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ABSTRACT OF THE DISSERTATION 

 

Boron Chemistry in High Voltage Cathodes for Lithium-Ion Batteries 

 

 

by 

 

Na Ri Park 

 

Doctor of Philosophy in Chemical Engineering 

 

University of California San Diego, 2024 

 

Professor Ying Shirley Meng, Chair 
 

 

Lithium-ion batteries are central to advancing energy storage solutions, and the high-

voltage spinel lithium nickel manganese oxide (LNMO) and lithium-rich layered oxide (LRLO) 

stand out as two promising cathode materials for next-generation lithium-ion batteries.  



xvii 

The first half of this dissertation is on the study of LNMO for lithium-ion batteries. LNMO 

operates at 4.8 V and offers high energy density, yet LNMO/graphite (LNMO/Gr) full cells 

experience capacity fading, limiting practical applications. This work introduces a lithium 

metaborate (LBO) coating applied via a dry mixing method to enhance LNMO’s cycling stability. 

The LBO-coated LNMO, with an areal capacity of 3 mAh cm−2, exhibits superior long-term 

performance compared to uncoated LNMO. Characterization reveals that the 5 nm cathode 

electrolyte interphase (CEI) formed on LBO-coated LNMO mitigates phase transitions after 

extended cycling. Furthermore, the coating acts as a reservoir, dissolving into the electrolyte and 

reducing Nickel/Manganese dissolution and SEI formation on the anode side. 

The second part of this dissertation is on the study of LRLO for Lithium-ion batteries. LBO 

is applied to LRLO cathodes to address their challenges, such as voltage decay and poor cycling 

performance. The LBO-coated LRLO forms a uniform 15 nm surface layer, and when combined 

with lithium bis(oxalato)borate (LiBOB) as an electrolyte additive, achieves capacity retention of 

82% after 400 cycles. The boron species’ interaction with PF6
− anions generate BF4

− and 

suppresses HF formation during high-voltage cycling, improving both cathode stability and 

electrolyte integrity. 

Overall, this dissertation offers surface modification through LBO stabilizes LNMO and 

LRLO cathodes’ surfaces and mitigates degradation mechanisms, paving the way for their 

practical use in advanced lithium-ion battery systems. 



1 

Chapter 1 INTRODUCTION 
 

 

1.1 Advancements and Challenges in Lithium-Ion Battery Development 

Efforts to develop advanced lithium-ion batteries (Figure 1.1) with enhanced energy 

density and extended cycle life are pivotal to meeting the increasing energy storage demands of 

the electric vehicle market and the broader integration of renewable energy sources into the global 

power grid [1]. As the world increasingly shifts toward electrification and sustainable energy, the 

importance of improving battery technology becomes even more pronounced. Notably, lithium-

ion batteries have become the most widely used energy storage solution, recognized for their 

impressive ability to deliver high performance in terms of energy density, power density, and cost-

effectiveness, which are critical for applications ranging from portable electronics to large-scale 

grid storage [2]. However, despite their widespread use, current generations of lithium-ion 

batteries, particularly those employing layered oxide cathode materials, face significant hurdles in 

meeting the ambitious energy storage goals needed to support a future dominated by electric 

mobility and renewable energy solutions [3]. 
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Figure 1.1: Illustration in diagrammatic form of lithium-ion battery structure. 

 

Under existing operating conditions, today’s cathode materials, such as nickel-rich layered 

oxides, high-voltage spinel lithium nickel manganese oxide, and lithium-rich layered oxides, 

struggle to meet the projected targets for energy density, particularly the target of 350 Wh/kg at 

the cell level, which is essential for advancing electric vehicle technology [1]. This translates to 

the need for over 800 Wh/kg at the cathode level, a substantial increase over current cathode 

material capacities. Meeting this challenge requires not only increasing the energy density but also 

improving the cycle life and safety of these materials to ensure their long-term viability. 

Additionally, the transition to higher voltage and capacity cathode materials introduces new 

complexities, such as the need for better electrolyte compatibility and enhanced thermal stability, 

which are essential for ensuring the safety and efficiency of lithium-ion batteries in various 

applications. 

Moreover, as demand for lithium-ion batteries continues to rise, the sustainability of 

current battery production practices has become a pressing concern [4]. The high energy 
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consumption involved in extracting raw materials, coupled with the reliance on finite critical 

resources such as cobalt, lithium, and nickel, creates significant environmental and geopolitical 

challenges. The mining and refining of these materials, along with the low recycling rates for end-

of-life batteries, exacerbate the environmental footprint of lithium-ion batteries. If these challenges 

are not addressed, the widespread adoption of lithium-ion batteries could have substantial 

environmental consequences, particularly as global demand for electric vehicles and energy 

storage systems increases. Additionally, the production of batteries remains highly energy-

intensive, with much of the energy consumed coming from non-renewable sources, further 

contributing to their environmental impact [4]. 

Despite these challenges, research into next-generation battery technologies remains 

essential for advancing the adoption of electric vehicles, renewable energy systems, and other 

clean energy solutions. Breakthroughs in cathode materials and electrolyte compatibility hold the 

potential to enable batteries that meet—and even exceed—current energy density targets [5]. Such 

innovations could pave the way for batteries that not only deliver higher performance but are also 

more environmentally sustainable. For instance, almost every component of conventional lithium-

ion batteries—ranging from the cathode and anode materials to the electrolytes and separators—

could be replaced with more sustainable alternatives. However, achieving this transition while 

maintaining performance comparable to current lithium-ion batteries remains a significant hurdle. 

Greener alternatives, while promising, often face limitations in energy density, cycle life, and cost-

effectiveness, which makes them less viable for high-performance applications like electric 

vehicles. 

To ensure the sustainability of battery technology in the long term, the development of 

greener lithium-ion batteries will require addressing the inherent trade-offs between performance 
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and environmental impact [6]. For portable and mobile applications, such as consumer electronics, 

electric mobility, and aviation, the key priorities will remain high energy density, fast-charging 

capabilities, and safety. In these areas, lithium-ion batteries continue to excel due to their ability 

to store and deliver substantial energy in compact, lightweight packages. However, for larger-scale 

applications, such as grid storage and renewable energy integration, the focus will shift to 

improving material efficiency, reducing the environmental impact of production, and enhancing 

recyclability. The path forward for energy storage will likely involve a combination of improving 

the performance of existing lithium-ion battery technologies and developing entirely new materials 

and architectures that can meet the specific needs of various applications. 

While lithium-ion batteries remain a cornerstone of modern energy storage, the challenges 

they face—from raw material sourcing to sustainability and performance—require ongoing 

innovation [7]. The continued development of cathode materials that can increase energy density, 

improve cycle life, and reduce environmental impact will be essential in meeting the future 

demands of electrification and renewable energy storage. As the field of battery research advances, 

it is clear that next-generation cathode materials, alongside improvements in other components of 

lithium-ion batteries, will play a crucial role in overcoming these challenges and enabling the 

widespread adoption of clean, sustainable energy solutions. 

 

1.2 Increasing Energy Density Through Higher Voltage and Capacity 

Enhancing the energy density of lithium-ion batteries is a critical goal in advancing battery 

technology, especially for applications such as electric vehicles and large-scale renewable energy 

storage. Two key strategies for increasing energy density are improving the battery’s capacity and 
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increasing its voltage range. These approaches are often pursued together, as they complement 

each other in boosting overall energy storage [8]. 

Increasing battery capacity is essential for extending runtime in applications that require 

sustained energy output. Battery capacity refers to the total amount of energy a battery can store, 

and increasing this capacity primarily involves improving the materials used in the electrodes, 

especially the cathode materials, which are responsible for most of the energy storage. Nickel-rich 

layered oxides (LiNi₁₋ₓMₓO₂, where M can be Co, Mn, or Al) have gained significant attention due 

to their superior specific capacity and energy density, particularly when high nickel content is 

incorporated [9]. This higher nickel content enables more lithium ions to be stored, making these 

materials particularly advantageous for applications that require both high energy density and 

extended runtime, such as electric vehicles and renewable energy storage systems. 

In addition to capacity, increasing the battery's average operating voltage is another 

effective way to enhance energy density. Higher average operating voltage raises the energy stored 

per unit mass and volume, leading to a direct increase in overall energy density [9]. This enables 

the storage of more energy in a given battery pack without a proportional increase in size or weight, 

which is especially beneficial for compact and lightweight battery solutions used in electric 

vehicles and portable electronics. However, achieving higher voltages introduces challenges, 

primarily related to the stability of the electrolyte at elevated voltages. Conventional carbonate-

based liquid electrolytes, commonly used in commercial lithium-ion batteries, offer high ionic 

conductivity and moderate electrochemical stability within the standard operating voltage range 

of 3.0 to 4.2 V [10]. However, when exposed to voltages exceeding 4.4 V, these electrolytes begin 

to degrade significantly, compromising battery performance and safety. The decomposition of 

electrolyte solvents at high voltages produces reactive species that interact with lithium salts, 
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generating corrosive byproducts such as HF (hydrofluoric acid), which damage both the cathode 

and the anode side. This degradation leads to increased impedance, diminished capacity retention, 

and ultimately, a reduction in overall battery performance. 

Another concern with high-voltage operation is the generation of gaseous byproducts, such 

as CO₂, CO, and hydrocarbons, which accumulate inside the battery, causing pressure buildup and 

physical swelling. This compromises the mechanical integrity of the battery casing, reducing cycle 

performance and presenting safety risks, especially under prolonged high-voltage cycling or 

thermal stress. These challenges make it difficult to achieve the long-term reliability and safety 

needed for demanding applications [11]. 

Despite the challenges associated with high-voltage operation and structural stability in 

lithium-ion batteries, several promising solutions are being actively explored to address these 

limitations and enable the advancement of high-energy-density batteries [12]. One of the most 

effective and widely studied approaches involves the surface modification of cathode materials. 

By coating the surface of cathode materials with protective layers, it is possible to significantly 

enhance their structural stability, mitigate oxygen release, and reduce issues such as capacity fade 

and voltage degradation, which are common in high-voltage operations [13]. These coatings 

typically consist of materials such as metal oxides (e.g., Al₂O₃ [14], TiO₂ [15]), conductive 

polymers (e.g., polyaniline), or ceramics, which form a physical barrier between the cathode 

material and the electrolyte, preventing unwanted side reactions and helping to stabilize the 

cathode structure under high-voltage conditions. 

The coatings help to prevent the degradation of the cathode material by acting as a shield 

against oxidation and the formation of harmful byproducts. For example, Al₂O₃ coatings are 

effective in reducing oxygen release from the cathode material, which is a common issue when 
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operating at high voltages [14]. Oxygen release can lead to a rapid loss of capacity and 

performance degradation, especially in nickel-rich or lithium-rich cathodes. TiO₂ coatings, on the 

other hand, have been shown to improve the structural integrity of the cathode and prevent the 

growth of cracks or microfractures during cycling [15]. Additionally, these coatings (Figure 1.2, 

[16]) can also suppress thermal instability, which is critical for maintaining the safety of LIBs 

during high-voltage operation. The surface coating approach also prevents direct contact between 

the electrolyte and the cathode material, minimizing the possibility of side reactions and enhancing 

the overall cycling stability of the battery [16]. 

 



8 

 

Figure 1.2: Roles of surface coatings on cathode materials. 

 

Alongside surface modification, the development of electrolytes with enhanced stability at 

higher voltages is another crucial strategy to improve the performance of high-voltage LIBs. 

Conventional carbonate-based electrolytes, while widely used in LIBs, start to decompose at 

voltages above 4.4 V [17], leading to the generation of reactive species and corrosive byproducts 

that degrade the performance of both the electrolyte and the cathode material. To overcome this 
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limitation, researchers are focusing on developing electrolytes that can withstand higher voltages 

without undergoing oxidative decomposition. One promising approach involves the use of 

fluorinated solvents, which are more stable at high voltages and can form stable passivation layers 

on the cathode surface [18]. Lithium salts with enhanced oxidative stability, such as LiBOB 

(lithium bis(oxalato)borate) [19], have also shown potential in improving the electrochemical 

stability of the electrolyte. These salts help to minimize the formation of harmful byproducts and 

ensure stable ion transport at high voltages. By improving the stability of the electrolyte at high 

voltages, these additives can enhance the overall energy density and long-term cycling 

performance of LIBs, particularly in demanding applications like electric vehicles and large-scale 

renewable energy storage systems [20].  

Ultimately, advancing the performance of high-energy LIBs requires a careful balance of 

increased capacity, higher voltage, and stability. By addressing the limitations of conventional 

electrolytes and improving the structural resilience of high-capacity cathodes, researchers aim to 

unlock the full potential of LIBs, resulting in batteries with greater energy density, longer cycling 

performance, and improved safety. These advancements will be crucial for meeting the energy 

storage demands of applications such as electric vehicles, portable electronics, and renewable 

energy storage systems [21]. 

 

1.3 Advancements in High-Voltage Cathode Materials for LIBs 

 The energy density of a battery has a direct impact on its driving range, operating time, 

and overall performance, making energy density improvement crucial for increasing energy 

storage capacity while reducing the size and weight of the battery. High-voltage cathode materials 



10 

represent one of the most promising strategies to achieve this goal, as they enable batteries to 

operate at higher voltages, significantly enhancing the overall energy storage capacity [22]. 

Among the most promising candidates (Figure 1.3) for high-voltage cathodes are nickel-

rich layered oxides (LiNi₁₋ₓMₓO₂, where M typically includes cobalt, manganese, or aluminum), 

high-voltage spinel lithium nickel manganese oxide such as LiNi₀.₅Mn₁.₅O₄ (LNMO), and lithium-

rich layered oxides (Li₁₊ₓM₁₋ₓO₂, where M can be Mn, Ni, or Co). These materials have the 

potential to extend the voltage operating range, thereby enhancing energy storage capacity and 

overall energy density [23]. 

 

Figure 1.3: Li-ion battery cathodes: important formulae, structures, and voltage profiles during 

discharge. The potentials are versus Li reference electrodes. 

 

1.3.1 Nickel-Rich Layered Oxide 

Nickel-rich layered oxides have garnered significant attention for their ability to offer high 

specific capacity due to their ability to incorporate more lithium ions into the structure. As a result, 

they are highly attractive for high-energy applications, such as electric vehicles and large-scale 
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energy storage systems, where longer runtimes are crucial. Increasing the nickel content in the 

cathode material raises the lithium storage capacity, improving both the specific capacity and the 

energy density of the battery (Figure 1.4). This makes nickel-rich cathodes particularly desirable 

for applications requiring higher energy outputs. However, despite their high capacity, there are 

several critical challenges associated with their use, particularly under high-voltage cycling 

conditions [24]. 

 

Figure 1.4: Capacity fading scheme of Ni-rich Li[NixCoyMn1−x−y]O2 cathodes. 

 

At voltages above 4.4V, nickel-rich layered oxides tend to undergo a series of detrimental 

phase transitions, particularly between hexagonal and monoclinic phases. These phase changes 

generate significant internal mechanical stress, leading to the formation of microcracks (Figure 

1.4) that weaken the material’s lattice structure. Over time, such structural degradation results in 

irreversible capacity loss and poor cycling stability. The mechanical stress from these phase 

transitions, coupled with high-voltage cycling, undermines the material’s structural integrity, 

which directly impacts battery performance and safety [25]. 

Moreover, at elevated voltages, the electrolyte is more likely to undergo undesirable 

oxidative decomposition reactions at the electrode/electrolyte interface. In commercially available 
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carbonate-based liquid electrolytes, the stable operating voltage is generally limited to 4.3–4.4V. 

Surpassing this threshold leads to aggressive oxidative reactions that result in the formation of a 

SEI layer, which impedes lithium-ion transport, causes gas generation, and can lead to transition 

metal dissolution. These processes significantly degrade the overall battery performance, making 

high-voltage operation a significant challenge for practical applications. 

Another major issue with high-voltage cycling of nickel-rich cathodes is oxygen release, 

which becomes more pronounced under both high-voltage and high-temperature conditions 

(Figure 1.5). Oxygen evolution disrupts the structural integrity of the material by generating 

oxygen vacancies, which can lead to further destabilization of the lattice and compromise the 

overall safety of the system. The loss of oxygen from the lattice, particularly during high-

temperature cycling or material synthesis, exacerbates these issues and can contribute to thermal 

runaway, a significant safety risk in battery systems [25]. 

 

 

Figure 1.5: (a) Schematic illustration of the issues and methods of Ni-rich material. (b) Causality 

between the delithiation, electrolyte, cracking, phase transformation, oxygen vacancy, thermal 

effect, and electrochemical performance associated with the oxygen loss, and examples of each 

topic are illustrated. 
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The thermal treatment of these materials during synthesis or cycling further destabilizes 

the crystal structure, particularly through the loss of lattice oxygen (Figure 1.6). This process not 

only accelerates material degradation but also emphasizes the need for comprehensive structural 

characterization of nickel-rich layered oxides during various charge/discharge stages to better 

understand and mitigate these failure mechanisms [26]. Researchers must develop advanced 

techniques to monitor and control these structural changes in real-time, which will be critical for 

developing more stable and durable materials. 

 

Figure 1.6: Schematic representation of the formation process of LiOH and Li2CO3 at a 

LiNi0.7Mn0.3O2 cathode surface. 

 

In recent years, various strategies have been developed to address these challenges and 

stabilize nickel-rich layered oxides. One promising approach is heterogeneous ion doping, where 

elements such as magnesium [27], aluminum [28], or titanium [29] are substituted into the 

structure. These dopants help to alleviate internal stresses by modifying the electronic 

environment, thus stabilizing the lattice and reducing the risk of phase transitions. Additionally, 

surface coating techniques—such as applying materials like aluminum oxide (Al₂O₃) [30] or 

lithium phosphate (Li₃PO₄) [31] —can form protective layers that minimize direct contact between 

the cathode material and the electrolyte, reducing surface degradation and mitigating oxygen 

release [28], [30]. 
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Another key strategy is controlling the morphology of the cathode material (Figure 1.7). 

By using spherical or core-shell structures (Figure 1.7 (b)), researchers can optimize the 

distribution of mechanical stresses, preventing the development of microcracks and enhancing the 

overall mechanical stability of the material [32]. Moreover, concentration gradient designs—

where the composition of nickel and other elements is varied from the core to the surface of the 

particles—can further improve the resistance to cracking and phase transitions, enhancing both the 

electrochemical and mechanical stability of the material (Figure 1.7 (a)). 

 

Figure 1.7: (a) The schematic of a build-up of local stress concentrations and stress distribution 

during charging depending on primary particle morphology. (b) The schematic of different degrees 

of sustained damage because of the different morphology. 

 

A critical challenge in developing nickel-rich cathodes is the high cost and limited 

availability of cobalt. Cobalt is expensive (around $20,000 per ton ($11.02/lb) as of late 2024, 

https://www.dailymetalprice.com/) and relatively scarce in the Earth’s crust, leading to concerns 

about the long-term sustainability of its use in battery materials. As a result, researchers have been 

exploring various ways to reduce or eliminate cobalt from these materials while maintaining their 

stability and performance [33]. However, stabilizing the layered structure of these cobalt-free or 

low-cobalt materials remains a significant challenge. Furthermore, the infrastructure changes 
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required to accommodate new materials and processing methods may incur high costs, potentially 

offsetting the benefits of reducing cobalt usage. 

While nickel-rich layered oxides hold significant promise for high-energy applications, 

their long-term viability is contingent upon overcoming the structural and electrochemical 

challenges discussed above. The high nickel content, while boosting energy density, also 

contributes to instability under high-voltage cycling, which negatively affects the long-term 

performance and safety of the battery [34]. Further research into stabilizing these materials through 

advanced material design and process optimization will be essential to enable their practical and 

widespread use (Figure 1.8). 

 

Figure 1.8: Further applications and development trends of nickel-rich cathodes in the future. 

 

As a result, the development of high-energy cathode materials, particularly those that 

utilize nickel-rich layered oxides, holds significant promise for improving the energy density of 

lithium-ion batteries, especially for demanding applications such as electric vehicles and large-

scale energy storage systems. However, to fully realize their potential, ongoing research must 

address the inherent challenges of structural degradation, oxygen release, and electrolyte stability 

under high-voltage cycling conditions [32], [34]. Through innovative material design strategies—
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such as ion doping, surface coatings, and morphological control—it is possible to stabilize these 

materials, enhancing their performance and safety (Figure 1.5). As the demand for high-energy 

batteries grows, particularly in the automotive and renewable energy sectors, overcoming these 

challenges will be critical to advancing next-generation battery technologies and ensuring their 

long-term viability in commercial applications [35]. 

 

1.3.2 High-Voltage Spinel Lithium Nickel Manganese Oxide 

High-voltage spinel lithium nickel manganese oxide, such as LiNi0.5Mn1.5O4 (LNMO), 

have attracted significant attention as promising cathode materials for high-energy lithium-ion 

batteries due to their stable crystal structure and ability to operate at voltages up to 4.7 V [36]. This 

high-voltage tolerance is one of their key advantages, as it allows for increased energy density 

without significantly expanding the size or weight of the battery, making them particularly 

attractive for applications such as electric vehicles and large-scale energy storage systems. 

Furthermore, spinel lithium nickel manganese oxide exhibits good thermal stability, which enables 

it to maintain performance even under elevated temperatures, an essential characteristic for high-

power applications [37].  

Unlike nickel-rich layered oxides, prone to structural instability and phase transitions at 

high voltages, spinel lithium nickel manganese oxide materials are more resilient to mechanical 

stress, reducing the risk of microcracks and lattice degradation [38]. However, while their ability 

to withstand higher voltages gives them an edge in energy density, spinel lithium nickel manganese 

oxide oxides suffer from a lower specific capacity compared to nickel-rich materials. This means 

they store less energy for the same volume or weight, limiting their overall energy storage potential 

[37].  
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Figure 1.9: Schematic illustration of the current publications on LNMO cathodes according to 

modified methods. 

 

Figure 1.9 highlights the key strategies for enhancing the performance of cathode materials 

in lithium-ion batteries through doping, surface management, and coating techniques, all within a 

comprehensive technology management framework [39]. Doping involves incorporating various 

elements into the crystal lattice to stabilize the structure, reduce degradation, and improve 

electrochemical performance. Surface management focuses on optimizing particle morphology 

and surface characteristics to mitigate side reactions and improve compatibility with electrolytes. 

Coating techniques apply protective layers to prevent electrolyte decomposition and enhance 

thermal and structural stability, especially under high-voltage conditions. Together, these 
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approaches synergistically improve energy density, cycle life, and thermal stability, as depicted 

through detailed illustrations of nanoscale modifications, particle engineering, and lattice 

stabilization mechanisms. This integrative framework emphasizes the importance of combining 

these strategies to achieve efficient, durable, and high-performance battery systems. 

 

1.3.3 Lithium-rich Layered Oxides 

Lithium-rich layered oxides offer exceptionally high theoretical capacity and the potential 

for very high energy density, making them attractive for next-generation batteries [40]. However, 

they face significant challenges such as voltage fade and poor cycle stability. Figure 1.10 

illustrates key strategies and challenges associated with LRLO as advanced cathode materials for 

lithium-ion batteries [41]. The central wheel highlights the primary issues: voltage decay, capacity 

loss, poor cycle life, lattice oxygen loss, and size control. Surrounding this are various solutions, 

including surface coating to enhance structural stability, morphology design for improved 

electronic pathways and reduced grain boundary resistance, element doping to stabilize the layered 

structure and suppress undesired reactions, and electrolyte modification to mitigate chemical 

degradation. This phenomenon is often linked to the formation of unstable phases and side 

reactions at the electrode-electrolyte interface, which degrade electrochemical performance and 

shorten battery lifespan [44]. Despite these challenges, lithium-rich oxides exhibit capacities 

exceeding the traditional theoretical limits due to anion redox activity, such as oxygen oxidation, 

which adds reversible capacity during electrochemical cycling [43]. Research advancements have 

steadily improved the capacity of these materials from around 200 mAh/g to nearly 350 mAh/g 

over the past decade [44]. To achieve commercial viability, ongoing efforts are focusing on 

mitigating issues like voltage fade, structural instability, and slow reaction kinetics while 
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harnessing the unique anion redox properties for further capacity enhancement. These 

developments highlight the material's potential to meet the demands of high-energy applications 

while addressing critical limitations [43]. 

 

 

Figure 1.10: Schematic illustration of various challenges and corresponding strategies of LRLO. 

 

The illustrations emphasize the interplay between structural engineering, chemical 

modifications, and interface stabilization in addressing LRLO's inherent limitations, paving the 

way for better performance and practical application in next-generation batteries [41]. 
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Chapter 2 Understanding the Role of Lithium Borate as the Surface Coating 

on High Voltage Single Crystal LiNi0.5Mn1.5O4 
 

2.1 Introduction 

The demand for electric vehicles has increased significantly due to extensive regulations 

on CO2 emissions and the rising price of gasoline. However, charging electric vehicles can be 

inconvenient for customers due to the short mileage per charge and long charging time. To address 

this issue, many researchers are working on increasing the energy density and fast charging 

capability of lithium-ion batteries. For energy density improvement, increasing the operating 

voltage of cathode active material is one of the most effective ways, but challenging. First, regular 

battery electrolyte suffers severe decomposition during high-voltage operation. Second, cathode 

active materials such as high nickel LiNixCoyMnzO2 (x+y+z=1, NCM) are unstable when charged 

to more than 4.5V, resulting in fast capacity decay and safety issues. Third, the choice of cathode 

transition metal composition is important. Cobalt is commonly used to improve the stability of 

cathodes, but its price has risen significantly in recent years. As a result, high voltage cobalt-free 

spinel material LiNi0.5Mn1.5O4 (LNMO) has attracted attention [1], considering its three-

dimensional spinel structure for fast charge/discharge, a high working potential of 4.8 V, and a 

theoretical capacity of 147 mAh/g [2]. All these advantages enable a significant chance for LNMO 

to be the cathode active material for next-generation high-voltage lithium-ion batteries.  

However, the practical application of LNMO in full cells is yet to be achieved because of 

the intrinsic high-voltage operation, which results in fast capacity decay during cycling. Several 

hypotheses have been proposed to explain the fast degradation: 1) When operating at high voltage, 

the structure change of the cathode itself is intensified. Mn3O4-like spinel and rock-salt structures 

are known to form on and below the surface of LNMO particles due to the migration of transition 
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metals to tetrahedral (8a sites) and octahedral sites (16c sites). This irreversible structure change 

initiated transition metals migration/dissolution, increased charge transfer impedance, and 

severely degraded battery performance [3]. 2) Choi et al. reported that aging of the LNMO 

electrode was accelerated at high temperature (i.e., 60 °C) or high voltage due to continuous SEI 

growth following transition metals redeposition in LNMO/Gr full cell, increasing the surface 

impedance of the electrode [4]. 3) The capacity fade of the LNMO/Gr full cell resulted from 

lithium inventory loss. Since active lithium is used to continuously form an interphase in the 

LNMO/Gr full-cell system, the amount is continuously depleted, which eventually affects the 

long-term cycle [5]. 4) Moreover, the standard electrolyte consisting of organic carbonate solvent 

and LiPF6 salt is unstable at operating potentials above 4.5 V. The electrolyte decomposition 

severely triggered the degradation of LNMO/Gr full cell [6]. 

Several methods have been verified to improve the cycling performance of LNMO/Gr full 

cells. First, many strategies have been explored in designing high-voltage electrolytes, including 

different electrolyte additives. These additives could facilitate stable CEI and SEI, which helped 

stabilize active materials and prevent dramatic capacity degradation. Cho et al. successfully 

demonstrated succinic anhydride (SA) and 1,3-propane sultone (PS) additives for improving the 

electrochemical performance of LNMO/Gr full cells [7]. They proposed that SA and PS could 

control the swelling behavior of LNMO/Gr cells because of the increased stability against 

oxidation on the cathode side and robust SEI on graphite. High salt concentration electrolytes 

(HCE) [8] and ionic liquids [9] have also been explored for high-voltage systems, but both suffer 

from high viscosity and poor wettability with thick electrodes. The replacement of carbonate-based 

solvents with fluorinated-based [10], sulfone-based [11], or nitrile-based [12] solvents has also 

been demonstrated, as these solvents typically have very high oxidation stability. However, the 
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practical implementation is challenging due to their expensive price, high viscosity, and low ionic 

conductivity, which make them difficult to use in practical cells. Second, different LNMO cathode 

modification methods, including doping and particle size optimization. It was proposed that the 

dopants could stabilize the LNMO structure, therefore decreasing transition metal dissolution and 

surface phase change. Okudur et al. doped the LNMO surface with Ti and annealed it in an oxygen 

atmosphere, resulting in an increase in the Ni-Mn ordering degree of doped LNMO with increasing 

annealing temperature [13]. Interface stability can be improved with developed intrinsic properties 

by changing the chemical composition design material of the cathode. Chen et al. synthesized 

LiNixMn2–xO4 (0.3 ≤ x ≤ 0.5) single-crystal samples using molten salt and changed the chemical 

composition. As a result, the ordering/disordering transition of spinel is affected by the chemical 

composition. The change in Mn3+ content can be induced by optimizing the Ni/Mn ratio through 

various chemical compositions [14]. Liang et al. used a nickel-manganese compound with a low 

Mn3+ and impurity content as a precursor for the synthesis of LNMO due to the compound's highly 

crystalline spinel structure [15]. Last, the surface coating has been applied to improve the 

electrochemical performance of LNMO/Gr full cells. Different coating chemistries have been 

verified, such as oxides (Al2O [16], ZnO [17], and Bi2O3 [18]), phosphate [19,20], and borate 

[21,22] on the cathode. With all these surface coatings, different improvement mechanisms have 

been proposed. Gong et al. [21] reported that electrolyte corrosion could be prevented by coating 

Li3BO3 on LNMO using the wet-chemistry method. They claim that the structural stability 

increases because of the low Mn3+ and O vacancy after coating. Roh et al. [22] reported that the 

Li2O-2B2O3 coating is effective for high-temperature cycling. They mentioned that the coating 

layer could control the organic CEI layer growth even at high temperatures. Sheen et al. [23] 

reported that coating the surface of spinel lithium manganese oxide with LBO glass through the 
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solid-state method resulted in good cycle performance. They stated that the improvement was due 

to reducing the contact with the electrolyte through the physical coating. A literature summary of 

surface modification on LNMO with different coating materials or methods is shown in Table 2.1, 

along with the proposed mechanism and results.  
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Table 2.1: Literature summary of coating layer stature after cycling using surface-modified 

LNMO for LIBs. 
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Author 

(Year) 
Material 

Synthesis 

method 
Improving mechanism 

Coating 

status 

after 

cycling 

Ref. 

Oh et al. 

(2003) 
ZnO Sol-gel 

Formation of the graphitic surface 

phase,  

hindering the Li migration 

X [31] 

Sun et al. 

(2011) 
Carbon Sol-gel Mechanically surface protection 

Not 

mentioned 
[32] 

Xiao et al. 

(2014) 
CuO Co-precipitation Mitigating lithium inventory loss 

Not 

mentioned 
[33] 

Cabana et al. 

(2014) 
LiAlO2 

Atomic layer 

deposition 

Physical barriers against side reactions  

at the electrode-electrolyte interface 

Not 

mentioned 
[34] 

Cabana et al. 

(2014) 
MgO Solid-state Controlling cathode structure change 

Not 

mentioned 
[35] 

Kim et al. 

(2014) 
SiO2 Co-precipitation Graphite SEI growth control 

Not 

mentioned 
[36] 

Zhang et al. 

(2015) 
Carbon Solid-state Mitigating surface phase change 

Not 

mentioned 
[37] 

Meng et al. 

(2015) 

TiO2 and 

Al2O3 

Atomic layer 

deposition 

Prevention of electrolyte side 

reactions 

TiO2-

50Cy 

Al2O3-

15Cy 

[38] 

Choi et al. 

(2016) 
Carbon Mechanofusion Graphite SEI growth control 

Not 

mentioned 
[39] 

Jung et al. 

(2017) 
RuO2 

Wet-chemical 

route 
Controlling cathode structure change 

Not 

mentioned 
[40] 

Lin et al. 

(2020) 
AlF3 Sol-gel 

Protecting from corrosion or 

suppressing the electrolyte 

decomposition 

Not 

mentioned 
[41] 

Lethien et al. 

(2021) 
Li3PO4 

Atomic layer 

deposition 
Mechanically surface protection X [42] 

Meng et al. 

(2022) 
Al2O3 

Atomic layer 

deposition 
Controlling cathode dissolution 

After 

300cy 
[43] 

This work LiBO2 Solid-state 
Acting as an LBO reservoir to control 

cycle degradation via HF scavenging 
X  
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However, several questions must be tackled regarding the surface-coated LNMO: 1) How 

can the surface coating uniformity be evaluated? 2) is there any change in the surface coating after 

long-term cycling, and would the change influence the components such as the cathode, 

electrolyte, and anode? 3) how would the surface coating correlate to improved performance? 

This study modified the LNMO surface by dry mixing the material with an organic nano-

sized boron precursor. The surface coating quality was systematically checked using backscattered 

scanning electron microscopy (BSE-SEM) and electron energy loss spectra (EELS) from scanning 

transmission electron microscopy (STEM). It was found that LiBO2 was uniformly distributed on 

the single-crystal LNMO particle surface, which remarkably improved the cycle stability of 

LNMO/Gr full cells with 3 mAh/cm2 areal capacity. The mechanism was thoroughly investigated 

using advanced characterizations including SEM, XRD, X-ray photoelectron spectroscopy (XPS), 

19F-Nuclear magnetic resonance spectroscopy (NMR), Inductively coupled plasma mass 

spectrometry (ICP-MS), STEM-EELS. We found that the coating acts as an LBO reservoir to 

mitigate capacity degradation via HF scavenging rather than physically protecting the surface of 

the cathode during cycling. These results may facilitate the design of the surface coating layer for 

high-voltage cathode materials and the application of electrolyte additives.  

 

2.2 Material and Methods 

2.2.1 Sample Preparation 

A pristine LNMO sample was provided by Umicore. For coating material synthesis, we 

added 0.03 mol of Polyvinylpyrrolidone (PVP) (MW=50,000) to 100 mL of Tetraethylene Glycol 

(TTEG). The remaining PVP in the solution was properly dissolved. We added 0.015 mol of LiOH 

H2O and waited until it dissolved and added 0.015 mol of H3BO3 and then raised the heat to 80 
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℃. After 2 hours of reaction, let it naturally cool, then wash it in ethanol 7 times. After removing 

moisture in an 80 ℃ vacuum oven for a day, grind it finely using a mortar and pestle, and finally, 

use a ball mill to make it small at 500 rpm for 5 hours with ethanol. Dry again in a vacuum oven 

at 80 ℃ for a day and grind with a mortar and pestle. Measure LiBO2 suitable for 2wt% in a weight 

ratio of cathode and physically mix the cathode with a Thinky Mixer (Thinky Corporation) at 2000 

rpm for 10 minutes. Put the well-mixed powder into the furnace, set the temperature raising 

condition to 600 ℃ at 5 ℃ per hour, and maintain it at 600 ℃ for 10 hours, and the same 

temperature condition as raising the temperature to lower the temperature to room temperature (20 

℃). After calcination, the powder is evenly ground using a mortar and pestle for about 10 minutes. 

FEI Apreo®  was applied with 5 kV as the accelerating voltage and 0.1 nA as the beam current for 

the SEM analysis. We applied a backscattered electron imaging technique to verify the uniformity 

of the LiBO2 surface coating layer on single-crystal LNMO, especially for large-area coating 

uniformity evaluation. The microscope detector was first changed to backscattered mode, which 

was extremely sensitive to backscattered electrons. Then, the accelerated voltage was lowered to 

detect the surface information well. The contrast gradually appeared when lowering the accelerated 

voltage from 5 kV to 200 V, while the optimized voltage was 500 V to 1000 V to acquire clear 

images.   

 

2.2.2 Electrode Preparation  

To evaluate the electrochemical performance of LBO-coated LNMO, electrodes using 

uncoated and LBO-coated LNMO were prepared, with SPC65 (carbon black, TIMCAL Ltd.) as 

the conductive agent and HSV900 (PVDF, Arkema Inc.) as the binder, in a mass ratio of 90:5:5 

and a cathode loading of 3 mAh/cm2. The mix was then well dissolved in a proper amount of N-
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methyl-2-pyrrolidone (NMP, ≥ 99%, Sigma-Aldrich) and mixed with a Thinky Mixer to form the 

slurry. The slurry was cast onto Al foil and dried at 80 °C in a vacuum oven overnight, followed 

by 1 h of 120 ℃ drying at elevated temperature. The electrode was punched into cathode discs 

with a 12.7 mm diameter and a loading of active mass around 24 mg/cm2. For LNMO/Gr full cells, 

both CR2032 and pouch cells were assembled. The graphite electrode used in this work is provided 

by NIMTE with an active mass ratio of 94%. For CR2032 full cells, the graphite electrode was 

punched into anode discs with a 13 mm diameter, and the designed N/P ratio was around 1.1. For 

pouch-type full cells, the cathode size was 44 × 30 mm, and the anode size was 45 × 32 mm. For 

all the cells, Celgard 2325 was used as the separator. 1M LiPF6 in EC: EMC = 3:7 (vol%) was 

obtained from Gotion, USA, and is denoted as baseline electrolyte in the following sessions. All 

the coin cells were assembled in the Ar-filled glovebox with moisture control (H2O < 0.5 ppm), 

and 50 μl of electrolyte was used for each coin cell. The pouch cells were first assembled in the 

atmosphere without electrolytes. Afterward, the pouch cell was moved to a heating tray inside the 

glovebox antechamber and dried at 80 ℃ overnight under vacuum before the electrolyte injection. 

After drying, the dry pouches were moved inside the Ar-filled glovebox without air exposure, and 

500 μl of electrolyte was injected into each cell. The pouch cells with electrolytes were vacuum-

sealed inside the glovebox and moved out for further testing. 

 

2.2.3 Electrochemical Performance Evaluation 

After assembling, the coin cell(CR2032) and pouch cell full cells were evaluated by cycling 

them at a rate of C/3 (where 1C is 147 mA/g) after two formation cycles at C/10. The 

electrochemical performances of all the cells were tested at room temperature either by Neware 
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Battery Test System (Neware Technology Ltd., China) or Arbin BT2000 instruments (Arbin 

instrument, USA).  

 

2.2.4 Characterization 

The cycled cells were disassembled in the glovebox to prevent air exposure. After long-

term cycling, the cycled glass fiber became sticky to graphite, so a surgical blade separated most 

of them and scratched the residual fiber from the graphite side. XPS analysis was performed using 

a Kratos AXIS Supra. All the cycled electrodes were prepared without washing, and the transfer 

process was air-tight to avoid any possible degradation. The XPS was operated using an Al anode 

source at 15 kV with a 10-8 Torr vacuum level. All XPS measurements were collected using an 

auto-neutralizer during acquisition. Survey scans were collected with a 1.0 eV step size, followed 

by high-resolution scans with a step size of 0.1 eV. All the data were calibrated using a C 1s peak 

at 284.6 eV. ICP-MS analysis was performed with a Thermo iCAP RQ ICP-MS to analyze the 

elemental concentration in fresh and cycled electrolytes. 19F-NMRs were conducted on electrolytes 

to analyze the salt species in the electrolyte. The 19F-NMR measurements of the electrolyte 

samples were performed with a Jeol ECA 500 spectrometer. Liquid NMR samples were prepared 

by adding 10 μL of electrolyte to 600 μL of DMSO-D6 solution, and 50 μl of α, α, α-

Trifluorotoluene was added to each sample as the reference and sealed in an NMR tube inside the 

Ar-filled glovebox for further measurement. The NMR spectrums were analyzed with 

MestReNova. All spectrums were calibrated with α, α, α-Trifluorotoluene at −63.72 ppm. TEM 

analysis was performed on a field emission gun JEOL2800 at 200 kV with Gatan OneView Camera 

(full 4k × 4k resolution). STEM and EELS were performed on primary particles at the annular 

dark-field (ADF) mode using a JEOL JEM-ARM300CF at 300 kV, equipped with double 



35 

correctors. EELS spectra presented in this work were acquired from areas without pre-beam 

irradiation to minimize possible electron beam irradiation effects. 

 

2.3 Results and Discussion 

2.3.1 Optimization and Characterization of LBO Surface Coating  

To better image the surface coating substances, the accelerating voltage in BSE mode was 

tuned, and the related results are shown in Figure 2.1. Backscattered mode detects the 

backscattered electrons, sensitive to atomic mass. The minimal voltage is 200 V (Figure 2.1(f)), 

but it is not suitable for more accurate observation of the surface. The optimized voltage is 500V 

(Figure 2.1(e)) for the surface coating layer differentiation from the LNMO.  

 

 

Figure 2.1: Optimization of the voltage with BSE mode: (a) standard mode/5kV (b) backscattered 

mode/5kV (c)  backscattered mode/2kV (d) backscattered mode/1kV (e) backscattered mode/500V 

(f) backscattered mode/200V. 
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Then, the surface coating process was optimized based on coverage and uniformity. The 

mixing time and sintering conditions were identified as influencing factors, and the results are 

listed in Figure 2.2. The coating process and calcination conditions are described in detail in the 

experiment session. Nano-sized black dots are uniformly distributed around the single crystal at 

450 ℃ but the black dot amount was reduced at 600 ℃. When the temperature rises to 700 ℃, 

large black dots are generated on the surface. So, 600 ℃ is the optimized temperature for LBO 

coating on the LNMO surface. For checking the coating uniformity according to the dwell time, 

the minimum contrast is shown when the temperature is maintained for 10 hours (Figure 2.2(f)). 
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Figure 2.2: (a) Material preparation process, LBO-coated LNMO after calcination with different 

temperatures: (b) 450 ℃ (c) 600 ℃ (d) 750 ℃ (dwell time: 5h) and with different dwell time: (e) 

5h, (f) 10h, and (g) 20h (dwell temperature: 600 ℃). 

 

  After optimization, the LBO-coated LNMO sample was synthesized with 10 g per batch 

for subsequent evaluation. 
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Figure 2.3 BSE images of (a) uncoated and (b) LBO-coated LNMO with the corresponding large 

views; (c) STEM-EELS mapping results of LBO-coated LNMO sample; (d) EELS spectra of 

boron corresponded to different locations. 
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As shown in Figure 2.3, the uncoated LNMO showed uniform light grey color under BSE 

mode, and the particle size is ~6-8 microns with typical single-crystal morphology. The uniform 

black dots can be observed from the LBO-coated LNMO powder in Figure 2.3(b) due to the 

surface coating substances with low atomic mass (borate species). We took low-magnification 

images with the same BSE mode and low accelerating voltage for large-scale coating uniformity 

evaluation. No dark agglomeration areas were observed, showing that low atomic mass species 

were well dispersed during the surface coating process.  

We used STEM coupled with EELS mapping and spectra analysis to identify the chemical 

information of the boron coating, as shown in Figure 2.3(c) and (d). The boron layer distribution 

was comprehensive. For the surface part, the boron layer without Nickel/Manganese on the LNMO 

surface was identified, suggesting that it was a coating layer. At the same time, the boron overlap 

area with Nickel and Manganese was observed, suggesting that surface doping also occurred. The 

results indicate that boron coating can coexist with transition metal ions and act as a surface dopant. 

The Nickel signal is attenuated by the atomic ratio, and the thickness of the sample would 

additionally diminish the Nickel signal. Figure 2.3(d) indicates that the LiBO2 surface dopant 

creates boron sites in a tetrahedral oxygen environment, as the energy loss peak position and shape 

are consistent with those of LBO coating materials. This suggests that LiBO2 maintains its own 

phase without phase transition for coating and doping. Note that STEM-EELS was performed 

rather than EDS since boron is a light element that could hardly be excited with enough X-ray 

through the EDS detector. More results are shown in Figure 2.4. The consistent results showed 

that the boron element can be detected at a surface region like positions 1 and 2 but disappears at 

position 3 as the sub-surface. As for Mn and Ni chemical environment, the EELS spectra indicated 
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negligible changes. Therefore, the LiBO2 surface coating layer on the LNMO was physically and 

chemically identified.   

 

 

Figure 2.4: (a) Different EELS regions from one particle surface; (b) Related EELS spectra from 

regions in (a). 

 

2.3.2 Enhanced Cycling Stability of LBO-Coated LNMO in Full Cells  

Full cells were assembled using uncoated LNMO and LBO-coated LNMO, and graphite 

was used as the anode. As shown in Figure 2.5, the capacity retention after 1000 cycles is 18.1% 

for the uncoated LNMO and 46.1% for the LBO-coated LNMO. The uncoated LNMO shows a 

steep cycle slope up to around 70 cycles in the beginning, followed by a large capacity drop in this 

interval and then an abrupt cycle degradation up to around 300 cycles. In contrast, the LBO-coated 

LNMO shows slower degradation at the beginning, followed by a stable cycle slope after 100 

cycles and a stable 99.9% coulombic efficiency. It can be inferred that the side reaction with the 

electrolyte is minimized due to the borate coating layer. However, even LBO-coated LNMO 
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experiences a drop in capacity retention within the initial 100 cycles. This phenomenon is primarily 

attributed to two main reasons. First, the full cells exhibit an initial phase stabilizing both the 

cathode and anode interphase. An early cycle retention drop is commonly observed in the full cell 

cycle performance. Secondly, this behavior is also attributed to the inherent characteristics of 

LNMO. LNMO is known to have poor long-term cycling performance, starting with a low initial 

coulombic efficiency and a continuous degradation in efficiency. LBO-coated LNMO, while 

releasing LBO during cell operation, experiences ongoing degradation due to side reactions 

initiated by the electrochemical reaction of the carbonate baseline electrolyte at high voltage. 

Nevertheless, the dissolved LBO serves to alleviate the extent of degradation as cycling progresses. 

Figure 2.5 (b) also shows that the LBO-coated LNMO has a more stable charge/discharge voltage 

from the beginning, demonstrating its improved performance.   
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Figure 2.5: (a)Full cells cycling performances with (b) the corresponding average 

charge/discharge voltage; the charge/discharge profiles of different cycles from (c) uncoated and 

(d) LBO-coated LNMO full cell. 

 

The results of cycling at room temperature, as well as at elevated temperatures (45 ℃), 

demonstrate that LBO-coated LNMO exhibits a consistently stable initial slope even at higher 

temperatures (Figure 2.6 (a)). This is further corroborated by the remarkably stable average 

discharge voltage plot (Figure 2.6 (b)). Figure 2.5 (c) and (d) show the charge-discharge profiles 

of uncoated and LBO-coated LNMO full cells. The charge plateau of uncoated LNMO cells shifts 

to a higher voltage region while the discharge plateau shifts to a lower region, suggesting an 

increase in internal impedance, while both the charge and discharge capacity drop quickly, which 

implies fast active lithium inventory loss.  
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Figure 2.6: (a) Full cell cycling performances with (b) the corresponding average charge/discharge 

voltage. 

 

The charge and discharge plateau of LBO-coated LNMO shifts much less than the uncoated 

sample, meaning the LBO coating plays a significant role in controlling the internal impedance. 

As for the length of the constant voltage (CV) section at 4.85 V, LBO-coated LNMO remained the 

same with the cycling, while the uncoated LNMO CV section stretched from 100 cycles. The 

escalation observed in the CV section signifies an elevation in internal impedance. In the context 

of V=IR, a prolonged CV segment under consistent current cut-off conditions suggests a 

proportional rise in resistance [24]. This suggests that lithium from the cathode was not sufficiently 

de-intercalated during charging, resulting in low and unstable coulombic efficiency. 

 

2.3.3 Impact of Boron Surface Coating and Electrochemical Performance 

 

To understand the mechanism of LiF the LBO surface coating can dramatically improve 

the cycling stability of LNMO/Gr full cells, different characterizations were performed to track 

boron inside the cells. First, soaking tests were performed with the uncycled electrodes for boron 

dissolution. The uncoated LNMO and LBO-coated LNMO electrodes were soaked in the fresh 

electrolyte for 24 hours, and the supernatant was fetched and diluted for the ICP-MS test. The 
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detailed experiment setup can be found in Figure 2.6. As shown in Figure 2.7, the LiBO2 coating 

layer can be partially dissolved by the baseline electrolyte before cycling, resulting in the loss of 

about 60 wt.% of the total coating mass. The cycled electrodes were also investigated. The soluble 

boron species are uniformly distributed in the cathode and anode after long-term cycling, as shown 

in Figure 2.7 (a). Meanwhile, no floating Nickel/Manganese from cycled graphite with LBO-

coated LNMO was detected (Figure 2.7 (b)). This implies that the boron species mitigated the 

cross-talk issues between the LNMO cathode and graphite anode.  

 

 

Figure 2.7: Scheme of ICP-MS soaking test. 

 

Second, XPS was performed to understand the chemical status of the interphase, and the 

results are shown in 오류! 참조 원본을 찾을 수 없습니다.. After long-term cycling, cathode 

interphase components were almost the same for both the uncoated and LBO-coated LNMO, 

except for the minor difference from the P 2p signal. Both samples showed a lattice oxygen peak 

around 684.5 eV in O 1s spectra, implying a thin cathode electrolyte interphase. The uncoated 

sample showed an obvious P-F signal, while the LBO-coated sample did not, which may be related 

to salt residual on the sample surface. 오류! 참조 원본을 찾을 수 없습니다. (b) shows the SEI 

information on the anode, and several distinctive features have been detected. The first one is the 



45 

Li-O peak in O 1s spectra, which remained in the graphite paired with the LBO-coated LNMO 

while not appearing in the uncoated case. This implies that the electrode corrosion is stronger in 

the uncoated LNMO cell than in the LBO-coated LNMO cell.  

 

 

Figure 2.8: ICP-MS analysis: (a) Boron concentration and (b) Transition metal concentration. 

 

The second is the metal-F peak around 684.5 eV in F 1s spectra. The graphite paired with 

uncoated LNMO showed a stronger peak, which refers to a higher metal fluoride content than the 

graphite pared with LBO-coated LNMO. The third is the Mn 2p spectra; the graphite with 

uncoated LNMO has an obvious Manganese signal, while the graphite paired with LBO-coated 
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LNMO does not, suggesting the cross-talk between cathode and anode in the uncoated cell was 

stronger than the LBO coated cell. The XPS results are consistent with ICP-MS results. 

 

Figure 2.9 TEM with SAED results of (a) uncoated and (b) LBO-coated LNMO after 1000 

cycles. (c) EELS Mn Spectra and (d) XPS spectra of Mn 2p of uncoated and LBO-coated LNMO 

after 1000 cycles. 
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TEM was performed on the cathode surface to compare the uncoated and LBO-coated 

LNMO. As shown in Figure 2.9, both samples showed degradation on the surface after 1000 

cycles. While the uncoated LNMO shows no CEI with severe phase change (Figure 2.9 (a)), the 

LBO-coated LNMO had limited phase change with CEI, and no boron was detected (Figure 2.9 

(b)). In the case of the uncoated LNMO, the cathode surface was found to be in the disordered 

MnO2, as confirmed by both lattice fringe and selected area electron diffraction (SAED), as the 

[200], [211], and [411] diffraction patterns corresponding to the α-phase MnO2 structure [25], [26] 

and the disordered phase were identified. The absence of CEI may indicate severe corrosion from 

the degraded electrolyte. However, in the case of the LBO-coated LNMO, the bulk structure 

slightly changed into a more disordered phase but maintained the spinel feature at a thickness of 5 

nm, as the [110] diffraction pattern was still observed. This suggests that surface coating with 

boron can improve long-term cycling by controlling the outermost phase transition and helping to 

mitigate corrosion from the electrolyte. To further verify the Mn valence on the surface, EELS 

were performed and the related data are shown in Figure 2.10, the intensity ratio of L3 and L2 

peaks were calculated as shown in Figure 2.9 (c). After 1000 cycles, Mn2+ still exists up to about 

3 nm from the surface of LBO-coated LNMO, but no more Mn2+ exists in uncoated LNMO. This 

implies that the transition metal including Mn was dissolved into the electrolyte and induced 

obvious cross-talk phenomena, further redeposited on the surface of the anode. XPS shown in 

Figure 2.9 (d) confirmed the different Mn valences from uncoated and LBO-coated LNMO 

surface. For the LBO-coated LNMO sample, a MnO satellite feature (~647 eV) as well as the high 

Mn2+ ratio proved the Mn2+ existence [27] as consistent with the TEM and EELS spectra results.  
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Figure 2.10: XPS spectra of C 1s, O 1s, F 1s, P 2p, and Mn 2p of (a) uncoated and LBO-coated 

LNMO and (b) graphite anode paired with different cathode after cycling. 

 

Further investigations on the chemical information of boron from the LBO-coated LNMO 

after 1000 cycles were performed via EELS spectra, as shown in Figure 2.11. It could be 

confirmed that there was no boron signal on the particle, which means that the borate surface 

coating was completely dissolved/detached from the LNMO surface. The results align well with 

the previous results, where half of the boron elements would be dissolved into the electrolyte only 

by soaking overnight. This indicates that the physical separation between LNMO and degraded 

electrolyte by borate coating needs additional explanations. 
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Figure 2.11: EELS spectra of Mn from uncoated and LBO-coated LNMO after cycles. 

  

2.3.4 Effect of Cathode Coating on Anode Surface Reactions and SEI Formation 

 

The presence or absence of coating on the cathode side significantly impacts the chemical 

reactions occurring in the full cell through the anode. To investigate the cross-talk effect between 

the cathode and anode, we performed post-mortem SEM and XRD analysis, as shown in Figure 

2.12. 
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Figure 2.12: SEM images of graphite surface paired with (a) uncoated and (b) LBO-coated 

LNMO; (c) XRD results of different graphite powders. EELS fluorine (F) mapping graphite paired 

with (d) uncoated LNMO (after 1000 cycles) and (e) LBO-coated LNMO (after 1000 cycles). 

 

The presence or absence of coating on the cathode side significantly impacts the chemical 

reactions occurring in the full cell through the anode. To investigate the cross-talk effect between 

the cathode and anode, we performed post-mortem SEM and XRD analysis, as shown in Figure 

2.12. The graphite paired with the uncoated LNMO has a larger number of by-products on its 

surface, covering the graphite particles (Figure 2.12 (a)), while the graphite paired with the LBO-

coated LNMO has little by-product (Figure 2.12 (b)). We further conducted XRD on the collected 

graphite powder to identify the chemical composition of the by-products. The XRD results 

identified the presence of crystal LiF with the graphite, as peaks corresponding to LiF are observed 
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(Figure 2.12 (c)). Such a large amount of LiF may result from severe anode SEI corrosion, which 

consumes active Li and degrades the cycling performance [28], [29]. LiF itself does not induce 

corrosion in the electrode; rather, the adverse consequences stem from chemical reactions leading 

to LiF formation, warranting concern. To expound, the high-voltage decomposition reaction 

between LiPF6 and carbonate-based electrolytes swiftly produces HF and H2O, culminating in LiF 

formation. Thus, the substantial presence of LiF within the SEI layer substantiates the heightened 

activity of the electrolyte decomposition reaction in the full-cell system, signifying a more robust 

progression of electrode corrosion. EELS fluorine elemental mapping was performed. Graphite 

paired with uncoated LNMO showed much thicker fluorine layers on the surface than the graphite 

paired with LBO-coated LNMO, with obvious particle shape (Figure 2.12 (d) and (e)). Additional 

images can be found in the supplementary information (Figure 2.13). This result is consistent with 

SEM and XRD results that boron surface coating can alleviate the continuous growth of SEI. 

 

 

Figure 2.13: EELS of boron from LBO-coated LNMO after 1000 cycles. 
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2.3.5 Electrolyte Degradation and Transition Metal Dissolution in Pouch Cells 

 

Such obvious differences induced by different cathodes bring up the necessity for 

electrolyte investigations because the electrolyte is the only media for the cross-talk phenomenon. 

Therefore, single-layer pouch cells were assembled using the uncoated and LBO-coated LNMO, 

and the specifications are listed in Table 2.2.  

 

Table 2.2: Full cell – pouch cell type specification 

 

 Specification 

Material 
Cathode: LNMO 

Anode: NEI Graphite, (BE-200E, NEI Corporation, USA) 

N/P ratio 1.15 

Voltage range 3.3-4.85 V 

Test protocols 

Rest for 48 hours after assembling, then C/20 (1C= 147mA/g) for 

the initial three cycles, then degassing and resealing are performed, 

then switch to C/10 for one cycle and C/3 for the subsequent 

cycles. 

Separator Celgard®  

Electrolyte amount 1 mL 

Pouch bag type EQ-alf-100-210 (MTI Corporation, USA) 

Electrode tab 
Cathode tab: EQ-PLiB-ATC4 (MTI Corporation, USA) 

Anode tab: EQ-PLiB-NTA4 (MTI Corporation, USA) 

Fixture 

Insulating Plate: polycarbonate 

Pressure sensor: DYHW-116 Mini Compression Force Sensor 

Load Cell 

Indicator: TOKY®  accurate micro digital differential pressure 

gauge 

 

The electrochemical performances of pouch cells are shown in Figure 2.14 (a). LBO-

coated LNMO pouch cells showed better cycling performance than uncoated LNMO pouch cells, 
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which is consistent with coin cells. The pouch cells were disassembled in the glovebox after 50 

cycles and then placed into the sealed centrifuge tube for electrolyte collection.  

 

 

Figure 2.14: EELS fluorine mapping graphite paired with (a) uncoated LNMO (after 1000 cycles) 

and (b) LBO-coated LNMO (after 1000 cycles). 

 

Another set of identical pouch cells cycled 1 time was prepared as the reference sample, 

and the electrolytes from these two cells were also collected. The collected electrolytes from 

different cells are shown in Figure 2.14 (b). The uncoated LNMO consumed more electrolytes 

than the LBO-coated LNMO, and the color was also much darker, indicating severe 

decomposition. The collected electrolytes were diluted for ICP-MS and 19F-NMR analysis. 
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Figure 2.15 (a) 19F-NMR and (b) ICP-MS from different electrolyte samples, including pristine 

baseline and cycled electrolytes from uncoated/LBO-coated LNMO after 1 cycle and 50 cycles. 

 

To understand the mechanism behind the improved cycling performance of the LBO-

coated LNMO, we focused on the dissolution of transition metals and the behavior of boron-related 

species. Pouch cells were assembled and the electrolyte solutions were collected from the opened 

cells after different numbers of cycles. The cell's electrolyte was collected after the first formation 

cycle to identify the degradation mechanism at the beginning of the cycle, and the cells were 

disassembled after 50 cycles to observe the changes in species over time. The results of 19F-NMR 

and ICP-MS analysis are shown in Figure 2.15. 

In the 19F-NMR analysis (Figure 2.16), the LBO-coated LNMO is found to contain LiBF4 

peaks around -150 ppm after just one cycle at C/3, indicating that the LiBO2 coating layer can be 

partially dissolved and converted into BF4
- during cycling. The concentration of boron in the form 

of BF4
- decreased after cycling (Figure 2.15 (a)) and was uniformly deposited on both the cathode 

and anode. This suggests that B-F bonding had already been formed even after just one 

charge/discharge cycle. It is also confirmed that this forms the CEI/SEI layer and is involved in 
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the cycle degradation mechanism by being dissolved in the electrolyte. If B-F bonding is not 

formed, the decomposed fluorine will form HF or LiF and accelerate cycle degradation. 

 

 

Figure 2.16: (a) Single layer pouch cell electrochemical performance. (b) Electrolyte collected by 

Centrifuge method. 

 

In the ICP-MS analysis, the uncoated LNMO cell showed significant dissolution of Ni and 

Mn even after the first cycle at C/3, with concentrations of 12 ppb Ni and 48 ppb Mn after 50 

cycles. The lithium concentration in the electrolyte also decreased significantly from the original 

~580 ppb to 378 ppb. This indicates a loss of lithium inventory in the electrolyte. In contrast, the 

LBO-coated LNMO showed Nickel and Manganese concentrations below the detection limit, and 

the lithium concentration in the electrolyte remained relatively stable after 50 cycles. The boron 

concentration was also monitored via ICP-MS analysis, and no transition metals were dissolved in 

the electrolyte of the LBO-coated LNMO pouch cell as the lithium concentration. The amount of 

lithium after the first formation is almost the same. However, after 50 cycles, it was confirmed that 

the concentration decreased as more lithium was used for cycle degradation. The boron increased 

to 41 ppb after 1 cycle at C/3 and dropped to 15 ppb after 50 cycles, showing that the concentration 
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became lower along with more cycles. The boron species in the electrolyte would be consumed 

along with the cycling. 

 

2.3.6 Mitigating Cross-Talk and Enhancing CEI/SEI Integrity 

The detailed mechanism of boron species helps improve the high voltage cell as shown in 

Figure 2.17. LiPF6 and the solvent are constantly decomposed during high-voltage cycling, 

generating by-products such as water and HF [6]. The acid will corrode the cathode material as 

transition metal ions are dissolved and deposited on the anode simultaneously. The degraded 

electrolyte will also lead to the overgrowth of SEI layers that consume active lithium. However, 

in the case of the LBO-coated LNMO, borate radicals from the coating layer decomposition can 

effectively prevent salt decomposition by forming LiBF4 species. The bonding related to boron 

and fluorine appeared only in the LBO-coated LNMO. The formation energy of BF4
– (-1710 

kJ/mol) is much lower than that of HF (-273 kJ/mol), making this reaction thermodynamically 

favorable. In addition, the B–F bond (613 kJ/mol) has a higher bond energy than the H–F (565 

kJ/mol) and P–F (490 kJ/mol) bonds, meaning that the B-F bond is more stable [30]. As a result, 

less HF corrosion occurs in the LBO-coated LNMO cell, leading to uniform CEI/SEI. The well-

preserved CEI/SEI layers then lead to reduced transition metal dissolution and deposition in the 

cell, all of which contribute to improved cell cycling stability. 
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Figure 2.17: Schematics of performance improvement by LBO-coated LNMO in LNMO/Gr full 

cell. 

 

This process can dramatically prevent salt decomposition. Consequently, the cross-talk 

phenomena between the cathode and anode were mitigated, and both CEI/SEI were well preserved. 

We believe these findings can be applied to other high-voltage cathode materials and contribute to 

the commercialization of next-generation high-voltage LIBs. This work may also inspire future 

research to stabilize the LiPF6-carbonate-based electrolytes through cathode surface coating and 

electrolyte additive design. 
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 2.4 Conclusions 

LiBO was successfully coated on the surface of single-crystal LNMO cathode materials. 

The surface coating uniformity was evaluated via BSE-SEM methods, and the related chemical 

environment of boron species was characterized via STEM-EELS. It was identified that the surface 

boron species were in nano-sized particles and well distributed on the LNMO surface. 

Furthermore, the boron elements existed both as surface doping and coating. The electrochemical 

performances of LBO-coated LNMO were compared with the uncoated sample in full cells for 

1000 cycles, and the coated sample outperformed the uncoated one. The surface boron species 

fully dissolved into electrolytes after long-term cycling. 19F-NMR and ICP-MS results from 

electrolyte showed that LiBO started to dissolve and turned into LiBF4. This process can 

dramatically prevent salt decomposition. Consequently, the cross-talk phenomena between the 

cathode and anode were mitigated, and both CEI/SEI were well preserved. We believe these 

findings can be applied to other high-voltage cathode materials and contribute to the 

commercialization of next-generation high-voltage LIBs. This work may also inspire future 

research to stabilize the LiPF6-carbonate-based electrolytes through cathode surface coating and 

electrolyte additive design.  
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Chapter 3 Understanding Boron Chemistry as the Surface Modification and Electrolyte 

Additive for Co-free Lithium-Rich Layered Oxide 

 

 3.1 Introduction 

Li-ion batteries have been extensively investigated, particularly in the context of emerging 

applications such as electric vehicles, hybrid electric vehicles, portable electronic devices, and 

energy storage systems. These applications require advanced lithium storage capacity, increased 

energy density (calculated as the product of specific capacity and average operating voltage), and 

prolonged battery cycle performance [1]. The ongoing progress in battery systems that meet these 

demanding requirements underscores the critical nature of cathode development, as the cathode is 

a key component in Li-ion batteries. In pursuit of this objective, LRLO emerges as a promising 

candidate for the cathode material [2]. A notable characteristic of the LRLO cathode material is 

the remarkable reversible capacity of 250 mAh/g within the voltage range of 2.0 to 4.7 V [3]. 

Importantly, the incorporation of cost-effective manganese as a substitute for the more expensive 

nickel and cobalt elements holds significant potential for reducing production costs [4].   

The practical implementation of LRLO is hindered by capacity degradation and voltage 

decay observed in full-cell performance, particularly at high voltages [5]. The elevation of the 

operating voltage introduces undesirable outcomes, including cathode-electrolyte interfacial 

reactions, structural transformations, and the formation of lower-voltage redox couples [6]. These 

effects are posited to initiate at the cathode surface, progressively extending into the bulk over 

successive cycles [7]. It is acknowledged that the distinctive characteristic of LRLO is oxygen 

redox activation at high voltages (>4.5 V versus Li/Li+) [8]. This activation gives rise to a cascade 

of issues during cycling: irreversible oxygen loss, the generation of oxygen vacancies on the 
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surface, migration and dissolution of transition metals, and the redeposition of transition metals on 

both cathode and anode surfaces [9]. 

 Extensive efforts have been directed toward mitigating capacity and voltage decay in 

LRLO through the implementation of cathode surface modifications [10]. This strategic focus 

arises from the recognition that all pertinent parasitic reactions manifest most actively at the 

cathode's surface. Diverse methodologies for modifying the surface of LRLO cathode material 

have been explored, including the wet coating method [11], atomic layer deposition (ALD) [12], 

and solution-processable method [13]. A sol-gel based wet coating method, involving the 

dissolution of Al(NO3)3·9H2O and NH4F in deionized water, was employed by Zhao et al. to 

establish stable integrated layered-spinel structures [11]. However, the wet coating method 

utilizing water requires additional chemical infrastructure, including explosion-proof facilities, 

complicating the commercialization process. Furthermore, the rate capability reported needs to be 

verified in full cells. X. Zhang et al. utilized the spray pyrolysis process, employing the ALD 

method, to coat the cathode surface with a very thin layer of Al2O3, approximately 2-3 nm in 

thickness. This coating significantly improved the initial Coulombic efficiency and cycling 

performance of the coin half-cell. However, it also led to an approximately 10% decrease in the 

initial discharge capacity compared to the uncoated cathode, indicating a lithium inventory loss 

through the coating [12].  S. Kim et al. coated the surface of LRLO with polydopamine (PDA), an 

oxygen radical scavenger, to form a chemically protective layer, demonstrating an 82% retention 

in coin half-cell cycling after 200 cycles at room temperature. The use of a self-polymerizing 

solution impregnation technique for coating poses challenges for mass production due to the 

necessity of filtering powder during the coating process and subsequent washing with ethanol and 

deionized water [13].  
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Another approach employed for cathode surface treatment is the dry coating method, 

wherein a solid phase identical to that of the cathode material is utilized, thereby eliminating any 

heterogeneity between the cathode and the coating material [14]. Notably, the mass production of 

dry coating is streamlined, involving the straightforward addition of the coating material during 

the mixing process, without necessitating supplementary infrastructure for commercialization. 

Consequently, the present study endeavors to advance the properties of the cathode toward 

commercial viability through the implementation of the dry coating method for surface treatment. 

Along with determining the surface modification method, the choice of an appropriate 

surface modification material is pivotal in achieving performance improvements. A large number 

of compounds have been investigated, such as fluorides [15], phosphates [16], and oxides [11, 12]. 

Fluorides involve the partial doping of F- into the surface lattice of the oxide, enhancing surface 

conductivity. However, fluorides have traditionally been utilized in high-Ni cathode materials 

where excess lithium is prevalent on the surface [17]. Phosphates are also known for their ease of 

reaction with excess lithium and the absorption of water in the electrolyte [18]. While Li3PO4 is 

preferred due to its ionic conductivity, in the high working voltage range of LRLO, it can readily 

react with free protons. This reaction leads to the formation of H3PO4, consequently inducing a 

shift in the cell environment towards a deleterious acidic state. Oxides are electrochemically stable 

materials [19], generally exhibiting low electrical conductivity, thereby minimizing parasitic 

reactions of the cathode materials with the electrolyte. Moreover, the versatility in designing 

various oxides provides flexibility to tailor properties in accordance with specific requirements. 

Various oxides, such as Li2ZrO3 [20], Li3PO4 [21], AlF3 [15], MgPO4 [22], CeO2 [23], and Al2O3 

[24] have been applied for the surface modification of LRLO to improve cycling stability. 

Nevertheless, these published results encounter challenges in mitigating the initial irreversible 
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capacity loss, and the application of such inactive oxides as coatings may potentially diminish the 

reversible capacity.  

In this work, we applied surface modification to Co-free LRLO (Li1.222Ni0.349Mn0.651O2) 

using a dry coating process with LBO based on an organic nano-sized boron precursor. LBO 

coating materials are introduced as (1) it protects the surface lattice oxygen of LRLO, reducing the 

exacerbated generation of H2O and free protons at high voltage; (2) it also reacts with PF6
- to form 

thermodynamically stable BF4
-, mitigating the generation of HF acid in the electrolyte. The quality 

of surface modification was assessed through electron energy loss spectroscopy (EELS) obtained 

via scanning transmission electron microscopy (STEM). Our analysis revealed the 15 nm uniform 

distribution of LBO coating on the LRLO surface, resulting in a significant improvement in cycling 

stability and mitigation of voltage decay in LRLO/graphite full cells featuring a 3 mAh/cm2 areal 

capacity. These findings have the potential to guide the design of surface modification layers for 

high-voltage cathode materials and inform the utilization of boron-based electrolyte additives in 

future applications.  

 

3.2. Material and Methods 

3.2.1 Sample Preparation 

The pristine Li1.222Ni0.349Mn0.651O2 sample (denoted as LRLO) was provided by Umicore. 

SEM images of the pristine LRLO are presented in Figure 3.1 (a-c), revealing oval-spherical 

secondary particles with an average size of approximately 9 μm. The X-ray diffraction (XRD) 

pattern was obtained for the structural analysis of the pristine LRLO. Rietveld refinement was 

applied to the collected XRD data to determine the lattice parameters and site occupancies of the 

pristine LRLO sample, as shown in Figure 3.1 (d) and (e).  
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Figure 3.1: (a-c) SEM image of pristine LRLO material. (d) XRD Rietveld refinement of the 

pristine LRLO material. (e) refined crystal structure parameters for the pristine LRLO. 

 

The XRD pattern can be matched to the R-3m space group, with lattice parameters a = 

2.867(6) Å  and c = 14.266(4) Å . The refined occupancies reveal a 6.8% Li/Ni mixing between the 

Li and TM layers. In summary, the LRLO sample exhibits high material purity and a well-

organized layered structure with low Li/Ni mixing, establishing it as a reliable baseline material 

for this study. For coating material synthesis, 0.03 mol of Polyvinylpyrrolidone (PVP) 

(MW=50,000) was added to 100 mL of Tetraethylene Glycol (TTEG). We then added 0.015 mol 

of LiOH·H2O and 0.015 mol of H3BO3 into the solution. After 2 hours of heating the solution at 

80 ℃, the products were naturally cooled down, followed by washing in ethanol 7 times. After 

removing moisture in an 80 ℃ vacuum oven for one day, the dried powder was ground finely 

using a mortar and pestle, and finally, using a ball mill at 500 rpm for 5 hours with ethanol to make 

the particle size smaller. The obtained LBO precursor (2% in a weight ratio) was then mixed with 
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the LRLO cathode in a Thinky Mixer (Thinky Corporation) at 2000 rpm for 10 minutes. The well-

mixed powder was transferred into the furnace for calcination under different temperatures and 

dwell time. After calcination, the powder was ground using a mortar and pestle for about 10 

minutes. 

 

3.2.2 Electrode Preparation 

To evaluate the electrochemical performance of LBO-coated LRLO, electrodes using 

uncoated and LBO-coated LRLO were prepared, with SPC65 (carbon black, TIMCAL Ltd.) as the 

conductive agent and HSV900 (PVDF, Arkema Inc.) as the binder, in a mass ratio of 80:10:10 and 

a cathode loading of 3 mAh/cm2. The mixture was then dissolved in a proper amount of N-methyl-

2-pyrrolidone (NMP, ≥ 99%, Sigma-Aldrich) in a Thinky Mixer to form the slurry. The slurry was 

cast onto Al foil and dried at 80 °C in a vacuum oven overnight, followed by 1 hour of drying at 

an elevated temperature of 120 ℃. The cathode was punched into discs with a 12.7 mm diameter 

and a loading of active mass around 14 mg/cm2. For LRLO/graphite full cells, both CR2032 and 

pouch cells were assembled. The graphite electrode used in this work was provided by NIMTE 

with an active material ratio of 94%. For CR2032 full cells, the graphite electrode was punched 

into discs with a 13 mm diameter, and the designed N/P ratio was around 1.1. For single-layer 

pouch-type full cells, the cathode size was 44 × 30 mm, and the anode size was 45 × 32 mm. For 

all the cells, Celgard 2325 was used as the separator. 1M LiPF6 in EC: DMC = 3:7 (vol%) was 

obtained from Gotion, USA, and is denoted as carbonate baseline electrolyte. All the coin cells 

were assembled in the Ar-filled glovebox with moisture control (H2O < 0.5 ppm), and 50 μl of 

electrolyte was used for each coin cell. The single-layer pouch cells were first assembled in the 

atmosphere without electrolytes. The assembled pouch cells were moved to a heating tray inside 
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the glovebox antechamber and dried at 80 ℃ overnight under vacuum before the electrolyte 

injection. After drying, the dry pouches were moved inside the Ar-filled glovebox without air 

exposure, and 500 μl of electrolyte was injected into each cell. The pouch cells with electrolytes 

were vacuum-sealed inside the glovebox and transferred out for further testing. 

 

3.2.3 Electrochemical Performance Evaluation 

After assembling, the coin cell (CR2032) and pouch cell full cells were evaluated by 

cycling at a rate of C/10 (where 1C is 270 mAh/g) after the formation cycle at a current rate of 

C/20. The electrochemical performances of all the cells were tested either by Neware Battery Test 

System (Neware Technology Ltd., China) or Arbin BT2000 instruments (Arbin instrument, USA). 

 

3.2.4 Characterizations 

FEI Apreo®  was applied with 5 kV as the accelerating voltage and 0.1 nA as the beam 

current for the SEM analysis. We applied a backscattered electron imaging technique to verify the 

uniformity of the LBO surface modification layer on LRLO, especially for large-area coating 

uniformity evaluation. The microscope detector was first changed to T1 mode, which was 

extremely sensitive to backscattered electrons. Then, the accelerated voltage was lowered to detect 

the surface information. The contrast gradually appeared when lowering the accelerated voltage 

from 5 kV to 200 V, while the optimized voltage was 500 V to 1000 V to acquire clear images. A 

Thermofisher Talos F200X G2 transmission electron microscope, equipped with a Ceta camera 

and operated at 200 kV, was used to acquire STEM-EELS and STEM-EDS data. EELS spectra 

presented in this work were acquired from areas without pre-beam irradiation to minimize possible 

electron beam irradiation effects. ICP-MS analysis was performed with a Thermo iCAP RQ ICP-
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MS to analyze the elemental concentration in fresh and cycled electrolytes. The 11B, 19F, and 31P-

NMR measurements of the electrolyte samples were performed with a JEOL ECA 500 

spectrometer. Liquid NMR samples were prepared by adding 10 μL of electrolyte to 600 μL of 

DMSO-D6 solution, and 50 μl of α, α, α-Trifluorotoluene was added to each sample as the 

reference and sealed in an NMR tube inside the Ar-filled glovebox for further measurement. The 

NMR spectrums were analyzed with MestReNova. All spectra were calibrated with α, α, α-

Trifluorotoluene at −63.72 ppm. FT-IR spectra were collected using Nicolet 6700 Fourier 

transform infrared spectrometer. Approximately 5−10 mg of LRLO was dried at 80 °C for at least 

12 hours before the FT-IR analysis. The electronic conductivity was determined using the direct 

current polarization method using a Biologic SP-200 impedance analyzer by applying a bias of 10 

mV for 1 hour and extracting the steady-state leakage current. 

 

3.3 Results and Discussion 

3.3.1 LBO Dry Coating Optimization and Cycling Stability Improvement 

The dry coating method involves physically mixing powder-form LBO precursors with 

LRLO in the desired weight percentage and calcination of the blended powder. The detailed LRLO 

sample information is provided in the Material and Method section. The LBO precursors were 

synthesized through a polyol process, as described in our previous work [14]. The synthesized 

precursors are organic soft materials featuring boron as a functional group along their C-H 

backbone (Figure 3.2 (a)).  
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Figure 3.2: (a) FT-IR spectra of LBO precursor, pristine LRLO, and LBO-coated LRLO. (b) The 

anticipated structure of LBO precursor through FT-IR analysis. 

 

Upon mixing, chemical bonding, such as B-H, O-H, and C-H, is established on the LRLO 

surface. After calcination, it is anticipated that most of the C-H backbone chains will be removed. 

However, the presence of boron bonding on the LRLO surface can be confirmed. This is evident 

as both the stretching and bending modes of B-H bonding, absent in pristine LRLO, become 

distinctly observable after calcination. The resulting chemical bonding, as illustrated in Figure 3.2 
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(b), plays a crucial role in facilitating conformal contact between the precursor and the core 

material. These attributes emphasize the unique advantages associated with employing polyol 

precursors for the dry coating process, including enhanced adhesion due to the functional group, 

as well as flexibility and plasticity. The critical variables for the mixing and calcination step were 

then optimized, as shown in Figure 3.3.  

 

Figure 3.3: Scheme of the dry coating method for LRLO surface modification with LBO precursor 

synthesized through the polyol method. 

 

When the mixing time exceeds 20 minutes (Figure 3.4 (d)), secondary particles break 

apart. Conversely, mixing for less than 5 minutes (Figure 3.4 (a) and (b)) reveals agglomeration 

of LBO precursors. Vigorous mixing for an extended period can impose stress on LRLO, 

necessitating appropriate mixing conditions. It was determined that mixing for 10 minutes at 1000 

rpm induces the most uniform mixing while simultaneously maintaining the secondary particle of 

LRLO.  
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Figure 3.4: SEM/BSE images of LRLO after mixing with LBO at 1000 rpm for (a) 1 minute (b) 

5 minutes (c) 10 minutes and (d) 20 minutes. 

 

After blending the powder, calcination is carried out to decompose the organic functional 

group within the precursor, thereby yielding the LBO coating layer. As shown in Figure 3.3, 

optimal conditions for the calcination step are achieved when the surface modification appears 

uniformly, and LBO precursors are no longer visible. This optimal calcination condition with a 

dwell temperature of 600 ℃ and a dwell time of 10 hours is further verified through 

electrochemical evaluations (Figure 3.5).  
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Figure 3.5: SEM/BSE images of LRLO after calcination at 600 ℃ for (a) 5 hours at high 

magnification (b) at low magnification (c) 10 hours at high magnification and (d) at low 

magnification. 

 

Another critical variable in this study is the amount of LBO coating. STEM-EELS mapping 

(Figure 3.6 (a)) reveals a boron layer approximately 4 nm thick for the 1 wt% LBO surface 

modification, which is insufficient to fully cover the cathode surface. The 4 wt% LBO coating 

shows clustering of boron species on the cathode surface (Figure 3.6 (b)).  
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Figure 3.6: STEM-EELS mapping results of (a) 1 wt% LBO-coated LRLO and (b) 4 wt% LBO-

coated LRLO.  

 

In contrast, STEM-EELS mapping confirms that the 2 wt% LBO coating achieves optimal 

coverage and uniformity (Figure 3.12 (a)). Electrochemical evaluations were then applied to the 

coated samples with various weight ratios. As shown in Figure 3.7 (a), the initial capacity drops 

for 1 wt% and 2 wt% coatings remain within acceptable values, whereas the 4 wt% coating results 

in a capacity loss of 17%. Moreover, during C/10 rate cycling (Figure 3.7 (b)), the 1 wt% LBO-

coated LRLO exhibits improved capacity retention compared to uncoated LRLO; however, this 

improvement is not comparable with the 2 wt% sample after approximately 50 cycles, indicating 

that the 1 wt% of LBO coating amount is insufficient. The 4 wt% LBO-coated LRLO displays a 

rapid decay in discharge capacity after about 20 cycles. These results indicate that the amount of 

LBO coating is crucial for both initial capacity and cycling stability, with 2 wt% identified as the 

optimal amount.  
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Figure 3.7: (a) Voltage profiles from uncoated and various wt% LBO-coated LRLO/graphite full 

cell. (b) Full cells cycling performances in the 2.0–4.55 V window at a current rate of C/10. 

 

We confirmed that there was no reduction in electrical conductivity at the electrode level 

after the surface modification. This is supported by 2-point probe analysis of electrode 

conductivity with the areal loading of 3 mAh/cm² (Table 3.1).  

 

Table 3.1: Electrode conductivity of uncoated and LBO-coated LRLO cathode through 2-point 

probe analysis. 

 

Cross-sectional SEM-EDS (Scanning Electron Microscopy with Energy Dispersive X-ray 

Spectroscopy) analysis in Figure 3.8 has also confirmed that there is no difference in the 

distribution of conducting carbon additives with and without the LBO surface modification.  

 

V A I t ρ σ Error

[V] [cm2] [mA] [um] [Ω cm] [S/cm] [S/cm]

Uncoated LRLO 0.1 1.27 23.2 108 5.06E+02 1.98E-03 ±5.00E-04

LBO-coated LRLO 0.1 1.27 48.5 111 2.36E+02 4.25E-03 ±9.00E-04

Sample
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Figure 3.8: SEM-EDS analysis of uncoated and LBO-coated LRLO cathode with the cross-

sectional view. 

 

The similarity in electrical conductivity, combined with the uniformly distributed carbon 

additives, suggests that the percolation behavior of the electrical conducting agent is nearly 

identical. 
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Figure 3.9. (a) Voltage profiles from uncoated and LBO-coated LRLO/graphite full cell with (b) 

the corresponding dQ/dV plot. The voltage window of both full cells is 2.0–4.7 V at a current rate 

of C/20 for the formation cycle (1 C = 270 mAh/g). (c) Full cells cycling performances with (d) 

the average charge and discharge voltage in the 2.0–4.55 V window at a current rate of C/10. 

 

 

The LBO-coated LRLO exhibits a similar voltage profile (Figure 3.9 (a)) with little 

capacity loss compared with the uncoated cathode during the formation cycle in a full cell. The 

dQ/dV plots reveal a lower peak intensity for LBO-coated LRLO in the voltage range associated 

with electrode/electrolyte interphase formation, around 3.3 V (inset of Figure 3.9 (b)). Uncoated 

LRLO shows a continuous decrease in capacity from the beginning of the cycling (Figure 3.9 (c)). 

In contrast, LBO-coated LRLO demonstrates approximately 92% capacity retention after 100 

cycles in full cell. The average charge and discharge voltage plot (Figure 3.9 (d)) substantiates the 

role of LBO surface modification on LRLO not only in improving capacity retention but also in 

ameliorating voltage decay. LBO surface modification enhances long-term cycling performances. 
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Figure 3.10 shows that the capacity retention of the uncoated LRLO improved from approximately 

26% after 500 cycles to around 63% with just the LBO surface modification. 

 

 

Figure 3.10: (a) Full cells cycling performance comparison with (b) the corresponding average 

charge and discharge voltage in the 2.0–4.55 V window at a current rate of C/10. 

 

 

3.3.2 LBO coating chemistry and durability  

The electrochemical assessment confirmed the effect of the surface modification. To 

further validate these results, an examination of the presence of boron on the cathode surface was 

conducted. Mixing LRLO and LBO precursors confirms the presence of relatively lighter material 
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on the cathode surface (Figure 3.11 (b)). After calcination, both high-magnification views of the 

cathode surface (Figure 3.11 (c)) and overall observations at low magnification (Figure 3.11 (e)) 

did not exhibit evidence of the coating materials.  

 

 

Figure 3.11: SEM/BSE images of (a) pristine LRLO (b) after mixing with LBO at 1000 rpm for 

10 min (c, d, e) after calcination at 600 ℃ for 10 hrs. 

 

This observation strongly suggests that the surface modification material, LBO, has 

undergone a reaction with the cathode surface or beyond. Due to LRLO's polycrystalline nature, 

assessing coating uniformity in SEM-backscattered electrons (BSE) mode posed challenges. In 

particular, boron chemistry makes it difficult to confirm the coating uniformity using EDS 

analysis. The boron layer was then distinctly discerned on the cathode surface through STEM-

EELS analysis (Figure 3.12 (a)). Elemental mapping verified the partial diffusion of elements 

toward the cathode subsurface. This observation indicates a modification in the chemical 

environment between transition metals and boron, suggesting their influence on improving 

electrochemical performances.   
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Figure 3.12: STEM-EELS mapping results of (a) LBO-coated LRLO obtained with the optimal 

dry coating parameters. (b) STEM-EELS spectra of boron K-edge for examining the changes in 

LBO under different electrochemical states and LiBO2 standard sample for comparison. 

 

To check the durability of the LBO coating layer and understand its chemical environment, 

STEM-EELS analysis was conducted on the cathode after the first formation cycle in the full cell. 

The boron coating layer was still present on the cathode surface after the formation cycle (Figure 

3.13), albeit in a different chemical environment.  
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Figure 3.13: STEM-EELS mapping for manganese, nickel, and boron on LBO-coated LRLO after 

the formation cycle. 

 

Figure 3.12 (b) compares the EELS spectra of the B K-edge from the surface of the LBO-

coated cathode before and after electrochemical cycling. The measured near-edge structure for the 

LiBO2 standard sample is characterized by a sharp peak at 192 eV associated with transitions to 

antibonding π* orbitals, and a broad feature at ~ 201 eV originated from σ* orbitals. At the pristine 

state, the LBO coating layer closely matches the spectrum from the LiBO2 standard sample, while 

after the formation cycle, the change in the relative peak intensity is observed. Prior literature [25, 

26] suggests that the presence of elements such as Ni, Co, and Zn as impurities in boron-based 

glass can affect the relative peak intensity. Therefore, boron may further diffuse into the transition 

metal layers during the formation process, which is confirmed through the boron K-edge EELS 

mapping in Figure 3.14. Following 100 cycles, no boron signal is detected in the boron K-edge 
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spectrum, implying the absence of LBO species on the cathode surface and their reactivity with 

the electrolyte.  

To gain a clear mechanism understanding of the improved full cell performance, tracking 

boron is essential not only on the cathode but also on the graphite anode. As shown in Figure 3.14 

(a), the presence of a boron layer on the graphite surface with a thickness of up to 15 nm was 

confirmed after the formation cycle. The layer is thin but uniform and clearly present across the 

entire surface of the anode, as further confirmed by STEM-EELS spectra analysis (Figure 3.14 

(b)). The peak positions and intensity ratios observed on the anode surface were identical to those 

observed on the cathode surface after the formation cycle. These observations indicate that the 

boron initially present on the cathode surface migrates through the electrolyte and deposits on the 

anode surface. This process contributes to the formation of the SEI layer, as evidenced by the 

change in peak intensity around 3.3 V in dQ/dV plots (Figure 3.9 (b)). After 100 cycles, like the 

cathode surface, there is an absence of any observable boron signal on the graphite anode surface. 

This reinforces that the LBO species can gradually undergo reactions with the electrolyte during 

extended cycling periods.  
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Figure 3.14: (a) STEM-EELS mapping results of graphite paired with LBO-coated LRLO after 

the formation cycle in the full cell. (b) EELS spectra of boron K-edge for cycled graphite and 

LiBO2 standard sample for comparison. 

 

3.3.3 LBO Reactivity with Electrolyte for Performance Improvement 

The results obtained from STEM-EELS pinpoint the crucial factor of LBO reactivity with 

electrolyte for the improvement of overall cell performance. Due to insufficient electrolyte amount 

at the coin cell level, single-layer pouch cells were then assembled for cycling evaluation and 

electrolyte analysis. The uncoated LRLO pouch cell delivers a capacity retention of 79.9% after 

70 cycles at a current rate of C/10. In contrast, the LBO-coated LRLO demonstrates a higher 

retention of 87.4% with a stabilized discharge capacity from around 40 cycles (Figure 3.15 (a)). 

Additionally, the charge and discharge voltage plot in Figure 3.15 (b) shows that the uncoated 

LRLO pouch cell has a voltage hysteresis of 0.37 V, while the LBO-coated LRLO reduces the 

voltage hysteresis to 0.18 V. To avoid excessive electrolyte consumption with prolonged cycling, 
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the pouch cells were stopped at 70 cycles, at which point a clear difference in gas generation 

(Figure 3.15 (c)) was observed.  

 

Figure 3.15: (a) Single layer pouch cell performance in the 2.0–4.55 V window at a current rate 

of C/10 (1 C = 270 mAh/g) with baseline electrolyte. (b) The average charge and discharge voltage. 

(c) Photos of pouch cells with uncoated LRLO and LBO-coated LRLO as the cathode. 

 

The LRLO pouch cell without LBO coating exhibits evident swelling. This observation 

underscores the potential of LBO surface modification in reducing the gas generation which arises 

from the parasitic reactions in the cycled electrolyte at high voltage [27]. Pouch cells of uncoated 

LRLO and LBO-coated LRLO were disassembled after the formation cycle and after 70 cycles. 

Centrifuge tubes were utilized to efficiently extract the electrolyte through rotation at 2000 rpm. 

The extracted electrolyte was then analyzed by 19F-NMR techniques (Figure 3.16).  
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Figure 3.16: 19F-NMR from different electrolyte samples, including cycled electrolytes from 

uncoated/LBO-coated LRLO after the formation cycle and 70 cycles in single layer pouch cell. 

 

The presence of BF4
- anions (Figure 3.17 (a)) is exclusively confirmed in the electrolyte 

after 70 cycles with LBO-coated LRLO. The formation of BF4
- is absent even in the initial stage 

of the LBO-coated LRLO pouch cell, which implies that boron primarily contributes to forming 

the CEI/SEI layer during the formation cycle. As cycling progresses, boron progressively dissolves 

into the electrolyte, leading to the formation of the B-F environment. This observation aligns with 

STEM-EELS results, revealing the absence of boron on the cathode surface after 100 cycles. 
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Figure 3.17: (a) 19F-NMR from different electrolyte samples, including cycled electrolytes from 

uncoated LRLO and LBO-coated LRLO after the formation cycle and 70 cycles. (b) 11B-NMR and 

(c) 31P-NMR from different electrolyte samples, including LBO and LiBOB dissolved into 

carbonate baseline electrolyte. 

 

To further investigate the reactivity of LBO, an electrolyte comprising 2 wt% LBO powder 

dissolved in 1M LiPF6 EC/DMC 3:7 (v%) was examined. For comparison, another electrolyte 

containing 2 wt% LiBOB additive was also prepared in the same carbonate baseline electrolyte. 

In our previous study [28], the B-F environment was also present in the cycled electrolyte with 

LiBOB additive, which comes from the reaction between LiBOB and HF acid generated from 

electrolyte decomposition. Both electrolytes were stored for 1-, 4-, 7-, and 10-days post-

preparation, followed by 11B-NMR analysis to trace boron species (Figure 3.17 (b)).  The findings 

reveal the rapid presence of BF4
- anions within a day of LBO dissolution. After 10 days, no other 

boron species, apart from BF4
-, are detected. This observation implies an immediate reaction of 
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LBO with the fluorine source (PF6
- anion in the LiPF6 salt) upon dissolution, leading to the 

formation of the B-F environment. In contrast, when LiBOB is utilized as an electrolyte additive, 

even after 10 days, a significant portion of the boron persists in the form of BOB-. The emergence 

of a small quantity of BF4
- and DFOB- in the LiBOB electrolyte after the storage is attributed to 

the disproportionation reaction between fluoride ligands on phosphorus and oxalato ligands on 

boron (in LiBOB) [29]. The considerably higher reactivity of LBO with the carbonate baseline 

electrolyte is further confirmed by 31P-NMR analysis (Figure 3.17 (c)). The peak corresponding 

to PF6
- in the -160 to -130 ppm range is evident in both electrolytes. However, distinctive peak 

features around -18 ppm associated with the OPFx(OR)y organic compounds are observed solely 

in the electrolyte containing the LBO additive [30]. These organic compounds arise as byproducts 

of the reaction between LBO and PF6
- anions in the electrolyte.  The distinction in the reaction 

pathway leading to the formation of the B-F environment between LBO and LiBOB additives is 

crucial in elucidating the mechanism underlying performance improvement, as detailed below.  
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Figure 3.18: Schematics of performance improvement by LBO-coated LRLO in LRLO/graphite 

full cell. Reaction pathway for (a) uncoated LRLO/graphite full cell and (b) LBO-coated 

LRLO/graphite full cell with carbonate baseline electrolyte. 

 

Based on all the above findings, the cycling performance improvement of LBO-coated 

LRLO in full cell is summarized in Figure 3.18. Cycling under high voltage, the ethylene 

carbonate (EC) component of the carbonate-based electrolyte undergoes ring opening process 

(Figure 3.18 (a)) [31]. Carbonate solvents oxidize and decompose, leading to the release of 

protons. The liberated protons are highly reactive on the cathode surface, binding with the oxygen 

and generating H2O. This H2O then reacts with LiPF6 salt to form HF acid, which is highly 

corrosive to the cathode and anode surfaces [32]. On the cathode surface, the attack of HF acid 

causes the dissolution of transition metal, which subsequently redeposits on the anode surface 

through the electrolyte.  
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Figure 3.19: ICP-MS for transition metal (Mn and Ni) of graphite paired with uncoated and LBO-

coated after the formation cycle. 

 

The inductively coupled plasma mass spectrometry (ICP-MS) soaking test in Figure 3.19 

reveals a significantly higher concentration of Ni and Mn in the graphite when paired with the 

uncoated LRLO electrode after the formation cycle. The High-angle annular dark-field (HAADF) 

image (Figure 3.20) of uncoated LRLO is provided for the analysis of the CEI layer after the 

formation cycle.  

 



92 

 

Figure 3.20: STEM-EELS carbon, fluorine, nickel, manganese, and oxygen mapping of uncoated 

LRLO after the formation cycle.  

 

STEM-EELS mapping reveals a distinct clustering of carbon and fluorine, indicating a 

non-uniform distribution along the surface of primary particles. This observation aligns with the 

STEM-EDS data presented in Figure 3.21, confirming a similar non-uniform distribution of the 

SEI layer. Another noteworthy observation is the clear detection of manganese and nickel on the 

anode surface even after the formation cycle. This indicates that the dissolution and redeposition 

of transition metals occur even during the formation cycle.  
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Figure 3.21: STEM-EDS mapping of SEI layer on graphite anode paired with uncoated LRLO 

after the formation cycle.  

 

On the other hand, the LBO coating layer on the cathode surface engages in a competitive 

reaction compared to the LiPF6 hydrolysis process (Figure 3.18 (b)). As confirmed by 31P-NMR, 

LBO reacts with PF6
- to form LiBF4 or phosphorus fluorine oxide species. Given that the reaction 

between LiPF6 and H2O occurs simultaneously with the competitive interaction involving LBO, 

the reaction with H2O is comparatively suppressed, thereby mitigating HF generation. The 

comparison of formation energies shows that the generation of B–F species is thermodynamically 

advantageous. The formation energy of BF4
- (−1710 kJ mol−1) [33] is much lower than that of HF 

(−273 kJ mol−1) [34], making this reaction more favorable. Moreover, the B-F bond possesses a 

significantly higher bond energy (613 kJ mol−1) than both H–F (565 kJ mol−1) and P-F (490 kJ 
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mol−1), indicating greater stability of the B–F bond over H–F and P–F bonds [35]. This finding is 

consistent with the literature, which reports that LiBF4 is more stable than LiPF6 [36].  

 

 

Figure 3.22: STEM-EELS carbon, fluorine, nickel, manganese, and oxygen mapping of LBO-

coated LRLO after the formation cycle. 

 

Consequently, in contrast to the uncoated LRLO case, LBO-coated LRLO exhibits a more 

uniform CEI layer with approximately 20 nm in thickness (Figure 3.22), indicating the relative 

attenuation of severe HF acid attacks during cycling. The STEM-EDS data in Figure 3.23 also 

illustrates a uniform SEI layer, approximately 80 nm thick on the graphite anode paired with LBO-

coated LRLO after the formation cycle. Transition metals were also detected in this graphite, 

highlighting that LBO surface modification cannot completely prohibit the dissolution and 

redeposition of transition metals. However, it is crucial to emphasize that the LBO surface 
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modification plays a significant role in mitigating these effects, as indicated by the results from 

the ICP-MS analysis (Figure 3.19).  

 

 

Figure 3.23: STEM-EDS mapping of SEI layer on graphite anode paired with LBO-coated LRLO 

after the formation cycle. 

 

The LBO coating cannot prevent the generation of H2O, which is the intrinsic issue of the 

EC solvent under a highly oxidative environment [37]; however, the continuous production of HF 

by PF6
- can be reduced through the competitive reaction between LBO and PF6

-. In our previous 

study [28], LiBOB was confirmed to serve as the scavenger for the generated HF acid. To 

completely prevent HF corrosion to the active materials and their interphase, we explore the 

synergy effect of employing both approaches: incorporating LBO-coated LRLO as the cathode 

material and introducing LiBOB as the electrolyte additive. 
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Figure 3.24. (a) Full cells cycling performance comparison with (b) the corresponding average 

charge and discharge voltage in the 2.0–4.55 V window at a current rate of C/10. (c) cycling 

performance comparison with (d) the corresponding average charge and discharge voltage in the 

2.0–4.55 V window at a current rate of C/3. (e) LRLO/graphite full cell performance summary 

plot. (The numbers refer to the entries in Table 3.2. Additionally, red numbers indicate Co-

containing LRLO cathode materials, while black numbers indicate Co-free LRLO cathode 

materials.) 
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Table 3.2: LRLO/graphite full cell performance summary. 

 
 

 

3.3.4 LBO Coating and LiBOB Additive for Long-term Cycling Stability 

Irrespective of the use of electrolyte additives or surface modification, it shows no obvious 

capacity degradation during the formation cycle (Figure 3.25 (a)). The derivative of the capacity 

to the cell voltage was then plotted to compare the lithiation/delithiation processes for different 

cases. Apart from the peak at 3.3 V (corresponding to the CEI/SEI formation), there is no 

noticeable difference in the dQ/dV vs. plots (Figure 3.25 (b)). When LiBOB was used as an 

electrolyte additive or when the surface was modified with LBO, the intensity of the 3.3 V peak in 

the dQ/dV vs. plots decreased (Figure 3.25 (c)).  
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Figure 3.25: (a) Voltage profiles from uncoated and LBO-coated LRLO/graphite full cells with 

different electrolytes with (b) the corresponding dQ/dV plot. (c) dQ/dV plot within the CEI/SEI 

formation voltage range. The voltage window of full cells is 2.0–4.7 V at a current rate of C/20 for 

the formation cycle (1 C = 270 mAh/g). 

 

To assess the synergy effect, a practical-level long-term cycling was conducted. Under the 

challenging conditions of high voltage, high loading electrode (3 mAh/cm2), and a high current 

rate (C/3), the LBO-coated LRLO/graphite full cell with LiBOB electrolyte additive exhibits 

excellent performance, with a capacity retention of 82% after 400 cycles (Figure 3.24 (c)). 

Furthermore, even under high current rate conditions, a minimal voltage decay of 0.019 V was 

observed for the discharge process up to 400 cycles (Figure 3.24 (d)). Based on the performance 

summary from the published results of the LRLO/graphite full cell (Table 3.2), our investigation 

highlights the optimum cycle performance achieved with Co-free chemical composition and the 

highest cathode loading (Figure 3.24 (e)). Notably, this synergistic effect persists even under 

elevated temperatures. The high-temperature (45°C) testing results are presented in Figure 3.26.  
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Figure 3.26: (a) Full cells cycling performances with the corresponding (b) energy density 

performances and (c) the average charge and discharge voltage at high temperature (45°C). The 

voltage window is 2.0–4.6 V at a current rate of C/3 (1 C = 270 mAh/g). 

 

In contrast to the immediate capacity drop of the full cell with the uncoated LRLO cathode 

(black line), LBO surface modification alone exhibits the capacity to endure for approximately 60 

cycles (pink line). The inclusion of a 2 wt% LiBOB electrolyte additive extends the cycling 

capability beyond 200 cycles. This observation underscores the potential to surmount the 

challenges associated with cycling at elevated temperatures, another obstacle that has impeded the 

practical application of LRLO, through strategic utilization of boron chemistry. 

 

 

 3.4 Conclusion 

The oxygen redox products in LRLO, including radical anion complexes, readily engage 

with carbonate-based electrolytes, causing parasitic side reactions that compromise the cathode 

material's lattice structure and result in a rapid deterioration of electrochemical performance. This 

investigation employs boron chemistry to design a strategy for stabilizing the electrode-electrolyte 

interphase, proving effective in alleviating capacity and voltage decay. The LBO precursor is 

synthesized using a polyol process, enabling dry coating on the LRLO surface. Under optimized 
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conditions, a uniform LBO coating layer of 15 nm thickness is achieved, contributing to enhanced 

cycling stability in LRLO/graphite full cells.  

The improved full-cell performance is attributed to the surface modification by LBO, 

which protects LRLO's lattice oxygen, and reacts with PF6
- anions to suppress HF acid generation. 

This mechanistic understanding is supported by the observed reduction in transition metal 

dissolution and mitigated interphase corrosion in LBO-coated LRLO. The further incorporation of 

LiBOB additive, acting as an HF scavenger, results in promising battery performance for 

industrial-level applications. The full cell with LBO-coated LRLO cathode demonstrates an 

impressive 82% capacity retention after 400 cycles at a current rate of C/3, with an average 

discharge voltage drop of 0.019 V. This minimal voltage decay presents a significant opportunity 

for engineering LRLO materials towards achieving long-term cycling stability. 
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Chapter 4 Summary and Perspective 

 

4.1 Addressing High-Voltage Cathode Challenges 

Advancing lithium-ion battery technology requires innovative strategies to address 

challenges associated with high-voltage cathodes, such as capacity fade, voltage decay, and 

interfacial instability. In this study, we explored boron-based surface engineering as a means to 

stabilize electrode-electrolyte interphases and improve the long-term performance of full cells 

employing single-crystal LNMO and LRLO cathodes. The LBO coatings demonstrated significant 

benefits in mitigating degradation mechanisms and enhancing cycling stability. 

The LBO precursor was synthesized through a scalable polyol process, achieving uniform 

nano-sized coatings and partial doping on cathode surfaces. Electrochemical testing revealed that 

LBO coatings effectively reduced transition metal dissolution, minimized lattice oxygen 

degradation, and suppressed the generation of HF acid by reacting with PF₆⁻ anions. The 

dissolution of LBO during cycling formed LiBF₄, which prevented electrolyte decomposition and 

contributed to stable cathode-electrolyte interphases. The incorporation of the LiBOB additive 

further amplified these benefits, acting as an HF scavenger to improve electrolyte stability. As a 

result, full cells with LBO-coated LRLO demonstrated remarkable performance, achieving 82% 

capacity retention after 400 cycles at C/3 with minimal voltage decay. Similarly, coated LNMO 

showed superior cycling stability, highlighting the broad applicability of this approach. 

 

4.2 Mechanistic Insights into Boron-Based Stabilization 

From a mechanistic perspective, the study provided key insights into the role of boron 

species in stabilizing the interphase. The coatings not only acted as a protective barrier but also 

interacted with electrolyte components to mitigate cross-talk between cathodes and anodes. 
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Characterization techniques such as STEM-EELS, 19F-NMR, and ICP-MS confirmed the 

uniformity of the coatings and elucidated the changes in chemical species during cycling, 

supporting the proposed mechanisms of degradation suppression. 

These findings offer a promising pathway for enhancing high-voltage lithium-ion batteries 

and accelerating their commercialization. Future research should focus on optimizing boron-based 

coatings for various cathode materials, exploring their compatibility with next-generation 

electrolytes, and scaling up these approaches for industrial applications. By leveraging the dual 

functionalities of surface protection and electrolyte stabilization, this work contributes to the 

development of robust, high-performance energy storage systems suitable for long-term use in 

electric vehicles and grid storage. 

 

4.3 Future Directions and Reflections on Cathode Research 

Cathode materials remain an enduring subject of research. Over a decade ago, many 

believed that cathode development had already reached its peak. Yet, even today, they continue to 

be the most critical and enigmatic component of lithium-ion batteries. My journey into the 

exploration of cathode materials began with surface treatment studies on LCO and has since 

expanded through NCM523, NCM622, NCA, NCMA, and NCM811, progressing to advanced 

systems like LNMO, LRLO, and LMFP (Lithium Manganese Iron Phosphate). However, there is 

still a vast frontier of work ahead, spanning precursor synthesis, optimization of heat treatment 

conditions, surface coating and doping strategies, and fine-tuning chemical compositions. 

Cathode materials are critical components in batteries, directly influencing various 

performance metrics such as energy density, stability, cost, and cycle performance. Beyond the 

research areas discussed earlier, studies on cost-competitive LMFP and next-generation sodium-
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based cathode materials represent significant opportunities for cathode researchers. Considering 

this, the following specific research directions are proposed: 

 

1. Enhancing conductivity of LMFP: LMFP is renowned for its exceptional stability and safety 

relative to cost; however, its low electrical conductivity and limited ionic diffusion remain 

key challenges. Researchers can address these issues through the following approaches: 

 Surface coating and doping strategies: Applying carbon-based coatings, 

incorporating conductive additives, or introducing metal ion doping can improve 

conductivity and expand the electrochemical active volume. 

 Optimization of microstructure: Nanostructuring LMFP to shorten ion diffusion 

pathways and increase active surface areas should guide the design of the synthesis 

process. 

 Innovative electrode design: Developing electrode compositions and current 

collector designs that maintain high conductivity while maximizing LMFP's inherent 

properties is crucial. 

 

2. Development of Na-Based cathode materials: Na-ion batteries offer a promising alternative 

to overcome the limitations of Li resources, particularly for low-cost energy storage 

systems. However, Na cathode materials face challenges such as lower energy density and 

performance stability compared to Li counterparts. Key research objectives include: 

 Exploration of High-Voltage Sodium-Based cathodes: Surface treatments are 

necessary to address voltage fading issues in NaₓMO2 systems, such as 

NaNi1/3Mn1/3Co1/3O2. 
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 Utilization of Cost-effective materials like NaFePO4: Na-based iron-phosphate 

cathodes offer significant cost advantages, necessitating optimized synthesis 

processes and enhanced conductivity. 

 Stabilization of Cathode-Electrolyte interfaces: Addressing unique challenges such 

as electrolyte decomposition and interface instability in Na-ion batteries through 

electrolyte additives and interface engineering is essential. 

 

3. Ensuring environmental friendliness and sustainability: Next-generation cathode material 

research must prioritize not only performance improvements but also environmental 

sustainability and resource efficiency. 

 Development of recyclable cathode materials: Designing materials that are easy to 

recycle or improving recycling efficiency for existing materials is essential. 

 Minimization of hazardous materials: Efforts should focus on reducing reliance on 

cobalt and other toxic elements, replacing them with environmentally non-toxic 

elements like iron and manganese. 

 

4. Balancing battery performance and cost 

 Optimizing cost efficiency: Maximizing the economic viability of cathode materials 

by simplifying precursor synthesis and manufacturing processes is critical. For 

example, cost-effective compounds should be leveraged to produce high-

performance cathode materials. 
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 Analyzing the correlation between electrochemical properties and manufacturing 

costs: Data-driven approaches should be adopted to identify the optimal balance 

between electrochemical performance and cost.  

 

5. Compatibility with Next-Generation battery technologies  

 Suitability for Solid-State Batteries (SSB): Developing cathode materials that 

perform stably in solid electrolyte environments is indispensable. 

 Integration with various chemical systems: Exploring cathode materials compatible 

with next-generation systems such as lithium-sulfur and lithium-air batteries is 

essential. 

 

6. Industrialization and mass production  

 To translate laboratory successes into practical applications, scalable synthesis 

techniques and automated production processes must be developed. 

 

Now is a pivotal time to reflect on the technologies we have developed and to prepare for 

the next leap forward. This reflection not only allows us to consolidate our achievements but also 

positions us to address new challenges in cathode innovation. 

This work serves as a stepping stone toward the development of next-generation cathode 

materials, contributing to the advancement of energy storage technologies. By building on the 

foundation laid by prior studies and incorporating innovative approaches such as AI-based 

technologies, we can continue to push the boundaries of what is possible in lithium-ion battery 

research and realize a more sustainable and efficient energy future for our next generation. 




