 % (Zhang et 

al., 2022), the sol/antisolvent boron treatment is further adopted for the modification of 

the ultra-high Ni material of LiNiO2. Ni(OH)2 with a radially aligned arrangement of 

primary particles was used as the starting material to synthesise LiNiO2. The modified 

LiNiO2 was obtained by sol/antisolvent B2O3 treating on the Ni(OH)2 along with the 

subsequent lithiation calcination. It is noteworthy that the alteration can render LiNiO2 
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as ordered and well-crystallised primary particles, which are accompanied by enhanced 

discharge capacities and rate capabilities. One of the modified LiNiO2 named LiNiO2-

more B can deliver as high as the initial discharge capacity of 186.5 mAh g-1 at 0.3 C 

(60 mA g-1) with a capacity retention of 74.7 % after 100 cycles between 2.8-4.3 V, the 

initial discharge capacity of 202.6 mAh g-1 at 0.3 C (60 mA g-1) with the capacity 

retention of 69.1 % after 100 cycles between 2.8-4.5 V, and the initial discharge capacity 

of 197.7 mAh g-1 at 0.3 C (60 mA g-1) with the capacity retention of 62.3 % after 100 

cycles between 2.8-4.6 V. This result is superior to the two types of well-formed and 

similar-sized SC-LNO reported by Kim et al. (Kim et al., 2022). Moreover, beyond the 

H2–H3 phase transition that occurs for the modified LiNiO2, another harmful phase 

transition of H3–H4 above 4.4 V is also detected, which is different from NCM811 and 

is rarely mentioned in the study of LiNiO2 (de Biasi et al., 2019, Xu et al., 2020, 

Kurzhals et al., 2021).   

6.2. Experimental Section 

6.2.1. LiNiO2, LiNiO2-less B, and LiNiO2-more B preparation 

Radially aligned Ni(OH)2 was purchased from Hebei Guifa Alloy Wear-Resistant 

Materials Co. Ltd. Such specially structured Ni(OH)2 was used as a precursor to 

synthesise LiNiO2. SEM images of Ni(OH)2 precursor are shown in Figure 6. 1 with 

various magnifications. Several secondary particles of Ni(OH)2 can be found in Figure 

6. 1. (a) at relatively low magnification. The sizes of Ni(OH)2 secondary particles were 

not uniform. However, the roundness was good, as shown in Figure 6. 1. (b). The 



216 
 

radially aligned structures of Ni(OH)2 particles are illustrated in Figure 6. 1. (c) and 

Figure 6. 1. (d) with cross-section observations at different angles. It is clear that the 

arrangement of the primary particles is in the radial direction, and the shape of the 

primary particles in each radial direction is very thin, so many radiant streaks can be 

observed. Moreover, the light-green colour of the Ni(OH)2 precursor powders in the 

bottle can be easily recognized, as shown in Figure 6. 1. (d). Pristine LiNiO2 samples 

were synthesised by mixing specially structured Ni(OH)2 powders with dried LiOH.H2O 

with a mole ratio of Li/Ni of 1.02:1, followed by calcination in a tubular furnace in a 

pure oxygen atmosphere. The mixed powders were first heated to 500 ℃ for 5 h to melt 

the LiOH, and then the temperature was increased to 685 ℃ for 13 h with subsequent 

natural cooling to obtain the final pristine LiNiO2 samples. These lithiation calcination 

conditions were also applied to get the modified LiNiO2. To synthesis sol/antisolvent 

boron-treated LiNiO2 samples, the sol/antisolvent process for treating Ni(OH)2 powders 

was the same as that for treating Ni0.83Co0.05Mn0.12(OH)2 powders, as described in 

Chapter 5. The difference is that only the mole mass ratio of boron to the precursor of 

0.075 was adopted. B2O3 ethanol sol with a certain concentration was prepared using an 

ultrasonic instrument. Chapter 4 demonstrated that a greater amount of antisolvent can 

induce a thicker coating thickness in the sol/antisolvent process. To distinguish the 

treatments using different dosages of antisolvent, the modified LiNiO2 with the Ni(OH)2 

precursor subjected to 35 ml tetrahydrofuran (THF) antisolvent treatment is named 

LiNiO2-less B, and the modified LiNiO2 with the Ni(OH)2 precursor subjected to 140 

ml THF antisolvent treating is named LiNiO2-more B.  
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Figure 6. 1. SEM images of Ni(OH)2 precursor at different magnifications: (a) various 

sized spherical secondary particles; (b) a high degree of roundness for a secondary 

particle; and (c, d) cross-sectional observations at different angles with a picture of 

Ni(OH)2 powder in a bottle inserted in panel (d). 

6.2.2. Electrochemical Tests and Material Characterisation 

The electrochemical properties of the pristine LiNiO2, LiNiO2-less B, and LiNiO2-more 

B were assessed using 2032 coin-cells. The cathode material was mixed with a Super P 

conductor and PVDF binder at a mass ratio of 8:1:1 in N-methyl pyrrolidone (NMP) to 

form the cathode slurry. After the slurry was coated onto Al foil, the coated foil was 

dried in a blast drying oven, then the dried coated foil was pressed into discs with a 

diameter of 14 mm to form the cathodes. The prepared cathode was assembled with a 

Celgard M825 separator, lithium metal anode, and 100 μL of 1 M LiPF6 in the volume 

ratio of 3:7 ethylene carbonate (EC)/dimethyl carbonate (DMC) electrolyte. The coin-



218 
 

cell assembly was completed in an argon-filled glove box with O2 less than 0.5 ppm and 

H2O less than 0.5 ppm (MBRAUN UniLab). The mass loading of the active material 

was approximately 4 mg cm-2 for each coin cell. The charge-discharge tests of these 

coin cells were performed using a LAND cell test system at room temperature. Mainly 

the galvanostatic cyclings at the current density of 0.3 C (1 C= 200 mA g-1) with the 

potential limitation measurements between 2.8-4.3 V, 2.8-4.5 V, and 2.8-4.6 V (vs. 

Li/Li+) and the rate performance at different current densities were investigated.  

The crystal structures of the pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B were 

analysed by high-performance X-ray diffraction (XRD, D8 DISCOVER, Bruker) from 

5° to 90° at a scan rate of 3°/min with Cu kα radiation. A scanning electron microscope 

(SEM, S4800, Hitachi) was carried out to observe the microstructures and morphologies 

of the pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B in secondary electron mode 

with an accelerating voltage of 4 KV and an emission current of 7 µA.  

6.3. Results and Discussion 

6.3.1. Electrochemical Performances of LiNiO2, LiNiO2-less B, 

and LiNiO2-more B 

All samples of the pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B undergo 0.3 C 

(1 C = 200 mA g-1) cycling for 100 cycles with the initial two activation cycles at 0.1 C 

with the different cut-off voltages of 4.3, 4.5, and 4.6 V. The 0.3 C cycling performance 

comparison of the pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B in the voltage 

range of 2.8-4.3 V, 2.8-4.5 V, and 2.8-4.6 V are separately shown in Figure 6. 2. (a), (b), 
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and (c). The black, red, and green points represent the pristine LiNiO2, LiNiO2-less B, 

and LiNiO2-more B, respectively. According to Figure 6. 2. (a), (b), and (c), it can be 

found that the initial discharge capacities at 0.1 C and 0.3 C increased after the precursor 

was subjected to the sol/antisolvent boron treatment, and LiNiO2-more B exhibits the 

highest initial discharge capacities in each test voltage range. Meanwhile, the capacity 

fading rate of all samples increased with increasing cut-off voltage, as shown in Figure 

6. 2. (a), (b), and (c). The fastest capacity fading appears for the cut-off voltage of 4.6 V 

for all samples by comparing the slopes of the capacity fade curves. Although LiNiO2-

more B suffers quicker capacity fading rates than the pristine LiNiO2 and LiNiO2-less 

B under most test conditions, the delivered specific capacity of LiNiO2-more B at each 

cycle is always higher than that of the other two samples in the voltage range of 2.8-4.3 

V and 2.8-4.5 V. 
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Figure 6. 2. 0.3 C cycling performances of pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B at different cut-off voltages: (a) the voltage range 

of 2.8-4.3 V, (b) the voltage range of 2.8-4.5 V, and (c) the voltage range of 2.8-4.6 V.   
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Table 6. 1. Summary of the initial discharge capacity, the last cycle discharge capacity, 

and the capacity retention with full cycles at 0.3 C in 2.8-4.3 V, 2.8-4.5 V, and 2.8-4.6 V 

for pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B. 

Sample 
Discharge capacity for 

the initial cycle at 0.3 C 
between 2.8-4.3 V 

(mAh g
-1

) 

Discharge capacity for 
the last cycle at 0.3 C 

between 2.8-4.3 V 
(mAh g

-1
) 

Capacity 
retention 

Pristine LiNiO2 162.4 136.3 83.9% 

LiNiO2-less B 165.6 128.3 77.5% 

LiNiO2-more B 186.5 139.3 74.7% 

Sample 
Discharge capacity for 

the initial cycle at 0.3 C 
between 2.8-4.5V 

(mAh g
-1

) 

Discharge capacity for 
the last cycle at 0.3 C 

between 2.8-4.5 V 
(mAh g

-1
) 

Capacity 
retention 

Pristine LiNiO2 181.8 134.1 73.8% 

LiNiO2-less B 192.3 0 (127.5 @ 87th cycle) 
N/A (66.3% 

@ 87th 
cycle) 

LiNiO2-more B 202.6 140 69.1% 

Sample 
Discharge capacity for 

the initial cycle at 0.3 C 
between 2.8-4.6 V 

(mAh g
-1

) 

Discharge capacity for 
the last cycle at 0.3 C 

between 2.8-4.6 V 
(mAh g

-1
) 

Capacity 
retention 

Pristine LiNiO2 184.6 122.9 66.6% 

LiNiO2-less B 191 125.4 65.7% 

LiNiO2-more B 197.7 123.2 62.3% 
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The detailed data of the initial discharge capacity, the last cycle discharge capacity, and 

the capacity retention with full cycles at 0.3 C in 2.8-4.3 V, 2.8-4.5 V, and 2.8-4.5 V for 

pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B are gathered in Table 6. 1. In 2.8-

4.3 V, the discharge capacity for the initial cycle at 0.3 C is 162.4 mAh g-1, 165.6 mAh 

g-1, and 186.5 mAh g-1 for the pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B, 

respectively. The discharge capacity for the last cycle at 0.3 C after the full 100 cycles 

becomes 136.3 mAh g-1, 128.3 mAh g-1, and 139.3 mAh g-1 for the pristine LiNiO2, 

LiNiO2-less B, and LiNiO2-more B, respectively. The capacity retention with full cycles 

at 0.3 C was calculated to be 83.9%, 77.5%, and 74.7% for each sample between 2.8-

4.3 V. This indicates that the antisolvent process with a longer time for LiNiO2-more B 

can produce a more significant effect on enhancing the initial specific capacity. The 

higher initial specific capacity also triggered quicker capacity fading, which conforms 

to the general electrochemical characteristics of LiNiO2 (Yoon et al., 2017).  

In 2.8-4.5 V, the initial discharge capacities at 0.3 C for all samples are raised, which 

becomes 181.8 mAh g-1, 192.3 mAh g-1, and 202.6 mAh g-1 respectively for the pristine 

LiNiO2, LiNiO2-less B, and LiNiO2-more B. The average specific capacity increase in 

the first cycle between 2.8-4.5 V was approximately 20 mAh g-1 for these samples 

relative to the cut-off voltage of 4.3 V. However, the discharge capacities for the last 

cycle at 0.3 C between 2.8-4.5 V are similar to those in 2.8-4.3 V with the value of 134.1 

mAh g-1 and 140 mAh g-1 for the pristine LiNiO2 and LiNiO2-more B, due to the 

attenuated capacity retentions. Because of the overcharging possibly triggered by the 

local micro internal short circuit after the 87th cycle, LiNiO2-less B exhibited a severe 
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fluctuation in the delivered specific capacity until complete failure. The capacity 

retentions were calculated to be 73.8%, 0%, and 69.1% for the pristine LiNiO2, LiNiO2-

less B, and LiNiO2-more B after the full 0.3 C cycling in 2.8-4.5 V.  

When the cut-off voltage is increased to 4.6 V, the initial discharge capacity at 0.3 C 

becomes 184.6 mAh g-1, 191 mAh g-1, and 197.7 mAh g-1 for the pristine LiNiO2, 

LiNiO2-less B, and LiNiO2-more B, respectively. Different from all samples showing 

about 20 mAh g-1 capacity rise after increasing the cut-off voltage from 4.3 V to 4.5 V, 

only the pristine LiNiO2 appears a slight capacity rise of 2.8 mAh g-1 at the first cycle 

at 0.3 C after increasing the cut-off voltage from 4.5 V to 4.6 V. While LiNiO2-less B 

and LiNiO2-more B appear slight capacity downs of 1.3 mAh g-1 and 4.9 mAh g-1 at the 

first cycle at 0.3 C after increasing the cut-off voltage from 4.5 V to 4.6 V. The discharge 

capacities for the last cycle at 0.3 C and 2.8-4.6 V are 122.9 mAh g-1, 125.4 mAh g-1, 

and 123.2 mAh g-1, respectively, with the lowest values among the different cut-off 

voltages. The capacity retentions at the cut-off voltage of 4.6 V were also the worst, 

being less than 67% for all samples at the three different cut-off voltages of 4.3, 4.5, and 

4.6 V. It can be concluded an operating voltage of 4.6 V can greatly accelerate the 

capacity decay of pristine LiNiO2 and sol/antisolvent boron-treated LiNiO2 
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Referring to the 0.3 C (54 mA g-1) cycling performances of the well-formed and similar-

sized SC-LNO in 2.7-4.3 V and 2.7-4.6 V as reported by Kim et al. shown in Figure 6. 

3, the performances of 0.3 C (60 mA g-1) cycling of LiNiO2-more B in 2.8-4.3 V and 

2.8-4.6 V shown in Figure 6. 2. are generally superior. The octahedron-shaped SC-LNO 

(Oct), T-poly-SC-LNO (T-poly), and cubic-SC-LNO (Cubic) exhibit different dominant 

surfaces or mixed surface facets (Kim et al., 2022). The active mass loading of the 

radially structured LiNiO2 in this study was approximately 4 mg cm-2, which was twice 

the active mass loading of SC-LNO (~2 mg cm-2).  

At higher active material loading and slightly higher current density, after two cycles of 

activation, the initial discharge capacity of LiNiO2-more B (186.5 mAh g-1) is almost 

the same as that of octahedron-shaped SC-LNO (~187.5 mAh g-1) and is higher than 

that of T-poly-SC-LNO (~179.1 mAh g-1) at a cut-off voltage of 4.3 V. After 100 cycles 

at a cut-off voltage of 4.3 V, the discharge capacity of LiNiO2-more B was 139.3 mAh 

g-1 higher than those of octahedron-shaped SC-LNO (135 mAh g-1) and T-poly-SC-LNO 

(120 mAh g-1). The discharge capacities at the last cycle of octahedron-shaped SC-LNO 

and T-poly-SC-LNO achieved 96.9% and 86.1% of the value of LiNiO2-more B at a 

cut-off voltage of 4.3 V. The capacity retention was also higher for LiNiO2-more B 

(74.7%) than octahedron-shaped SC-LNO (72%) and T-poly-SC-LNO (67%).  

A similar phenomenon was also observed for cycling between 2.8-4.6 V. After two 

cycles of activation, the initial capacity of LiNiO2-more B (197.7 mAh g-1) is almost the 

same as the values of octahedron-shaped SC-LNO (~200 mAh g-1) and T-poly-SC-LNO 

(~202.4 mAh g-1) at a cut-off voltage of 4.6 V. After 100 cycles at a cut-off voltage of 
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4.6 V, the discharge capacity of LiNiO2-more B was 123.2 mAh g-1, which is much 

higher than the values of octahedron-shaped SC-LNO (102 mAh g-1) and T-poly-SC-

LNO (85 mAh g-1). The discharge capacities at the last cycle of octahedron-shaped SC-

LNO and T-poly-SC-LNO achieved only 82.8% and 69% of the value of LiNiO2-more 

B at the cut-off voltage of 4.6 V. The corresponding capacity retention was also higher 

for LiNiO2-more B (62.3%) than that for octahedron-shaped SC-LNO (51%) and T-

poly-SC-LNO (42%). Compared with the cubic SC-LNO, as shown in Figure 6. 3, the 

performance of LiNiO2-more B was slightly inferior, with an average of 2.6 mAh g-1 

and an average 2% differences in the initial discharge capacities and capacity retentions 

after full cycling at cut-off voltages of 4.3 and 4.6 V. 

The electrochemical performance of LiNiO2-more B is comparable to that of cubic-SC-

LNO but superior to that of octahedron-shaped SC-LNO and T-poly-SC-LNO. This 

demonstrates that the radially arranged structure combined with the sol/antisolvent 

boron treatment can enable LiNiO2 to achieve superior electrochemical performance, 

even better than the well-formed and similar-sized octahedron-shaped SC-LNO and T-

poly-SC-LNO, especially in terms of capacity retention under a nearly similar initial 

discharge capacity.  
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Figure 6. 3. Discharge capacity and Coulombic efficiency as a function of the cycle 

number from 2.7-4.3 V (a), and from 2.7-4.6 V (b) for the well-formed and similar-sized 

SC-LNO (Kim et al., 2022).  

 

 

Figure 6. 4. Combined cycling data of LiNiO2-more B and the well-formed and similar-

sized SC-LNO: (a) with a cut-off voltage of 4.3 V, (b) with a cut-off voltage of 4.6 V. 

 

Figure 6. 4 combines the cycling data of LiNiO2-more B and the well-formed and 

similar-sized SC-LNO. The advantage of LiNiO2-more B relative to the well-formed 

and similar-sized octahedron-shaped SC-LNO and T-poly-SC-LNO becomes intuitive, 

where LiNiO2-more B delivers a higher discharge capacity at almost every cycle in long-

term cycling under similar initial discharge capacities, a relatively higher current density, 

and a relatively higher discharge cut-off voltage. This also means that the 
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delithiation/lithiation kinetics of LiNiO2-more B are better than those of the well-formed 

and similar-sized octahedron-shaped SC-LNO and T-poly-SC-LNO, and even LiNiO2-

more B, which has a higher active mass loading. 
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Figure 6. 5. The first and second cycles charge/discharge profiles of all samples at 0.1 C in 2.8-4.3 V(a), 2.8-4.5 V(b), and 2.8-4.6 V(c) from 

Figure 6. 2 and the corresponding dQ/dV curves at 0.1 C in 2.8-4.3 V for pristine LiNiO2(d), LiNiO2-less B(e), and LiNiO2-more B(f).
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Figure 6. 6. The dQ/dV curves at 0.1 C in 2.8-4.5 V and 2.8-4.6 V: (a, d) pristine LiNiO2; (b, e) LiNiO2-less B, and (c, f) LiNiO2-more B. 
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Figure 6. 5. (a), (b), and (c) present the first and second cycles charge/discharge profiles 

of pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B at 0.1 C in 2.8-4.3 V, 2.8-4.5 V, 

and 2.8-4.6 V separately from the activation region of 0.3 C cycling test in Figure 6. 2. 

According to Figure 6. 5. (a), the charging capacity at the first cycle at 0.1 C is 218.1 

mAh g-1, 226.1 mAh g-1, and 237.2 mAh g-1 respectively for pristine LiNiO2, LiNiO2-

less B, and LiNiO2-more B in 2.8-4.3 V, along with the initial Coulombic efficiency 

(ICE) of 76%, 79.21%, and 81.58% for each sample. The highest ICE and charging 

capacity in the first cycle in the voltage range of 2.8-4.3 V can be considered responsible 

for the highest discharge capacity delivered by LiNiO2-more B.  

When the cut-off voltage was increased to 4.5 V, a new voltage plateau around 4.452 V 

appeared for LiNiO2-less B, as shown in Figure 6. 5. (b). This harmful phase transition 

should be the direct reason for the quickest capacity degradation of LiNiO2-less B at 0.3 

C cycling with 0.1 C activations in the voltage range of 2.8-4.5 V, since such 

phenomenon does not happen for pristine LiNiO2 and LiNiO2-more B in 2.8-4.5 V. The 

emergence of such phase transition can also be considered as a reason leading to the 

accelerated capacity fading for all samples between 2.8-4.6 V, because of the detection 

of such harmful phase transition above 4.4 V for all samples as shown in Figure 6. 5.  

(c). The corresponding voltages for these phase transitions are indicated. For pristine 

LiNiO2, the plateau voltage value of this harmful phase transition is 4.596 V higher than 

that of 4.530 V for LiNiO2-more B and 4.498 V for LiNiO2-less B. The width of the 

platform on that phase transition was the longest for the LiNiO2-less B. The lowest phase 

transition voltage and the deepest phase transition degree imply such harmful phase 
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transition can easily occur for LiNiO2-less B than the other two samples of pristine 

LiNiO2 and LiNiO2-more B. However, the fastest capacity decaying in 2.8-4.6 V is 

LiNiO2-more B rather than LiNiO2-less B, mainly because not only the phase transition 

above 4.4 V detrimental to the performance of LNO samples but also H2–H3 phase 

transition at about 4.2 V can deteriorate the performance of LNO samples. This is 

because the H2–H3 phase transition induces sharp shrinkage of the unit cell along with 

high stains in the material of LNO, which can easily produce microcracks and weaken 

the structural stability of LNO (Xu et al., 2020). 

The differential capacity analysis (dQ/dV) curves of the first and second cycles 

charge/discharge profiles of all samples at 0.1 C in 2.8-4.3 V are shown in Figure 6. 5.  

(d) for pristine LiNiO2, Figure 6. 5. (e) for LiNiO2-less B, and Figure 6. 5. (f) for 

LiNiO2-more B. Three pairs of redox peaks corresponding to H1–M, M–H2, and H2–

H3 phase transitions can be identified for all samples. “H” represents hexagonal phases 

and “M” represents monoclinic phases. According to Figure 6. 5. (d), (e), and (f), the 

charge/discharge degree at phase transitions of H1 → M → H2 → H3 becomes 

increasingly deeper from the pristine LiNiO2 to LiNiO2-less B and then to LiNiO2-more 

B along with the larger and larger areas under the differential capacity analysis curves. 

Meanwhile, the capacity from the redox reactions at 3.5 V can be extracted after the 

sol/antisolvent boron treatment of LiNiO2-less B and LiNiO2-more B with the 

appearance of a small peak, as indicated by the black circles in Figure 6. 5. (e) and (f), 

which cannot be observed in the pristine LiNiO2 (Figure 6. 5. (d)). Other research 

suggests that the disappearance of the 3.5 V plateau of LNO can be ascribed to a 
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kinetically sluggish process (Kim et al., 2022). Our findings reveal that both LiNiO2-

less B and LiNiO2-more B can better activate the redox process in this region at about 

3.5 V than the pristine LiNiO2. The dQ/dV curves at 0.1 C in 2.8-4.5 V and 2.8-4.6 V of 

pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B are presented in Figure 6. 6 in two 

rows. The first row presents the dQ/dV curves of different samples at 0.1 C in 2.8-4.5 V, 

the second row presents the dQ/dV curves of different samples at 0.1 C in 2.8-4.6 V. 

Likewise, it can be found that the small peak in the dQ/dV curves corresponding to the 

3.5 V plateau appears for LiNiO2-less B (Figure 6. 6. (b) and (e)). and LiNiO2-more B 

(Figure 6. 6. (c) and (f)), but not for the pristine LiNiO2 (Figure 6. 6. (a) and (d)). These 

data in 2.8-4.5 V and 2.8-4.6 V further confirm that sol/antisolvent boron treatment of 

LiNiO2-less B and LiNiO2-more B can enhance the kinetic of the delithiation/lithiation 

process of LNO material with delivering more specific capacities.   

The redox peaks corresponding to the phase transition above 4.4 V of all samples can 

be easily distinguished in Figure 6. 6, which are circled by the dotted pink lines in 

Figure 6. 6. (b), (d), (e), and (f). To better compare the differences in the phase 

transitions above 4.1 V, zoomed-down images of the redox peaks in that region are 

shown in Figure 6. 6. It seems that the emergence of the new phase transition at 4.452 

V of LiNiO2-less B in the first cycle at 0.1 C can greatly enhance the peak intensity of 

the H2–H3 phase transition in the second cycle at 0.1 C as shown in Figure 6. 6. (b). 

The enhanced H2–H3 phase transition intensity of LiNiO2-less B was even higher than 

that of LiNiO2-more B in the second cycle in 2.8-4.5 V as shown in Figure 6. 6. (c). The 

speculation on the negative effect of the last phase transition above 4.4 V on the H2–H3 
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phase transition is further confirmed by the test in 2.8-4.6 V, where the peak intensity of 

H2–H3 phase transition at the second cycle of LiNiO2-more B becomes much stronger 

after the appearance of the harmful phase transition at 4.53 V as shown in Figure 6. 6. 

(f). The peak intensity of the H2–H3 phase transition at the second cycle for LiNiO2-

more B reaches 2000 mAh g-1/V-1 (Figure 6. 6. (f)) at the cut-off voltage of 4.6 V much 

higher than that of LiNiO2-more B at the cut-off voltage of 4.5 V around 1500 mAh g-

1/V-1 (Figure 6. 6. (c)). The curves for the pristine LiNiO2 are shown in Figure 6. 6. (a) 

and (d), the emergence of the harmful phase transition at 4.596 V also strengthens H2–

H3 phase transition in the second cycle, with a peak of intensity over 1500 mAh g-1/V-1 

(Figure 6. 6. (d)) at the cut-off voltage of 4.6 V higher than the sample at the cut-off 

voltage of 4.5 V with the intensity of lower than 1500 mAh g-1/V-1 (Figure 6. 6. (a)).  

Although LiNiO2-less B presents the highest peak intensity for the last phase transition 

among the three samples between 2.8-4.6 V, this harmful phase transition cannot be 

regarded as the only factor inducing the performance decay. The combined effect of the 

H2–H3 phase transition at about 4.2 V and the newly emerged phase transition at the 

voltage over 4.4 V jeopardizes the cycling stability of LNO material. For LNO material, 

the newly emerged last phase transition is the H3–H4 phase transition when extremely 

slow charging to 4.45 V (Xu et al., 2020). H4 is another hexagonal phase formed when 

LNO approaches the fully delithiatied state. It has been suggested that crystallites closest 

to the ideal stoichiometry form an H4 phase that is stable at high potential, while others 

lead to an H4 phase that transforms into the H3’ phase through Ni migration from the 

slab to the inter-slab space, thus making part of the material inactive and affecting the 
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overall reversibility of the material (Bianchini et al., 2019). In this study, because of 

impurity elements and the addition of the boron, the synthesised LNO cannot have the 

ideal stoichiometry of LNO, and the H3–H4 phase transition only occurs in the first 

cycle and disappears in the second cycle as shown in Figure 6. 6. (b), (d), (e), and (f), 

precisely due to the unstable H4 phase irreversibly transforms to a related hexagonal 

one called H3’ through Ni3+ migration into the inter-slab. Furthermore, for samples with 

an anti-site defect concentration greater than 7%, the H3–H4 phase transition in LNO 

can no longer be observed, and the observations of the H3–H4 phase transition of LNO 

materials are rare (Xu et al., 2020). This also implies that the synthesised LNO materials 

in this study had fewer anti-site defects. 

The dQ/dV curves demonstrate that after sol/antisolvent boron treatment, LiNiO2-less 

B and LiNiO2-more B can activate the redox process in 3.5 V region, along with more 

delivered specific capacity. Regarding the structure and cycling stability of the material, 

it is necessary to prevent the occurrence of the H3–H4 phase transition because such a 

phase transition can enhance the intensity of another harmful phase transition of H2–

H3. The combination of these two harmful phase transitions can worsen the cycling 

stability of the LNO materials. Beyond the appearance of the H3→H4 transition in itself 

is extremely detrimental to the structural stability as it requires a gliding of the transition 

metal slab with the results of stacking faults (Xu et al., 2020), the report about the 

occurrence of H3–H4 phase transition can strengthen the intensity of the H2–H3 phase 

transition through the analysis of dQ/dV curves is very rare to the best of our knowledge.  
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Figure 6. 7. (a) Rate performances of pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B between 2.8-4.3 V; (b) Rate performances of pristine 
LiNiO2, LiNiO2-less B, and LiNiO2-more B between 2.8-4.5 V; (c) Charge/discharge curves at 0.01 C, 0.02 C, and 0.1 C between 2.8-4.3 V for 
pristine LiNiO2; (d) Charge/discharge curves at 0.01 C, 0.02 C, and 0.1 C between 2.8-4.3 V for LiNiO2-more B. 
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Furthermore, the rate performances are carried out for the pristine LiNiO2, LiNiO2-less 

B, and LiNiO2-more B between 2.8-4.3 V and 2.8-4.5 V with every five cycles at 0.1 C, 

0.3 C, 0.5 C, 1 C, 2 C, 3 C, 5 C, and back to 0.1 C. The corresponding results are shown 

in Figure 6. 7. (a) and (b). It can be seen that, compared with the pristine LiNiO2, both 

LiNiO2-less B and LiNiO2-more B exhibit better rate capabilities. In particular, LiNiO2-

more B delivered the highest discharge capacity at each current density in both 2.8-4.3 

V and 2.8-4.5 V. This means that the rate performance can be enhanced after 

sol/antisolvent boron treatment. LiNiO2-more B showed the best rate property among 

all the samples.  

The excellent rate capability of LiNiO2-more B is also reflected at smaller current 

densities. Figure 6. 7. (c) and (d) present the charge/discharge test with the current 

density of 0.01 C, 0.02 C, and 0.1 C for the pristine LiNiO2 and LiNiO2-more B, 

separately. For LiNiO2-more B, the smaller polarisation and overpotential make the 

discharge curves close to each other, and a relatively high discharge capacity of 201.1 

mAh g-1 at 0.1 C can be delivered by LiNiO2-more B after the charge/discharge cycles 

at 0.01 C and 0.02 C. In contrast, pristine LiNiO2 delivers a discharge capacity of 193.4 

mAh g-1 at 0.1 C even with an initial discharge capacity of 242.7 mAh g-1 at 0.01 C. The 

initial discharge capacity of LiNiO2-more B at 0.01 C is 233.6 mAh g-1 lower than the 

pristine LiNiO2, but no overcharging is observed for LiNiO2-more B, and the ICE at 

0.01 C of LiNiO2-more B is 91.5% much higher than the ICE of 76.9% for pristine 

LiNiO2 at 0.01 C.  

In summary, the radial polycrystalline structure combined with the sol/antisolvent boron 
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treatment is beneficial for delivering high specific capacity, high cycling stability, and 

enhanced rate capability of LNO material. Even at a higher active mass loading and 

slightly higher current density, the cycling stability of LiNiO2-more B is better than that 

of the well-formed and similar-sized SC-LNO (octahedron-shaped SC-LNO and T-

poly-SC-LNO) and is comparable to the optimised cubic-SC-LNO reported by other 

researchers (Kim et al., 2022). The effect of boron addition on the crystal structure and 

material morphology of the intrinsic radially structured LNO is discussed in the 

following material characterisation. 

6.3.2. Exploring the Origin of Different Electrochemical 

Performances for LiNiO2, LiNiO2-less B, and LiNiO2-more B  

The crystal structures of pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B were 

identified using XRD analysis. The results are shown in Figure 6. 8. (a), (b), and (c) for 

each sample. All main peaks matched well with the standard pattern of α-NaFeO2 

layered structure with 𝑅𝑅3�𝑚𝑚  LiNiO2 (JCPDS No. 09-0063). According to the 

information of JCPDS No. 09-0063, the diffraction peaks at 18.785°, 36.649°, 38.100°, 

38.268°, 44.369°, 48.873°, 58.763°, 64.476°, 64.727°, 68.027°, 76.734°, 77.547° are 

corresponded to (003), (101), (006), (012), (104), (015), (107), (018), (110), (113), (021), 

and (116) facets of the hexagonal LiNiO2. Beyond the main diffraction peaks coinciding 

with the α-NaFeO2 layered structure of LiNiO2, small amounts of impurities (LiCO3 and 

NiO) were also detected for all LNO samples by comparing the JCPDS data (Song et 

al., 2006), as shown in Figure 6. 8. (a) for pristine LiNiO2. This is because the excess 
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lithium source is used for synthesising the LNO material, which produces by-products 

of LiCO3 in the atmosphere. Pure stoichiometric LiNiO2 is difficult to synthesise 

because of lithium vacancies compensated by excess nickel within the lithium layer, 

which contains a certain amount of inactive cubic phase (Kalyani and Kalaiselvi, 2005, 

Moses et al., 2007).  

 

Figure 6. 8. XRD patterns of (a) pristine LiNiO2, (b) LiNiO2-less B, (c) LiNiO2-more 

B, and (d) enlarged XRD patterns of all LNO samples in 2-Theta ranges of 37° to 39° 

and 63° to 66°. 
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Table 6. 2. I(003)/I(104) ratio of pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B. 

Sample Pristine LiNiO2 LiNiO2-less B LiNiO2-more B 

I(003)/I(104) 1.06 1.2 1.42 
 

The intensity ratio of (003)/(104) peaks (I(003)/I(104)) of the XRD spectrum can also 

be used as a criterion to show the level of Li/Ni disordering in the LNO material. The 

lower intensity of the (003) peaks is likely a result of lower lithium availability triggered 

by an increased degree of cation mixing (Yuwono et al., 2023). The intensity ratio of 

(003)/(104) peaks should be more than 1.2 to enhance the electrode performance of 

LNO material (Lee et al., 1999). The calculated I(003)/I(104) ratios for the pristine 

LiNiO2, LiNiO2-less B, and LiNiO2-more B are listed in Table 6. 2 with values of 1.06, 

1.2, and 1.42, respectively.  

The I(003)/I(104) ratio of pristine LiNiO2 is the lowest and is lower than the threshold 

of 1.2, which means that pristine LiNiO2 suffers from the highest extent of cation mixing. 

The lowest initial specific capacity and the best capacity retention of the pristine LiNiO2 

at 0.3 C cycling as listed in Table 6. 1 can be attributed to this reason. This is because 

the redox active Ni in the transition metal layer, which contributes to the capacity of the 

material, decreases owing to its migration to the lithium layer. Meanwhile, the side 

reactions between the active material and electrolyte can be mitigated by less Ni4+ 

catalysis, leading to more stable cycling (Xue et al., 2020). On the other hand, the 

highest initial specific capacity along with the reduced capacity retention of LiNiO2-

more B at 0.3 C cycling as listed in Table 6. 1 can be attributed to the best Li/Ni ordering, 

since such a well-ordered structure can provide more redox-active Ni, but also triggers 



240 
 

more side reactions because of the catalytic activity of Ni4+. LiNiO2-less B is at a median 

level with respect to the initial specific capacity and capacity retention at 0.3 C cycling 

owing to the middle value of the I(003)/I(104) ratio.  

Figure 6. 8. (d) presented the enlarged XRD patterns of two speaks of (006) and (102) 

facets for all LNO samples in the 2-Theta range of 37° to 39°, as well as the two peaks 

of (108) and (110) facets for all LNO samples in the 2-Theta range of 63° to 66° as an 

insert. The splittings of (006)/(102) peak and (108)/(110) peak are much clearer for 

LiNiO2-more B than pristine LiNiO2 and LiNiO2-less B. This also suggests the cation 

mixing of LiNiO2-more B is the lowest among the three samples. Moreover, the peaks 

of the (006) and (102) facets shifted to a lower degree in the sequence of pristine LiNiO2 

to LiNiO2-less B and then to LiNiO2-more B. The same trend of peak shift can also be 

detected for the peaks of the (108) and (110) facets. This shift is due to doping (Amalraj 

et al., 2021). The lower degree shift indicates the expansion of the unit cell volume by 

doping boron (B) at the interstitial site of the packed oxygen in the nickel and lithium 

layers. The lower the degree, the more B doping occurs at the interstitial site with the 

bond to oxygen in tri- or tetra-coordination (Chen et al., 2018). The XRD analysis 

demonstrated that boron was successfully incorporated into the lattice of the LNO 

material, and LiNiO2-more B was subjected to a greater amount of boron doping owing 

to the longer antisolvent treatment time. A higher amount of B-doping can achieve a 

better degree of Li/Ni ordering in the LNO material.  
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Figure 6. 9 presents the SEM surface images of the three LNO samples and Ni(OH)2 

precursor at different magnifications. Figure 6. 9. (a1-a3) are the images of pristine 

LiNiO2 with different scale bars. The surfaces of the primary particles of pristine LiNiO2 

appeared relatively rounded (Figure 6. 9. (a1)). The primary particles were very close 

to each other with good fusion, as shown in Figure 6. 9. (a2). Such a dense surface can 

help prevent the electrolyte from infiltrating the particle’s interior, thus reducing the side 

reactions between the active material and the electrolyte. The best capacity retention of 

the pristine LiNiO2 at 0.3 C cycling can also be correlated to the dense surface of the 

material. 

SEM surface images of LiNiO2-less B and LiNiO2-more B are shown in Figure 6. 9. 

(b1-b3) and (c1-c3), respectively, which are completely different from those pristine 

LiNiO2. LiNiO2-less B and LiNiO2-more B show clear crystal planes with edges and 

corners on the surface of the primary particles, such developed morphology is the same 

as the B-doped LiNi0.86Co0.08Mn0.06O2 samples reported by other people (Chen et al., 

2023). Density functional theory calculations based on a model structure of LiNiO2 

demonstrate that the surface energy of the (003) facet of B-doped LNO is much lower 

than that of non-B-doped LNO; therefore B doping tends to expose the (003) crystal 

plane in stable crystals with a flat shaped crystal structure (Chen et al., 2023). 

Meanwhile, the size of the primary particles of LiNiO2-less B and LiNiO2-more B 

became much smaller than that of the primary particles of pristine LiNiO2, as shown in 

Figure 6. 9. The geometry (shape and size) of the primary particles of LNO can be 

refined by boron doping. Furthermore, comparing Figure 6. 9. (b1) and (c1), the aspect 
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ratio of the primary particles of LiNiO2-more B is larger than LiNiO2-less B, due to 

more amounts of boron doping. The crystallinity of the primary particles changed after 

the sol/antisolvent boron treatment, showing the image of the well-crystallised primary 

particles with clear crystal planes with edges and corners: more gaps emerged among 

the primary particles of LiNiO2-less B and LiNiO2-more B than the pristine LiNiO2. 

Such structure can accelerate electrolyte infiltrating into the interior of the particle 

through the gaps, the contact surfaces between the active material and the electrolyte 

can also be increased, which can provide more chances for the side reactions, being a 

factor to the weakened capacity retentions of LiNiO2-less B and LiNiO2-more B.  

Figure 6. 9. (d1-d3) presents the SEM surface images of Ni(OH)2 precursor at different 

magnifications. The size of the primary particles of the pristine LiNiO2 (Figure 6. 9.  

(a2)) is much larger than that of the Ni(OH)2 precursor (Figure 6. 9. (d2)). The primary 

particles of the LiNiO2-less B (Figure 6. 9. (b2)) and LiNiO2-more B (Figure 6. 9. (c2)) 

approached the size of the primary particles of the Ni(OH)2 precursor (Figure 6. 9. (d2)), 

which demonstrates again that boron doping can inhibit the growth of primary particle 

in the calcination process. Meanwhile, some of the small spherical particles with a 

diameter of less than 1 µm adhered on the outside surface of the secondary particles of 

all LNO samples, as shown in Figure 6. 9. (a3), (b3), and (c3), these particles were the 

smaller-sized LNO material since there are many smaller-sized Ni(OH)2 particles in the 

precursors, as shown in Figure 6. 1. (a). The adhered smaller-sized LNO particles, 

looking like the island coatings, disrupt the continuity of the entire conductive network 

of the cathode electrode, which is not beneficial for the electrochemical performance of 
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the battery. It can be speculated that better performance in terms of specific capacity and 

capacity retention would be achieved using the uniform-sized radially structured 

precursor than the non-uniform-sized ones.  

Figure 6. 10 presents the SEM cross-sectional images of the three LNO samples and 

Ni(OH)2 precursor at different magnifications. The primary particles in the cross-

sectional region exhibited the same variations as the primary particles located on the 

surface of the LNO samples. After sol/antisolvent boron treatment, LiNiO2-less B 

(Figure 6. 10. (b1)) and LiNiO2-more B (Figure 6. 10. (c1)) also show clear crystal 

planes of the primary particles at the cross-section, which is completely different from 

the rounded surface of the primary particles of the pristine LiNiO2 with the image shown 

in Figure 6. 10. (a1). The sizes of the primary particles of LiNiO2-less B and LiNiO2-

more B are much smaller than those of pristine LiNiO2 at the cross-section. All LNO 

samples inherited the radially aligned structure from the precursor as shown in Figure 

6. 10. (a2), (b2), (c2), and (d2). 
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Figure 6. 9. SEM images: (a1-a3) surface images of pristine LiNiO2 at different 

magnifications; (b1-b3) surface images of LiNiO2-less B at different magnifications; 

(c1-c3) surface images of LiNiO2-more B at different magnifications; and (d1-d3) 

surface images of Ni(OH)2 precursor at different magnifications.  
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Figure 6. 10. SEM images: (a1-a2) cross-section images of pristine LiNiO2 at different 

magnifications; (b1-b2) cross-section images of LiNiO2-less B at different 

magnifications; (c1-c2) cross-section images of LiNiO2-more B at different 

magnifications; and (d1-d2) cross-section images of Ni(OH)2 precursor at different 

magnifications.  
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Figure 6. 11. The cracked particles after 0.3 C cycling of LNO cathode: (a1, a2) pristine 

LiNiO2 at the cut-off voltage of 4.3 V and 4.5 V; (b1, b2) LiNiO2-less B at the cut-off 

voltage of 4.3 V and 4.5 V; (c1, c2, c3) LiNiO2-more B at the cut-off voltage of 4.3 V, 

4.5 V and 4.6 V.  
 

Figure 6. 11 presents cracked particles after 0.3 C cycling of the pristine LiNiO2, 

LiNiO2-less B, and LiNiO2-more B cathodes. Figure 6. 11. (a1, a2), (b1, b2), and (c1, 

c2) correspond to the pristine LiNiO2 at the cut-off voltage of 4.3 V and 4.5 V, LiNiO2-

less B at the cut-off voltage of 4.3 V and 4.5 V, and LiNiO2-more B at the cut-off voltage 

of 4.3 V and 4.5 V, respectively. It can be found that, beyond the sample in Figure 6. 11. 
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(c1) appearing the rupture like the opening of the flower with discrete cracks, all other 

samples in Figure 6. 11. (a1, a2), (b1, b2), and (c2) suffer centre cracking, which causes 

the particles to split into two uniform halves. Similarly, a sample of LiNiO2-more B at 

the cut-off voltage of 4.6 V as shown in Figure 6. 11. (c3) also suffers rupture from the 

centre, with the entire particle being divided into two halves. This observation implies 

that the stress, which is induced by the anisotropic volume change during Li-ion 

extraction/insertion, is concentrated mainly in the centre of the secondary particles of 

the radially structured LNO material. The centre of such LNO materials can be 

considered as the mechanically weakest part of the entire particle. A radially aligned 

structure with a hole in the centre may be a good way to alleviate such stress 

concentration and reduce cracking (Kalluri et al., 2020). Undoubtedly, the high intensity 

of the phase transition of H2–H3 in the images shown in Figure 6. 5 and Figure 6. 6 is 

responsible for such high degree of cracking of LNO materials.  

6.4. Conclusion 

Sol/antisolvent boron treatment and subsequent lithiation calcination have been utilised 

to produce ordered and well-crystallised primary particles for LNO materials. LiNiO2-

more B is subjected to a longer antisolvent boron treatment time, resulting in more boron 

doping than LiNiO2-less B, as reviewed by the XRD analysis. Comparing the three 

samples of pristine LiNiO2, LiNiO2-less B, and LiNiO2-more B, LiNiO2-more B 

exhibits the best Li/Ni ordering, which can provide the largest amount of redox-active 

Ni, which is a positive factor for achieving the highest specific capacity and rate 
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capability. Analysis of the dQ/dV curves implies that LiNiO2-less B and LiNiO2-more 

B with boron doping can better activate the redox process, which is beneficial for 

delivering a higher specific capacity than pristine LiNiO2. At a higher active material 

loading, the superior performances of LiNiO2-more B in terms of specific capacity and 

capacity retention compared to the well-formed and similar-sized single-crystal LiNiO2 

reflects the advantage of the radically arranged and B-doped polycrystalline LNO 

material. The harmful H3–H4 phase transition above 4.4 V can enhance the intensity of 

the H2–H3 phase transition. It is necessary to avoid or inhibit the harmful phase 

transitions of H2–H3 and H3–H4 at high voltages.  
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Chapter 7 Conclusions and Prospects 

The research objective of this thesis is to modify and characterise Ni-rich layered oxide 

(NLO) cathodes for advanced LIBs for EVs applications. This chapter summarises the 

conclusions of each experimental study and discusses the prospects for future work.  

7.1. Conclusions 

In this thesis, a novel sol/antisolvent method is developed to modify different NLO 

materials. The importance of developing NLO with stoichiometric ratios of Ni ≥ 0.8 as 

the dominant cathode material of LIBs for next-generation passenger EVs, is first 

highlighted in Chapter 1. The mechanism of the performance degradation of NLO and 

the current proposed strategies to strengthen its electrochemical performance are 

reviewed in Chapter 2. The studies in Chapter 1 and Chapter 2 aim to understand 

NLO as a critical material for high-energy LIBs and cultivate meaningful modification 

works to develop NLO as a superior cathode material for LIBs for EVs applications. 

After the materials and equipment of the thesis are introduced in Chapter 3, Chapters 

4, 5, and 6 present novel and effective modifications of different NLO materials along 

with the corresponding results and discussions. With the assistance of the developed 

sol/antisolvent modification method, different kinds of NLO materials with 

stoichiometric ratios of Ni > 0.8 achieve better electrochemical properties in this thesis. 

The conclusions of each experimental study on different NLO materials in this thesis 

are summarised.  
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In Chapter 4, a fast and convenient sol/antisolvent wet coating is developed to achieve 

nanocrystalline LiBO2 coating of LiNi0.85Co0.1Mn0.05O2 in an anhydrous environment. 

The conclusions of this work are listed as follows: 

(1) Compared with conventional sol/gel coating and solvent/antisolvent coating, a 

homogeneous coating layer can be easily realised using a novel sol/antisolvent 

coating. There are four main advantages of sol/antisolvent coating: the aqueous 

environment is avoided, coating with different morphologies is available, no high-

temperature evaporation occurs, and the coating thickness can be tuned by changing 

the antisolvent dosage. 

(2) The coating layer was confirmed to be an α- and γ-mixed LiBO2. Owing to such 

coating modification, the modified battery exhibits a high ICE and better fast 

charging ability. The smaller polarisation, strengthened electrochemical 

reversibility of the H1–M phase transition, depressed H2–H3 phase transition, and 

enhanced Li-ion diffusion coefficient in the electrode are the reasons for the 

improved battery performance. 

(3)  Beyond the uniform LiBO2 nano-spherical particle coating, bandage-like LiBO2 

nanorods also deposit on the intrinsic crack, so a double protection against 

electrolytes is built. The predominant problem of microcracks during the cycling of 

PC-NLO was also effectively alleviated by such a sol/antisolvent nano LiBO2 

coating.  

(4) The proposed nanoparticle dispersion and aggregation by the sol/antisolvent 

method for the wet coating of an NLO cathode was demonstrated to be feasible.  
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In Chapter 5, a sol/antisolvent B2O3 coating is applied for the precursor of 

LiNi0.83Co0.05Mn0.12O2 with a daisy-like structure, followed by lithiation calcination to 

realise the combined boron-related coating and doping with the intrinsic radially aligned 

structure. The conclusions of this work are listed as follows: 

(1)  In the lithiation calcination process, the four factors of good crystallinity with an 

ordered layered structure, clean surface without obvious lithium residues, reduced 

gaps among primary particles, and daisy-like radially aligned structures were 

identified as important factors for achieving a high discharge capacity (≥200 mAh 

g-1) at a cut-off voltage of 4.3 V.  

(2) A high discharge capacity can be considered an important indicator for the 

preparation of superior NLO materials. The modified NLO named Daisy-Ni83-

Bthin and Daisy-Ni83-Bmiddle with a special radially aligned structure and the 

combined boron-related coating and doping can deliver extremely high discharge 

capacities of over 220 mAh g-1 at 0.1 C between 2.8-4.3 V and approaching 240 

mAh g-1 at 0.1 C between 2.8-4.5 V.  

(3) Characterisation of the materials demonstrated that the designed sol/antisolvent 

B2O3 coating modification on the precursor followed by lithiation calcination does 

not destroy the special daisy-like structure, but can realise a smooth and dense 

coating layer with nano-sized thickness and near-surface boron doping with radially 

aligned primary particles. The coating layer was identified as a faster ion conductor 

of glass amorphous LiBO2. Beyond the extremely high discharge capacity, Daisy-

Ni83-Bthin and Daisy-Ni83-Bmiddle also exhibited better cycling stability, rate 
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capability, and thermal stability than unmodified Daisy-Ni83.  

(4) Since B2O3 concentration in ethanol sol for synthesising Daisy-Ni83-Bthin is 

relatively lower than that for synthesising Daisy-Ni83-Bmiddle. Daisy-Ni83-Bthin 

is subjected to the incomplete coating for the secondary particle, Daisy-Ni83-

Bmiddle is subjected to the complete coating for the secondary particle. Owing to 

sufficient protection from the complete coating on the secondary particle, Daisy-

Ni83-Bmiddle exhibited the best cycling performance at high cut-off voltage and 

elevated current density.  

(5) The integration of the advantages of the radially aligned structure and the combined 

effects of coating and doping can boost the potential of NLO as an excellent cathode 

material. In contrast to separate doping or coating modification, the benefit of the 

three-in-one effect of the radially aligned microstructure and the incorporated 

coating and doping is obvious. 

 

In Chapter 6, a sol/antisolvent boron treatment is further adopted for the modification 

of the ultrahigh Ni material of LiNiO2. The modified LiNiO2 was obtained by 

sol/antisolvent B2O3 treatment on radially structured Ni(OH)2 along with subsequent 

lithiation calcination. The conclusions of this work are listed as follows: 

(1) Ordered, well-crystallised, and B-doped LiNiO2 material with clear crystal planes 

of the primary particles were realised after modification. Different times of 

antisolvent treatment induced different degrees of boron doping. LiNiO2-more B 

exhibits more boron doping than LiNiO2-less B owing to the longer antisolvent 
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treatment time.  

(2) B-doping can activate the redox process in some kinetically sluggish regions, which 

is beneficial for delivering a higher discharge capacity than that of pristine LiNiO2. 

B doping can also improve the Li/Ni ordering of the LNO material. The highest 

discharge capacity and the best rate capability of LiNiO2-more B were matched 

with the highest Li/Ni ordering.  

(3) Compared with the well-formed and similar-sized single-crystal LiNiO2, the 

polycrystalline radially aligned LiNiO2-more B performs better in terms of both the 

discharge capacity and long-term cycling stability, which indicates that the benefit 

of the radially arranged structure and B-doping is also applicable for LNO materials. 

(4) In contrast to NCM811, H3–H4 phase transitions were detected for all the LNO 

materials. The emergence of the H3–H4 phase transition above 4.4 V can enhance 

the degree of the phase transition of H2–H3 at approximately 4.2 V, and further 

accelerate the performance deterioration. To optimise radially aligned and B-doped 

polycrystalline LNO, avoiding or inhibiting the harmful phase transitions of H2–

H3 and H3–H4 at high voltages is necessary.  

7.2. Prospects 

NLO cathodes with superior electrochemical performance for advanced LIBs for EVs 

applications have been realised by the developed sol/antisolvent boron-related 

modification of different NLO materials. The outcome of the experimental work 

presented in this thesis is fascinating. Prospects for future work are as follows:  
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(1) In addition to boron-related materials, such as LiBO2 and B2O3, other coating 

materials can also be studied using the sol/antisolvent method to expand the 

application of this method for modifying NLO materials. 

(2) In addition to tetrahydrofuran (THF), which is used as an antisolvent, other organic 

solutions exhibiting relatively lower polarities than ethanol can also be tried, and 

accordingly broaden the selection of antisolvents.  

(3) Achieving a complete surface coating on all the secondary particles poses a 

significant challenge, and more effort is needed. For example, the exploration of 

advanced equipment capable of ensuring a more uniform distribution of the micro-

sized particles (i.e. the cathode material itself or its precursor) and nano-sized 

particles (i.e. the coating material) in the ethanol sol is a direction.  

(4) At a high specific capacity, LiNiO2 undeniably demonstrates inferior cycling 

performance compared with NCM811, and strategies for inhibiting the harmful 

phase transitions of H2–H3 and H3–H4 should be developed. This endeavour 

necessitates a deeper comprehension and meticulous analysis of the underlying 

mechanisms driving these two detrimental phase transitions, thereby informing the 

development of targeted mitigation approaches.  
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