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Abstract

LIU Zhaohan (2220032)

Lithium-ion batteries (LIBs) are pivotal in modern energy storage systems, powering
applications ranging from portable electronics to electric vehicles (EVs) and grid-scale storage.
Despite their widespread use, challenges such as limited energy density, performance degradation
under high rates, and reduced stability at extreme conditions hinder their full potential. This study
focuses on addressing these limitations through advanced electrolyte design and cathode
optimization, emphasizing the integration of boron-containing additives and the development of
stable interphases.

The research highlights the importance of cathode-active materials (CAMs) such as layered
oxides, including LiNio33Mno33C003302 (NMCI111) and nickel-rich variants like
LiNiosMno.1Co0.102 (NMCS811), in achieving high energy densities. While these materials offer
excellent performance, they face challenges such as transition metal dissolution, interfacial
instability, and structural degradation during prolonged cycling. These issues underscore the need
for optimized electrolytes capable of forming robust cathode-electrolyte interphases (CEls) to
mitigate degradation and enhance overall battery performance.

To address these challenges, boron-containing compounds were investigated as key
components in electrolyte formulations. Mesityldimethoxyborane (MDMB) was introduced as a
multifunctional electrolyte component to improve lithium-ion transport and interfacial stability.
By modifying the solvation structure and reducing anion mobility, MDMB enhanced ionic
conductivity and facilitated the formation of a boron-rich CEI. This interphase effectively
stabilized the cathode, minimized side reactions, and improved cycling performance under high
current densities. Electrochemical impedance spectroscopy (EIS) and computational modeling
validated MDMB's role in optimizing electrolyte dynamics, demonstrating reduced overpotential
and enhanced lithium-ion transference.

Building on this foundation, ethylene glycol mesityl borane (EGMB), a novel cyclic boric
ester, was synthesized and incorporated as a functional additive to improve battery performance
under extreme conditions. EGMB exhibited significant benefits, forming a CEI enriched with
boron and fluorine. This robust interphase not only improved mechanical and chemical stability
but also mitigated oxygen release and transition metal dissolution, which are common issues with
Ni-rich cathodes. The enhanced CEI facilitated high lithium-ion conductivity, resulting in
improved discharge capacities and extended cycle life, even under ultrahigh voltages (up to 4.8 V),
fast charging, and wide temperature ranges. Electrochemical evaluations confirmed EGMB’s
ability to enhance compatibility with NMC cathodes, achieving high capacity retention and
Coulombic efficiency over extended cycling.

The research demonstrates that boron-based additives or electrolyte component can
effectively address critical issues in LIBs, including interfacial instability and poor lithium-ion
transport. By tailoring electrolyte formulations to incorporate boron-containing compounds, this
work provides a pathway to enhance the durability, safety, and performance of LIBs in demanding
applications. These findings contribute to the advancement of next-generation LIBs capable of
meeting the growing energy demands of modern technology while maintaining operational
stability across diverse conditions.

This study underscores the transformative potential of electrolyte engineering in overcoming
the limitations of current LIB technologies. By integrating innovative boron chemistry and
interfacial design strategies, this research paves the way for the development of high-performance
energy storage systems suitable for a broad range of applications, from consumer electronics to
electric mobility and renewable energy solutions.

Keywords: Lithium-ion battery, electrolyte, additive, boron compounds, high voltage.
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Chapter 1 General Introduction



1.1 Introduction to highly efficient energy device-lithium battery

A battery is a device composed of electrochemical cells, which convert stored chemical
energy into electrical energy through specific electrochemical reactions. These reactions,
typically involving reduction-oxidation (redox) processes, result in the transfer of electrons
between two materials through an external circuit. Based on the nature of the redox reaction,
batteries can be classified into primary (non-rechargeable) ' and secondary (rechargeable)
types >°.

Primary batteries undergo irreversible redox reactions, meaning the active materials are
permanently altered and cannot be restored to their original state. As a result, they can only be
used once before disposal. These batteries generally offer higher energy densities and are
advantageous for applications requiring simplicity, portability, long shelf life, and convenient
design flexibility '°.

In contrast, secondary (rechargeable) batteries feature reversible redox reactions, allowing
them to be recharged and reused multiple times. The electrochemical reactions in these
batteries can be reversed by applying an external electric current, enabling repeated charge-
discharge cycles, depending on the stability of the materials used . The lead-acid battery, one
of the earliest examples of rechargeable batteries, is known for its durability and long lifespan
12 However, its use has declined due to factors such as high cost, maintenance requirements,
and lower specific energy compared to newer battery technologies. Thus, while primary
batteries excel in single-use applications, secondary batteries provide a more sustainable and
long-term energy solution through reusability '°.

The rapid advancement of battery technology began in the 20th century, driven in part by
the environmental and resource concerns associated with gasoline-powered automobiles. In the
mid-20th century, the global rise in automobile use led to an increase in harmful smog,

particularly in major cities, exacerbated by the emissions from internal combustion engines.
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This, combined with growing awareness of the finite nature of oil reserves, prompted a shift in
focus toward alternative energy and electric vehicles (EVs). To support these innovations, there
was a pressing need for efficient, high-capacity batteries capable of storing significant amounts
of energy.

At that time, the available rechargeable batteries were limited to two main types: the lead-
acid battery, first invented in 1859 and still used as a starter battery in gasoline vehicles, and
the nickel-cadmium (NiCd) battery, developed earlier in the 20th century. In the early 1970s,
Stanley Whittingham made a breakthrough by leveraging the high energy potential of lithium,
which can release electrons from its outer layers. His work led to the development of the first

functional lithium battery.

Cathode

Anode (Oxidizing agent)

(Reducing agent)

Electrolyte

Figure 1. Schematic graph of Lithium-ion battery '.
In 1980, John Goodenough advanced this technology further, doubling the battery's

potential and laying the groundwork for more powerful and practical energy storage solutions.
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By 1985, Akira Yoshino improved upon these developments by replacing pure lithium with
graphite anode, as shown in Figure 1, which are safer and more stable, making lithium-ion
batteries viable for commercial use '#!°. Lithium-ion batteries have revolutionized energy
storage and powered the development of portable electronics, such as laptops and smartphones,
as well as electric vehicles. They have also played a crucial role in enabling the storage of
renewable energy from sources like solar and wind power, marking a significant leap forward
in both energy efficiency and sustainability.

As lithium battery technology has evolved from its inception in the last century to the
present day, researchers have continuously pushed the boundaries to develop next-generation
batteries capable of meeting diverse and increasing human demands '®. The goal is to create
energy storage solutions that are not only powerful and efficient but also safer, more sustainable,
and adaptable to various applications . By improving energy density '8, accelerating charging
speeds !°, enhancing recycling 2° and sustainability practices 2!, and ensuring stability across

2224 researchers aim to address the limitations of current lithium-ion

temperature ranges
technology. These advancements promise to make batteries more suitable for high-demand
applications, from electric vehicles and consumer electronics to renewable energy storage,
ultimately supporting a cleaner and more energy-efficient future

(1) Higher Energy Density

Higher energy density in lithium batteries means increasing the amount of energy stored
per unit mass or volume, allowing for longer usage times between charges %%, This is
especially important for applications requiring compact and lightweight power sources, such
as electric vehicles (EVs) and portable electronics. Increasing the energy density of lithium
batteries is crucial to meet the growing demands for longer battery life and higher power in a

limited space. For EVs, higher energy density translates to extended driving range, reducing

‘range anxiety’ and making EVs more viable for consumers %°. In consumer electronics, it

11



allows devices to become smaller, lighter, and more efficient, all while providing more
operational hours.

Increasing the cut-off voltage of batteries is an effective approach to achieving higher
energy density *°. The cut-off voltage is the maximum voltage to which a battery cell can be
charged before it risks degradation or safety issues. By raising this voltage limit, the energy
stored in the battery increases, as the total energy output is directly related to both the capacity
and the operational voltage range.

However, higher cut-off voltages place greater demands on the battery's materials,
especially on the electrolyte and cathode, as they need to withstand more intense oxidative and
thermal stress 313, To enable higher voltage operation without compromising safety or cycle
life, researchers are developing advanced electrolyte formulations that are more resistant to
high-voltage decomposition. These include high-voltage-tolerant electrolytes, such as those

with fluorinated solvents or solid-state components, which provide improved oxidative
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Figure 2. (a) Gravimetric energy density (GED) and volumetric energy density (VED) of
currently commercialized LIBs with LiCoO> and high-nickel materials as cathodes; b)
development of high-energy-density LIBs on the basis of present cathode and anode materials
for the next decade ?’.

Cathode materials with higher structural integrity at elevated voltages, such as nickel-rich
12



layered oxides and lithium cobalt nickel oxide, as shown in Figure 2a, are also being explored
to sustain performance at higher voltages . Protective coatings on both electrodes are another
promising strategy, as they prevent direct contact between reactive species in the electrolyte
and the electrode surface, reducing side reactions and prolonging battery life.

As presented in Figure 2b, by combining these material innovations with advanced
electrolyte and electrode designs, increasing the cut-off voltage can unlock substantial energy
density gains, making lithium batteries more powerful and versatile for applications requiring

compact, high-energy solutions.

(2) Faster Charging

Faster charging refers to reducing the time it takes to fully charge a lithium battery, making
it comparable to or faster than refueling conventional vehicles with gasoline *°. This is
particularly critical for EV applications where charging times are still significantly longer than
gas refueling times. Rapid charging is essential for enhancing the user experience and
practicality of lithium batteries in consumer electronics and EVs. In the context of EVs, faster

37 For

charging reduces downtime and improves convenience, helping drive adoption
consumer devices, rapid charging supports high-performance lifestyles where users need
devices quickly recharged.

Developing electrolytes with higher ionic conductivity is crucial for enabling quicker
lithium-ion transport, which directly facilitates faster charging rates **. The ionic conductivity
of an electrolyte determines how easily lithium ions can move between the anode and cathode
during the charge and discharge processes®®. When ionic conductivity is enhanced, lithium ions
can travel more rapidly through the electrolyte, reducing the time required for a full charge *°.

To achieve higher ionic conductivity, researchers are exploring a variety of advanced

electrolyte formulations. One approach is to modify liquid electrolytes by adding lithium salts
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with specific anions that increase ionic mobility *'. Another promising avenue involves solid-
state electrolytes, such as lithium garnets and sulfide-based materials, which can achieve high
ionic conductivities and enable fast charging while improving overall safety. Gel polymer
electrolytes, which combine liquid-like ionic mobility with the stability of a solid matrix, are
also being developed as a middle ground between traditional liquid and solid electrolytes *.
Additionally, enhancing electrolyte conductivity can be achieved by optimizing the
electrolyte’s solvent composition to reduce viscosity and by adjusting the concentration of
lithium salts to create a more favorable environment for ion movement 4. By employing
these strategies, researchers aim to create electrolytes that support rapid charging without
compromising the battery’s safety, stability, or lifespan, making fast-charging lithium batteries

a feasible reality for electric vehicles and other high-power applications *°.

(3) Temperature Stability

Temperature stability in lithium-ion batteries is crucial to ensure that they operate safely
and effectively across a broad temperature range without degradation or risk of failure, as
shown in Figure 3 *°. This requirement is especially critical in applications subject to extreme
or fluctuating temperatures, such as electric vehicles, grid energy storage, and aerospace
systems. Lithium-ion batteries are particularly sensitive to temperature variations */, which can
negatively impact their performance, reduce their lifespan, and, in severe cases, lead to safety
risks such as thermal runaway—a condition where excessive heat accumulation results in
uncontrollable reactions and potential battery failure.

Enhancing temperature stability is essential to achieve the reliability and safety standards
necessary for widespread adoption, especially in fields like automotive and energy storage,
which demand high safety margins. Developing thermally robust electrolyte formulations is a

key strategy to address this need **. Emerging electrolyte chemistries, including fluorinated and
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solid-state electrolytes, show promise in resisting thermal decomposition and sustaining
performance under high temperatures *°. Similarly, selecting electrode materials that retain
their structural integrity at elevated temperatures can mitigate thermal degradation risks *°.
Advances in materials science, such as incorporating temperature-resistant polymers or
applying ceramic coatings, further help extend the safe operational range of lithium-ion

batteries by providing additional protection against heat-induced damage >'.

System: Electrolyte+SEI+PVDF+Li,C

Massive reactions: LiPF;—
electrolyte chain reactions

s s and Li,C-PVDF
LixC Li,C-PVDF

electrolyte reaction
reaction
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EC-LiPFs  breakdown

melting : \/ L IBE
__/ : Tl
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DSC Heat flow

. decomposition!

Figure 3. Schematic DSC profile of anode thermal stability °'.
Together, these efforts target fundamental aspects of lithium battery technology—
including energy density, charging speed, and safety—to meet the growing demands across

diverse applications, from consumer electronics to EVs and large-scale energy storage

solutions.



1.2 Various cathodes in lithium battery
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Figure 4. (a) The number of publications on LRCMs sorted by year. (b) The percentage of
various improvement strategies between 2010 and 2019 32,

Selecting appropriate cathode-active materials (CAMs) is vital for advancing lithium-ion
battery (LIB) performance, particularly in terms of energy density, lifespan, safety, and cost-
efficiency, as shown in Figure 4 52, LIBs employ a variety of cathode chemistries, each with
distinct advantages and drawbacks. The most widely studied CAMs fall into three main
categories: (a) polyanionic compounds, (b) spinel oxides, and (c) layered oxides .

(a) The symbol of polyanionic compounds is Lithium Iron Phosphate (LiFePOs). It

stands out for its excellent safety and long cycle life, characteristics that are particularly
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desirable in heavy-duty applications like electric vehicles and renewable energy storage >*.
LiFePOs’s thermal and chemical stability reduces risks associated with thermal runaway, and
it is environmentally friendlier than cobalt-based cathodes. However, its lower energy density
and operating voltage mean that it may not be suitable for compact, high-capacity storage needs,
as it delivers less energy per charge >°.

(b) The symbol of spinel oxides. Lithium Manganese Oxides (LiMn>O4) are another
commonly used cathode materials valued for its thermal stability and cost-effectiveness, as
manganese is more abundant and affordable than cobalt ¢, It also provides high power output,
beneficial for fast-charging applications. However, its energy density is lower compared to
LiCoO», limiting its use in applications where extended battery life is crucial >’. LiMn>O4 also
has a relatively short cycle life, with faster degradation at high temperatures, making it more
suitable for power tools and medical devices, where safety and cost considerations are
prioritized 3.

(c) Layered oxide cathodes come in a range of compositions, each with specific
advantages and limitations tailored for distinct applications. LiCoO> offers high energy density,
making it particularly suitable for portable electronics like smartphones and laptops *. Its stable
cycling performance is advantageous, but due to cobalt's scarcity, LiCoO: is expensive and
poses environmental and ethical concerns related to mining practices *°. Furthermore, its
thermal instability at high temperatures raises safety issues, especially in larger applications
such as electric vehicles.

Nickel Manganese Cobalt Oxide (NMC) cathodes, with varying ratios of nickel,
manganese, and cobalt, offer a balanced performance profile that makes them ideal for use in
electric vehicles and power tools ®'. Within the NMC family, compositions such as NMC111
(1:1:1 ratio) and NMC811 (8:1:1 ratio) provide options for adjusting capacity, stability, and

cost-effectiveness. NMC111 strikes a practical balance between energy density, power density,
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and cycle life, making it a versatile and relatively affordable choice 2. It is safer than LiCoO,
though less thermally stable than LiFePOs, and has a lower energy density than newer
formulations like NMC811. NMCS811, a nickel-rich formulation, offers higher capacity and
operating voltage since nickel (Ni) serves as the primary redox-active species (Ni?* s Ni*") ¢,
However, it requires precise manufacturing controls to maintain performance and exhibits
lower thermal stability than NMC111, necessitating careful battery management.

Table 1: Theoretical capacity and practical capacity of various cathodic materials

Cathodic material LiCoO: LiNiCoyMn1.«;0; LiMnz04 LiFePOs
Theoretical 274 275 148 170
Capacity (mAh/g)
Practical Capacity 140 160-220 120 150
(mAbh/g)
Voltage 3.7 3.5-4.0 4.0 3.3
Platform(V)
Cyclability Good Fair Poor Frcellent
Metal Resource Poor Fair Abundant Abundant

Reserves

NMC materials achieve a balance of stability, cost, and energy density, with manganese
(Mn) providing long cycle life and cobalt (Co) enhancing electronic conductivity, which
improves rate capability. These characteristics have led to widespread commercialization of
NMC, with major producers like Panasonic, Toshiba, and LG Chem advancing its use. NMC
cathodes theoretically offer capacities around 275 mAh g™!, though actual capacity depends on
the transition metal composition and formulation, as shown in Table 1 and Figure 5. While

Ni-rich NMC variants like NMC811 offer higher capacities, they are also more prone to
18



degradation mechanisms, including cation mixing, surface reconstruction into rock salt phases,
phase transformations, particle cracking, transition metal dissolution, and undesirable side

reactions with the electrolyte .
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The performance of lithium-ion batteries (LIBs) at high voltages also depends on the
stability of the electrolyte. At voltages above 4.4 V, the electrolyte is susceptible to oxidative
degradation, which can lead to oxygen release from the cathode, increased reactivity of the de-
lithiated phase, and transition metal dissolution due to structural instability ®. A common

solution is the addition of electrolyte additives. These additives stabilize the cathode-electrolyte
19



interface, reduce interfacial resistance, and limit transition metal dissolution by forming a
protective layer on the cathode surface ¢7. This approach preserves capacity and prolongs
battery life, especially for high-voltage applications. Through these innovations, layered oxide
cathodes enable LIBs to meet diverse energy, safety, and cost requirements across a broad
spectrum of applications, from consumer electronics to electric vehicles and grid storage
solutions.

In conclusion, selecting the appropriate cathode-active materials (CAMs) is essential to
optimize lithium-ion battery performance, balance energy density, cycle life, safety, and cost.
Polyanionic compounds, spinel oxides, and layered oxides each brings unique benefits suited
to different applications. Continued advancements in CAMs are key to enhance lithium-ion

batteries for diverse energy storage needs, from consumer electronics to electric vehicles.

1.3 Introduction to components of electrolyte

The electrolyte in lithium-ion batteries (LIBs) plays a crucial role in determining the
battery's performance, stability, and safety, making it a central focus in advancing next-
generation energy storage, as shown in Figure 6 . As an ionic conductor, the electrolyte
facilitates lithium-ion transport between the anode and cathode during charge and discharge
cycles, directly influencing charge rate, energy density, and cycle life ®. An ideal electrolyte
must exhibit high ionic conductivity, chemical stability, and compatibility with both electrodes
across a range of temperatures and voltages, all while minimizing side reactions that could
degrade battery performance or safety ’°. The main components of LIB electrolytes are organic
solvents, lithium salts, and functional additives, each contributing distinct properties to

optimize electrolyte behavior.
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Figure 6. During 20032014, significant advances have been made in the development of new
electrolyte components (lithium salts, solvents, and additives) and fundamental understanding
of the related interphasial chemistry in both lithium ion and advanced rechargeable batteries °®.

Solvents in LIB electrolytes are typically organic carbonates that dissolve lithium salts
and facilitate ion movement. Commonly used solvents include ethylene carbonate (EC),
dimethyl carbonate (DMC), and propylene carbonate (PC) ’!. Ethylene carbonate is essential
in LIB electrolytes due to its high dielectric constant, which supports effective salt dissociation,
enhancing ionic conductivity. EC, however, is solid at room temperature, so it is often
combined with low-viscosity solvents like dimethyl carbonate (DMC) or diethyl carbonate
(DEC) to reduce viscosity and improve the low-temperature performance of the electrolyte 7.
Propylene carbonate, while highly polar and thermally stable, is less commonly used in
commercial LIBs due to its reactivity with graphite anodes, although it remains a valuable
component in high-temperature applications ’°. The appropriate combination of these solvents

is vital to achieve a balance of ionic conductivity, stability, and compatibility with both
21



electrodes.

The lithium salt used in LIB electrolytes also profoundly impacts battery performance.
The most widely used lithium salt is lithium hexafluorophosphate (LiPFs), prized for its high
ionic conductivity and compatibility with typical carbonate solvents '*. LiPFs, however, is
thermally unstable and can decompose to form HF under high-temperature conditions, which
can accelerate degradation and safety risks. To address these limitations, alternative salts such
as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) 7° and lithium bis(fluorosulfonyl)imide
(LiFSI) 7® are gaining attention due to their superior thermal stability, enhanced conductivity,
and ability to stabilize the electrode-electrolyte interface. Both LiTFSI and LiFSI are also less
prone to HF formation, thereby reducing corrosive effects on battery components and
extending cycle life, making them attractive for high-performance LIB applications.

Electrolyte additives are another key component, introduced in small amounts to
improve specific performance aspects of the electrolyte. In lithium-ion batteries, additives such
as vinylene carbonate (VC) and fluoroethylene carbonate (FEC) are commonly used to enhance
electrolyte stability, protect electrode surfaces, and improve overall battery performance .
These additives are particularly valuable because they contribute to the formation of a stable
and robust solid electrolyte interphase (SEI) layer on the anode, a critical factor for maintaining
battery longevity and safety, especially at high voltages and low temperatures . Vinylene
Carbonate (VC) is one of the earliest and most widely used electrolyte additives for lithium-
ion batteries. VC is known for its ability to improve the SEI layer on the anode, particularly in
graphite-based systems 7°. When added to the electrolyte in small concentrations, VC
undergoes reduction reactions at the anode during the initial charging cycles, forming a
protective SEI layer that is both stable and effective in preventing further decomposition of the
electrolyte. This SEI layer acts as a barrier, significantly reducing continuous electrolyte

decomposition, which improves cycle life and reduces capacity fade. VC also helps to stabilize
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the battery during high-temperature operation, reducing the risk of thermal runaway and
enhancing battery safety. However, VC has limited solubility in many electrolyte solvents,
which restricts the concentration that can be used, and it can increase the internal resistance of
the battery under certain conditions.

Fluoroethylene Carbonate (FEC) is another important additive, particularly advantageous
in systems using silicon-based anodes, which tend to experience significant volume expansion
during cycling 8. FEC, like VC, helps in forming a stable SEI layer, but with even greater
effectiveness in high-stress environments. FEC’s molecular structure, which includes a fluorine
atom, enhances its stability under electrochemical conditions. This structure allows FEC to
form a more flexible and resilient SEI layer, which can accommodate the mechanical strain
from silicon anodes, thereby reducing cracking and degradation. FEC has also shown benefits
in low-temperature performance by preventing electrolyte freezing and enhancing lithium-ion
transport, making it valuable for applications in cold environments 3!. Additionally, FEC
provides improved oxidation stability at the cathode, extending the electrolyte's voltage
window and supporting higher-voltage operations without significant side reactions %2, VC and
FEC play a crucial role in improving lithium-ion battery performance by stabilizing the
electrolyte, enhancing the durability of the SEI layer, and supporting high-energy-density
applications. While VC is generally more suited for graphite anodes, FEC is preferred for
systems with silicon anodes or applications requiring high-voltage or low-temperature stability.
These additives are fundamental in the ongoing development of lithium-ion battery technology,
enabling safer, longer-lasting batteries that are increasingly suitable for demanding
applications such as electric vehicles and energy storage systems.

Other additive, like lithium bis(oxalato)borate (LiBOB) #, for example, acts as a film-
forming additive that enhances the stability of the solid electrolyte interphase (SEI) on the

anode. This protective SEI layer helps to minimize undesirable reactions between the
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electrolyte and the electrode, thus improving the cycle life and thermal stability of the battery.
LiBOB is particularly effective in high-voltage systems, where it forms a robust, stable
interface that can prevent decomposition reactions at elevated voltages ®°. Table 2 summarizes
various common additives and their performance in battery.

Table 2. Different types of electrolyte additives species 2.

Type of electrolyte additives Initial Coulombic efficiency Discharge capacity (mAh g~!)  Capacity retention
Trimethyl phosphite (TMP) 92.2% ~270(0.1C) 81.3% (100 cycles, 0.5 C)
Triphenyl phosphite (TPPi) - 204.3(0.50C) 90.8% (100 cycles, 0.5 C)
Tri(hexafluoro-isopropyl)phosphate (HFiP) 78.9% 250 (0.07 ©) 72.3% (130 cycles, 0.72 C)
Trimethylsilyl (trimethylsiloxy) acetate (bi-TMSA)  70.2% 237.56 (0.1 C) 80.1% (374 cycles, 1 C)
Tris(2,2,2-trifluoroethyl) phosphite (TTFP) 81.4% 280 (0.2C) 82.1% (110 cycles, 0.2 C)
Tris(trimethylsilyl)borate (TMSB) 80.3% 213 (0.50) 73.6% (220 cycles, 0.5 C)
Tris(pentafluorophenyl)borane (TPFPB) ~79.5% 245 (0.1 0) 76.8% (500 cycles, C/3)
Tris(trimethylsilyl)phosphate (TMSP) 76.2% 225 (0.08 C) 91.1% (50 cycles, 0.08 C)
3-hexylthiophene (3HT) ~85% ~280 (0.1 C) 90% (70 cycles, 0.1 C)
LiF,BC,0, (LiDFOB) ~91.2% 251 (0.06 C) 65% (200 cycles, 0.06 C)
Lithium bis(oxalato)borate (LiBOB) 88.4% 284 (0.1 C) 98.1% (120 cycles, 0.5 C)
Lithium difluoro(bisoxalato)phosphate (LiDFBP) ~82.5% ~246 (0.1 C) 90% (100 cycles, 0.5 C)
Ethylene glycol bis (propionitrile) ether (EGBE) - 203.5(0.1 C) 89% (150 cycles, 0.5 C)
Methyl diphenylphosphinite (MDP) 88.5% 230 (0.1 0) 93.9% (80 cycles, 0.1 C)
Phenyl vinyl sulfone (PVS) 74% ~260 (0.1 C) 80% (240 cycles, 0.5 C)
Fluoroethylene carbonate (FEC) 70% ~280 (0.1 C) 92.5% (100 cycles, 0.5 C)

Overall, optimizing the electrolyte composition—balancing the properties of solvents,
salts, and additives—remains essential for advancing LIB technology. By addressing
challenges such as thermal instability, limited voltage window, and electrolyte decomposition,
ongoing research into novel electrolyte systems aims to enable safer, more efficient, and
longer-lasting lithium-ion batteries suitable for a range of applications from consumer
electronics to electric vehicles and grid storage. This thesis investigates the role of electrolyte
formulation in enhancing lithium-ion battery performance, focusing on the interactions and
synergies between solvents, salts, and additives in the quest for next-generation energy storage

solutions.

1.4 A significant interphase between cathode and electrolyte - solid cathode-electrolyte

interface (CEI)
The development of high-performance lithium-ion batteries (LIBs) has placed an
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increasing focus on interfacial stability, particularly at the cathode-electrolyte boundary. A
critical component of this stability is the solid cathode-electrolyte interface (CEI), a protective
layer that forms on the surface of the cathode during electrochemical cycling 38, Similar to
the solid electrolyte interphase (SEI) on the anode, the CEI plays a pivotal role in protecting
the cathode from electrolyte decomposition and in maintaining the electrochemical integrity of
the system. The structure, formation, and components of the CEI could be used for optimizing
this interphase in next-generation lithium-ion batteries.

In lithium-ion batteries, the cathode is often exposed to oxidative environments, especially
at high voltages, which can lead to instability and degradation of the electrolyte and cathode
materials. Unlike the SEI at the anode, the CEI must withstand oxidizing conditions rather than
reducing reactions %°. As cathode materials are pushed to higher voltages to increase energy
density, the electrolyte is more prone to oxidation, which can lead to the formation of reactive
oxygen species and other byproducts that attack both the electrolyte and the cathode structure
9091 The CEI forms as a result of electrolyte decomposition at the cathode surface, creating a
thin, solid layer that serves as a barrier against further degradation.

The CEI is formed through complex electrochemical reactions that involve both the
electrolyte solvents and the lithium salt. During the initial cycling of the battery, these
components undergo partial decomposition, generating products that adhere to the cathode
surface. Key decomposition products include inorganic compounds like lithium carbonate
(Li2CO3), lithium fluoride (LiF), and other lithium-containing oxides, as well as organic
compounds derived from electrolyte solvents °>. The exact composition and morphology of the
CEI depend on the electrolyte chemistry, the cathode material, and operating conditions,
including temperature and applied voltage.

The components of electrolyte decide the composition of CEI. For example, in electrolytes

containing LiPFs, the presence of fluorine-containing species encourages the formation of LiF,
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which is beneficial due to its high ionic conductivity and chemical stability. Similarly,
electrolytes containing fluorinated solvents or specific additives like FEC contribute additional
fluorinated decomposition products that can further enhance CEI stability and functionality 8-
82

The primary function of the CEI is to act as a protective barrier, reducing direct contact
between the electrolyte and the cathode. This barrier minimizes continuous electrolyte
decomposition, thereby enhancing battery longevity. The CEI also improves the stability of the
lithium-ion conduction pathway by preventing unwanted side reactions between reactive
oxygen species and electrolyte components, which can damage both the electrolyte and the
cathode’s crystal structure.

A well-formed CEI can mitigate issues such as transition metal dissolution, which is
particularly significant in high-nickel and high-cobalt cathodes. Transition metals, if not
stabilized by a protective layer, can dissolve into the electrolyte and migrate to the anode, where
they catalyze undesirable side reactions that ultimately degrade battery capacity >4,

Additionally, the CEI reduces gas generation at the cathode, which is common at high voltages

and can lead to cell swelling, increased internal resistance, and safety risks.
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While the CEI provides critical protection, there are several challenges in developing an

ideal CEI. Firstly, achieving a robust and stable CEI layer is difficult, particularly for high-

electronically insulating to prevent further electron transfer reactions at the cathode surface.
Ensuring these properties across the entire cathode surface is challenging, as inhomogeneities

can result in uneven lithium-ion distribution, leading to localized degradation.

Another challenge is the inherent instability of some CEI components under cycling

conditions. For example, Li2CO; and organic components in the CEI can undergo further
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decomposition at high voltages, which can limit the CEI’s effectiveness over extended cycles.
Furthermore, the high-voltage conditions at the cathode can exacerbate CEI breakdown,
leading to cumulative degradation over time, particularly in high-energy-density applications
such as electric vehicles.

Numerous strategies have been proposed to enhance CEI stability, performance, and
uniformity, as presented in Figure 7. Electrolyte additives have shown considerable promise
in this area. Certain additives, such as VC and FEC, decompose at the cathode surface to form
stable, protective layers that help reinforce the CEIL. Additives like LiBOB can also enhance
the formation of a robust CEI by introducing boron-containing compounds, which improve
film integrity and resist degradation at high voltages.

Another promising approach is surface coating on the cathode itself. Thin layers of
materials such as Al,O3, Li3POy4, or other ceramic coatings are applied to the cathode surface
to physically separate it from the electrolyte *>*7. These coatings not only improve the CEI’s
stability by preventing direct contact with the electrolyte but also support lithium-ion diffusion,
enhancing both cycle life and rate capability.

Ultimately, the development of a stable, effective CEI will be instrumental in advancing
lithium-ion batteries for applications requiring long life, high capacity, and safety, such as
electric vehicles, grid storage, and portable electronics. By focusing on both the material and
interfacial properties of the CEI, researchers aim to unlock the full potential of LIBs, addressing

challenges in cycle stability, energy density, and operational safety.
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1.5 Organoboron compounds in batteries

Figure 8. Applications and characteristics of boron in LBs %,

In hybrid orbital theory, boron can exhibit two distinct hybridization states: sp* and sp®.
Each hybridization form influences the electronic environment around boron atoms, enabling
them to form four covalent bonds (sp?) or three covalent bonds (sp?) with other atoms. In the
sp> hybridized state, boron retains an empty p orbital, imparting electron-deficient
characteristics. This electron deficiency makes three-coordinate boron atoms effective
electrophilic reagents or Lewis acids, allowing them to interact with atoms bearing lone pairs
of electrons. Conversely, in the sp* hybridized state, boron exhibits a negatively charged
electronic structure. These versatile hybridization states of boron contribute to the unique
physical and chemical properties of boron-containing compounds, which have become
valuable in applications such as cathode, electrolyte additive, salt, binder and so on, as shown

in Figure 8.
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(1) Cathode

In recent years, certain polyanionic materials have garnered significant attention due to
their excellent thermal stability and inherent safety characteristics. Among these, borate-based
materials stand out as promising cathode candidates, offering advantages such as low molar
mass, high theoretical capacity, superior conductivity, structural stability, and environmental
compatibility.

LiMBOs-type borates have been particularly noteworthy, as the light polyanionic BO3*
group enables a higher theoretical energy density compared to other polyanionic cathode
materials. In foundational work °®, Legagneur et al. first explored the electrochemical properties
of LiIMBO3 (where M = Mn, Fe, Co), demonstrating that up to 0.04 Li could be reversibly
deinserted from each compound. This study paved the way for borates in lithium battery
cathodes. Further research by Yamada et al. provided insights into the crystal structure of
LiFeBOs;, advancing the understanding of borate-based cathodes and their potential
applications in energy storage °.

(2) Polymer electrolyte

Adding nanofillers, single-ion conductors, porous structures, and boron-based groups into
polymer matrices has been demonstrated to raise the Li-ion transference number in electrolyte
systems. Among these methods, the inclusion of boron-containing groups offers a particularly
simple and efficient way to boost the Li-ion transference number, providing an accessible
means to enhance electrolyte functionality. Ma et al. developed a boron-containing solid
polymer electrolyte (SPE), designated as P(V—B), through in situ polymerization of vinylene
carbonate (VC) and poly(ethylene glycol) methyl ether methacrylate, which incorporates cyclic
boroxane groups on a cellulose membrane'?’. The resulting flexible P(V-B) electrolyte
demonstrates excellent physical, mechanical, and electrochemical properties. It exhibits a

notably high ionic conductivity of9.11*10* S cm™' at room temperature, alongside a substantial
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Li-ion transference number of 0.68 and strong interfacial stability, making it a promising
candidate for advanced lithium-ion battery applications.

(3) Additive

Boron-containing additives have been extensively utilized in LIBs due to the unique
property of sp>-hybridized boron to complex anions, enabling the formation of a protective film
on the cathode surface during cycling. This stabilization of the electrode/electrolyte interface
enhances the electrochemical performance of the battery. In contrast, conventional additives
like VC, tris(trimethylsilyl)phosphate, and phenyl vinyl sulfone typically benefit only one
electrode and cannot simultaneously form protective films on both electrodes. To overcome

these limitations, Yue et al. introduced tris(pentafluorophenyl)borane (TPFPB)!*!

, a boron-
based additive featuring a central boron atom surrounded by pentafluorophenyl groups, as a
dual-effect additive. Electrochemical analysis demonstrated that the LNMOY/Li cell containing
1% TPFPB retained a discharge capacity of 111.8 mAhg! at 0.5 C. After 500 cycles, the cell
achieved a capacity retention of 90% and an average Coulombic efficiency of 99%,
highlighting its excellent cycling stability and efficiency.

(4) Lithium salt

Common lithium borate salts include lithium bis(oxalate)borate (LiBOB) %, lithium
difluoro(oxalate)borate (LiDFOB), and lithium trifluoro(perfluoro-tert-butyloxyl)borate
(LiTFPFB), all of which exhibit high thermal and chemical stability. Xu et al. demonstrated
that an electrolyte formulated with LiBOB effectively passivates aluminum substrates and
maintains stability on both carbonaceous and metal oxide cathodes. Moreover, LIBs utilizing
LiBOB as the lithium salt show outstanding rate capabilities, enhanced cycling stability, and
strong capacity retention at room temperature.

(5) Separator

Boron nitride (BN) materials have recently gained significant attention for modifying LIB
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separators, attributed to their ultrahigh Young's modulus, excellent electrical insulation
properties, and exceptional chemical stability. Luo et al. developed a straightforward and
effective approach to enhance the cycling stability of LMBs by coating thermally conductive
BN nanosheets onto commercial separators. This innovative method demonstrates the potential
of BN-based materials in improving battery performance and durability!®.

(6) Binder

Poly(vinylidene fluoride) (PVDF) has long served as the primary binder for
electrochemical energy storage devices, valued for its robust mechanical properties and
excellent electrochemical stability. However, its broader applicability is constrained by
drawbacks such as low electrical and ionic conductivity, susceptibility to volume expansion,
and reliance on N-methyl-2-pyrrolidone (NMP)—a solvent with significant environmental
impact—for slurry preparation. To address these challenges, Pradhan et al. developed a
lithium-borate-based aqueous polyelectrolyte binder (CAB) for graphite anodes'®. This
innovative binder facilitates SEI film formation, enhances Li-ion diffusion, and reduces
impedance, offering a promising alternative to PVDF for sustainable and efficient energy
storage systems. Cells using CAB demonstrated a discharge capacity of up to 343 mAh g! at
1 C, with a capacity retention of 87% after 750 cycles. Additionally, the binder exhibited strong
cycling stability and Coulombic efficiency (CE) at high current densities, achieving 93%
capacity retention and a CE of 99.6% after 1200 cycles at 10 C.
1.6 Objectives

In this thesis, the primary focus is to modify the electrolyte composition by incorporating
various boron-containing components, including (a) solvents, (b) additives, to enhance the
performance of lithium-ion batteries with NMC-type cathodes. While previous studies have
extensively investigated the role of boron in stabilizing the SEI, there is a notable gap in

understanding the impact of boron-containing compounds on the CEI. This research aims to
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address this gap by exploring how boron-based products influence the formation and properties
of the CEI, thereby contributing to improved battery stability and performance.

Boric ester as a component of electrolyte to increase the stability and durability of battery
are explored with the anodic materials like graphite and silicon, however its application in
lithium-ion battery cathode has not been studied yet. In Chapter 2, different ratio of
mesityldimethoxyborane (MDMB) is used into conventional carbonate-based electrolyte (1M
LiTFSI in EC-DEC) to investigate the Boron-rich electrolyte’s influence on cathodic material
LiNiCoMnO:. The addition of MDMB enhanced the Li ion transference ability and charging-
discharging performance under high rate. It can also improve the cyclability of battery by
forming boron-containing durable interface.

Chapter 3 investigates the enhancement of LIBs by incorporating a boron-containing
additive, EGMB, to improve the cathode-electrolyte interphase (CEI) in NMC-based cathodes.
LIBs have become essential in portable electronics and electric vehicles, yet face challenges
under extreme conditions, including high voltage, fast charge-discharge rates, and temperature
fluctuations. Traditional electrolytes often fail to maintain stable interfaces with cathodes under
these conditions, leading to performance deterioration through side reactions, metal dissolution,
and structural breakdown. EGMB, a cyclic boric ester synthesized via a solvent-free method,
was introduced into the electrolyte at low concentrations. The study demonstrates that EGMB
enhances the CEI through the formation of a B- and F-rich layer, which stabilizes the cathode,
minimizes side reactions, and improves Li-ion migration. Specifically, the research shows that
EGMB-containing electrolytes enable higher capacity retention and cycling stability, reducing
degradation under ultrahigh voltage, extreme charging conditions, and wide temperature ranges.

In this thesis, the role of boron-containing components in improving the electrolyte
systems of lithium-ion batteries (LIBs) with NMC cathodes is systematically explored. The

research addresses critical challenges in LIB technology, including interfacial instability, low

33



lithium-ion  conductivity, and capacity degradation under different conditions.
Mesityldimethoxyborane (MDMB) was shown to enhance lithium-ion transport and high-rate
performance by forming a robust boron-rich cathode-electrolyte interphase (CEI). Ethylene
glycol mesityl borane (EGMB) demonstrated multifunctional benefits, stabilizing the CEI
while mitigating degradation under high voltage and extreme temperature conditions.
TFELiMB, a boron-containing lithium salt, further advanced performance by reducing
interfacial resistance and improving capacity retention under extreme cycling rates. Together,
these findings establish boron-based materials as effective tools for enhancing battery stability
and durability. This thesis contributes valuable insights for designing advanced electrolytes to

support the development of high-performance, next-generation LIBs.
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Chapter 2 A Boron-Containing Ternary Electrolyte for Excellent Ion
Transference and Stabilization of LINMC Cathode in Lithium-ion

Battery
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2.1 Introduction

Since the commercialization of lithium-ion batteries (LIBs) in 1991, these energy storage
devices have undergone a transformative evolution, revolutionized electronic applications, and
generated a growing demand for high-energy-density rechargeable battery technologies.
Originally, being employed in portable devices, LIBs have pushed the boundaries to electric
vehicles and electric vertical take-off and landing'™. This demand for such applications
necessitates the development of high energy density cathode electrodes and exceptional
stability for prolonged cycling. In pursuit of this objective, numerous efforts for developments
and/or improvements of cathode materials specifically tailored for high-density cathode LIBs
have been made, as extensively documented in literature®. A better and more convenient focus
involves investigating electrolyte systems that are well-suited for high energy density batteries.
Traditional electrolytes based on alkyl carbonate solvents are susceptible to degradation at a
voltage above 4.3 V vs. Li"/Li°. Addressing this challenge becomes paramount for ensuring
high-energy-density lithium-ion batteries with sustained performance and reliability in diverse
applications.

Among various high-energy-density lithium transition-metal oxides, Li[NixCoyMn.]O>
(LiNMC) have received considerable attention and been extensively studied. LINMC has
garnered interest due to its high discharge capacity, better rate capability and structural
stability’, while a moderate rise in cutoff voltage limit led to specific discharge capacity at the
expense of capacity fading®’. The root cause is linked to enhanced surface reactivity between
the delithiated unstable cathode and the electrolyte, giving rise to high interfacial impedance.
Moreover, the poor electrochemical performance is associated with the polarization effect,
decomposition of electrolyte solution and gradual decaying of cobalt into electrolytes or
structural alterations in the cathode material'. In-depth investigations into the effect of

electrode surface and performance based on electrolyte composition have led to an
42



understanding that the oxydation of the solvent on the cathode surface before the intercalation
process results in the formation of a surface film known as the cathode electrolyte interphase
(CEI). The CEI's composition reflects the stability of electrode by forming compact and
passivating layers that isolate the electrolyte solution from active component of electrode'!!.
In addition, CEI acts as a protective barrier, permitting Li" migration while keeping the solvent
molecules out. One approach to improve the cathode life cycle is changing the surface
chemistry of cathode to avoid undesired surface reactions and protect the integrity of bulk
material.

Some surface modification methods are AIFs’ or ZrO,'? surface coatings, lattice

13.14 " electrolyte additives and reactive gas treatments'>!® to improve the rate capability,

doping
capacity retention and interface stability. The different methods based on forming a buffer layer
between the electrolyte and highly reactive oxygen species in the cathode require an additional
step or tedious process for synthesis and fabrication.

An effective way to protect the surface of electrode would be using a functional solvent.
The properties of functional solvent will render unique properties that stabilise the cell
containing high energy density cathode for extended cycles. Some solvents that are reported to
be better solvents than commercially available solvents (ethylene carbonate (EC), diethyl
carbonate (DEC), dimethyl carbonate (DMC) etc.) are fluorinated solvents'’, sulfones!® and
dinitriles!®. But the above functional solvents need high cost, produce gas in Li cells and
increase impedance®* 2, Incorporating multiple solvents into the electrolyte has proven to be
effective in enhancing the performance of LIBs. Conversely, introducing boron compounds as
electrolyte additives has demonstrated a notable reduction in electrode-electrolyte interface
resistance. Furthermore, boron favours anion coordination in electrolytes, which offers

enhanced ionic conductivity and transference number, as reported by McBreen et al. Polymer

electrolytes containing boron showed significant cation transport selectivity by interacting with
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the anion group of the lithium salt?*~2¢. Alkylborane-based molten salt resulted in high lithium
transport due to alkylborane Lewis acidity, however, its ionic conductivity is 10° S cm™ at
51 °C?’. Looking into the benefits of solvent-based electrolyte and boron-based organic
compounds in Li" transference and ionic conductivity, a multi-solvent electrolyte will be well
suited for high-energy-density LIBs.

This study's primary objective is to prepare a multi-solvent matrix containing boron-based
organic molecules and carbonate solvents. By adding low polarity boron compound, multi-
solvent matrix can increase lithium transference number by breaking strong dipole-dipole
interaction between solvent sheath and lithium ion, subsequently forming favorable
coordination with the anion species of the salt 2%, In addition, the enhanced Li" mobility will
enhance battery performance, through lower overpotential and better discharge capacity under
high rate. Moreover, the boron can eliminate F~ formed on the surface by coordinating with the
boron atom before HF reacts with lithiated transition metal oxides to cause the leaching of
transition metals from the electrode into the electrolyte. Hence, a ternary solution containing
mesityldimethoxyborane (MDMB), EC and DEC were used to incorporate the benefits of
carbonate solvent (good dissociation of lithium salt, low viscosity®’) and boron-based organic
molecule (F~ elimination, anion trapping and boron-containing CEI). This ternary MDMB-
containing electrolytes exhibit good compatibility with LiINMC and enhance battery
performance of cathodic half-cells. Besides, oxidating boron-based solvent on the electrode
surface will form boron-rich CEI, facilitating Li" diffusion in the electrode by developing Li"

diffusion sites.
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2.2 Experimental

2.2.1 Materials and synthesis

Magnesium turnings were purchased from NACALAI TESQUE, INC. Crystal iodine,
THEF, trimethoxy borane and diethyl ether super dehydrated were purchased from FUJIFILM
Wako Pure Chemical Corporation. 2-Bromomesitylene was purchased from Sigma-Aldrich Co.
LLC. Ethylene carbonate (EC)/Diethylene carbonate (DEC) electrolyte with volume ratio of
50:50 was purchased from KISHIDA CHEMICAL Co., Ltd. LiTFSI was purchased from
KANTO CHEMICAL CO., INC. The LiNip33Mn33C00330> electrode was purchased from

Piotrek Co., Ltd.

Reflux for 3h (Step 1 )<_J

MgBr

Stir at -15°C for 3h

(Step 2)«

Warm to RT and stir overnight

B
Filter under Nitrogen
O/ \O

MgBr Distill under reduced pressure | |

Figure 1. Schematic illustration of the synthesis of MDMB.

The modified synthetic method of MDMB has been reported in previous work of Matsumi,
N. et al®!. Synthesis of MDMB is presented in Figure 1. A solution of 2-bromomesitylene in
THF was added dropwise to magnesium turnings and crystal iodine. The reaction mixture was
refluxed for 3h under nitrogen and then the resulting solution was added into an ether solution

of trimethoxyborane at -15 °C. After it was stirred overnight and warmed to room temperature,
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it was filtered, concentrated, and distilled under a reduced pressure to give

mesityldimethoxyborane (MDMB). All the steps were completed under nitrogen atmosphere.

2.2.2  Cell preparation

Three electrolytes were prepared with different ratios of MDMB into EC/DEC solvent.
As volume ratio of EC : DEC : MDMB is equal to 1:1:0, this solvent is further named as 110.
In the same way, the solvents with volume ratio of EC : DEC : MDMB=1:1:1 and 1:1:2 are
named as 111 and 112 for short. Finally, the LiTFSI salt was dissolved into these three solvents
to prepare 1.0 M LiTFSI electrolyte. Three kinds of cells were fabricated to measure various

electrochemical properties as shown in Figure 2 and Table 1, including:

Cap —[— —]
— s

Spacer - —=
<l . (Cathode

Separator > — —

(With electrolyte) <l . _ .. 4.
Base —» [ — ]

Figure 2. Coin cell fabrication setup.

(1) Lithium symmetric cell: Lithium foil was punched into 13 mm diameter circular discs.
Then Li|lelectrolyte(separator)||Li symmetric cell was fabricated for lithium-ion transference
number and lithium plating measurements.

(2) Stainless steel symmetric cell: two discs of spacer in CR-2025 coin were used as
cathode and anode in stainless steel symmetric cell to measure the ionic conductivity through

coin cell.
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(3) Cathodic half-cell: The LiNio.33Mno.33C003302 sheet was punched into circular discs
of 13 mm diameter, then dried at 80 °C overnight to remove the water moisture attached to the
surface of cathodic electrode. Then the dried LiNig33Mno.33C00.3302 was used as cathode in
CR-2025 coin-cell with lithium disc as counter electrode to fabricate cathodic half-cell using

70 uL of electrolyte. All these cells were fabricated in the argon-filled glove box.

Table 1. Setups for various coin cells and corresponding measurements.

Cell name Anode Cathode Measurements
Lithium Li" transference number,
Li disc Li disc o ‘
symmetric cell lithium plating
Stainless steel Stainless steel ) ) o
Stainless steel spacer Ionic conductivity
symmetric cell spacer

DEIS, charge-discharge,

Cathodic half-cell Li disc NMCI111 disc rate study, CV, activation
energy
Full battery Graphite disc NMC111 disc Rate study, long cycle
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2.2.3 Electrochemical studies

A Biologic VSP electrochemical workstation equipped with a frequency response analyzer
(FRA) was utilized for electrochemical characterizations. Lithium-ion transference number
was determined with Li||Li symmetric cells by electrochemical impedance spectroscopy (EIS)
and chronoamperometry (CA)*>3. After the initial EIS (frequency range: 0.1 Hz to 1 MHz), a
30 mV constant voltage was applied. At the same time, the current fluctuation was monitored
by CA technique until a stable current was achieved. Then the EIS of steady-off cell was
measured and recorded. Lithium plating was measured with 0.5 mA-cm™ current density and
1.5 mAh-cm at 25 °C with Li||Li symmetric cells. Stainless steel symmetric cells were applied
for ionic conductivities by EIS technique with a temperature range from 30 °C to 60 °C. The
thickness of separator was used as the height of electrolyte for ionic conductivity calculation.

The following measurements were carried out on LiNio.33Mn033C00.3302 cathodic half-
cell. Dynamic electrochemical impedance spectroscopy (DEIS) studies were conducted
through EIS technique at different working potential in range of 2.8V to 4.2V. In the floating
test, the battery was firstly charged to a certain voltage, then kept for 10h under this voltage
and was monitored its current during this process. Cyclic voltammetry (CV) was performed
between 2.8 Vand 4.2 Vvs Li/Li"at 0.1 mV s ! and 0.2 mV s~!. The charge and discharge tests
were carried out by Electrofield ABE through a battery cycler at 25 °C under different rates

and modes.

2.2.4  Post-morphology studies

The morphology and composition of the samples were determined by field emission
scanning electron microscopy (FESEM, Hitachi S-4500 instrument at 1.0 kV), and X-ray

photoelectron spectroscopy (XPS) measurements were conducted on Fisons instruments S-
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probe TM 2803.

2.2.5 Computational calculations

Material studio was applied to calculate the interaction energy of electrolytes. To calculate
the interaction energy of different electrolyte modes, corresponding forcite and charge of each
molecule and ion were set first. After setting the forcite for all solution compositions,
amorphous cell mode was applied to build the solution cells. The temperature of cells was
constant at 298 K, and ‘Ultra-fine’ was selected as the convergence accuracy. Eiota Was
calculated based on the amorphous cell including all electrolyte compounds — DEC, EC,
MDMB, TFSI, and Li*. This system maintained electrical neutrality. Ej;+ was calculated
based on the amorphous cell including only Li". Erest electrolyte component Was calculated based on
the amorphous cell including DEC, EC, MDMB and TFSI". The following formula calculated

the interaction energy:

Eint = Etotal = ELi+ — Erest electrolyte component

Correct forcite and charge of each molecule and ion are set. In the forcite calculation mode,
‘energy’ task, and ‘COMPASS III” forcefield were used. In forcite preparation options, choose
‘Forcefield assigned’ for charges and calculation was done. Then the charges given by this
calculation were checked. By this method, the Netcharge of MDMB, EC, DEC, lithium ion,
TFSI" are -2.32¢10, -5.21¢®, -4.47¢®, 1.00, and -1.00, respectively.

After setting the forcite for all compositions of the solution, the amorphous cell mode,
construction task, COMPASS III forcefield, ‘use current’ were used for charges to build the
solution cell. The mole amount of each composition was calculated by the mass weight divided
by molecular weight. The ratio used for each cell building is listed below:

110: DEC: EC: Li: TFSI=48: 64: 10: 10, lengths (A):27.6%27.6*27.6
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111: DEC: EC: MDMB: Li: TFSI=31: 42: 19: 10: 10, lengths (A):27.6%27.6*%27.6

112: DEC: EC: MDMB: Li: TFSI= 23: 31: 28: 10: 10, lengths (A):27.6*27.6%27.6

After the solution amorphous cell mode was built, it included all the components DEC,
EC, MDMB, Li, TFSI, here it was named as mode 1. In order to calculate the interaction energy
between the Li ion and its sheath (other components in the solution), another two cells were
also built to calculate their total energy.

Mode 2: Amorphous cell included DEC, EC, MDMB, TFSI', without Li. It was built by
deleting all lithium ion in mode 1.

Mode 3: Amorphous cell only had Li. It was built by selecting 10 whole lithium ions and
copied them into a new cell. The positions of Li ions kept same with the mode 1.

In the Dmol3, the systems were calculated with COMPASSIII (version 1.2) as forcefield,
Ewald as summation method, Use current as charges, 2 A as buffer width. For van der waals
terms, the settings were ‘atom based’ for summation method, ‘cubic spline’ for truncation
method, ‘12.5 A’ for cutoff distance, ‘1 A’ for spline width, ‘2 A’ for buffer width.

The color codes for the atoms in the molecules studied are gray for carbon, pink for borane,
purple for lithium, blue for nitrogen, yellow for sulfur, cyan for fluorine, red for oxygen and

white for hydrogen.
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2.3 Result and discussion

2.3.1 Characterization of MDMB
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Figure 3. '"H-NMR spectrum of MDMB in CDCls.
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Figure 4. 'B-NMR spectrum of MDMB in CDCls.
Figure 3 shows 'H-NMR (400 MHz) spectrum of MDMB with peaks at 2.17 ppm (-CH3,

s, 3H), 2.21 ppm (-CH3, s, 6H), 3.47 ppm (-OCHs, s, 6H) and 6.79 ppm (CsH>, s, 2H), which
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confirmed the structure of MDMB. Figure 4 shows "B-NMR spectrum of MDMB with a peak

at 30.90 ppm. This single peak at 30.9 ppm referring to the incorporation of boron as a boric

ester in ''"B-NMR, which confirmed the presence of a single pure environment of boron. The

'H-, '"B-NMR spectra were consistent with the result reported by Matsumi, N. et al*!.

2.3.2 Comparative studies of ionic conductivity, transference number, and energy of

solution systems, plating and stripping test of 110, 111 and 112 electrolytes

(b)

1,=0.0718

(a) 250
o— EIS before polarization ..
—o— EIS after polarization _ ..
200 4 i
i
E ™
t,=0.41 .
E 150 110 -
@]
N 00
£
T
50 -
04
T T
-50 0 50
Re(Z), Ohm
c
300 4 EIS before polarizaticin ( )
—a—EIS after polarizatioin ™ =00635
250 fue
Eam 1,=0054
3 200 4 t.=0.93 “
£ 11 -
o Tme
= 150 4 *‘\“\
N
S
= 100 o
50 4
04
T T T T T T
0 100 200 300 400 500 600
Re(Z), (Ohm)

350

-Im(Z), (Ohm)
- 3 [
(4. o [=] [+
(=] (=] (=] =]

o
L

T T T T T T T
100 150 200 250 300 350 400

4 —e— EIS after polarizatioin

-

@

=]
L

@ EIS before polarizatioin +=

Cumentima)

t,=0.86
112 -

T T T T T T
0 100 300 400 500 600

Re(Z), (Ohm)

T
200

700

Figure 5. Impedance spectra of Li symmetric cell with (a) electrolyte 110, (b) electrolyte 111,

and (c) electrolyte 112 before and after polarization. The inset shows current during the

polarization process under 30 mV.
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The lithium transference numbers were determined by potentiostastic polarization method,
which was devised by Bruce and Vincet. The current during DC polarization under 30 mV, and
impedance spectra before and after polarization of lithium symmetric cell with various
electrolytes are shown in Figure 5. The EIS before polarization, after polarization and
stabilized current of electrolytes 110, 111 and 112 were presented in Figure 5a, 5b, and 5c
respectively. The lithium transference number was calculated based on the formula referring to

Bruce and Vincent method:

— Iss(AV_IORO)
e e
1o(AV —IssRss)

AV represents the potential applied during the measurement. The terms I and Iy refer to
the steady-state current and the initial current, respectively, which are observed from the CA
profile. These currents provide information about the cell's behavior in response to a step
change in voltage, where I is the current at the moment the potential is first applied, and I is

the current once the system was stabilized at the new applied potential.

The resistances Ry and Rss represent the interfacial resistance before and after the CA
measurement, respectively. Ro is the initial interfacial resistance at the beginning of the
measurement, reflecting the resistance of the electrode-electrolyte interface before any
significant charge or discharge has occurred. Ry refers to the steady-state interfacial resistance,
which is the resistance after the system has reached equilibrium, typically once the

electrochemical reactions were stabilized and the current has settled.

The value of lithium transference number of each electrolyte was presented in Figure 6a.
Lithium-ion transference number for electrolyte 111 was 0.93, more than twice that of 110
(0.41). As an equimolar amount of LiTFSI was added into electrolyte, the high lithium-ion

mobility presented by 111 and 112 is attributed to the addition of MDMB. In 111 and 112, the
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high t;;+ indicates that the dominant charge transfer in electrolyte is due to Li* conduction.
This is mainly due to two reasons: the weaker interaction between Li* and solvation sheath?3,

and the decreased anion mobility caused by efficient anion trapping>*.
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Figure 6. (a) Transference number of electrolyte 110, 111 and 112. (b) Ionic conductivity
measurements at 30-60 °C temperature range. (c) Models of electrolyte (with lithium ions) and
solvent sheath (without lithium ions) at 298 K.

Ionic conductivity of electrolytes was also studied to understand the conduction of cations
and anions. In Figure 6b, it is shown that the ionic conductivity in 110 is higher than in 111

and 112. High lithium transference numbers of 111 and 112 demonstrated the strongly
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decreased anionic mobility in 111 and 112 with MDMB addition. Ionic conductivity of these
electrolytes at 51°C is 6.7*10* S cm!, 4.5*10*S cm!, and 4.2*10* S cm™ for 110, 111 and

112, respectively.

To demonstrate the interaction energy of Li-solvent sheath and anion trapping in the
electrolyte, solution systems were constructed and calculated by Material Studio software, as
shown in Figure 6¢. Calculation results of electrolyte systems shows that the Ein of Li*-solvent
sheath for 110 (-156.67 KJ/mol) is higher than 111(-147.97 KJ/mol) and 112 (-149.97 KJ/mol),
consistent with the result of t;;+ (0.93 for 111 and 0.86 for 112). As 111 has the highest t;;+
value, its Ein is the lowest among the three electrolyte systems. Addition of MDMB into the
electrolyte weakened the binding energy between Li" and solvent sheath, contributing to
excellent lithium-ion mobility. Moreover, the decreased transference ability of anion is also
demonstrated by the calculation of solvent sheath energy. Energy of the solvent sheath
including EC, DEC, MDMB and TFSI is -3111.72 kcal/mol, -3531.47 kcal/mol, and -3186.75
kcal/mol for 110, 111 and 112, respectively. Lower energy indicates the solvent sheath to be
more stable, which means the bonding between the components of solvent sheath is stronger.
The strengthened trapping for anion led to mobility diminishment, similarly as ionic
conductivity results presented*. This is possibly due to the electron withdrawing boron center
in MDMB interacting with the lone pair electron of oxygen and nitrogen in EC, DEC and TFST".
As this interaction is formed, it could not only impede anions movement, but also weaken the
coordination power of oxygen and nitrogen atoms towards lithium ion which increases lithium

transference ability.

The stability of MDMB-containing electrolyte was further demonstrated by the plating
and stripping test of lithium symmetric cells with various electrolytes in Figure 7. The results

demonstrated the superior stability of MDMB-containing electrolytes during lithium plating
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and stripping cycles. Both 111 and 112 exhibited enhanced cyclability, as evidenced by reduced
polarization compared to the cell using 110 electrolyte. This suggests that the inclusion of
MDMB improves the reversibility of lithium deposition and dissolution processes, which is

critical for minimizing dendrite formation and enhancing cycle life.
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Figure 7. Lithium plating and stripping test with lithium symmetric cells with various
electrolytes at 0.5 mAcm™ and 1.5 mAh cm™.

In the case of 110, the relatively poor performance in plating and stripping tests results
from the electrolyte's inability to form a stable, protective solvation sheath around lithium ions,
which can lead to uneven lithium deposition and dendrite growth. In contrast, the MDMB-
containing electrolytes (111 and 112) facilitate more uniform lithium deposition and stripping
by reducing the formation of lithium dendrites, thereby mitigating polarization and enhancing
overall electrochemical performance. Tthese results underscore the positive impact of MDMB-
containing electrolytes in improving the cycling stability and safety of lithium-ion batteries by

facilitating more efficient and stable lithium plating and stripping processes.
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2.3.3 Electrochemical performance of 110, 111 and 112 in the cathodic half-cell and full

cells
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Figure 8. CV studies of cathodic half-cells between 2.8 V to 4.2 V with electrolyte 110, 111
and 112 at (a) 0.05 mVs, (b) 0.1 mVs, and (c) 0.2 mVs’!

As the lithium mobility of 110, 111 and 112 bulk electrolytes had a huge difference, it
further influenced the performances of cells. In the cathodic half-cell fabricated with
LiNio.33Mn.33C003302, 110, 111 and 112 were studied by cyclic voltammetry technique under
0.05mVs”', 0.1 mV s and 0.2 mV s scan rate. The CV result at 0.05 mV s™' was studied and
presented in Figure 8a, and position of oxidation peaks was listed in Table 2 to further

understand the overpotential. The overpotential obtained from oxidation peaks at 0.05 mV s!
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to 0.1 mV s was 0.15V, 0.04 V and 0.07 V for 110-, 111- and 112- based cells respectively.
The high overpotential signifies more energy would be consumed for the oxidation reaction to
occur with 110 electrolyte at increased scan rate compared with 111 and 112 which own lower
overpotential. In Figure 8b, the oxidation peaks were 3.98 V for 110, 3.94 V for 111 and 4.02
V for 112 at 0.1 mV s™!. The differences between them were small. However, in Figure 8c, as
the scan rate increased to 0.2 mV s™!, it could be observed that the oxidation potential for 110
would be over 4.2 V. It shifted hugely from the position presented at 0.1 mV s™'. In contrast,
the oxidation potential for 111 and 112 at 0.2 mVs™! was 4.040 V and 4.105 V respectively. The
oxidation potential of 110 based cells was much higher than 111 and 112, which meant 110 had
a higher overpotential. This result is consistent with lithium-ion transference ability. A low t;+
worsens concentration polarization during charging and discharging, especially at high rates,
increasing not only the overpotential but also intensifying side reactions. Considering t;;+ of
111 and 112 is markedly increased through ternary electrolyte method, it accounts for the small

overpotential obtained under high rate.

Table 2. Positions of oxidation peak in CV at different scan rates with various electrolyte.

Electrolyte
110 111 112
Scan rate
0.05 mVs! 383V 390V 395V
0.1 mVs! 398V 394V 4.02V
0.2 mVs! >42V 4.04V 411V
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Figure 9. Rate capability of cathodic half-cells with electrolyte 110, 111 and 112.

In addition, charging and discharging ability of cathodic half-cells with electrolyte 110,
111 and 112 under different rates was also studied to learn the impact of MDMB on the
electrolyte. As presented in Figure 9, batteries using MDMB containing electrolytes-111 and
112 exhibited better capacity than 110 as the rate increased. At a 1C rate, the discharge
capacities of the electrolytes were 34.6 mAh/g, 64.2 mAh/g, and 55.5 mAh/g for 110, 111, and
112, respectively. These results indicate that the addition of MDMB to the electrolyte
significantly improved the mobility of lithium cations, especially under high-rate conditions,
which aligns with the higher lithium-ion transference number observed for electrolytes 111 and
112. This enhanced Li" mobility at elevated current rates is a critical factor for improving the
overall performance of the battery, as it facilitates faster charge and discharge cycles with
minimal polarization. Furthermore, after subjecting the cells to high-rate charge-discharge
cycles, the cathodic half-cells using electrolytes 111 and 112 demonstrated excellent capacity

recovery when the rate was reduced back to 0.1C. Specifically, the cells with 111 and 112
59



electrolytes recovered to 151.2 mAh/g (94.7% retention of the initial capacity) and 150.6
mAh/g (93.8% retention), respectively, indicating that the MDMB-containing electrolytes help
maintain high reversibility and minimize capacity fade even under demanding conditions. In
contrast, the cell with the 110 electrolyte showed a much lower recovery, reaching only 102.4
mAh/g (71% retention), highlighting the superior cycling stability and rate performance of
MDMB-based electrolytes. This superior recovery in cells with 111 and 112 electrolytes
suggests that the MDMB additive not only enhances high-rate performance but also contributes
to better structural stability of the electrodes, reducing irreversible capacity loss and ensuring
more consistent long-term cycling behavior. The improved electrochemical stability and
performance under high-rate conditions make these MDMB-containing electrolytes highly

advantageous for high-performance, long-lasting lithium-ion batteries.
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Figure 10. Comparison of E; values of different electrolyte systems.

Activation energy for charge transference process was calculated through the slope of

Arrhenius plot in cathodic half-cell at 4.2 V under different temperatures, as shown in Figure
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10. The Ea value obtained by linear fitting of impendence for 110, 111 and 112 was 42.6 kJ/mol,
30.5 kJ/mol, 38.1 kJ/mol. This corroborated that an easier desolvation process on cathode
surface and Li" intercalation into electrode was realized by MDMB- containing electrolyte.
The activation energy of the electrolyte mixture 111 was found to be the lowest among the
three tested electrolytes. This indicates that the optimal solvent composition, consisting of a
1:1:1 ratio of ethylene carbonate EC, DEC, and MDMB, effectively forms a stable solvation
sheath around the lithium ions. This solvation sheath facilitates improved ionic conductivity
by reducing the energy barrier for lithium-ion migration, thereby enhancing the overall
electrochemical performance. These results suggest that this specific solvent ratio is
particularly conducive to promoting efficient lithium-ion transport in the electrolyte, which is

consistent with the previous result.
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Figure 11. Charge/discharge profile of cathodic half-cells between 2.8 V to 4.2 V at 0.1 C for
initial cycle and (b) 10th cycle with different electrolytes.

In addition, MDMB-containing electrolytes demonstrated improved stability in
electrochemical performance. As shown in Figure 11a, the charge and discharge profiles of the
initial cycle reveal that both 111 and 112 exhibited higher charging capacities, likely due to the

decomposition of MDMB and its participation in the formation of the CEI. During the charging
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process (from 2.8 V to 3.8 V), electrolytes 111 and 112 delivered higher capacities compared
to 110, with 112 showing approximately double the capacity of 111. However, the discharge
capacities of all three electrolytes were relatively similar in the initial cycle. This suggests that
the additional charging capacity observed in 111 and 112 corresponds to an irreversible reaction.
Furthermore, the capacity difference between 111 and 112 implies that MDMB decomposes to
form the CEI, and that varying the ratio of MDMB in the electrolyte results in differences in
the composition of the CEI.

After 10 cycles, discharge capacity of cell with 110 electrolyte decayed seriously
compared to 111 and 112, as shown in Figure 11b. The discharge capacities after 10th cycle of
cells with various electrolyte are 107.29 mAh/g, 137.91 mAh/g and 137.69 mAh/g for 110, 111
and 112. The capacity retention of 110 is 68.6%, much lower than 111 (86.5%), and 112
(87.9%). Although the addition of MDMB into conventional electrolyte could not terminate
the decay happened inside cathodic half-cell, it significantly reduces the degree of attenuation
and extends cells’ service life. The electrochemical floating test was performed under 3.9V,

4.0V, 4.1V and 4.2V for 10h in succession.
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Figure 12. Electrochemical floating test of LiNio33Mno33C00.330:2||Li cathodic half-cells under
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various potential with 110, 111 and 112 electrolytes.

As shown in Figure 12, the LiNio33Mno33C00.3302||Li cathodic half-cells were charged to
the potential and kept under this potential for 10 hours to monitor the current leakage situation.
Three electrolytes exhibited similar current leakage curves. However, boron-containing
electrolytes always had lower leakage currents under different voltages. This result further
proved that MDMB improved the oxidation stability of electrolytes. The addition of MDMB
could passivate surface of cathodic electrode and reduce decomposition of electrolyte. It was
worth mentioning that under 4.2V, the leakage current of 110 was more than twice that of 111
and 112 (0.0386 mA for 110, 0.0156 mA for 111, and 0.0132 mA for 112). It suggested that the
side reactions like electrolyte decomposing, cathodic material dissolution, and aluminum
corrosion happened in cell with traditional carbonate electrolyte, were considerably hindered

by MDMB addition.

150 4 - 100~
=N
— -’
ap 1204 L0 o
= =
< 2
é 90 4 -60 &=
. «?]
et &
® - p—
<9 601 -40 =
=y =
LS S
0 =
3 L2 3
@)

. 0

0 30 60 90 120
Cycle number

Figure 13. Discharge capacities and coulombic efficiencies of cathodic half-cells with different
electrolytes at 1C in CCCV mode.
On the basis of excellent stability of boron-containing electrolytes, the constant current

constant voltage (CCCV) cycling mode was employed to evaluate the durability of cells with
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various electrolytes. Cells using MDMB-containing electrolytes exhibited significantly longer
lifetimes compared to the blank electrolyte. The cells were cycled at a 1C constant current to
4.2V, followed by charging under constant voltage at 4.2 V. For the cell with the 110 electrolyte,
both coulombic efficiency and capacity experienced substantial degradation. After 48 cycles,
its capacity had dropped to 5.4 mAh/g, while its coulombic efficiency plummeted to 54.3%, as
shown in Figure 13. In contrast, cells with 111 and 112 electrolytes demonstrated superior
durability, retaining 40.8 mAh/g with a coulombic efficiency of 97.02% for 111, and 40.7
mAh/g with a coulombic efficiency of 97.75% for 112 after 130 cycles. Compared to the
extremely poor cyclability of the 110-based cell, the boron-containing electrolytes enabled cells
to cycle for 130 cycles while maintaining a capacity retention of approximately 40 mAh/g.
These results suggest that the incorporation of MDMB significantly enhances the durability of

NMC, improving both capacity retention and coulombic efficiency over extended cycling.
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Figure 14. Discharge capacities and coulombic efficiencies of cathodic half-cells with different
electrolytes at 1C in CC mode.

The charging and discharging results under 1C constant current (CC) mode are shown in
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Figure 14. The durability of the cathodic half-cell was significantly enhanced by MDMB-
containing electrolytes. The cell with the conventional electrolyte (110) exhibited a discharge
capacity of 9.74 mAh/g and a coulombic efficiency of 111.40% at the 24th cycle, indicating
substantial dissolution of LiNio33Mno33C00.330: into the electrolyte at the cathode surface. In
contrast, cells with electrolytes 111 and 112 effectively mitigated the dissolution of
LiNig33Mno.33C00.3302, maintaining a coulombic efficiency of approximately 99% over 100
cycles. These results highlight the superior protective effect of MDMB-containing electrolytes

in preventing cathode material degradation and improving the long-term cycling stability of

cathodic half-cells.
200
(a) (b)
150 4
0.1C 100
160 85838 1/4 C W q
- %0000 12C Loo <
) 930 = 120 4 Ny
=120 999909000, 34 = z
< 990 209y . = =
z %000 299 I < L80 .2
= ° 992950 E 92 2
~ 804 2992999 = =
z °0 %9000 7 0 °
e %00 = 70 g
2 Y = 3 =
g 41 o 10 %99,50,0 g ® R <
rs Y = 60 =
~ 9 111 o =
o o 12 ) ' od 2
NMC||Graphite NMC||Graphite g FS0 O
full battery full battery
-40 . ¥ T T * 01y . T T —L 40
0 5 10 15 20 25 0 20 40 60 80
Cycle number Cycle number

Figure 15. (a) Rate capability for LiNio.33Mno.33C00.3302||graphite full battery from 0.1 C to 1C,
and (b) long cycling of LiNio33Mno33Co00.3302||graphite full battery under 0.5 C.

The rate capability of full batteries using graphite as the anode is shown in Figure 15a.
Consistent with the results obtained from the cathodic half-cell testing, the full cell with the
110 electrolyte demonstrated significantly lower capacities compared to those with 111 and
112 electrolytes, particularly under high-rate conditions. Specifically, at a 1C rate, the full cell
with the 110 electrolyte delivered a capacity of only 37.7 mAh/g, which is notably lower than
the capacities achieved with the 111 and 112 electrolytes, which were 88.0 mAh/g and 74.5
mAh/g, respectively.
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These results clearly indicate that the incorporation of MDMB into the electrolyte (in
electrolytes 111 and 112) significantly enhances the rate performance of the full cell. The
superior performance of the MDMB-containing electrolytes can be attributed to improved
lithium-ion mobility and charge transfer kinetics, particularly under high-current conditions.
The presence of MDMB likely facilitates more efficient ionic conduction within the electrolyte,
as well as stabilizing the CEI on the cathode, which in turn improves the overall efficiency and
capacity retention during high-rate cycling.

The long-term cyclability of full batteries at a 0.5C rate is shown in Figure 15b. Notably,
the full cell using the 110 electrolyte maintained a coulombic efficiency of approximately 91%.
In contrast, cells with 111 and 112 electrolytes demonstrated significantly higher coulombic
efficiencies of around 97%, indicating a substantial reduction in side reactions and enhanced
electrochemical stability. This improvement suggests that the MDMB-containing electrolytes
help minimize parasitic processes, such as electrolyte decomposition and the formation of
unwanted by-products, leading to better overall efficiency.

Moreover, the capacity of full batteries with 111 and 112 electrolytes remained
consistently higher throughout the cycling process, with minimal capacity fade over time. This
suggests that the incorporation of MDMB into the electrolyte not only improves the
electrochemical stability but also enhances capacity retention. The enhanced stability can be
attributed to the formation of a more robust solid electrolyte interphase (SEI) and the reduction
of interfacial resistance, which prevent degradation of the electrode material and maintain
efficient lithium-ion transport during repeated cycling. As a result, the performance of the full
battery with MDMB-containing electrolytes is significantly improved, making them more

suitable for long-term, high-efficiency operation in practical applications.
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Figure 16. 3D DEIS Nyquist profiles for (a) charging and (b) discharging process under 2.8V—
4.2V of cycled cathodic half-cell with 110 electrolyte; (c) charging and (d) discharging for 111
electrolyte; and (e) charging and (f) discharging for 112 electrolyte.

Dynamic electrochemical impedance spectroscopy (DEIS) is a powerful technique used

to investigate the impedance characteristics of battery systems over a broad frequency range,
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capturing information about different electrochemical processes, including charge transfer
resistance, CEI layer resistance, and the impedance associated with bulk ionic conductivity. By
analyzing the Nyquist plots, which display the real versus imaginary components of the
impedance at different frequencies, one can assess the overall electrochemical performance of
the battery, particularly the internal resistance dynamics during cycling. It was employed to
evaluate the changes in resistance during the charging and discharging processes, providing
insights into the internal electrochemical dynamics of the cells. DEIS measurements were
performed on cycled cathodic half-cells within a potential range of 2.8 V to 4.2 V, covering
frequencies from 0.01 Hz to 1.0 MHz, as shown in Figure 16.

In the high-frequency region, the impedance typically reflects the resistance of the
electrolyte and the resistance to lithium-ion transport. At intermediate frequencies, the
impedance is associated with the charge transfer resistance at the electrode-electrolyte interface,
including the formation and stability of the CEI. Finally, at low frequencies, the impedance
data are influenced by processes related to lithium-ion diffusion and the overall battery state of
charge, which provides insight into the long-term stability of the electrochemical system.

The impedance spectra for cells with MDMB-containing electrolytes (111 and 112)
exhibit lower overall resistance compared to those with the 110 electrolyte, indicating
improved lithium-ion conductivity and more efficient charge transfer processes. This is
consistent with the improved performance observed in the cycling tests, where the cells with
111 and 112 electrolytes demonstrated better capacity retention and lower polarization during
charging and discharging cycles.

Moreover, the reduced impedance observed over multiple cycles in cells with MDMB-
containing electrolytes suggests that these systems offer superior long-term stability, with
minimal increase in resistance due to the protection provided by the CEI layer. This is in

contrast to the cells with 110 electrolyte, which showed higher impedance growth, likely due
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to the degradation of the CEI and increased internal resistance as a result of electrolyte

decomposition or poor lithium-ion solvation.
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Figure 17. (a) Equivalent circuit used for DEIS fitting. (b) Rcer under different voltages.

In Figure 17a, the circuit used for plot fitting was RinL(QRct)(QRCcED)(QRpre-
i) (Q(Reomplex diffusionW)) to obtain component impedance values inside cathodic half-cell*.
Resistances in the circuit stand for internal resistance, charge transfer resistance, CEI resistance,
pre-diffusion resistance, and complex diffusion resistance respectively. W symbolises Warburg
diffusion coefficient, and Q symbolized constant phase element*®. The data obtained by fitted
through this mode are presented in Table 3-8, which show the respective DEIS fitted parameters
for cells with various electrolytes during charging and discharging process.

In Figure 17b, Rcer under different potentials in charging and discharging process was
presented. The plots reveal that the CEI formed by boron-containing electrolyte-111 and 112
was more stable than that of 110. The larger difference in Rcgr in 110 electrolyte system was
possibly attributed to the decomposing and recompositing of CEI. In boron-containing
electrolyte systems, Rcerin 111 was in range of 1.43 Q-25.08 Q, and Rcgrin 112 was in range
of 3.55 ©-38.02 Q. The low value of Rcrr indicated that a thin, robust, and highly ion
conductive CEI formed on the surface of LINMC, which also resulted in decreased activation

energy.
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Table 3. DEIS data obtained by Nyquist plot fitting in charging process with 110.

A% Rint Ret RcEer Rpre-diff Rcom-diff A% chi

V) ) ) ) (9] ((0)) (Qs?)

2.8 3.273 72.84 8.441 0.6069  2.54E+03 2.16E+07  5.41E-05
2.89 3.726 32.27 10.94 74.79 1.49E+03 1.28E-02  6.07E-04
2.99 2.89 67.85 6.339  1.17E+06 1564 2.66E+05  7.89E-05
3.08 2.793 67.27 6.956 187.1 817.4 1.57E-03  6.06E-05
3.17 3.304 109 7411  3.79E+04 1.00E-02 1.19E-10  1.61E-04
3.27 3.164 112.3 0.3796 6.284 1.00E-02 1.05E-13  2.78E-04
336 2.762 6.619 76.65 500.7 2.28E+03 3.18E+02  6.15E-05
3.45 2.675 346.6 6.393 79.66 7.86E+03  1.40E-02  6.38E-05
3.55 2.936 112.9 6.903 0.3822  4.79E+00 2.45E-13  1.94E-04
3.64 2583 2.04E+07  80.95 6.229 5.50E+02 4.68E+07  6.86E-05
3.73 2.815 29.3 478 81.76 3.99E+00 8.34E-01  5.37E-05
3.82 3.056 12.79 36.28 168.6 1.00E-02  1.24E-06  2.32E-04
392 2.896 10.14 66.29 21.19 5.09E-01 1.24E-01  3.50E-05
4.01 3.081 39.19 10.22 0.4731 1.65E+01 1.16E-01  3.97E-05
4.1 3.201 32.8 9.783 0.4622 1.42E+01 1.21E-01  3.30E-05
4.2 3.04 9.464 0.445 13.07 3.34E+01 1.16E-01  4.06E-05
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Table 4. DEIS data obtained by Nyquist plot fitting in discharging process with 110.

A% Rint Ret RcEr Rpre-diff Rcom-diff A\vY% chi

\2) () (2) (2) (2) (2) (Qs1?)

4.2 2.867 5.229 28.51 8.884 8.48E-03 1.53E-04 8.46E-05
4.1 2913 40.32 5.287 9.915 0.03949  1.66E-05  8.44E-05
4.01 2.876 9.683 0.4514 10.51 70.03 2.77E-01  2.22E-05
3.92 2.878 11.55 0.4403 10.06 89.83 3.93E-01  2.90E-05
3.82 2.846 10.17 109.8 0.4519 1.30E+01 1.85E+02  3.64E-05
3.73 2.793 15.92 0.4713 132 10.15 2.85E+00  3.48E-05
3.64 2.945 10.07 20.72 0.4123 167.6 4.52E+07 3.27E-04
3.55 2.644 0.6781 23.95 220.6 11.12 2.27E+01  7.24E-05
3.45 2.59 4.509 211.5 266.3 15.03 4.45E-01 1.14E-04
3.36 2.496 5.382 10.32 333.6 35.81 2.04E+08  8.66E-05
3.27 2.779 0.4478 41.1 11.92 466.1 3.61E+03 1.16E-04
3.17 2.764 0.4481 384.1 12.19 4.75E+01 1.80E-02  1.41E-04
3.08 2.773 57.88 0.4481 11.18 1265 4.49E+08  9.34E-05
2.99 2.754 69.04 10.05 0.5031 2112 1399 1.56E-04
2.8 2.093 65.91 7.31 3.06E+07 1.51E-01 8.21E-12  2.01E-05
2.89 2.751  9.86E+00 0.52 74.37 7122 5.72E-02  9.78E-05
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Table 5. DEIS data obtained by Nyquist plot fitting in charging process with 111.

A% Rint Ret RcEr Rpre-diff  Rcomplex-diff w chi2

V) ) (9] (0] (0] (%)) (Qs?)
2.8V 8.724 57.84 22.48 12.77 5.81E+02  5.92E-03 2.01E-05
2.89V 8.623  9.68E+09 13.11 20.32 6913 6.95E-15 5.61E-05
299V 8.714 23.73 12.57 42.2 776 0.001733 2.07E-05
3.08V 8.716 57.27 23.27 12.69 856.9 2.07E-03 1.80E-05
3.17V 8.705 7.459 24.26 12.21 1.78E+04  3.43E-12 2.48E-05
3.27V 8.704 66.15 23.12 12.55 644.3 2.18E-03 1.61E-05
3.36V 8.75 1636 24.02 12.26 103.5 0.008454 2.70E-05
3.45V 8.553 11.27 23.41 0.4221 1874 5.62E-02 2.38E-05
3.55V 8.553 11.27 23.41 0.4221 1874 5.62E-02 2.38E-05
3.64V 8.71 375.1 12.83 21.45 0.01 3.02E-06 4.65E-05
3.73V 0.302 8.837 8.906 23.47 93.41 1.32E-01 7.70E-06
3.82V 7.737 32.76 10.6 8.606 5.92E+05  4.31E-02 4.84E-05
3.92v 8.096 0.01 22.11 3.18 21.8 3.24E-01 1.76E-05
4.01V 5.322 0.83 10.7 24.62 9.18 6.94E+13 8.75E-05
4.1V 8.157 20.33 4.23 16.32 6.395 1.90E+05 2.07E-05
4.2V 7.744 2.781 17.9 21.11 2.54E+05  1.80E-05 1.29E-05
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Table 6. DEIS data obtained by Nyquist plot fitting in charging process with 111.

A% Rint Ret RcEr Rpre-diff  Rcomplex-diff A% chi2

V) (9] (9)) ) (0 (9)) (Qs?)
4.2V 8.12 11.22 17.25 3.058 1.07E+01  6.27E+00  1.70E-03
4.1V 6.164 0.2095 12.52 6.705 3.03E+13  1.45E-08 5.82E-04
401V 7.926 3.15 16.62 11.62 1138 1.91E-02 3.53E-05
392V 0.05846  7.502 25.08 15.86 447.5 2.72E-14 3.41E-05
3.82v. 7091 2.79 20.57 12.66 5.44E-02  6.20E-01 1.73E-05
3.73V. 7.008 1.02E+15 20.39 9.437 0.01 3.95E+06  5.54E-05
3.64V 4487 6.812 6.52 9.91 52.34 3.37E+00  5.44E-05
3.55V  8.225 99.84 9.91 2.787 8.083 1.23E-01 5.78E-05
345V 8.345 1.567 13.52 265.5 7.886 3.73E+05  7.05E-05
336V 70918 3.878 7.49 13.96 560.8 1.91E-01 5.05E-05
327V 8.335 9.787 1.44 14.75 969.5 6.53E+05  5.55E-05
3.17V. 7.598 11.19 14.30 1.888 1.59E+03  1.15E+00  7.52E-05
3.08V  7.788 18.19 9.12 2.154 95.92 2.11E-03 3.98E-05
299V 7.534 8.922 18.16 2.712 135.6 0.001553 4.42E-05
2.8V 8.145 10.62 1.63 17.07 3.39E+02  8.37E-04 4.45E-05
2.89vV  7.745 8.48E+00 3.33 18 202.7 1.23E-03 4.70E-05
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Table 7. DEIS data obtained by Nyquist plot fitting in charging process with 112.

\%

Rint

Ret

RceEr

Rpre-diff

Rcomplex-diff

W

chi2
\2) () () () (2) (2) Qs
2.8V 19.11 34.04 4912 13.76 ~ 3.13E+03  2.23E+05 9.97E-05
2.89V 6.242 6.491 6.769 35.8 7.02E+00 1.91E-14  5.73E-05
2.99V 0.01 12.64 38.02 6.16 499.4 1.00E-20  9.84E-05
3.08V 7.044 5.664 4.167 4114  2.60E+09 2.47E-17 1.02E-04
3.17V 7.038 6.047 4.024 4093  1.07E+13  9.09E+01 1.32E-04
3.27V 0.2014 1967 4.756 10.65 1.31E+08 1.71E+04 1.42E-04
3.36V 5.072 7.56E+02  5.618 49.64 4.41E+10 3.42E+05 2.16E-04
3.45V 10.83 20.36 23.75 0.7126  1.66E+05  1.24E-09  6.06E-05
3.55V 10.7 13.71 28.96 0.4351 292E+03 2.68E+01 2.30E-04
3.64V 3.959 8.348 31.01 10.39  3.92E+02  3.22E-01  8.45E-06
3.73V 0.02552 14.62 33.28 6.517 1.15E+02 5.89E-01  1.26E-05
3.82V 0.05138 5.163 15.04 32.53  527E+01  4.18E-01  2.09E-05
3.92V 9.417 39.99 34.12 1.292 1.00E-02  1.00E-20  2.01E-04
4.01V 0.03796 10.3 24.33 36.72  6.38E+11  3.13E+02  2.80E-04
4.1V 0.01399 26.86 12.9 3.756  1.81E+01 3.20E-01  4.26E-05
4.2V 3.217 234 18.37 9.442  3.63E+00 3.27E-01  3.10E-05
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Table 8. DEIS data obtained by Nyquist plot fitting in charging process with 112.

\Y Rint Ret RcEr Rpre-diff  Rcomplex-diff W chi

V) (9] (%)) (%)) ) (9)) (Qs'?)
4.2V 7.973 17.65 3.555 32.24  246E+00 2.40E-01  8.12E-05
4.1V 1.144 8.381 28.32 19.06 122.2 4.09E-10  3.39E-04
4.01V 9.743 26.06 17.69 2.171 9.391 9.93E-04 1.43E-04
3.92V 7.882 21.94 23.67 2.246 5.752 7.01E-13  1.44E-04
3.82V 9.964 25.32 23.96 24.98 1.00E-02  2.20E-11  1.38E-04
3.73V 9.717 25.6 29.04 2.624  1.00E+16  3.13E-05 1.21E-04
3.64V 8.052 19.65 3.579 3.884 47.44 1.18E+13  3.62E-05
3.55V 0.9231 3.857 15.66 94.37 17.65 6.45E+01  3.24E-05
3.45V 0.01241 26.38 4.071 12.93 218.7 1.23E-01  3.78E-05
3.36V 7.461 5.29 30.53 4.631 526.7 8.60E+06  1.36E-04
3.27V 0.07414 14.5 6.518 26.74 1414 2.37E+06  6.71E-05
3.17V 0.1681 7.319 14.19 2729  2.98E+03 1.29E+05 2.50E-05
3.08V 0.05732 15.86 6.373 28.48 5354 3.41E+05 4.48E-05
2.99V 0.06574 15.13 6.872 29.42  1.49E+04 9.77E+05 3.09E-05
2.8V 0.5559 15 5.477 33.41 1.03E+06  3.23E-15  6.07E-05
2.89V 0.01 1.48E+01 7.12 30.72 0.4162 3.61E-16 4.57E-05
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2.3.4 Post-morphology studies

(a) B1s (b) B1s

Intensity (a.u.)
Intensity (a.u.)

196 194 192 190 188 196 194 192 190 188
Binding Energy (Ev) Binding Energy (Ev)

Figure 18. XPS spectra of B 1s for (a) 111 and (b) 112 based cells.

In Figure 18a and 18b, apparent B 1s peaks were observed in both 111 and 112 electrolyte
systems. It was reconfirmed that MDMB induced the construction of robust CEI on
LiNio33Mno.33C00.3302. The peaks centered at a binding energy of 192.5 eV corresponded to B-
0?7, and the peaks centered at 194.0 eV were attributed to B-F°8. Based on previous reports®®-
41 B-O bonds in CEI could enhance the charge transfer process in the interface of LINMC and
reduce the interfacial impedance, consistent with the Rcer analyzed in DEIS measurement.
Moreover, as HF could interact with LiNMC, resulting in the leaching and desolvation of
transition metals from the electrode into the electrolyte, the B-F bond formation allows it to
remove F~ produced on the surface by coordinating with the boron atom.

XPS analysis was conducted over a binding energy range of 0—800 eV to examine the
elemental composition, including F, O, N, C, B, S, and Li, and to quantify the boron content
within CEI. As presented in Figure 19-21 and detailed in Table 9-11, the boron content in the
CEI was determined to be 1.51% and 0.91% for the cathodic surfaces with the 111 and 112
electrolytes, respectively. A decrease in the concentrations of S, N, and F, which was derived
from the LiTFSI salt, was observed within the CEI, indicating that the incorporation of MDMB

interacted with the TFSI anion and reduced its decomposition.
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Figure 19. XPS survey spectrum of F, O, N. C, S, Li elements on NMC111 after cycled with

electrolyte 110.

Table 9. Components of elements in CEI after cycled with electrolyte 110.

Element ASF Peak area Percentage in CEI
Li 0.025 3103.53293 5.83%
S 0.57 76608.97888 6.32%
C 0.296 200465.7999 31.83%
N 0.477 34086.84015 3.36%
0 0.711 391515.634 25.88%

F 1 569886.0524 26.78%
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Figure 20. XPS survey spectrum of F, O, N. C, B, S, Li elements on NMCI111 after cycled

with electrolyte 111.

Table 10. Components of elements in CEI after cycled with electrolyte 111.

Element ASF Peak area Percentage in CEI
Li 0.025 2675.3929 5.70%
S 0.57 42077.91889 3.93%
B 0.159 4498.3058 1.51%
C 0.296 216,159.82 38.91%
N 0.477 24288.56112 2.71%
0] 0.711 387021.2672 29.00%
F 1 342455.9241 18.24%
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Figure 20. XPS survey spectrum of F, O, N. C, B, S, Li elements on NMCI111 after cycled

with electrolyte 112.

Table 11. Components of elements in CEI after cycled with electrolyte 112.

Element ASF Peak area Percentage in CEI
Li 0.025 2150.72593 4.85%
S 0.57 33275.70862 3.29%
B 0.159 2556.4163 0.91%
C 0.296 231,670.04 44.14%
N 0.477 17953.77807 2.12%
O 0.711 284448.0207 22.56%

F 1 392361.2572 22.13%
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Figure 21. FESEM images under different scales of cathode after long cycling measurements.
(a) and (d) for cathode cycled with 110 electrolyte; (b) and (e) for 111 electrolyte; (c) and (f)
for 112 electrolyte.

LiNMC surface morphology after cycling in various electrolyte was studied using FESEM.
Figure 21 exhibited surface of LiNio.33Mno33C00330; after cycling with different electrolyte
systems. The leaching of transition metals from the electrode into the electrolyte happened on
the surface of LiNio.33Mn0.33C003302 electrode with traditional electrolyte. The surfaces of
LiNio33Mno.33C00.330> electrodes cycled with MDMB as electrolyte component were smoother
and more uniform. In Figure 19a and 19d, shape of the transition metal particles cycled with
electrolyte 110 becomes blurred, compared with 111 (Figure 19b, 19¢) and 112 (Figure 19c,
191). It was attributed to the cathode dissolution phenomena. As surface of cathode was broken
seriously, its surface area and thickness decreased simultaneously, leading to the fast capacity
decay that appeared in cycling process. In MDMB containing systems, tangible damaged area
was not observed. Moreover, shape of particles was clear and obvious. It validated the excellent

protection of cathode underwent by MDMB and robust B-rich CEI formed on cathodic surface.

80



2.4 Conclusion

Herein, ternary electrolyte systems with MDMB as a component were prepared to apply
into cathodic half-cell fabricated with LiNio33Mno33C003302. Three electrolyte systems 110,
111 and 112, with different volume ratios of MDMB added into traditional carbonate electrolyte
(1.0M LiTFSI in 50%EC-50%DEC) were studied in this work. By adding boron compound, a
stable solvent sheath was formed with TFSI™ anion and the interaction energy between Li-ion
and solvent sheath was reduced. As a result, the lithium-ion transference ability in boron-
containing electrolyte systems was markedly increased to 0.93 for 111 and 0.86 for 112, more
than twice of 110. In addition, ionic conductivity of 111 and 112 decreased owing to strong
anion trapping effect. The intensification of lithium-ion mobility by ternary electrolyte was also
demonstrated by E, value of cathodic half-cells. As Li" mobility was enhanced, overpotential
obtained under high scan rate decreased in CV measurement. Discharge capacity of 111 based
cells and 112 based cells under 1C was 64.2 mAh/g, and 55.5 mAh/g respectively, higher than
34.6 mAh/g of 110 based cells. Moreover, this boron-containing ternary electrolyte enabled
better durability and stability of cathodes by forming robust B-rich CEI on cathode surface.
111 and 112 electrolyte systems exhibited much lower leakage current than 110 especially
under high voltage of 4.2 V. Cathodic half-cell with 111 and 112 electrolytes maintained
discharge capacity of ~ 40 mAh/g for 130 cycles and high coulombic efficiency of ~ 97% at
1C CCCV mode. It was beneficial for B-O formed in CEI by MDMB to increase the ionic
conductivity of interface, which is responsible to the low activation energy and low Rck.
Moreover, the robust B-rich CEI also prevented leaching and desolvation of transition metal
particles on cathodic surface. Although the performance of conventional carbonate electrolyte
was poor, this boron-containing ternary electrolyte realized significant enhancement. This
methodology could be applied to further optimize electrolyte system for improvement of

LiNMC based cells.
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3.1 Introduction

As lithium-ion batteries became the irreplaceable power resource for portable electronic
devices and electric vehicles, various requests are about to arrive, such as high energy density'~
3, wide temperature range*> and fast charging-discharging®®. To meet various requirements,
scientists reform and renew each component of battery system, such as cathode, electrolyte and
anode. For the cathode-active materials (CAMs), LiNixCoyMni.x,O> (LINMC) as a kind of
ternary layered oxide exhibits the most common high energy density and offers a better
cyclability compared to spinel cathodes like LiMn,Os and polyanionic cathodes’. Among
various LiINMC, there are two typical materials. The nickel-rich CAM, LiNio3Co0o.1Mng.1O2
(NMCS811), presents high operational voltage and high energy density due to ample active
redox reaction of Ni (Ni*" < Ni*"). Whereas the LiNio33C0033Mng 3302 (NMC111) are more
developed as they adopt all benefits of the transition metals (Mn for long cycle life and Co for
good rate capability) into the cathodic active material. Although LiNMC has many merits

among numerous CAMs, it still faces challenges from deterioration of highly active surface-

particle cracking, transition metal (TM) dissolution and surface reconstruction'®. These issues
arise because the conventional carbonate electrolyte fails to provide a stable and robust
interphase between electrolyte and cathodic surface'!.

To mitigate the severe degradation of LINMC materials, modification of the cathode
surface is essential. Optimizing the electrolyte offers a simpler and more cost-effective
approach to passivate the cathode surface compared to coating or doping techniques'?>. Among
diverse electrolyte modification methods, incorporating a potent additive into the electrolyte is
more feasible in practical production than altering the primary components of the electrolyte.
Organoboron molecules are capable of promoting film formation and widely used in interphase
modification on both anode and cathode surface!®. Besides, boron compound could remove the

HF produced by lithium salts (LiPFs, LiBF4 and LiTFSI) during cycling by forming complex
86



with boron molecule thus inhibiting interphase and CAM corrosion, thereby mitigating the
serious dissolution of TM!#. Despite the boron-containing additives providing cathode with a
strengthen interface, unfortunately it is not strong enough to overcome every extreme
conditions. For example, lithium bis(oxalate)borate (LiBOB) is impressive on multiplicity and
cyclability enhancement as a classic boron-containing additive, however LiBOB-interphase
decomposed under ultrahigh voltage condition (>4.7 V) and caused a rapid decay of specific
capacity and coulombic efficiency'®. Therefore, identifying a robust additive to enhance the
battery's performance under extreme conditions is essential.

Considering the widespread use of batteries, it becomes inevitable for batteries to
encounter each of the aforementioned extreme conditions at some stage throughout their
service life. It is meaningful and necessary to find an efficient way to enable batteries to operate
normally under every extreme conditions. In this study, the electrochemical performance of
cells under ultrahigh voltage, extreme fast charging-discharging, and wide temperature
conditions was enhanced by incorporating a strategically chosen additive to mitigate
undesirable reactions and stabilize the interfacial structure of NMC-type cathodic materials.
Ethylene glycol-mesitylborane adduct (EGMB), a cyclic boric ester, was incorporated into the
conventional carbonate electrolyte at a low concentration of 2 mg/mL (0.16 wt%) as the
additive. EGMB is air-stable and synthesized via a solvent-free one-pot method. The cyclic
boric ester in EGMB interacts with the transition metal oxides in the cathode active material,
facilitating film formation. Upon decomposition, EGMB forms a B- and F-rich cathode-
electrolyte interphase (CEI) with excellent mechanical strength.

EGMB improves the interphase properties of NMC electrodes through three primary
functions: (i) It forms a boron-rich organic film at cathode surface before other electrolyte
components, optimizing the interfacial compositions and enhancing the mechanical stability of

the organic layer, thereby improving NMC/CEL/electrolyte compatibility; (ii) It enhances Li-
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ion migration through the interphase layer by establishing a low impedance CEI with excellent
stability; and (iii) It reduces the release of reactive lattice oxygen from the electrode surface,
thereby decreasing HF formation and its detrimental effect on transition metal dissolution by
forming complexes with the boron moiety. This work offers new insights into the selection of
functional additives with self-optimizing interfacial characteristics, leading to long cycling life

and enhanced safety performance in NMC-based batteries.
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3.2 Experimental
3.2.1 Materials

Mesitylboronic acid (TCI, 98%) and excess of ethylene glycol dehydrated (Wako, 99.5%),
were added to a Schlaker reaction tube (Sigma-Aldrich). The lithium hexafluorophosphate
solution in ethylene carbonate and diethyl carbonate (1.0 M LiPFs in EC/DEC = 50/50 (v/v))
was purchased from Sigma-Aldrich Co., Ltd. The LiNip.33Mn33C003302 (NMC111) and

LiNig.gMno.1Co0.102 (NMC811) electrode were purchased from Piotrek Co., Ltd.

3.2.2  Synthesis

Ethylene glycol-mesitylborane adduct (EGMB)' was synthesized using solvent free one
pot synthesis in vacuum-sealed tubes. After executing a freeze-thaw cycle, the mixture was
stirred at 60 °C for 24 hours. Following the reaction, the reaction product was extracted into
hexane. The hexane was subsequently removed, and the EGMB was dried under vacuum
overnight. The excess of ethylene glycol can again be reused after vacuum evaporation of

hexane. The resulting product had a yield of 92%.

/LJ\ HO . 60 °C EJ%L
/Lﬁ-'f ~ T TR /> - f ~
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Figure 1. Schematic illustration of the synthesis of EGMB.

3.2.3  Cell preparation
The lithium hexafluorophosphate solution in ethylene carbonate and diethyl carbonate

(1.0 M LiPFs in EC/DEC = 50/50 (v/v)) was used as control system in the following experiment.
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2 mg/ml EGMB-containing electrolyte was obtained via adding EGMB into the commercial
electrolyte. To fabricate the cathode electrodes, the cathode sheets were punched into 13 mm
diameter discs and subsequently dried at 80°C overnight to eliminate any surface moisture. The
dried cathode materials were then used to assemble the cathodic half-cells in CR-2025 coin
cells. In each coin cell, 70 uL of electrolyte was added. All cell assembly procedures were

carried out in an argon-filled glove box to ensure an oxygen- and moisture-free environment.

3.2.4 Electrochemical studies

The experiment to obtain lithium transference numbers was conducted using a Biologic
VSP electrochemical workstation, which was equipped with a frequency response analyzer
(FRA). The lithium-ion transference number was determined using Li||Li symmetric cells,
employing both electrochemical impedance spectroscopy (EIS) and chronoamperometry (CA)
techniques. The experimental procedure began with an initial EIS measurement, covering a
frequency range from 0.1 Hz to 1 MHz. Following this, a constant voltage of 30 mV was
applied to the cells, and the current fluctuations were monitored using the CA technique. The
current was allowed to stabilize, after which a final EIS measurement was conducted on the
steady-state cell, and the data were recorded for analysis.

Dynamic electrochemical impedance spectroscopy (DEIS) measurements were performed
using the EIS technique at various operating potentials within the range of 2.8 V to 4.2 V. These
studies aimed to analyze the impedance characteristics of the system across different voltage
conditions, providing valuable information about the electrochemical processes and interfacial
dynamics occurring at the cathode during operation. In the floating test, the battery was initially
charged to a specific voltage (4.6 V, 4.8 V, 5.0 V) and then held at this voltage for 10 hours.
During this period, the current was continuously monitored to observe any variations,
providing insights into the battery's behavior under a constant voltage condition. Cyclic

voltammetry (CV) was conducted in the potential range 0of 2.8 V to 4.2 V for Li||NMC111 cells
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and 2.5 V-4.8 V for Li|[NMC811 cells at scan rates of 0.1 mV s™!. The charge and discharge
tests were carried out by Electrofield ABE through a battery cycler under different rates,
temperatures, and voltage ranges with NMC111 or NMC811.
3.2.5 Post-morphology studies

The cycled cell was carefully disassembled, and the cathode and separator were extracted
for further analysis. To remove the diethyl carbonate (DEC) solvent, the solvent-saturated
separator was placed under vacuum overnight, allowing for the removal of DEC and the
formation of solid ethylene carbonate (EC) crystals, which contained dissolved transition
metals. The cathode was then washed three times with DEC solution to eliminate any residual
electrolyte, followed by vacuum drying overnight to prepare the sample for investigation of the
interphase structure and composition. The morphology and elemental composition of surface
were examined using a Hitachi TM3030Plus scanning electron microscope (SEM) at 1.0 kV in

combination with energy dispersive X-ray spectroscopy (EDS).

Additionally, X-ray photoelectron spectroscopy (XPS) measurements were performed
using a Fisons Instruments S-probe™ 2803 system. These techniques provided detailed
information on the surface structure, elemental composition, and chemical states of the

materials under investigation.
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3.3 Result and discussion

3.3.1 Characterization
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Figure 2. 'B-NMR of EGMB in DMSO-ds.
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Figure 3. 'H-NMR of EGMB in DMSO-d.
The synthesized low molecular weight cyclic organoboron electrolyte, EGMB, was
characterized using 'H and "B NMR spectroscopy in DMSO-ds at 400 MHz. In the ''B NMR
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spectrum, a distinct peak at 32.1 ppm, attributed to the boron in the boric ester functional group,
confirmed the presence of a single, pure boron. The '"H NMR spectrum further supported the

structure of EGMB, with the following resonances observed: d 6.80 ppm (aromatic protons of
the phenyl ring), & 4.32 ppm (—~CHz— protons of the ethylene glycol moiety), and 6 2.27-2.20

ppm (—CHj3 protons of the mesityl group). The 'H NMR spectrum aligns with the results in

previous work!>: 'TH NMR (400 MHz, DMSO-ds): & 6.79—6.72 (phenyl ring protons), & 4.30

(—CHaz— groups of ethylene glycol), & 2.27-2.08 (~CH3s protons of the mesityl group).

3.3.2  Basic electrochemical studies

Based on prior research, the formation of both the solid electrolyte interphase (SEI) and
the cathode electrolyte interphase (CEI) is governed by the competitive interfacial chemical
reactions between various solvent components and the anions of lithium salts in the electrolyte.
The composition of these interphases is dictated by the oxidation or reduction behavior of the
solvent molecules, which can be predicted using computational calculations of the highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbitals (LUMO)'". In
previous researches, conventional additives such as vinylene carbonate (VC) and
fluoroethylene carbonate (FEC) are designed to enhance cell stability and longevity'®. They
primarily target SEI modification and those additives exhibit relatively low lowest unoccupied
molecular orbitals (LUMO). However, their low HOMO levels limit their ability to establish a
stable CEI prior to other electrolyte components like ethylene carbonate (EC) and diethyl
carbonate (DEC), thereby restricting their effectiveness in CEI formation. Therefore, the
development of additives with low HOMO levels which could facilitate the formation of a
robust CEI became a significant study. Previous studies by Yue ef al. and Li et al. have utilized

tris(pentafluorophenyl)borane (TPFPB)!® with a HOMO level of -7.89 eV, and phenyl boric
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acid (PBA)? with a HOMO level of -7.12 eV, which were shown to oxidize on the cathodic
surface and improved the performance of lithium metal batteries. In this study, our additive
EGMB exhibits a relatively higher HOMO energy of -5.75 eV as shown in Figure 4a,
indicating its potential to form an initial film layer on the cathode prior to other components.
This early deposition could play a critical role in shaping the formation and development of

the CEI from the beginning.
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Figure 4. Calculated HOMO and LUMO energy levels of EC, DEC, EGMB, TPFB, and PBA.

To investigate the impact of EGMB additive on NMC cathodes, LiNig3Co0o.1Mno.102
(NMC811) and LiNig33C0033Mno3302 (NMC111) were chosen and investigated. A slight
amount of EGMB (2 mg/ml, 0.16 wt% of electrolyte) was introduced into the commercial
electrolyte (1.0 M LiPF¢ in a solution of 50% EC: 50% DEC, volume ratio). The modified
electrolyte was then used in both Li|[NMC811 and Li|[NMCI111 cathodic half-cells and

compared with the commercial electrolyte to evaluate the impact of the EGMB additive.
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Figure 5. CV curves of Li||[NMCS811 cells at the potential range between 2.5 to 4.8 V with a
scan rate of 0.1 mV s™! in control system and 2 mg/ml EGMB containing electrolyte.

Cyclic voltammetry (CV) was conducted at a scan rate of 0.1 mV s on NMC811 and
NMCI11 in cathodic half-cells to investigate the oxidation behavior of EGMB. In the initial
cycle of the CV test for the Li||[NMCR811 cell with the potential range of 2.5 V to 4.8 V, the
oxidation of EGMB is found at 3.74 V, as depicted in Figure 5. Notably, despite only partial
formation of the CEI during the initial cycle, the reversibility of Ni** « Ni*' and Co** & Co**
redox couples are markedly enhanced. Furthermore, the presence of EGMB markedly reduces
side oxidation reactions occurring above 4.4 V.

Interestingly, this potential matched with one significant side reaction occurring above 4.4
V vs. Li/Li* on the surface of NMC811, involving the release of lattice oxygen?!?*. NMC811
as a kind of nickel-rich cathodic material, possess lower potential for gas release (~4.4 V)
compared to NMC111 (~4.6 V), highlighting a crucial consideration for its use under high-
voltage conditions®*. The release of reactive lattice oxygen from NMC811 surface can further

cause reaction with EC in the electrolyte, producing CO, CO2, H>O and protic species®. The
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evolved H>O and protic species subsequently lead to the decomposition of LiPFe to generate
HF, OPF;, PO2F?* 2628 These byproducts accelerate the degradation of the cathodic active
materials and contribute to capacity loss in the cell.

The addition of EGMB introduces a substantial amount of boron in sp? hybridization with
available unoccupied p-orbitals. The electron-deficient property of boron allows it to act as an
electron acceptor?’, supporting to stabilize the oxygen on the surface of the electrode during
the CEI formation process. This stabilization reduces the release of oxygen and subsequently
mitigates the chain of side reactions. Therefore, the oxidation current above 4.4 V for
Li]|MNC811 with EGMB-containing electrolyte is much lower than that with commercial

electrolyte in CV studies.
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Figure 6. CV curves of Li||[NMCI111 cells at the potential range between 2.5 to 4.2 V with a
scan rate of 0.1 mV s! in control system and 2 mg/ml EGMB containing electrolyte.

The CV of Li||[NMC111 was conducted with a potential range from 2.8 V to 4.2 V at 0.1
mV s, as shown in Figure 6. In EGMB-containing electrolyte, there is an earlier responsive

current appeared at 3.62 V in comparison with control system, suggesting the oxidation of
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EGMB in Li|[NMCI111 cells. Furthermore, the cyclability of cathodic half-cells with NMC811
and NMC111 was evaluated under a voltage range of 2.8—4.2 V at 1C rate to assess the

advantages of EGMB for cathode materials under ordinary conditions.
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Figure 7. Cycling performance of Li||[NMCS811 with commercial electrolyte and EGMB-

containing electrolyte from 2.8 V to 4.2 V at 1C rate.

As shown in Figure 7, the use of the EGMB electrolyte in Li|[ NMC811 cells significantly
enhances capacity, with a fourfold increase, reaching 76.63 mAh/g in the initial cycle,
compared to just 17.63 mAh/g with conventional electrolytes. This substantial improvement is
attributed to the unique properties of EGMB, which, when integrated into the electrolyte,
facilitates a higher discharge capacity under 1C high-rate conditions, with voltage range from
2.8 V to 4.2 V. The observed performance enhancement can be linked to the formation of a
robust B-O bond in CEI, which boosts ionic conductivity and stabilizes the electrode-
electrolyte interface. In contrast, the CEI formed with conventional electrolytes exhibits poorer
lithium-ion conductivity, leading to higher energy barriers for lithium-ion transport. This

results in reduced discharge capacity and diminished cycling stability.
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Figure 8. Cycling performance of Li||[NMC111 with commercial electrolyte and EGMB-
containing electrolyte from 2.8 V to 4.2 V at 1C rate.

For Li|NMCI111 cells shown in Figure 8, the EGMB-containing electrolyte significantly
improves durability, maintaining a high capacity 100.39 mAh/g with a retention of 88% after
120 cycles. In contrast, the commercial electrolyte results in substantial capacity loss, remained
30.78 mAh/g with 23% retention after 120 cycles. As the performances of both NMC811 and
NMCI111 were optimized by EGMB, the application of modified electrolyte under extreme
conditions were explored and compared to commercial electrolyte.

In Chapter 2, it was demonstrated that the incorporation of MDMB into the electrolyte
improves durability and enhances lithium-ion transference ability. To explore the effects of a
dual additive system, both MDMB and EGMB were introduced into a commercial electrolyte.
The rate capability of this system from 1/4 C to 2 C is shown in Figure 9, while its cycling
performance with NMCI111 at a rate of 1C over 120 cycles is presented in Figure 10.

The rate capability study revealed outstanding performance of the dual additive system.

Notably, when the rate was increased to 2C and subsequently returned to 1C, the discharge
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capacity reached 137.23 mAh/g, surpassing the initial 1C discharge capacity of 136.16 mAh/g.
This result indicates the dual additive system's ability to maintain and even enhance discharge

capacity under varying rates, reflecting its robust electrochemical stability and adaptability.
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Figure 9. Rate capability of Li|[NMCI111 with electrolyte adding both MDMB and EGMB
from2.8 Vto4.2 V.

The long-cycle performance of the Li|[NMC111 cell with the dual additive electrolyte was
evaluated over a voltage range of 2.8 Vto 4.2 V ata 1C rate for 120 cycles. Under 1C conditions,
the dual additive system demonstrated a capacity reduction from 117.17 mAh/g to 85.99 mAh/g
after 120 cycles, corresponding to a retention of 73%. While this retention significantly exceeds
the 23% observed in the control system, it falls short of the performance achieved with the
single EGMB-containing electrolyte. As illustrated in Figure 8, the EGMB-containing
electrolyte maintained a high capacity of 100.39 mAh/g with a retention of 88% after 120
cycles. However, when MDMB was introduced alongside EGMB in the electrolyte, the
capacity retention decreased from 88% to 73%. These findings underscore that electrolyte

modification is not a simple additive process; the distinct properties and interactions of
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individual additives critically influence the overall performance, highlighting the need for

strategic design in electrolyte formulations.
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Figure 10. Cycling performance of Li||[NMC111 with electrolyte adding both MDMB and

EGMB from 2.8 Vto 4.2 V at 1C rate.

3.3.3  Studies on NMC811 cathode under 4.8 V ultrahigh cut-off voltage

The energy density of LIBs is primarily determined by the Li* storage capacity and
operating voltage of the electrode materials, making the selection of electrode materials critical
to the overall performance of the battery system>*->2. Over the years, various cathode materials,
including LiMn,04, LiFePOs, and LiNigosCo0.1Mno.102, have been extensively studied and
applied in large-scale LIBs to replace LiCoO2. Among the various cathode materials, NMC811,
with its high nickel content (80%), exhibits a significantly higher theoretical capacity. This

makes it one of the most widely studied and utilized materials in high-voltage lithium-ion
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battery research. Its elevated nickel percentage contributes to increased energy density and
better performance at higher voltages, leading to its growing popularity in applications
requiring high energy storage and efficiency.

However, despite the promise of lithium-rich cathode material (LRCMs), several
challenges persist. These include: (i) Low initial Coulombic efficiency (ICE), as many LRCMs
experience poor efficiency during the first charge/discharge cycle; (ii) Voltage decay, where
the discharge voltage decreases continuously with cycling, leading to a loss of energy density;
(ii1) Substantial capacity loss, which limits the long-term service life of these materials; (iv)
Poor rate capability, caused by sluggish reaction kinetics and low electronic conductivity; and
(v) Transition metal (TM) dissolution, where lattice distortion and Mn** dissolution, driven by
the Jahn-Teller effect, cause significant capacity degradation over time **,

Addressing these challenges is essential for advancing the development of high-
performance cathode materials capable of delivering both enhanced energy densities and
improved cycling stability, thereby enabling lithium-ion batteries (LIBs) with longer
operational lifespans and superior overall performance. In the present study, initial
investigations with NMC811 revealed that the incorporation of an EGMB-containing
electrolyte significantly enhanced both the capacity and durability of the material. Building on
these findings, the EGMB-containing electrolyte was further evaluated under ultrahigh voltage

conditions to assess its potential for further performance improvements.
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Figure 11. Floating test of Li|[NMC811 cathodic half-cell from 4.6 V to 5.0 V.

As the LiNio8Co0.1Mno.102 exhibits a high nickel content, which significantly enhances
its capacity and energy density, it has become one of the most favored choices for applications
involving ultra-high cutoff voltages. The electrochemical floating test method was utilized to
evaluate the electrolyte oxidation stability under different high potential stages®>. The cells
were charged to 4.6 V at a current rate of 0.1 C and subsequently maintained at 4.6 V, 4.8 V,
and 5.0 V for a duration of 10 hours respectively.

During this process, the leakage currents were monitored and recorded as illustrated in
Figure 11. At an initial voltage of 4.6 V, the leakage currents for the EGMB-containing
electrolyte and the blank system were comparable and exhibited similar current profiles. As
the voltage was raised to 4.8 V, the leakage current for the control system was slightly higher
than that for the EGMB-containing electrolyte. However, at 5.0 V, the blank electrolyte
underwent significant decomposition and side reactions, leading to a cliffy increment in
leakage current®®. In contrast, the EGMB-containing electrolyte effectively passivated the
NMCS811 surface, thereby maintaining a relatively low leakage current, which demonstrates
the potential for safe operation under extremely high voltages.
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Figure 12. Rate studies for cells under 4.2 V or 4.8 V.

Figure 12 illustrates the discharge capacity of Li|[NMCS811 cathodic half-cells with
different electrolytes and potential ranges (2.5 V—4.2 V or 2.5 V-4.8 V) under varying current
rates. The performance of cells with commercial electrolytes was evaluated under both the 2.5
V—4.2 V and 2.5 V-4.8 V potential windows. For the cells operating within the 2.5 V4.2 V
range, the discharge capacities were measured as follows: 107.11 mAh/g at 1/4 C, 94.97 mAh/g
at 1/2 C, 68.37 mAh/g at 3/4 C, and 43.71 mAh/g at 1 C. When the cutoff voltage was increased
to 4.8 V, the capacities of the cells with commercial electrolyte were measured as 201.27
mAh/g at 1/4 C, 158.10 mAh/g at 1/2 C, 46.50 mAh/g at 3/4 C, and 5.55 mAh/gat 1 C.

A comparison of the performance under the two different cutoff voltages reveals that, at
low rates (1/4 C and 1/2 C), the cells tested with a 4.2 V cutoff voltage exhibited lower capacity
compared to those tested with a 4.8 V cutoff. However, when the current rate was increased to
3/4 C and 1 C, the cells with a 4.8 V cutoff voltage showed a significant decrease in capacity.
This indicates that while higher cutoff voltages can improve capacity at low current rates, they

lead to significant instability and poor performance at high rates.
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In contrast, cells with an EGMB-containing electrolyte demonstrated both enhanced
capacity and greater stability. The discharge capacities of these cells under the 2.5 V4.8 V
voltage range were 157.92 mAh/g at 1/4 C, 136.25 mAh/g at 1/2 C, 122.29 mAh/g at 3/4 C,
and 110.97 mAh/g at 1 C. Notably, under high current rates (3/4 C and 1 C), the EGMB-
containing electrolyte showed a marked improvement in capacity compared to the commercial
electrolyte. This demonstrates the superior performance of the EGMB-based electrolyte, which
provides a more stable and high-capacity solution under both low and high-rate cycling
conditions.

Thus, while cells with commercial electrolytes demonstrate a capacity trade-off between
voltage range and current rate, those with EGMB-containing electrolytes exhibit superior
performance, especially at higher rates. This indicates that EGMB significantly enhances both
capacity retention and rate capability in the Li|[NMC811 system. Furthermore, this study
underscores the importance of investigating the behavior of cells and cathodic active materials
at high voltages for high energy-density applications. The stability of the electrolyte under
elevated voltages remains a critical challenge that must be addressed in future research to

ensure the long-term durability and operational efficiency of high-energy-density batteries.
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Figure 13. Cycling performance of Li|[NMC811 cathodic half-cell with different electrolytes
at 1C rate under 4.8 V high cut-off voltage.

Figure 13 illustrates the cyclability of Li|[NMC811 cells with different electrolytes at an
ultrahigh cutoff voltage of 4.8 V, demonstrating the significant improvements in the stability
and durability of the NMC811 cathode material when using EGMB as an additive under 1C
high-rate cycling conditions. Initially, the cell with the commercial electrolyte exhibited a
higher discharge capacity of 141.17 mAh/g compared to the cell with EGMB-containing
electrolyte, which showed a lower capacity of 105.50 mAh/g. However, after 100 cycles, the
cell with EGMB maintained a capacity of 77.67 mAh/g and retained a high coulombic
efficiency of 99.50%, indicating excellent cycling stability and minimal side reactions. In
contrast, the cell with the commercial electrolyte experienced a dramatic capacity degradation,
dropping to just 1.51 mAh/g, accompanied by an unusually high coulombic efficiency of
121.09%, suggesting significant side reactions (gas evolution) and electrolyte degradation
within the cell®’. In contrast, EGMB effectively stabilized both the electrolyte and the cathode,

enhancing the safety of the batteries during operation under high-voltage conditions.
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The addition of EGMB significantly improved the capacity retention of the Li||[NMC811
cell, which increased from a mere 1.07% to 73.97% after 100 cycles at the 1C rate under the
high 4.8 V cutoff voltage. These results highlight the crucial role of EGMB in enhancing the
long-term performance and stability of high-energy-density cells, particularly at ultrahigh

voltages, where conventional electrolytes tend to undergo rapid degradation.
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Figure 14. Voltage profiles of cells under 4.8 V using (a) commercial electrolyte and (b)
EGMB electrolyte. Average voltage during (c) charging process and (d) discharging process.
The capacity degradation of the cells is further illustrated by the profiles depicted in
Figure 14a and 14b. The capacity loss of NMC811 is reduced from 98.93% to 26.03% by
EGMB modified battery. Compared to the rapid capacity decay with reference electrolyte, the
EGMB-containing electrolyte effectively protected the NMCS811 cathode and significantly
reduced the rate of degradation®®. The results underline the importance of electrolyte stability
in high-energy-density systems, particularly when operating at elevated cutoff voltages like 4.8

V. The commercial electrolyte, while offering a high initial capacity, is prone to rapid
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degradation under such conditions, resulting in poor capacity retention and significant side
reactions. In contrast, the EGMB-containing electrolyte stabilizes the electrolyte/electrode
interface, effectively preventing degradation and maintaining both capacity and coulombic
efficiency over extended cycles.

Figure 14c¢c and 14d present the average charging and discharging voltages for the
Li|[NMC811 cells with different electrolytes under high-voltage cycling conditions. During
both the charging and discharging processes, the cell with the commercial electrolyte exhibited
significant fluctuations in the average voltage. These fluctuations reflect a notable increase and
decrease in voltage, which can be attributed to the buildup of undesirable internal resistance™’.
This resistance is likely caused by the continuous decomposition of the electrolyte, leading to
the formation of a thick and unstable CEI, which increases the cell's internal impedance and
introduces additional voltage losses during cycling.

In contrast, the cell with the EGMB-containing electrolyte demonstrated a more stable
and consistent average voltage during both charge and discharge cycles. The addition of EGMB
facilitated the formation of a robust and stable CEI, which effectively prevented the excessive
buildup of CEI layers. This stable CEI minimized the formation of additional resistance within
the cell, thereby preserving a constant average voltage throughout the cycling process. The
ability of the EGMB-modified electrolyte to maintain a stable voltage profile indicates a
significant reduction in side-reactions and electrolyte degradation, further demonstrating the
superior performance of EGMB in enhancing the stability and efficiency of high-voltage
cycling in Li|[NMC811 cells, which suggest that the EGMB-containing electrolyte not only
improves the cycling stability but also minimizes unwanted voltage variations that are typically
associated with electrolyte decomposition, providing more efficient and reliable battery

operation under high-energy-density conditions®.
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Figure 15. Post-studies on NMC811 after cycled under 4.8V high cut-off voltage. XPS spectra
of B 1s on NMC&811 surface cycled in electrolyte (a) without EGMB, (b) with EGMB, O 1s for
(c) without EGMB and (d) with EGMB.

The X-ray photoelectron spectroscopy (XPS) was performed to further investigate
chemical components of the interface on cycled NMCS811 cathodes in different electrolytes.
The XPS analysis identifys the presence of P=0, B-O, and B-F signals in the B 1s spectra®”
3% 41 “and C=0 and B-O signals in the O 1s spectra, indicating the formation of specific
components in the CEI resulting from electrolyte decomposition. As comparison of Figure 15a
and 15b, the B-O, B—F bonds were detected at 192.5 eV and 194.0 eV in the EGMB containing
electrolyte*?. Its presence confirms the role of boron in the formation of a robust CEI film on

the surface of the cathodes.
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On the one hand, the substantial formation of B—O bonds demonstrates that effective
stabilization of reactive lattice oxygen on the surface of NMC811, which aligns with the
improved durability was observed due to reduced oxygen release and its subsequent oxidation
reactions with carbonate electrolyte components, resulting in production of CO, CO», H,O and
H* species*. Furthermore, H-O and H" species can react with LiPF¢ lithium salt, resulting in
the formation of HF, OPF3, and PO;F,", which will corrode the surface and dissolve TM and
contribute to the capacity decay during cycling***.

On the other hand, B—-O bonds peaks suggest the formation of an in-situ formed boron-
rich CEI film*, which can enhance the ionic conductivity and reduces interphase impedance.
The reactions of EGMB on the surface of NMC811 provides robust protection for the TMs,
effectively preventing their detachment from the cathode and subsequent dissolution into the
electrolyte. This protective layer helps stabilize the cathode material, reducing the risk of
capacity degradation caused by the loss of transition metals during cycling. Additionally, the
electron-withdrawing nature of the boron atom promotes the formation of B—F bonds. The
substantial consumption of free fluorine by boron effectively eliminates HF, thereby reducing
the dissolution of transition metals. Consequently, the incorporation of boron improves both
the durability and rate capability of NMC811 cathodic half cells.

In the O 1s spectra, the peak corresponding to the C=0 bond at 532.5 eV exhibited a
significantly stronger response in Figure 15¢ compared to the signal produced by boron-rich
CEI in Figure 15d. This peak originates from the polymerization of carbonate components in
the electrolyte. The substantial presence of B—O bonds replacing C=0O bonds indicates that
boron participates in the formation of the film as an adhesive material. As a result, the
incorporation of boron leads to the formation of a more stable and robust in-situ formation

artificial CEL
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Figure 16. XPS survey spectrum of C, O, F, B elements on NMCS811 after cycled under

ultrahigh voltage.

X-ray photoelectron spectroscopy (XPS) was performed over a binding energy range of 0

eV to 800 eV, encompassing the elements Li, B, C, O, and F, to determine the boron content

in the cathode-electrolyte interface (CEI). As shown in Figure 16 and detailed in Table 1, the

boron content in the CEI was found to be 8.4% at the cathodic surface. Despite the low

concentration of EGMB in the electrolyte (only 2 mg/mL), its presence had a significant impact

on the composition of the CEI. The results indicated that EGMB substantially altered the

components of the CEI, highlighting its influence on the interface chemistry and suggesting its

role in stabilizing the electrolyte/electrode interaction.

Table 1. Components of L1, C, O, F, B elements on NMCS811

element

Li

QO AOw

peak center

55
193
284
532
685

peak area

11317.11
29035.47
273167.1
168917.7
396585.5

ASF

0.025

0.159

0.296

0.711
1

Percentage in CEI

20.7%
8.4%
42.0%
10.8%
18.1%
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Figure 17. Scanning electron microscopy (SEM) of NMC811 surface after cycled (a) without
EGMB and (b) with EGMB.

To investigate the degradation of cathodes induced by different electrolytes, NMC811
cathodes cycled in half-cells for 100 cycles under 4.8 V high cut-off voltage were examined
using scanning electron microscopy (SEM). Figure 17a shows significant transition metal
leaching when the cells were cycled with a commercial electrolyte under extreme conditions.
This observation suggests substantial corrosion of the transition metals, driven by the presence
of HF in the electrolyte, and highlights the insufficient protection provided by CEI formed
through decomposition of the conventional electrolyte®>.

In contrast, Figure 17b reveals that the active particles of NMC8I11 are effectively
protected when cycled with an EGMB-containing electrolyte. The decomposition of EGMB
facilitates the formation of a robust, boron-containing CEI layer, which serves to mitigate the
corrosion of the cathode surface and reduce the adverse effects of HF-induced degradation.
This protective film enhances the stability of the cathode and improves its overall cycling

performance.
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Figure 18. Energy dispersive X-ray spectroscopy (EDS) of O, F, C, B elements on cathodic
surface after cycled with EGMB-containing electrolyte.

The distribution of C, O, F, B on NMC811 surface after cycled with EGMB under
ultrahigh voltage was exhibited via energy dispersive X-ray spectroscopy (EDS) in Figure 18.
After cycling, the electrolyte in the separator was vacuumed overnight to remove the DEC,

forming a solid-state electrolyte with high-melting-point EC as the predominant component.
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Figure 19. EDS of C, Co, Mn, Ni elements on cathodic surface with commercial electrolyte.
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Figure 20. EDS of C, Co, Mn, Ni elements on cathodic surface with EGMB-containing

electrolyte
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Figure 21. The percentage of Ni, Mn, Co in the vacuumed solid electrolyte.
The transition metal content in this solid-state electrolyte was then analyzed using EDS

to evaluate the dissolution of TM into the electrolyte, as depicted in Figures 19 and 20.
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Statistical results in Figure 21 indicated that the dissolution of TM (Ni, Mn, Co) was
significantly reduced with the addition of EGMB from 60.0% to 17.5%. It clearly reflects the
serious dissolution situation of cathodic active metal during charging and discharging process
under high voltage conditions and highlights the mitigating effect achieved by adding EGMB.
The reduction of TM dissolution in EGMB-containing electrolyte is attributed to the impact of
B-O and B—F bonds in CEI, which eliminates HF in the electrolyte, thus offering enhanced
protection to the transition metals.

side reaction

cracks 2 2 suppression of
TM dissolution T™ dissolution 4§ S

boron doped
film-forming CEI
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Figure 22. Schematic illustration of NMCS811 cycled under high voltage with the CEI formed
in commercial electrolyte and boron-rich CEI in EGMB electrolyte.

Figure 22 further illustrates the contrasting effects between the boron-rich CEI and the
traditional carbonate CEI. It clearly depicts the vicious circle of side reactions in the
commercial electrolyte. And it is mitigated in the EGMB-containing electrolyte at its source
by stabilizing the lattice oxygen on NMC811 surface. The study of Li|[NMC811 under 4.8V at
1C reveals that EGMB could prevent the chain of side reaction on Ni-rich cathodic surface as
the voltage increases over 4.4 V by forming boron rich CEI layer, leading to the improvement

of cell durability.
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3.3.4 Studies on NMC111 cathode under extreme fast charging and discharging

The extended charging times (>30 min) of electric vehicles (EVs), in comparison to the
refueling time of gasoline vehicles, remain a significant barrier to the widespread adoption of
EVs*8. As a result, researchers are actively exploring strategies to achieve fast charging,
targeting a 15-minute charge to reach 80% state of charge (SoC). However, the durability of
batteries under such extreme high charging rates remains a critical challenge. Previous studies
have demonstrated improvements in battery longevity at fast charging rates of 1C with the
addition of EGMB. Building on these findings, this study further investigates the enhancements

provided by EGMB in improving the durability of cells under extreme high charging rates
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Figure 23. EIS before polarization and after polarization of Li||Li symmetric cells with (a)
commercial electrolyte and (b) EGMB-containing electrolyte for Li-ion transference number
calculation.

To further investigate the proposed working mechanism, the lithium-ion transference
number was calculated for both the control system and the electrolyte containing EGMB, as
shown in Figure 23. The lithium-ion transference numbers for the control system and the
EGMB-containing electrolyte were found to be 0.42 and 0.47, respectively. These results

suggest that the addition of EGMB to the electrolyte leads to only a marginal improvement in
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lithium-ion transference number. In Chapter 2, a notable enhancement in lithium-ion mobility
was observed upon incorporating MDMB into the electrolyte. MDMB significantly modified
the solvent sheath and altered the interactions between the electrolyte components, which
consequently facilitated a marked increase in lithium-ion transport. This improvement in the
lithium-ion transference number resulted in a substantial enhancement of the electrochemical
performance, leading to nearly double the capacity at high discharge rates compared to the
control system. In contrast, the relatively small addition of EGMB did not significantly modify
the solvent sheath or the interactions between the solvent components. As a result, the EGMB-
containing electrolyte did not exhibit a substantial increase in lithium-ion transference or high-

rate capacity, as evidenced by the rate capability tests in Figure 24.
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Figure 24. Rate study of Li|[NMCI111 cathodic half-cells with various concentrations of
EGMB into electrolyte with a potential range from 2.8 Vto 4.2 V.

The rate performance of Li|[NMC111 cathodic half-cells is shown in Figure 24, which
demonstrates minimal differences in the performance of cells with and without EGMB. It can
be concluded that the addition of EGMB to the electrolyte does not significantly alter the key
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properties of the bulk electrolyte, such as viscosity, polarity, lithium transference number, or
ionic conductivity, which are critical factors influencing discharge capacity at high rates.
Instead, the primary role of EGMB is to modify the composition of the CEI, stabilizing the
cathodic active material and enhancing the overall durability of the battery. These findings
highlight the value of incorporating EGMB as an electrolyte additive, particularly when
combined with other electrolyte optimization strategies, to contribute to the development of the
next generation of electric vehicle batteries. As shown in Figure 25, the long cyclability of two
electrolytes was studied at 4C charging rate and 1C discharge rate. The cell with commercial
electrolyte was dead at 29'" cycle, in contrast, the EGMB-containing electolyte enable the cell

cycled more than 100 times with slow degradation and high coulombic efficiency.

120 4 ;e w?‘:ﬂ L 100
. 100 c
N |z -80 oS
=y 1 3

-
< 801 ' =)
€ m% - 60
Z —h
2 604 =h
o o,
S —o— without EGMB <
204 with EGMB L 20 O\O
0 T T T T T T T T 0

0 20 40 60 80 100 120
Cycle number

Figure 25. Long cycling study of Li|[NMCI111 cells charged at 4C and discharged at 1C with

a potential range from 2.8 Vto 4.2 V.
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Figure 26. Studies on Li|[NMC111 cathodic half-cells for high-rate applications. (a) Discharge
capacity and coulombic efficiency of cells at 4C rate for both charging and discharging

processes with a potential range from 2.8 V to 4.2 V. (b) discharge capacity and coulombic
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efficiency of cells at 1C for charging and 5C for discharging with a potential range from 2.8 V
to 4.2 V. (¢) 3D DEIS Nyquist profiles for charging and (d) discharging process under 2.8V—
4.2V of cycled cathodic half-cell with commercial electrolyte. (¢) 3D DEIS Nyquist profiles
for charging and (f) discharging process under 2.8V—4.2V of cycled cathodic half-cell with 2
mg/ml EGMB electrolyte. (g) Rcer obtained via Equivalent circuit fitting under different
voltage from charging to discharging. (h) scanning electron microscopy (SEM) of NMC111
surface after cycled without EGMB and (i) with EGMB. (j) the percentage of Ni, Mn, Co in
the vacuumed solid electrolyte.

NMCI111, as a more mature cathodic active material which integrates the benefits of
various transition metals, shows improved performance under diverse conditions.
Consequently, it was employed in this study to investigate the enhancements provided by the
EGMB additive under high charge-discharge rates and wide temperature range. Figure 26a
demonstrates the cyclability of NMCI111 in cathodic half-cell with different electrolytes at
extreme 4C rate for both charging and discharging process via constant current (CC) mode.
The capacity loss of NMC111 was reduced from 80.96% to 54.43% with the addition of EGMB
after 200 cycles. Although capacity degradation is inevitable, the incorporation of trace
quantities of EGMB slows the rate of capacity loss to a certain extent. In Figure 26b, the cells
were cycled at charging rate of 1C and discharging rate of 5C. The cell with EGMB exhibits a
capacity of 125.93 mAh/g in the initial cycle and remains 102.91 mAh/g after 100 cycles with
a retention of 81.72%. In contrast, the capacity of control system decreases from 108.55 mAh/g
to 36.47 mAh/g with a retention of 33.59%. Due to the intricate degradation mechanisms
associated with extreme charging and discharging rates, capacity decay is influenced by
multiple factors. Notably, the dissolution of transition metals and the formation of the CEI layer
are critical determinants of the rate of decay. Dynamic electrochemical impedance

spectroscopy (DEIS) was employed to assess resistances of CEI under each potential during
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the charging and discharging processes. Impedance measurements of the cycled cathodic half-
cells were conducted over a potential range of 2.8 V to 4.2 V and a frequency range of 0.01 Hz
to 1.0 MHz. Figure 26¢-26f and Table 2-5 display the 3D Nyquist plots and DEIS-fitted
parameters for cells with different electrolytes. The circuit used for fitting the plots includes
Rint(QRct)(QRcEN(QRpre-diff) (Q(Reomplex diffusionW))49. This circuit model provides component
impedance values within the cathodic half-cell, where the resistances correspond to internal
resistance, charge transfer resistance, CEI resistance, pre-diffusion resistance, and complex
diffusion resistance, respectively. The symbol W represents the Warburg diffusion coefficient,

while Q denotes the constant phase element>’.

Table 2. DEIS data obtained by Nyquist plot fitting of charging process in control system.

\Y Rint Ret RcEr Rpre-diff Reom-diff W chi2
V) (9] (9] (9] (0 ) (Qs'?)
2.8V 2.001 11.77 3846 43.38 0.9688 0.02926  1.36E-05
2.89V 1.179 10.34 306.5 42.61 0.4647  6.37E-13 4.07E-05
299V 2481 13.32 148.3 48 9.958 3.47E-08 5.25E-04
3.08V 1.644 27.33 6.42E+12 66.91 0.3532  7.88E-08 1.16E-04
3.17V  2.446 3493 13.52 42.54 10.42 0.01183  8.44E-04

327V 2.484 49.19 0.5349 10.64 0.123 1.48E-09 6.63E-04
3.36V 1.378 9.461 44.66 9.701 3.63E+04 3.63E+04 2.96E-05
345V 2.066 46.23 0.8308 10.84 4532 1.94E+05 1.97E-05

3.55vV. 2171 10.97 44.7 0.6094 761.8 17.42 1.26E-05
3.64V  2.093 0.7401 45.22 10.63 70.85 0.04789  1.06E-05
3.73V. 2.063 40.6 10.2 0.7738 16.5 0.2738  1.03E-05
3.82V 1.705 7.978 19.29 18.99 20.33 1.49E-05 9.62E-05

3.92V 1.929 5.956 0.9488 1.635 8.855 0.7198  3.01E-05
4.01V 1.91 8.57E+06  5.363 8719  3.63E+19 6.30E+13 1.02E-04
4.1V 1.911 6.03 7.514 1.48E+10  0.2435 0.7558  8.01E-05
4.2V 1.831 5.058 9.19 1.98E+06 2685 0.00211  1.04E-04
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Table 3. DEIS data obtained by Nyquist plot fitting of discharging process in control system.

Rt (Q) Ret RcEr Rpre-ditft  Rcom-diff \%% chi2
V) (9] (9] (9] ) (Qs?)
2.8V 1.975 37.85 1.117 11.73  1.83E+04 2.45E+04 4.30E-05
2.89V 1.722 11.36  1.56E+00 34.21 6372 1.825 4.76E-05
2.99V 2.316 31.68 4.513 13.88 1.06E+04 0.01326 3.67E-05
3.08V 1.813 1.233 33.93 11.77 3432 1.07E-01 2.22E-05
3.17V. 0.1209 5.098 2177 1.81 1.654  7.11E+02 7.00E-05
3.27V 4.378 77.12 10.93 29.82 1096 1.52E+08 5.73E-04
3.36V  0.05391 32.1 10.03 8.643 0.2673  0.004565 5.53E-05
3.45V 2.34 26.36 368.7 15.22 153.2 5.12E-09 5.46E-04
3.55V 1 23.9 2.952 11.72 63.97 3.61E-01 3.34E-04
3.64V 2.064 0.7363 11.26 21.92 9.277 1.87E+16 7.33E-05
3.72V 1.657 3.051 8.002 14.54 0.1727  8.85E+03 2.02E-04
3.82V 2.334 3.602 2.51 11.16 787.9 5.15E-13 8.95E-04
3.92vV 1.929 5.554 11.97 2491 0.03461 1.14E+14 1.34E-04
4.01V 1.855 0.4123 10.05 5.934 0.01174  1.10E-03 9.06E-05
4.1V 1.816 5.853 0.3785 9492  6.14E+04 5.84E+09 8.51E-05
4.2V 0.3467 5.324 1.651 9.418 9.195  2.32E+06 1.06E-04
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Table 4. DEIS data obtained by Nyquist plot fitting of charging process in EGMB electrolyte.

Rt (Q) Ret RcEr Rpre-diff Rcom-diff A% chi2
V) (€0 (9] (9] ) (Qs'?)
2.8V 1.373 8.32 20.23  2.47E+04 4.11E+03 18.69 5.83E-05
2.89V 1.393 8.21 21.34 1.65E+06 6.56E+03  7.88E+04  6.60E-05
2.99V 2.308 9.509 29.89 0.06208 0.02387 2.74E-10  1.12E-04
3.08V 1.367 8.229 20.95  1.54E+08 5191 7.48E+04  6.39E-05
3.17V 1.266 4446 21.59 7.919 6.76E-01 2.86E-20  8.06E-05
3.27V 1.404 8.048 21.54 4398 1.66E-02  3.49E-05  6.10E-05
3.36V 2.233 11.6 25.99 20.42 2.59E+03  2.26E+06  5.48E-04
3.45V 2.237 20.6 11.4  8.67E+11 5.08E+02  5.80E-03  5.40E-04
3.55V 2.058 9.418 24.07 0.5354 4.34E+01  5.40E-09  4.58E-05
3.64V 2.094 9.39 22.99 27.75 4.89E-01 6.34E-02  1.68E-05
3.73V 1.696  7.037 12.73 26.54 1.52E-01 2.21E-06  1.87E-04
3.82V 2.227 3.782 10.1 5.686 3.44E+14  3.32E-05 5.91E-04
3.92v 1.647 6.597 3.08 3.833 1.01E+03  7.84E-05  7.62E-05
4.01V 2.162 7.9 0.9807 1.023 1.476 9.63E-01  2.41E-05
4.1V 1.878 5.667 0.28 5.419 1.87E+03  1.48E+01  5.94E-05
4.2V 1.763  0.6732  1.031 5.568 3.51E+00  7.54E-01  4.69E-05
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Table 5. DEIS data obtained by Nyquist plot fitting of discharging process in EGMB

electrolyte.
Ret RcEer Rpre-diff Rcom-diff A%
Rint (€2) . chi2
V) (€2) (€2) (€2) () (Q2s7%)

2.8V 1.099 7.572 17.95 5135 9.96E+04 1.76E-16 1.83E-04
2.89V 1.066 7.555 16.60 3030 710.1 1.44E-09 8.23E-05
2.99V 2.173 1473  11.11 28.39 2545 3.63E+04 4.18E-04
3.08V 1.938 19.32  9.087 1128 0.8303  2.40E-02 1.99E-05
3.17V 1.955 9.021 20.49 8.93E+19 0.3139  1.98E-10 2.20E-04
3.27V 1.716 10.82 14.09 8.23E+04 1.94E+04 2.25E-03 5.15E-05
3.36V 2.237 12.02 18.16 1.00E+16 0.01306 3.53E-05 3.17E-04
3.45V 2.006 8.078  20.21 0.7349 1675 2.49E+06 8.37E-05
3.55V 1.126 8.599  13.09 89.11 0.006537 4.01E-10 2.67E-04
3.64V 1.977 1094 7.886  0.7534 11.27 1.00E+20 1.32E-04
3.72V 1.931 8.189 0.5899  2.891 4339  2.96E+00 3.51E-05
3.82V 1.927 8.574  0.01 10.51 6.056 8.83E+13 1.33E-04
3.92vV 1.444 4.582 1423 7.818  3.32E+04 1.09E-03 1.24E-04

4.01V 0.2312  5.673 2.027 6.231 106.2 9.65E+03 6.57E-05
4.1V 1.813 10.58  7.495 4.526 3.25 4.22E-06 1.20E-04
4.2V 1.86 5.827 0.2911 5.25 9.666 9.05E+06 6.44E-05

Figure 26¢ presents Rckr, obtained from fitted results under various potentials during the
charging and discharging processes. The fitted data result of Rcgr in the control system exhibits
significant value fluctuations across both processes, driven by the persistent decomposition and
reformation of the CEI. The instability of CEI not only induces the overgrowth of layer, but
also exposes the underlying cathodic active material to the decomposed electrolyte with acidic
components such as HF. This exposure can potentially lead to further degradation or other
negative effects on the system. In contrast, the boron-rich CEI formed using EGMB

demonstrates superior stability and exhibits a relatively low resistance value, offering robust
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protection to the CAM against TM dissolution. The SEM images of NMC111 surface after
cycled in cathodic half-cells for 100 times with different electrolytes are shown in Figure 26h
and 26i. The SEM of the control system shows numerous signs of etching correlating with
degraded CEI performance and significant capacity loss. In comparison, the NMC111 in
EGMB electrolyte demonstrates better integrity of surface. In the evaluation of TM dissolution,
the percentage of Ni, Co and Mn in commercial electrolyte is 3 times higher than EGMB
electrolyte, as depicted in Figure 26j. This finding underscores the critical role of EGMB in
forming an effective and robust interface that mitigates TM loss.

Compared to the relatively straightforward degradation caused by lattice oxygen release
under high voltage conditions, improving battery performance under extreme fast charging and
discharging typically necessitates a redesign of the electrolyte to enhance various properties
critical to the lithium-ion transfer process, including ionic conductivity, polarity, transference
number, solvation structure, and so on>'~>, In this study, EGMB, used as a sacrificial additive
at a concentration of 2 mg/ml (0.16 wt%), is primarily oxidized during the CEI formation
process in the initial cycles, resulting in only a small residual amount in the electrolyte. This
negligible residue does not significantly affect the electrolyte’s properties, meaning that the
electrolyte's characteristics remain largely unchanged. Consequently, the addition of EGMB
does not substantially increase the charge and discharge capacity of NMC111 under high-rate
conditions. Therefore, the purpose of applying EGMB under extreme high-rate conditions is
not aimed at meeting the U.S. Department of Energy’s objective of achieving ‘Extreme Fast
Charging’ (XFC)—charging to 80% capacity in 15 minutes or less. The primary role of EGMB
in Li|NMC111 cells is to protect transition metals, thereby reducing the dissolution of active
material particles and mitigating capacity degradation. However, EGMB can be used in

conjunction with other electrolyte designs to improve the durability of NMC materials.

124



3.3.5 Studies on NMC111 cathode with wide temperature range

Given the wide range of climate variability, understanding how rechargeable lithium
batteries adapt to extreme conditions has become a key area of research®®. In particular,
applications that require reliable battery performance in extreme temperatures, such as
subsurface exploration, emergency rescue missions, and etc. have driven interest in developing
more resilient rechargeable lithium batteries. This challenge is present in both aqueous and
nonaqueous RLB systems. At low temperatures, batteries experience significant obstacles due
to slowed ion transfer at the interface®’. This results in increased impedance and polarization,
leading to sharp declines in capacity. In more severe cases, electrolyte freezing or the
precipitation of lithium salts can obstruct ion transport, causing internal open circuits and
ultimately leading to battery failure®®. Conversely, at high temperatures (HT), while the
electrochemical reaction kinetics of the electrode materials are enhanced, this can also
exacerbate undesirable side reactions, potentially causing gas accumulation and posing serious
safety risks.

The Li|[NMC111 cathodic half-cell was further used to assess the effectiveness of the
EGMB-modified electrolyte under both low (0 °C) and high (60 °C) temperatures. As shown
in Figure 27a, the cells were initially cycled at 20 °C at a C/3 rate. The initial discharge
capacity was taken as the baseline value to evaluate capacity retention during subsequent
discharge cycles. As the temperature was reduced to 0 °C, the capacity retention of both cells
decreased. Under low temperature conditions, the batteries experience hindered interfacial ion
transfer, leading to increased overall impedance and interface polarization, which result in a
sharp decline in battery capacity. However, the cell with the EGMB-modified electrolyte
maintained a higher retention of 84.0%, compared to 80.7% for the conventional electrolyte.
This modest improvement in discharge capacity is attributed to the enhanced ionic conductivity

of CEI due to the abundant B—O bonds. Although the dynamics of the bulk electrolyte were
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not significantly enhanced due to the minimal applied amount of EGMB, its benefits to the
lithium-ion transference capability within the CEI contributed to better discharge performance
at low temperatures. As the temperature was raised back to 20 °C and further increased to 60 °C,
the capacity retention of the EGMB-modified electrolyte consistently remained higher than

that of the conventional electrolyte.
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Figure 27. Electrochemical studies on Li||[NMCI111 cathodic half-cell with different
electrolytes under wide temperature range. (a) The discharge retention at C/3 rate under wide

temperature range. Both charging and discharging process were conducted from 20 °C, 0 °C,

20 °C, and to 60 °C. long term cycling stability at C/3 rate at (b) 60 °C and (C) 0 °C.
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The long-term cycling performance of Li||[NMC111 cathodic half-cells was evaluated at
60 °C and 0 °C to investigate the impact of EGMB across a broad temperature range. In Figure
277b, the capacity retention of the cell with the commercial electrolyte declines sharply after
200 cycles, ultimately failing by the 337th cycle with a remaining capacity of 9.7 mAh/g and
a coulombic efficiency of 2.48%. This is attributed to high temperature accelerating side
reactions at the electrolyte—electrode interface, including transition metal ion dissolution, gas
evolution, and CEI decomposition and regeneration. These accelerated reactions increase
thermal risks and are closely related to the thermodynamics and kinetics of the CEI. In contrast,
the cell with the EGMB-containing electrolyte exhibits resistance to rapid degradation,
retaining a capacity of 60.2 mAh/g and a coulombic efficiency of 99.91%. Due to the
significant modification of the CEI by EGMB, both durability was extended and coulombic
efficiency was improved under 60 °C high temperature condition. The cyclability of
Li|[NMCI111 at 0 °C is shown in Figure 27¢. Under low temperature conditions, capacity decay
was significantly reduced due to the slowdown of side reactions. However, in the cell with
commercial electrolyte, electrolyte freezing, or lithium salt precipitation obstructed ion
transport, leading to internal open circuits and eventual battery failure, with the cell abruptly
failing after 136 cycles at 0 °C. In contrast, the cell with the EGMB-modified electrolyte

maintained a discharge capacity of 88.20 mAh/g and a coulombic efficiency of 99.67%.

Under three different extreme conditions, capacity degradation was significantly reduced
in both Li|[NMC811 and Li||[NMCI111 cathodic half-cells with the trace addition of 2 mg/ml
EGMB. As a sacrificial additive in the electrolyte, EGMB is largely oxidized and participates
in the formation of the CEI, which enhances ionic conductivity and stability. Although the
enhancement of the CEI by EGMB provides modest improvements in rate capacity, the
minimal residual EGMB means that the bulk electrolyte's properties—such as lithium

transference ability for high-rate charging and freezing point at low temperatures—remain
127



largely unchanged. Therefore, the primary role of EGMB is not to significantly increase high-
rate capacity but to improve the stability and cyclability of NMC cathodes under extreme
conditions, preventing rapid capacity decay and sudden failure. The application of EGMB in
both NMC811 and NMC111 cathodic half-cells demonstrated improved durability under
ultrahigh voltage, extreme high rates, 60 °C high temperatures, and 0 °C low temperatures.
This underscores EGMB's effectiveness in reducing the degradation of cathodic active
materials and mitigating side reactions. Given that EGMB is used in a very small amount (0.16
wt%), it can be combined with other electrolyte design strategies to address the challenges

faced by rechargeable lithium batteries under extreme conditions.
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3.4 Conclusion

In conclusion, the addition of EGMB to the traditional carbonate electrolyte facilitates the
formation of a boron-rich, robust CEI with low and stable impedance. The abundant B—O bonds
formed from EGMB oxidation in the CEI not only stabilize transition metals but also prevent
the release of reactive lattice oxygen, thereby mitigating side reactions. Additionally, the B-F
bonds help eliminate HF from the electrolyte, further protecting transition metals from
corrosion. These enhancements provided by EGMB result in the following improvements in
battery electrochemical performance: (1) Increased the capacity of Li|[NMC811 from 1.51
mAh/g to 77.67 mAh/g at a 1C rate under a 4.8 V ultrahigh cut-off voltage; (2) Improved the
capacity retention of Li||[NMCI111 from 19.04% to 45.57% after 200 cycles under 4C extreme
high-rate charging-discharging conditions; (3) Enhanced the capacity from 9.7 mAh/g with a
coulombic efficiency of 2.48% to 60.2 mAh/g with a coulombic efficiency of 99.91% at 60 °C;
and (4) Prevented sudden failure at 0 °C. Therefore, EGMB can be regarded as a potent additive
for NMC-based cathodes, contributing to the development of next-generation batteries capable

of withstanding various extreme conditions.
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This thesis focuses on addressing critical challenges in lithium-ion battery (LIB)
performance by advancing electrolyte engineering, with a particular emphasis on the inclusion
of boron-containing additives. Through a systematic investigation into the relationship between
electrolyte composition, interfacial stability, and ionic transport, this work contributes to the
development of more durable, efficient, and versatile LIBs. The findings across the three
chapters collectively highlight the transformative potential of boron chemistry in tackling long-
standing limitations such as high-voltage degradation, interfacial instability, and insufficient
ionic conductivity.

The first chapter identifies the inherent limitations of conventional LIB cathodes,
particularly high-energy-density materials like LiNio33Mno33C00.3302 (NMC111) and Ni-rich
variants such as NMC811. While these materials offer promising energy densities, they are
hindered by challenges such as metal dissolution, surface reactions, and structural instability
during cycling at elevated voltages. This analysis sets the stage for exploring innovative
electrolyte formulations to improve cathode durability and performance.

In the second chapter, mesityldimethoxyborane (MDMB) is introduced as a solvent
component for enhancing LIB electrolyte performance. This compound was designed to
address interfacial degradation by facilitating the formation of a boron-rich cathode-electrolyte
interphase (CEI). MDMB also plays a key role in optimizing lithium-ion transport by
modifying the solvation environment within the electrolyte, resulting in reduced resistance and
improved ion mobility. The experimental findings demonstrate that MDMB significantly
enhances discharge capacity and cycle stability, particularly under high-rate cycling conditions.
Insights from computational studies provided further understanding of the molecular
mechanisms underlying these improvements, validating MDMB'’s role as a multifunctional
additive.

The third chapter builds on this foundation by introducing ethylene glycol-mesitylborane
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(EGMB), a more advanced boron-containing additive tailored for challenging operating
conditions. Unlike MDMB, EGMB incorporates additional fluorine functionality, which
promotes the formation of a robust, fluorine-enriched CEI. This enhanced interphase minimizes
detrimental reactions at the cathode surface, mitigates transition metal dissolution, and
improves the mechanical resilience of the interfacial layer. EGMB-containing electrolytes
demonstrated superior performance at ultrahigh voltages, fast cycling rates, and across a wide
temperature range, highlighting their potential for demanding applications such as electric
vehicles and energy storage systems.

A key takeaway from this thesis is the ability of boron additives not only to stabilize the
cathode surface but also enhance the overall efficiency of the LIB system by improving lithium-
ion conductivity and reducing interfacial resistance. By systematically designing and
evaluating MDMB and EGMB, this work provides a clear pathway for addressing both short-
term degradation and long-term stability concerns in LIBs.

Importantly, this research moves beyond theoretical insights and experimental validation
by offering a practical framework for implementing boron-based additives in practical
applications. The findings underscore the importance of tailoring electrolyte formulations to
meet specific performance criteria, whether for improving high-rate capabilities, enhancing
voltage stability, or extending operational temperature ranges.

Future directions for this research could include extending these strategies to other
cathode chemistries or exploring the synergistic effects of combining boron additives with
other functional components. Moreover, integrating advanced characterization methods with
machine learning tools could accelerate the discovery and optimization of new electrolyte
formulations, paving the way for even greater performance gains in LIBs.

In conclusion, this thesis establishes the potential of boron-containing electrolyte

components as a game-changing solution for addressing some of the most pressing challenges
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in LIB technology. By enhancing the stability of the cathode-electrolyte interphase and
improving ionic transport, MDMB and EGMB exemplify the promise of chemistry-driven
innovation in advancing energy storage systems. These findings mark an important step toward
the realization of high-performance, reliable, and scalable LIBs capable of supporting the

growing global demand for sustainable energy technologies.
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