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Abstract

Lithium-ion batteries are a widely used class of rechargeable batteries, commonly employed in
everyday applications. Beyond their well-established role as a replacement for traditional internal
combustion engines in the automotive industry, lithium-ion batteries have garnered significant
attention for emerging applications in wearable devices, biomedical equipment, and flexible
electronics. Although widely used, conventional lithium-ion batteries are inherently rigid and
unable to accommodate mechanical deformations such as bending or folding, which are essential
for flexible electronic applications. Beyond structural limitations, they also pose environmental
challenges, as the conventional slurry-casting method for electrode fabrication typically relies on
toxic solvents. To overcome these limitations, this thesis aimed to design flexible, fast charging,
and high-performance anodes while also addressing environmental concerns. The first study
demonstrated the integration of niobium oxide as a fast-charging anode material for lithium-ion
batteries using a sustainable solvent-free electrode processing technique, achieving mechanical
durability and high mass loading, while delivering excellent electrochemical performance even
under high-rate charging and discharging conditions. For the second study,
hydrothermal/solvothermal synthesis were employed to directly grow titanium dioxide on
flexible carbon fiber substrates for the fabrication of a freestanding anode. Given their shared
objectives, both studies highlight environmentally friendly aspects while simultaneously
enabling flexibility and fast-charging capabilities. In summary, this research seeks to contribute

to the advancement of technologies in the expanding rechargeable battery sector.
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Chapter 1: Introduction

1.1 Preamble

Greenhouse gas emissions and global warming continue to be significant ongoing
concerns. To mitigate these issues, there is an urgent need to develop sustainable energy
solutions that can effectively reduce fossil fuel consumptions . Numerous energy storage
systems are currently being explored and under the development, with portable energy storage
devices having introduced the concept of batteries **. Batteries can be categorized into two
types: primary and secondary batteries °. Primary batteries are non-rechargeable, meaning they
can only be used once, while secondary batteries are rechargeable energy systems capable of
undergoing multiple charging and discharging cycles °. The development of rechargeable
battery-based technologies is aimed at significantly reducing greenhouse gas emissions, playing
a vital role in advancing sustainable energy sources . Among these, lithium-ion batteries (LIBs)
have emerged as the most widely used energy storage system, particularly in electric vehicles
and portable electronic devices such as mobile phones, laptops, and handheld power tools, owing
to their advantages of high energy density and long cycle life °!!. Since the commercialization of
the first LIB by Sony in the 1990s, the battery market has undergone a significant growth 2,
Despite its advantages, the rising demand for advanced energy storage solutions underscores the
limitations of current LIBs in meeting market requirements. The need for LIBs with fast charging
and discharging capabilities, combined with high energy density, is steadily increasing '*1°.
Moreover, the expanding use of wearable and biomedical devices has driven consumer demand
for flexible electronic devices, highlighting the necessity for flexible, foldable, and stretchable
energy storage systems '!7. Hence, the development of innovative advanced materials that can

meet these growing requirements is essential %17,

1.2 Thesis Objectives / Motivation
Ongoing development of anode materials is being driven by the increasing usage of
lithium-ion batteries in everyday applications. In addition to achieving higher specific capacities,

growing consumer demands for reduced charging and discharging times have further emphasized
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the need for high-rate capable anode materials. Furthermore, the advancement of wearable and
flexible electronics has necessitated a shift from traditional rigid battery designs toward flexible
battery technologies capable of integrating into these emerging applications. As a result, the
motivation of this study was to explore anode materials with both high-rate capability and
mechanical resilience, suitable for incorporation into flexible lithium-ion batteries. Beyond
conventional electrochemical evaluations, this study employs mechanical analysis to
systematically assess the robustness of the anode material. The effects of external mechanical
deformation on electrochemical performance are investigated, offering a comprehensive
understanding of the material’s mechanical and electrochemical stability. The primary objective
of the first study is to incorporate niobium oxide as an anode material into flexible lithium-ion
batteries using a dry electrode fabrication technique, aiming to demonstrate its fast-charging
performance, high mass loading capability, and structural flexibility. In the second study, a
comparative analysis of hydrothermal and solvothermal syntheses was conducted to optimize the
growth of titanium oxide on carbon fiber for application as a flexible, freestanding anode

material.

1.3 Lithium-Ion Batteries (LIBs)

In lithtum-ion battery systems, multiple single unit cells are interconnected to form a
module, and several of these modules can be assembled to construct a complete battery pack °.
Each individual unit cell consists of an anode and a cathode, serving as the negative and positive
electrodes, respectively, along with the electrolyte and separator 2. Here, the movement of ions
is supported by electrolytes, separators, and current collectors 22. During the charging process,
lithium ions migrate from the cathode to the anode through the electrolyte, while electrons flow
in the same direction through the external circuit. In contrast, during discharging, the
intercalation process occurs in the opposite direction 23. The separator component is employed to
maintain a barrier between the electrodes, preventing direct contact and subsequent internal
short-circuiting, while permitting the free movement of ions 2*%*, Therefore, the separator is a
critical component that directly influences the overall safety of the battery system. Currently, the
most widely adopted commercial separators are polyolefin-based microporous membranes,

)2

which are primarily polyethylene (PE) and polypropylene (PP) <°. Their widespread use is



attributed to their cost-effectiveness, excellent mechanical strength, chemical stability, and non-
toxic nature %6. Finally, the current collectors serve to gather the electrical current produced by
both electrodes and integrate this generated current to the external circuit 2’. In conventional
LIBs, aluminum foil is generally used as the current collector for the cathode, while copper foil
serves as the current collector for the anode. The use of different current collectors for each
electrode side is attributed to the natural tendency of copper to easily oxidize at higher potentials,
making it unsuitable for the cathode. Thus, copper is primarily employed as the current collector
for the negative side 5. In contrast, aluminum has demonstrated stability even at potentials
greater than 4V vs. Li/Li+, making it an ideal candidate for use as the cathode current collector
2% The transport of lithium ions between electrodes occurs through an electrolyte composed of
conductive lithium salts, such as LiPF, dissolved in non-aqueous solvents like ethylene

carbonate (EC) and dimethyl carbonate (DMC) 3*3!,

Cell Module Battery Pack

Figure 1-1. Illustration of lithium-ion cell, module, and battery pack

1.3.1 Basic Fundamental of LIB

In LIBs, upon assembly and prior to any charge-discharge cycles, a lithium-ion battery is
at its discharged state, where all the lithium ions remain at the cathode, the source of lithium ions
32 During the charging process, lithium ions de-intercalate from the cathode and migrate toward
the anode, driven by the electrochemical potential differences across the cell >*. This process is
accompanied by an oxidation half-reaction at the cathode, as it loses electrons by releasing to the
external circuit to maintain overall charge balance across the cell. At the same time, anode

accepts lithium ions and gains electrons through an external circuit where it undergoes a



reduction half-reaction. In contrast, during the discharging process, the anode is oxidized as

lithium ions travel back to the cathode, while cathode experiences a reduction half-reaction by

accepting the lithium ions 3%3°.
a b
Current Current
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®Electrclyte Electrolyte Electrolyte Electrolyte @

Figure 1-2. Basic Lithium-ion Battery Electrochemistry Fundamentals a) Charging b)
Discharging

Throughout the charge-discharge cycles, there are few side reactions that are detrimental,
leading to capacity degradation and reduced electrochemical performance. Among the side
reactions, the formation of a solid electrolyte interphase (SEI) occurs as the electrolyte reduction
happens at the surface of the anode, producing a passivation layer *°. Theses layers are typically
formed during the initial cycle when the electrolyte interacts with the electrode surface. The
formation of these layers takes place when the operating voltage of the cell is beyond the
electrochemical stability voltage window of the electrolyte >’. The SEI layer is essential for
chemical and electrochemical stability within the cell. Once established, the SEI acts as an
electronically insulating yet ionically conductive layer that inhibits electron interaction with the
electrolyte, thereby suppressing further electrolyte decomposition and maintaining interfacial
stability at the electrode-electrolyte interface ***°. However, it can undergo continuous growth
through ongoing electrolyte decomposition and the consumption of active lithium ions, leading
to increased battery resistance, capacity degradation, and low power density *. Moreover, the
formed SEI typically exhibits microstructural heterogeneity and can result in non-uniform
lithium deposition across the anode surface *!. This phenomenon, referred to as lithium plating,

involves the deposition of metallic lithium on the anode surface rather than intercalation. It is
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initiated when the anode potential drops below 0V vs. Li/LI" due to the extremely close potential
difference between lithium metal and the intercalated anode, making lithium deposition
favorable over intercalation 4. Such plating can occur when the battery operates in low-
temperature environments, under fast charging conditions, or in the event of experiencing
overcharging **. Ultimately, lithium plating reduces the amount of active lithium available for
reversible intercalation processes, thereby directly impacting battery performance, increased rate
of capacity fade, and shortening cycle life *°. This uneven lithium deposition can lead to creating
needle-like lithium dendrites “°. The growth of such dendritic structures poses a significant safety

concern, as they can penetrate the separator, leading to internal short circuits 4745

a b
Cathode
/
——— Separator
Anode
Lithium plating Lithium dendrite formation

Figure 1-3. SEI layer a) lithium plating b) lithium dendrite formation

1.3.2 LIB Cell Structures

In battery testing, two main cell configurations are typically employed: half-cells and full
cells. In a half-cell setup, the fabricated working electrode is paired with lithium metal as the
counter and reference electrode, allowing evaluation of the working electrode’s electrochemical
performance. In the half-cell configuration, lithium metal, owing to its exceptionally low redox
potential of -3.04 V (vs. standard hydrogen electrode), serves as the anode in practical operation
4930 On the other hand, the full cell comprises both a fabricated anode and cathode, instead of
using lithium metal as a reference or counter electrode °!2. Evaluating both half-cell and full-
cell configurations is essential, as half-cell measurements alone may not provide sufficient
insight into the practical applicability of the fabricated electrode in a complete battery system 3.
For example, the review by Li et al. (2022) demonstrated that, in half-cell assembly using a

silicon anode, the issue of low coulombic efficiency was mitigated due to the excess lithium
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provided by the lithium metal counter electrode. In contrast, when the same silicon anode was
integrated in a full cell, the absence of lithium metal and the resulting limitation in lithium

supply raised a problem of having a low coulombic efficiency >*.

a Half cell b
v
s \ [
‘\.__7 (' /l Spring i Lithium Metal
e Charging (counter/reference electrode)
—— Spacer —
Lithium Metal Li* /
(counter/reference electrode)
‘—
Separator

Separator Discharging/
mct‘we Material

Current Collector ———  Working Electrode
N\ J
c Full cell d
Vv
r A | I
‘\ : \'— Spring Cathode
~ - Charging /
Spacer +— 1
Lﬁ Cathode Li* _—_____._'—-‘—'_—_ Separator
Aluminum Foil  —
\ Discharging Anode
Separator
Ll
Copper Foil
| . v

Figure 1-4. Configurations of a) half-cell assembly b) half-cell mechanism c) full cell assembly
d) full cell mechanism

1.3.3 LIB Cell Configurations

Lithium-ion batteries are available in various outer configurations, enhancing their
compatibility with a diverse array of commercial applications . In large scale applications, such
as electric vehicles, multiple cells are combined and assembled into a module. The design of this
module is determined by the size and shape of the application products, with the additional
consideration of interconnecting circuits, safety, and temperature management °°. Primarily, the
types of cells commonly found are coin, cylindrical, pouch, and prismatic cells >’. Coin cell
batteries feature a disc-shaped design and are commonly used in small electronics due to their
compact size and compatibility with portable devices *°. Cylindrical cells, commonly used in

Tesla Motors’ vehicles, employ the standardized 18650 cell configuration, with a diameter of
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18mm in diameter and a height of 65mm. Laminated current collectors and separators are placed
within a steel or aluminum alloy prismatic-shaped structure, with the electrolyte inserted °%. The
pouch cell encapsulates the electrodes, separator, and current collectors with a flexible laminate
material, replacing the conventional rigid casing. Electrical connections are established by
attaching metallic tabs to the current collectors, which extend outside the pouch cell to
accommodate external connections >°. Lastly, the prismatic shape of LIBs is designed similarly
to cylindrical cells, with the main difference being the winding shape, which resembles the
elliptical form of a pouch cell. Both cylindrical and prismatic cells are typically encased in a

solid hard case made of aluminum or stainless steel .

‘
\
1
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Coin Cylindrical Prismatic Pouch

Figure 1-5. Different types of cell configurations

1.3.4 Key Factors Affecting Cell Assembly

Cell assembly involves several critical factors that must be considered, as they directly
influence cell quality and ensure repeatability. Electrode alignment plays a critical role in
determining cell stability during long-term cycling °!. In practice, achieving perfect alignment
between the anode and cathode is challenging. To address this issue, designing the anode with a
larger surface area than the cathode can ensure a full utilization of cathode active material (or
counter electrode), thereby minimizing the risk of inactive regions %2. This parameter is
commonly referred to as the N/P ratio, which denotes the capacity ratio between the negative and
positive electrodes . Furthermore, the quantity of electrolyte used during cell assembly
significantly influences the long-term cycling performance. A larger electrolyte volume has been
shown to support prolonged cycle life. For example, a study done by Chen et al. (2019) reported

that when a limited amount of electrolyte was used in NMC 622-coin cell tests, stable cycling
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was sustained for only 12 cycles, after which the capacity rapidly dropped until it reached near
zero %*. Finally, the application of appropriate crimping pressure during the final stage of cell
assembly is essential ®. This pressure serves to enhance the interfacial contact between the
electrolyte and electrodes. Although, excessive pressure can be detrimental, as it may induce

cracks that compromise battery performance and increase the risk of thermal runaway or failure
66

Bottom Casing Cathode

Gasket
Anade
Anode

Cathode N/P Ratio

Center-alignment Misalignment

Electrolyte amount

Crimping pressure

Figure 1-6. Cell assembly affected by a) electrode alignment b) N/P ratio ¢) amount of
electrolytes d) crimping pressure

1.4 Fast Charging

In recent years, the rising demand for rechargeable batteries, coupled with the desire to
achieve higher power density, had also led to increasing interest in fast-charging capabilities.
Fast-charging characteristics are garnering significant attention due to the convenience and time
efficiency they offer. One of the areas where fast-charging batteries are in high demand are the
automotive industry. When comparing the charging times of electric vehicles to those of
conventional internal combustion engine vehicles, the significantly longer charging times
required by electric vehicles lead to considerable inconvenience for consumers ®’. To achieve this

goal, extensive research has been focused on the design of high-rate anode materials to enable
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fast-charging LIBs. Among the various anode materials extensively studied, transition metal
oxides have garnered considerable interest for fast charging applications due to their multivalent
characteristic, wherein the presence of multiple oxidation states allows for multiple electron
transfer processes %%, This allows for faster (de)intercalation kinetics, enabling higher c-rate
performance and contributing to higher theoretical capacity ’°. Accordingly, this section of the

paper will explore different transition metal oxides utilized in the following studies.

1.4.1 Graphite (conventional anode material)

Graphite-based materials are commonly used for LIB anodes in commercial applications
due to their low cost and the abundance of carbon. The widespread use of graphite as an anode
material can attributed to its excellent electrical conductivity, high reversible lithium storage
capacity, and low electrochemical potential. As a result, they retain their capacity even after
repeated charge and discharge cycles ’!. On the other hand, the low operating potential leads to
challenges at high charging rates (C-rate), limiting its ability to support fast charging 2. It poses
challenges in achieving high-rate performance (exceeding 1C) due to its inherently sluggish
kinetics and low operating potential close to lithium metal (0.1V vs. Li/Li") 7>73, This then
causes the graphite anode to undergo a build-up of lithium ions on the surface of the graphite
electrodes, resulting in lithium plating ’*. To mitigate the issue with graphite when fast charging,
alternative materials capable of accommodating rapid lithium-ion transport were explored in this

study.

1.4.2 Titanium Oxide / Lithium Titanate

Titanium oxide (TiOz) and lithium titanate (Li4TisO12, LTO) exhibit great rate capability
and long-term cycling stability, making them promising candidates to replace conventional
graphite anodes in fast-charging LIBs 7. Lithium titanate (LisTisO12) is a well-established fast
charging material candidate, offering high-rate capability also operating at a relatively high
potential (~1.55V vs. Li/Li"). Nevertheless, despite its outstanding high-rate performance, LTO
suffers from a low theoretical specific capacity (~175mAh g™!), presenting a trade-off that

constrains from attaining a high energy density in LIBs 6. On the other hand, TiO; offers a



theoretical specific capacity of 335mAh g! and operates at a relatively high potential range of
1.5-1.7V vs. Li/Li* 77"7¥, Additionally, it undergoes a small volume change (~4%) during cycling,
demonstrate excellent capacity retention and long-term stability ’®. Although, the inherently poor
ionic and electronic conductivities of TiO: significantly hinder its rate performance under rapid
charging and discharging conditions, thereby constraining its viability for fast-charging LIB
systems "°. Titanium dioxide primarily crystallizes in four distinct phases which are anatase,
rutile, brookite, and TiO> (B), each exhibiting distinct structural characteristics 3*%!. Among the
four crystalline phases of TiO», rutile is the most thermodynamically stable #>*. However, bulk
rutile exhibits relatively poor electronic conductivity 3. To mitigate this issue, TiO2 must be
synthesized and engineered at the nanoscale to improve its electrochemical performance,

enabling higher capacity at high charge-discharge rates 54%°.

1.4.3 Niobium Oxide

Niobium can exist in four distinct oxidation states, namely 0, 2+, 4+, and 5+. Among
these, niobium pentoxide (Nb2Os) is the most thermodynamically stable form %°. Niobium
pentoxide can be synthesized in several crystalline phases, including hexagonal (TT-phase),
orthorhombic (T-phase), tetragonal (M-phase), and monoclinic (H-phase) structures, with each
phase offering different electrochemical performance. The M-phase is an intermediate state
between the T- and H-phases and therefore, the synthesis of a pure M-phase extremely difficult
87 The TT-phase and T-phase have been reported to deliver capacities of 200mAhg™ at 0.1C,
while the H-phase attained the highest capacity of 242mAhg™! 3. Here, the electrochemical
performance difference is attributed to the structural configurations of each phase, with the T-
phase possessing a bronze structure, while the H-phase has shown Wadsley-Roth shear structure
8. The T-phase offers two-dimensional diffusion pathways, while the Wadsley-Roth shear
structure of the H-phase permits three-dimensional diffusion, thereby enhancing high-rate
performance and enabling rapid charging *>°!. In addition, the Wadsley-Roth shear structure has
larger number of lithium active sites, leading to an increased theoretical specific capacity when
compared to the bronze structured phase °!. Overall, niobium oxide offers a high operating
voltage window (1-3V vs. Li/Li"), which helps avoid lithium dendrite growth and minimizes

solid electrolyte interphase (SEI) formation °2. Furthermore, it has a higher theoretical specific
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capacity compared to LTO (~175mAhg™) **. As a result, niobium pentoxide (Nb.Os) has

emerged as a promising alternative fast-charging anode material.

1.5 Flexible Lithium-Ion Batteries (FLIBs)

The increasing demand for miniaturization, high speed, and integration in portable
electronics has led to the development of flexible electronic devices, which are now utilized
across various sections, including communications, healthcare, and wearable consumer
electronics. Flexible batteries are defined as batteries that retain all the functional attributes of
conventional batteries while possessing the ability to withstand mechanical deformations, such as
bending, stretching, distortion, and folding. The ability to withstand mechanical deformations
offers a significant benefit, enabling electronic products integrated with flexible batteries to
operate under various conditions **. Flexible electronics must not only endure deformation but
also maintain their electrochemical and safety performance, requiring extensive research efforts
to achieve these objectives. Considering that LIBs are among the leading candidates for
powering portable electronics, and conventional LIBs fall short of meeting the requirements of
flexible electronics, the focus should be directed towards the design and fabrication of flexible

lithium-ion batteries (FLIBs) *°.

Figure 1-7. Prospective real-life applications of flexible batteries

1.6 Electrode Fabrication
The electrode fabrication of commercial LIBs typically involves four distinct steps: slurry
mixing, coating, electrode drying, and calendaring. The three primary components which are

active materials, conductive agents, and binders are thoroughly mixed with a selected solvent to
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form a slurry, ensuring the uniform distribution of particles °°. The prepared slurries are then
coated onto current collectors to form uniform electrode films. These films are subsequently
heated to fully evaporate the solvents from the slurry. Finally, the films are compressed using two
metal rollers to achieve the desired thickness and uniformity °’. However, several challenges are
associated with the conventional slurry-based electrode fabrication method. One primary issue
arises during the solvent drying process, where uneven evaporation rates can lead to severe
cracking, particularly when the electrode thickness is beyond the critical threshold thickness for
cracking °®. Furthermore, although LIBs are considered a clean energy storage solution, they
remain distant from being fully sustainable due to the use of toxic solvent in the slurry mixture.
Polyvinylidene fluoride (PVDF) is commonly combined with the volatile solvent N-methyl
pyrrolidone (NMP), as PVDF is insoluble in water, to be used in the slurry casting fabrication
method as a binder °. To overcome this issue, carboxymethyl cellulose (CMC) binder, a
promising alternative, has recently been increasingly used to replace toxic NMP, as CMC is
water-soluble. Unfortunately, binders such as PVDF and CMC, commonly used in the slurry
casting method, are ineffective in preventing crack formation during the electrode drying
process, especially as the electrode thickness increases %1%, On top of that, this approach does
not address all the issues, as cathode materials must avoid water-based formulations and
therefore, replacing PVDF with CMC binder is not a viable solution. This is because nickel-
based NCM (nickel-cobalt-manganese) active materials in the cathode are moisture sensitive '°!,
Consequently, conventional fabrication methods have demonstrated limitations in producing
effective electrodes, hindering further advancements in the development of next-generation

LIBs.

1.6.1 Components in Electrode Fabrication

An electrode is generally composed of four key components: an active material, a binder,
conductive additives, and a current collector '°2. The active material, comprising the majority of
the electrode’s composition, predominantly determines the cell capacity and operating voltage
103 The binder serves to preserve the structural integrity of the electrode by ensuring the
adhesion of the active material and conductive additives, thereby ensuring the mechanical

stability of the electrode '*. Next, the use of conductive additives enhances the overall electrical

12



conductivity while reducing the internal resistance '*°. Lastly, the current collector functions as
an electrical pathway for electron transport between the two electrodes through the external
circuit 1%, Overall, the formulation of electrode components is typically tailored to meet the
desired performance, as it directly influences the energy density, cycle life, and electrochemical
performance of LIBs. In particular, increasing the proportion of active material within the

electrode can enhance the specific energy, thus providing excellent electrochemical performance
107

1.6.2 Solvent-Free Electrode Processing

Increasing electrode thickness or mass loading is an effective strategy for enhancing the
energy density of the cell %% Although it has been established that achieving this goal is
challenging with the conventional fabrication approach. As an alternative, the dry electrode
fabrication process has shown significant advantages in terms of operating cost and energy
efficiency when compared to the traditional solvent-based process ''°. Moreover, the dry
electrode fabrication process has demonstrated the ability to increase active mass loading,
enabling the production of thicker electrodes. The removal of solvents in the electrode the
fabrication process has effectively increased the maximum limit for active mass loading '''. The
solvent-free dry electrode fabrication process utilizes distinct binding technique, employing a
binder that fibrillates to bind the active material and conductive agents together !'2. The dry
electrode processing involves mixing the powdered active material, conductive additives, and
binder together 3. During this process, the chosen binder is pre-fibrillated through the shear
forces generated during mixing. The functionality of the binder plays a crucial role in the
formation of the desired electrode microstructure, as it dictates both mechanical strength and
battery performance !'*. Polytetrafluoroethylene (PTFE), a commonly used binder in dry
electrode fabrication, is a deformable material that transforms into fibrous structures under shear
force, effectively interconnecting the particles within the electrode !'°. The resulting freestanding

film is then transferred onto the current collector, completing the electrode fabrication process.

Studies have shown that parameters such as duration and intensity are critical in the
solvent-free electrode fabrication, as they dictate the morphology and distribution of the fibrous

binder !>, For instance, insufficient mixing time results inadequate fibrillation and uneven
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distribution of materials within the mixture. On the other hand, excessive mixing duration can
result in cracks and poor binding, making it difficult to form a stable film. Hence, this indicates
that optimal mixing is essential for forming a strong fibrillated matrix, which will exhibit high
tensile and adhesion strength that can demonstrate structural stability even after repeated
charging and discharging cycles ''7. To establish the connection between dry electrode
processing and flexible batteries, it has been demonstrated that enhancing the mechanical
properties is a viable strategy for developing new flexible electrode materials ''®. It has been
shown that the dry electrode method exhibits significantly improved mechanical strength

compared to the conventional slurry coating technique '°.

Figure 1-8. (a) Dry electrode process technique (b) fibrillation

1.6.3 Hydrothermal / Solvothermal Synthesis

Hydrothermal synthesis involves conducting chemical reactions in an aqueous solution at
elevated temperatures, whereas solvothermal synthesis is carried out in a non-aqueous solvent
under high temperature conditions '?°. The hydrothermal / solvothermal synthesis processes
typically involve nucleation followed by particle growth. The resulting particle size and
morphology can be precisely controlled by adjusting various experimental parameters, including
reaction temperature, precursor concentration, and other processing conditions '*!. These
synthesis methods enable the formation and growth of nanoparticles by enclosing chemical
solvents within a sealed vessel, such as an autoclave, and increasing the temperature which
consequently increases the internal pressure. Under these conditions, chemical reactions occur,
and it results particle growth 22, Consequently, as this synthesis approach enables direct particle
growth on substrates, a notable advantage in electrode fabrication is the capability to synthesize

binder-free electrodes. Furthermore, when employed with flexible substrates, this method
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facilitates the fabrication of flexible electrodes, expanding its applicability in flexible energy

storage devices ',

AN\

Figure 1-9. Hydrothermal/solvothermal synthesis procedure

1.7 Thesis Organization

Chapter 2 introduces a flexible lithium-ion battery design featuring a niobium oxide-
based anode, demonstrating both fast-charging capability and mechanical flexibility. This study
will discuss the use of a dry electrode processing technique, which eliminates the need for
solvents, thereby enabling higher active material mass loading and resulting in enhanced
capacity performance. Additionally, the study highlights the environmentally friendly aspect of
the approach through the application of a selected polymer adhesive as a binder to adhere the
fabricated anode onto current collectors, effectively eliminating the use of toxic materials
commonly employed in conventional electrode fabrication processes. The study overall
demonstrated stable electrochemical performance even after 100 cycles of mechanical bending,
while also maintaining excellent fast-charging capability, operating reliably at high current rates
of 5C. Moreover, the study validated long-term cycling stability, with bent pouch cells
sustaining performance over 1000 cycles, thereby confirming their mechanical flexibility. The
electrochemical performance was evaluated in both half-cell and full-cell configurations,
validating the potential for practical use of the proposed battery design in conjunction with the

fabricated flexible anode for real-life energy storage applications.

Chapter 3 further explores the development of flexible lithium-ion battery anode designs.
This study also focuses on creating an anode that offers rapid charging capability and mechanical
durability, capable of maintaining stable performance under external mechanical deformation.

Titanium dioxide, another fast-charging capable material, was integrated into the electrode
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design through a hydrothermal synthesis approach. Unlike the method taken in Chapter 2, where
fabricated electrodes were adhered to current collectors, this synthesizing technique was selected
to allow the direct growth of titanium dioxide onto a flexible current collector, specifically
carbon fiber. This approach also offers an environmentally friendly alternative by removing the

need for hazardous solvents commonly employed in commercial electrode manufacturing.

In the final chapter, it outlines the key research findings presented in the preceding
chapters and concludes the thesis by proposing potential future research directions that can be

considered to further advance the development of fast charging and flexible lithium-ion batteries.
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Chapter 2: Designing Niobium Oxide Anodes for
Flexible and Fast-Charging Lithium-Ion Batteries

Abstract

Flexible lithium-ion batteries (FLIBs) are critical for powering emerging technologies such as
wearable electronics, biomedical devices, and soft robotics, capable of maintaining performance
under mechanical deformation while offering fast-charging capability. However, achieving both
high areal capacity and structural durability remains challenging. Increasing the electrode mass
loading improves energy density but typically results in mechanical brittleness and limited ionic
transport, especially in conventional slurry-based fabrication methods that rely on toxic solvents
like N-methyl-2-pyrrolidone (NMP). In this work, we present a flexible anode featuring mixed-
phase niobium oxide, a defect-engineered material known for its excellent high-rate performance
and stability. The electrode is produced through a solvent-free dry fabrication method utilizing
carbon nanofibers and polytetrafluoroethylene to form a robust, fibrillated architecture. Moreover,
a conductive polymer adhesive of poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS) is introduced to promote strong interfacial contact between the electrode film and
various current collectors without the need for heat or pressure. This integrated design not only
overcomes the limitations of rigid lithium-ion batteries (LIBs) under mechanical deformation but
also addresses environmental concerns by eliminating harmful solvents. Overall, our approach
demonstrates a promising strategy for realizing high-performance, readily fabricated FLIBs

suitable for practical applications.
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2.1 Introduction

Extensive research in the battery field has been dedicated to the development of smart
devices, which demand flexibility under mechanical deformation, rapid charging capability, and
reliable operational safety . However, when conventional rigid lithium-ion batteries (LIBs) are
subjected to bending or folding, mechanical stresses can lead to the detachment of the electrode
from the current collector, posing risks of short circuits and safety hazards **. This limitation
highlights the critical need for FLIBs. Nonetheless, the development of FLIBs presents challenges.
First, electrodes are highly susceptible to mechanical failure, such as cracking and delamination,
which can result in severe structural and electrochemical degradation under repeated flexing or
bending °. Additionally, achieving high energy density while ensuring mechanical flexibility is
extremely difficult 7. One effective strategy to enhance energy density involves increasing the
mass loading of the electrode, as it increases the proportion of active material within the electrode
%10 However, electrodes with higher mass loading typically exhibit increased thickness, which in
turn makes them more prone to mechanical deformation due to their increased rigidity '!.
Furthermore, increasing mass loading also poses difficulties in achieving fast-charging capability
12, As electrode thickness increases, the diffusion pathways for electrolyte ions extend, resulting in
longer electron and ion transport, leading to reduced rate capability 1*~!°. In order to address these
challenges, the study employed a dry electrode fabrication technique combined with a fast-

charging-capable active material for the electrode.

Compared to the conventional slurry-based electrode fabrication method, the dry electrode
process eliminates the use of solvents '°. In the absence of solvents, this technique enables a higher
proportion of active material, thereby facilitating the fabrication of electrodes with increased mass
loading '”"!°. Moreover, by eliminating volatile and toxic solvents such as N-methyl-2-pyrrolidone
(NMP), the dry electrode process offers an environmentally friendly alternative, reducing
environmental hazards associated with conventional electrode manufacturing 2%*!. However, a
notable concern associated with dry electrode processing comes from its reliance on a hot
calendaring process for the better interfacial adhesion of the dry electrode to the current collector
2223 This additional step can introduce undesirable side effects or potential structural damage to

the electrode 4.
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One of the primary rate-limiting factors is the slow diffusion of lithium ions within the
active material of the anode 2°. The properties of the active material play a critical role in governing
the diffusion rate 2°. Thus, this study identified selecting a suitable fast-charging anode material to
optimize this process. For instance, LisTisO12 (LTO) has been widely studied as a fast-charging
anode material because of its high-rate electrochemical kinetics 2’?°. However, research has
highlighted its limitations in terms of theoretical capacity and electrical conductivity 3!, To
overcome these limitations, alternative fast-charging anode materials, Nb-based oxides with
Wadsley-Roth shear structures such as Nb2Os, Nbi1sW50ss, and TiaNbi19O29, have been investigated
3234 Among Nb-based oxides, recent studies have highlighted the superior high-rate capability
and long-term durability of defect-engineered niobium oxides even under practical conditions 3>-¢.

Therefore, a mixed-phase niobium oxide (d-H,M-Nb»Os), composed of defective crystal structures,

was utilized as a fast-charging anode material in this study.

Herein, we propose a novel flexible electrode design that enables fast charging at high mass
loading by incorporating niobium oxide, Nb2Os. The electrode will be fabricated using a solvent-
free dry electrode process, employing fibrous carbon nanofiber (CNF) and polytetrafluoroethylene
(PTFE) along with the chosen active material to facilitate fibrilization, ensuring both flexibility
and durability against mechanical deformation. Furthermore, the application of the polymer
adhesive, PEDOT: PSS, on the electrode allows for effective adhesion to various types of current
collectors, demonstrating versatility and offering a simple method that does not require external

pressure or heat.

2.2 Experimental Section

2.2.1 Materials

The synthesis of Nb2Os was carried out using a solvothermal reaction followed by
calcination. Specifically, 2g of Nb,Os hydrate (CBMM Co.) was dispersed in 60 mL of ethanol
and stirred using a magnetic stir bar for 1 hour. The resulting solution was transferred to a 100
mL Teflon kettle for the solvothermal reaction. Subsequently, the kettle was placed in an
autoclave and heated in an oven at 200°C for 12 hours. The obtained powder was rinsed with

ethanol and deionized water three times, then dried in an air oven at 70°C overnight. The dried
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powder was placed in an alumina crucible and inserted into a tube furnace, where it was calcined

at 950°C for 3 hours with a heating ramp rate of 5°C min™' under an argon gas flow of 10 sccm.

2.2.2 Electrode Preparation

The dry-processed anode was made by premixing the anode active material (Nb2Os) with
carbon additives (CNF and SUPER P) and a binder (PTFE) using a mortar and pestle with a mass
ratio of 85 (active material):10 (carbon additives):5 (binder). Three distinct electrodes were
prepared: CNF 20 (2:8), CNF 50 (5:5), and CNF 80 (8:2). The number of the electrodes
corresponds to the varying mass ratios of the two carbon additives used (CNF: SUPER P). The
premixed powders are then transferred onto the metal board and evenly spread using a stainless-
steel rolling pin. The prepared dry electrode was then applied onto current collectors, copper foil,
and carbon mat, and adhered using a polymer adhesive (PEDOT: PSS dispersed in deionized water,
1.0-1.3 wt.%) with an areal mass loading of 0.01 mg cm™. For the drying process, the electrode
was first oven-dried for 30 minutes at 80°C, followed by vacuum oven drying for 6 hours at the

same temperature. Then the anode electrodes were punched to a diameter of 11mm.

2.2.3 Cell Preparation
2.2.3.1 Half-cell

For the half-cell fabrication, lithium metal was used as both reference and counter electrode.
The MTI Corporation battery analyzer (BST8-MA) was employed to apply charging and
discharging to the prepared CR 2032-coin cells. Different C-rates were applied: 0.5C, 1C, 2C, and
5C (with the current density of 1C = 200mA g!) with the 5-cycle formation at each C-rate. The
prepared anode was attached onto the current collector, resulting in a mass loading level of 8-10
mg cm. In terms of fabricating the flexible pouch full cells, anodes were prepared by blending 85
wt.% anode active material, 10 wt.% carbon additives, and 5 wt.% PTFE binder. The cathode was
also prepared using the same process as the anode preparation, by mixing 90 wt.% cathode active
material (NMCS811), 5 wt.% carbon additives (in a 1:1 mass ratio of CNF and SUPER P), and 5
wt. % PTFE binder. The dry-processed cathode was then attached to the carbon mat current
collector. 1.0M of LiPFs dissolved in EC/DMC (1:1 v/v) was used as an electrolyte, the
microporous trilayer (PP/PE/PP) membrane (Celgard 2325) was used as a separator, and the

lithium metal (Xiamen Tob New Energy Technology Co., LTD) was used. The coin cells were
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fabricated by stacking working electrode/separator/reference electrode/spacer/spring in the coin

cell casing. The electrolyte was added to the stacked components.

2.2.3.2 Full-cell
For the full cell assembly, the PDMS film was prepared with a Imm thickness through

curing in a vacuum oven at 50 °C overnight. The NMC 811 and Nb»Os electrodes were cut into
0.9%1.9 cm and 1.0%2.0cm, respectively. Al and Ni metal tabs were attached to the positive and
negative electrodes, respectively. The flexible pouch cells were created by stacking
PDMS/negative electrode/separator/positive electrode/PDMS together. Subsequently, the edge of
the pouch cell was sealed with PDMS. The N/P ratio range of the fabricated full cells was 1.00 —
1.03. The electrolyte was injected into the pouch cell using a syringe, and the hole was covered
with epoxy resin. The fabricated pouch cell was rested in an Ar-filled glovebox for 24 hours. The
charge/discharge procedures for the developed pouch full cells were conducted using the MTI
Corporation system (BST8-A6VO0).

2.2.4 Mechanical Characterization

The mechanical strength of the prepared anode was determined using the Dynamic
Mechanical Analyzer (TA Instruments Q800). To conduct the mechanical measurements, the
electrodes were cut to dimensions of 24.21 mm X 6.38 mm % 0.1 mm (1 x w x t). The elasticity of
the prepared electrodes with different compositions was measured by applying a preset load of
0.001N, a ramp force of 0.05 N/min, and a maximum force of 0.35N. To examine the performance
and behavioral differences of half-cell and full-cell assemblies before and after bending, a custom-

made bending device was developed to apply bending to the prepared anodes.

2.2.5 Microstructural Characterization

2.2.5.1 Scanning Electron Microscopy (SEM)
Microstructural observations were conducted using surface and cross-section images

obtained with the Quanta FEG 250 SEM, at a beam voltage setting of 10kV.

2.2.5.2 Raman Measurements

Raman spectroscopy was performed using Renishaw RM 1000 micro-spectroscopic system
with a 50% objective and an Ar laser excitation (514 nm). The wavenumber range was from 200 to

1200 cm™.
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2.2.5.3 X-Ray Diffraction (XRD)
XRD patterns were obtained using Rigaku Miniflex Power XRD with a Cu Ka radiation

source. The 20 range was from 10 to 80°.

2.3 Results and Discussion

2.3.1 Design Concept of Niobium Oxide Flexible Electrode
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Figure 2-1. Schematic illustration of the design concept of Nb>Os flexible electrode.

The flexibility of the electrode is highly dependent on the mechanical properties and
morphological network of electrode components *°. To enhance mechanical stability, an
interconnected structure with fibrous networks induced by CNF and PTFE was designed for a
flexible electrode (Figure 1) “°*2. The fibrous carbon additive provides a continuous electronic
pathway, facilitating long-distance electron transport in high mass loading electrodes **. However,
the fibrous morphology of CNF can increase the porosity in the electrode due to the loose packing,
leading to a poor contact surface area between the active material, conductive carbon, and binder
#_The porosity will disconnect the continuous network of electrodes and reduce both mechanical

stability and electrochemical kinetics *°. To minimize the porosity in the electrode, carbon
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nanoparticles, Super P (SP), were added for the dry free-standing electrode fabrication. As a result,

we obtained the free-standing film-type electrodes from the dry process (Figure S1).

The free-standing electrode offers inherent flexibility and increased volumetric-energy-
density “**’. However, despite these benefits, free-standing electrode design also faces several
limitations. Without the support of current collectors, they tend to be more fragile and prone to
cracking or deformation, especially during handling or operation ***°. The lack of a highly
conductive current collector can also lead to reduced electrical conductivity in large-scale cells,
which may compromise rate capability >°. In addition, the solvent-free processed electrode poses
challenges in establishing strong contact with current collectors because of the weak interfacial
adhesion of the PTFE binder °!. Accordingly, PEDOT:PSS is selected as an additional polymer
adhesive, owing to its high electrical conductivity, strong adhesion, and chemical resistance 323,
Hence, a small amount of PEDOT:PSS is used as a conductive binder between the free-standing

electrode and current collectors, providing high electrical conductivity and strong interfacial

adhesion to the free-standing electrode without thermal or high-pressure treatments.
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2.3.2 Mechanical Properties of Nb2Os Electrodes
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Figure 2-2. Mechanical properties of electrodes. Tensile test comparisons of different a) fibrous
carbon additives and b) compositions of Super P and CNF. Dynamic mode test of electrodes with
various compositions for c) storage and loss modulus, and d) damping factor. Specific energy

absorbed in electrodes as function of e) strain and f) stress.
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To identify the optimal electrodes exhibiting the highest mechanical flexibility and stability
against mechanical deformation, the compositions of selected carbon additives were optimized by
comparing various electrode formulations, along with a comparative assessment of different
candidates of carbon additives was also conducted. The free-standing electrodes were used for the
tests, and the mass ratio of active material, conductive carbons, and binder was 85:10:5. The crystal
and bonding structures of SP. CNF(5:5) exhibited the mixed composition of niobium oxide with
the Wadsley-Roth shear structure, carbon additives, and polymer binder (Figure S2). As illustrated
in Figure 2a, a comparison was conducted between candidates containing different fiber-based
carbon additives, such as carbon nanotubes (CNT) and CNF. In addition, to evaluate whether
combining fiber and particle forms could enhance mechanical strength, the tests were performed
using various combinations of different forms of carbon, including a sample consisting solely of
carbon particles. Both SP. CNT(5:5) and CNT_ CNF(5:5) exhibited similar strain values, with
SP_CNT(5:5) reaching 2.34% and CNT CNF(5:5) achieving 2.55%. On the other hand, when
tensile strength was applied to the all-particle form electrode containing only Super P, a high strain
of 5.52% was observed. This highlights the critical role of incorporating the particle-form carbon
additive in significantly enhancing the stretchability of the electrodes. Lastly, when Super P and
CNF were mixed in equal proportions, the SP_ CNF(5:5) exhibited a strain of 6.93%, representing
the highest stretchability observed among all tested electrode compositions, emphasizing the
importance of using the combination of particle and fiber carbon to achieve even greater flexibility.
Furthermore, the results show the distinct differences between CNT and CNF in terms of flexibility,
as demonstrated by the significant variation in elongation between the SP CNT(5:5) and
SP_CNF(5:5) electrodes. As a result, CNF was selected over CNT for the fiber carbon additive.
To optimize the electrode composition for identifying the formulation with the highest flexibility,
three different ratios of both particle and fiber-type carbon additives were tested (Figure 2b).
Among the three ratios, an equal ratio of particle and fiber form of carbon additives, SP_ CNF(5:5),
resulted in the greatest elongation, demonstrating the highest flexibility. In addition, the change in
stiffness, AdS de!, was also calculated from the tensile strength test for the three ratios, and
SP_CNF(5:5) presented the smallest changes in terms of strain, maintaining the original stiffness

at higher strain (Figure S3).

In order to validate the results of the electrode optimization obtained through tensile testing,

the storage modulus, loss modulus, and damping factor were also evaluated. Given that the storage
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modulus represents the stiffness of a material and considering that the SP_ CNF(5:5) electrode
demonstrated the lowest stiffness, this further supports the elasticity observed for SP. CNF(5:5) in
the tensile test results (Figure 2c). Furthermore, the lowest loss modulus observed for SP. CNF(5:5)
correlates with its elastic behavior, as the loss modulus quantifies the energy dissipated as heat
during deformation. This suggests that SP. CNF(5:5) demonstrates the highest elasticity, with the
ability to recover energy without significant heat dissipation. This behavior is also linked to battery
safety, as electrodes with higher elasticity generate less internal heat energy. Finally, the damping
factor is derived from the relationship between the storage and loss modulus (Figure 2d). The
lowest damping factor of SP_ CNF(5:5) at all strain rates presents less internal friction and energy
loss inside the electrode, highlighting its ability to return to its original form without needing to
undergo significant energy dissipation, thus demonstrating its elasticity. These features show
higher mechanical resilience and less degradation for electrodes, maintaining ionic/electronic

pathways over repeated mechanical deformations.

For identifying the differences in mechanical behavior among the tested electrodes,
specific energy as a function of strain and stress was analyzed. As shown in Figure 2e, distinct
differences in the mechanical behavior of each electrode became apparent with increasing strain.
Among them, SP_CNF(5:5) not only exhibited the greatest elongation but also achieved the
highest overall specific energy, indicating its ability to absorb the most energy before failure and
demonstrating the greatest resistance against deformation. Similarly, Figure 2f highlights the
superior toughness of the SP_ CNF(5:5) electrode. As shown, this electrode displayed the steepest
slope of specific energy in relation to the stress, indicating its ability to absorb the greatest amount
of energy with increasing applied stress. This behavior reflects the material’s high ductility and

thus, more flexible mechanical properties compared to the other electrode compositions.

Based on the mechanical evaluation of various electrode formulations, we can find several
key conclusions. Combining particle and fiber carbon additives leads to synergistic improvements
in flexibility, depending on their compositions, increasing the maximum strain and reducing the
stiffness change under tensile stress. Furthermore, CNF was found to outperform CNT as a fiber
additive, achieving higher mechanical stability. Dynamic mechanical analysis (DMA) further
validated these results, showing that SP_ CNF(5:5) had the lowest storage modulus, loss modulus,

and damping factor, confirming its excellent elasticity and reduced internal friction, which are
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beneficial for maintaining electrode integrity and improving battery safety. Additionally, the
highest specific energy and toughness of SP_ CNF(5:5) reflect its strong resistance to mechanical
failure and superior energy absorption under strain. Collectively, these results establish

SP_CNF(5:5) as the optimal formulation for flexible electrodes with excellent mechanical stability.

2.3.3 Microscopic Observation of Nb2Os Electrodes
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Figure 2-3. Bending test of the freestanding electrodes. a) Schematic illustration of the lab-made
bending device. Microscopic observations of free-standing electrodes with different conductive

carbon compositions b-d) before bending and e-g) after 100 bending cycles with a radius of 0.2

cm.
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To observe the changes in each conductive carbon composition under repeated mechanical
deformation, 100 bending cycles with a radius of 0.2 cm were conducted on all electrodes using
the lab-made bending device (Figure 3a and S4). Before bending, the scanning electron
microscopy (SEM) images of all electrodes exhibited dense and smooth surfaces without cracking
or deformation (Figure 3b — 3d). Upon comparing the post-bending scanning SEM images (Figure
3e — 3g), the SP_CNF(5:5) electrode presented with less pronounced cracks when compared
against SP_CNF(8:2) and SP_CNF(2:8), indicating its greater mechanical toughness and
resistance to repeated external mechanical deformation. Additionally, the SEM image of the
conventional slurry-casted electrode was also observed after the same bending conditions (Figure
S5). In contrast to the SP_SNF(5:5), the conventional electrode showed severe cracking on the
surface, which may result in safety issues. As confirmed in the mechanical characterization and
microscopic observation, the optimal mechanical behaviors of SP. CNF(5:5) were suitable for the

flexible electrode design.

2.3.4 Electrochemical Performance of Nb>Os Electrodes
2.3.4.1 Freestanding Electrodes
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Figure 2-4. Electrochemical performance of free-standing electrodes with varied conductive
carbon compositions. a) Rate capability of the electrodes at current densities of 0.5C, 1C, 2C, and
5C. b) Voltage profiles of the electrodes at 0.5 C and ¢) SP_CNF(5:5) voltage profiles at all C-
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The electrochemical performance of free-standing Nb2Os electrodes with varying
conductive carbon compositions was evaluated at different current densities ranging from 0.5C to
5C within a voltage window of 1.0 — 3.0 V to assess their capacity at various current rates and their
capability for fast charging/discharging (Figure 4a). The specific charge capacities of
SP_CNF(8:2), SP_CNF(5:5), and SP_CNF(2:8) were determined to be 193.72 mAh g!, 224.32
mAh g, and 212.80 mAh g™ at a current density of 0.5 C, respectively (Figure 4b). At low C-rates,
the specific capacity of all electrodes was not significantly different from one another, but
SP_CNF(5:5) exhibited higher specific capacities and smaller voltage hysteresis at high C-rates
compared to SP_CNF(2:8) and SP_CNF(8:2) (Figure 4c and S6). This result suggests that an
optimal balance between fibrous and particle forms of carbon additives is critical not only for

mechanical properties but also for achieving superior capacity.
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2.3.4.2 Electrodes with Current Collectors
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Comparative analysis of mechanical strength between the free-standing electrode, copper
foil, and carbon mat current collectors was conducted to demonstrate the necessity of current
collectors for the free-standing electrodes to resist the externally applied mechanical deformation.
Through tensile strength measurements, it was observed that the copper foil and carbon mat current
collectors could withstand substantially greater stress than the free-standing electrode (Figure 5a).
Additionally, the results indicate that pristine copper foil exhibited significantly higher ductility
than the carbon mat, withstanding greater stress and undergoing more elongation prior to fracture.
Accordingly, the fabricated electrode was integrated with two distinct current collectors possessing
higher mechanical strength to evaluate the electrochemical performance under mechanical
deformation. In order to examine the durability of the fabricated electrode when adhered to current
collectors, PEDOT:PSS was used as a conductive polymer adhesive, attributed to its non-toxic
nature and excellent electrical and ionic conductivity, preventing degradation of charge transport
between the anode and current collectors °°. Following the adhesion of the free-standing electrode
to the current collector, cyclic bending tests were performed. To discuss the maximum theoretical
strain on the electrode, the strain induced by a bending radius was calculated using Equation 1 and

2 (Figure 5b and Supplementary note 1).

leg = L. + Al (1)
lsa 4 _ R¥tg+te
e=t—l="ee— )

where / is a length, a denotes a freestanding electrode, ¢ denotes a current collector, sa represents
a bent freestanding electrode, and ¢ refers to strain. The maximum strain applied to current
collectors was theoretically calculated based on the equations (Table 1 and Figure S7-S10). The
thickness of the electrode was approximately 60 um, and the bending radii of 0.2 cm and 1 cm
were selected to simulate moderate deformation and an extreme condition near folding. The thick
carbon mat current collector with a small bending radius of 0.2 cm showed the highest theoretical
strain, 7.60%. However, the electrode did not exhibit any significant cracking or damage on the

surface under this condition (Figure S11).
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Table 2-1. Calculated values of strain applied at each radius to different current collectors.

Bending radius, R (cm) Current collector Strain, € (%)
0o Copper foil (t. = 0.012mm) 3.29
Carbon mat (tc = 0.199mm) 7.60
Copper foil (tc =0.012mm) 0.66
: Carbon mat (tc = 0.199mm) 2.07

As a result, the electrode attached to the copper foil current collector exhibited no
significant difference in capacity across all applied current densities when comparing the
electrochemical performance before and after bending at both radii (Figure 5c). Similarly, for the
electrodes attached to the carbon mat current collector, the electrochemical performance remained
consistent after bending cycles at both radii, showing no observable difference in rate capabilities

before and after bending (Figure 5d).

2.3.4.3. Pouch Cell Configuration
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Figure 2-6. Flexible pouch cell fabrication and electrochemical performance. a) Schematic
illustration of the flexible pouch full cell using a PDMS casing. b) Image of the assembled pouch
cell (left) and folded cell while lighting an LED (right). c) Rate capability of the bent pouch cell
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at various current densities, ranging from 0.5 C to 5 C. d) Long-term cycling of the bent pouch cell
at a current density of 5C (8.3 mA cm™), and e) the corresponding voltage profiles. The flexible

pouch cells were tested with a bending radius of 1 cm.

Based on the flexible electrode design of NbOs negative electrodes, flexible
LiNig.gMno.1Co0.102 (NMCB811) positive electrodes were fabricated using a dry process and a
polymer adhesive attaching to the carbon mat current collector. The NMCS811 flexible electrode
exhibited excellent mechanical stability, showing no visible surface cracking or damage after 100

bending cycles at a bending radius of 1 cm (Figure S12).

A full cell was assembled by pairing the NMCS811 and Nb2Os flexible electrodes to assess
electrochemical performance under fast (dis)charging conditions. To enable mechanical
flexibility, polydimethylsiloxane (PDMS) films were employed as the pouch cell casing (Figure
6a). The assembled cell successfully powered a green light-emitting diode (LED) while being
folded (Figure 6b and Figure S13), demonstrating functional operation under mechanical
deformation. Electrochemical performance was evaluated with the pouch cell bent at a 1 cm
bending radius. The cell exhibited specific capacities of 211, 199, 186, 175, 163, and 143 mAh g’
Uat current rates 0f 0.1, 0.2, 0.5, 1, 2, and 5C (1C = 1.66 mA cm™), respectively (Figure 6c).
Long-term cycling at 5C over 1,000 cycles resulted in 82.1% capacity retention (Figure 6d and
6e), indicating excellent durability under high-rate operation and mechanical deformation.
Notably, the full cell maintained the high-rate capabilities even at high areal mass loadings

exceeding 10 mg cm™ (Figure S14).

2.4 Conclusion

In conclusion, we have designed a flexible, high-mass loading, fast-charging capable niobium
oxide anode for LIBs. The engineered structural design allows mechanical resilience against
external deformation, enabling the anode to maintain stable electrochemical capacity under
mechanical stress without performance degradation. Bending tests conducted on both half-cell and
full-cell configurations using a custom-designed bending apparatus validated the structural
integrity of the anode, exhibiting no observable difference in performance before and after

mechanical deformation. We also performed tensile testing on the anode using DMA, which has
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further shown its outstanding mechanical flexibility. In order to also show the versatility of
PEDOT:PSS adhesive with various current collectors, the consistent electrochemical performance
was confirmed across different current collector substrates. The anode demonstrated excellent fast-
charging performance in both half-cell and full-cell, including a pouch cell configuration, further
emphasizing its potential for integration into flexible lithium-ion battery applications. Overall, this
study presents a next-generation fast-charging electrode design that delivers excellent rate
capability, durability, and mechanical flexibility, making it a promising candidate for advanced

flexible, high-power rechargeable lithium-ion batteries.
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2.5 Supplementary Information

Freestanding Dry Electrodes

Figure S2-1. Freestanding dry electrodes in versatile shapes fabricated through a dry electrode

process.
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Figure S2-2. a) X-ray diffraction pattern and b) Raman spectrum of SP_ CNF(5:5) sample.
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Figure S2-3. Change in stiftness of SP_CNF(8:2), SP_CNF(5:5), SP_CNF(2:8) samples in terms
of strain.

Figure S2-4. Bending device images of a) application of bending at a radius of lcm and b) at

relaxation.
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Figure S2-5. Scanning electron microscopy images of the conventional electrode after 100 bending
cycles with a radius of 0.2cm. The electrode was fabricated using a conventional slurry process.
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Figure S2-6. Voltage profiles of a) SP. CNF(2:8) b) SP_CNF(8:2) electrodes at current densities
of 0.5C,1C,2C,and 5 C.
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Figure S2-8. Scanning electron microscopy and energy-dispersive X-ray spectroscopy mapping
images of SP_CNF(5:5) anode adhered onto copper current collector. The scale bar corresponds
to 20 um.
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Figure S2-9. Scanning electron microscopy and energy-dispersive X-ray spectroscopy mapping
images of SP_CNF(5:5) anode adhered onto carbon mat current collector. The scale bar
corresponds to 20 um.

Figure S2-10. Thickness of a) carbon mat and b) copper foil current collectors for electrodes.
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Before bending After bending

Figure S2-11. Images of SP__CNF(5:5) electrode on the carbon mat current collector a) before
bending and b) after 100 bending cycles with a radius of 0.2 cm.

Figure S2-12. SEM image of SP_CNF(5:5) electrode attached to the carbon mat current collector
after 1,000 bending cycles with a radius of 1 cm.
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Figure S2-13. Tensile strength test result of NMC811 (LiNi0.8Mn0.1C00.102) freestanding
electrode fabricated with a dry electrode process.

Figure S2-14. Scanning electron microscopy images of NMCS811 (LiNi0.8Mn0.1C00.102)
cathode fabricated with a dry electrode process a-c) before bending and d-f) after 100 bending

cycles with a radius of 1 cm. The electrode composition was selected based on the results of the
niobium oxide flexible anode.
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Figure S2-15. Optical images of NMC || Nb2O5 pouch cells. The cells were folded while lighting

an LED.
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Figure S2-16. Rate capabilities of NMC811 || Nb2OS5 pouch cell with mass loading of a) 8.3 mg
cm-2 and b) 10.5 mg cm-2 at various current densities ranging from 0.1 C to 5 C, and c) the
corresponding voltage profile for the pouch cell with a mass loading of 10.5 mg cm™ at various
current densities ranging from 0.1 C to 5 C, and ¢) the corresponding voltage profile for the pouch
cell with a mass loading of 10.5 mg cm™. The pouch cells were tested while being bent with a 1

cm radius.
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Supplementary note 1

Equation 1 and 2 are simplified with assumptions. Theoretically, the neutral axis at height z from
the bottom of the laminate, where layer 1 is on top and layer 2 is on bottom, can be calculated

using the following equation

t t
B Eity (tz + 71) + E2t2(72)
Z= Eit; + E,t,

where E is Young’s modulus and ¢ is the thickness. As shown in Figure 5a, the Young’s moduli of
copper foil and carbon mat are significantly higher than free-standing electrodes. Based on the
measurements, we assume £;<<FE>. As a result, the neutral axis is located in the middle of the

current collectors.
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Chapter 3:

Growth of Titanium Dioxide Nanowires on Flexible
Carbon Fibers for High-Rate and Flexible Lithium-
Ion Batteries

Abstract:

In recent years, considerable attention has shifted from conventional rigid batteries to
flexible energy storage systems, driven by the demand for portable electronics that require
flexibility, fast charging, and high energy density. Conventionally, electrodes fabricated using the
slurry-casting method require a current collector, which limits electrode flexibility. Here, we
report a flexible, freestanding anode based on titanium dioxide, designed for fast-charging
applications. Specifically, nanostructured titanium dioxide was investigated to accommodate
fast-charging capability. Using hydrothermal/solvothermal synthesis methods, titanium dioxide
nanowires were directly grown on a flexible carbon fiber substrate, allowing for integration into
flexible lithium-ion batteries. This electrode design not only reduces costs by eliminating the
need for a current collector but also mitigates concerns of electrode detachment under external
pressure or deformation due to its freestanding configuration. In summary, this work
demonstrates an electrode design combining excellent mechanical strength, inherent flexibility,
and high electronic conductivity, highlighting its great potential for integration into flexible

energy storage systems.
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3.1 Introduction

Growing interest in flexible devices for portable electronics, such as wearable
technologies, has emerged in response to increasing consumer demands for fast-charging
capability, high energy capacity, and mechanically flexible batteries >. Among different types of
rechargeable batteries, lithium-ion batteries (LIBs) are most commonly adopted due to their high
energy density, high output voltage, and long cycle life **. However, conventional LIBs face
significant challenges in achieving mechanical flexibility due to their inherently rigid structures,
which can result in the detachment of electrode materials from current collectors under external
mechanical stress >°. Repeated mechanical deformation, such as bending, twisting, and
stretching, may further cause capacity degradation, potential device failure, and increased safety
risks 7. In addition, LIBs encounter challenges in achieving fast-charging capability *. While
electrode materials play a critical role in determining the electrochemical performance of
batteries, commercially available electrode materials continue to face limitations in supporting
high rate charging °. For instance, graphite, the conventional anode material widely used in
commercial LIBs exhibit sluggish intercalation kinetics, which restricts their ability to support
fast-charging operations '*!!. To address this limitation, metal oxides have attracted considerable
attention as potential high-rate anode materials for LIBs '>. Among various metal oxides,
titanium dioxides (TiO2) have been recognized as a promising anode material candidate to
accommodate rapid lithium-ion diffusion . Particularly, TiO» nanostructures have been
extensively investigated for their potential to deliver high-rate capability '*. The form of
nanowire microstructure exhibits excellent rate capability and stable, reversible capacity,
highlighting their promise as high-performance anode materials '>6. Moreover, one dimensional
(1D) microstructure of nanowires offers structural flexibility and can be fabricated as binder-free
electrodes, making them highly suitable for applications in flexible electronic devices !”. To
further ensure electrode flexibility, carbon cloth can be employed as a flexible substrate, owing
to its excellent flexibility, high electrical conductivity, and mechanical robustness 17,
Accordingly, the direct growth of 1D nanowires on carbon cloth can help facilitate the

fabrication of binder-free, flexible electrodes.

Herein, this study reports one-dimensional (1D) TiO; nanostructures that were directly
grown on a flexible carbon cloth substrate via hydrothermal synthesis method. The resulting

TiO2 nanowire array uniformly integrated with the substrate, forming a binder-free anode for
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LIBs. Systematic experimental optimizations were conducted to determine the optimal synthesis
conditions at which the TiO> nanowire anode exhibits outstanding performance, including high-
rate capability, cycling stability, and remarkable mechanical flexibility, essential for fast-

charging, flexible energy storage applications.

3.2 Experimental Section

3.2.1 Electrode Preparation

To perform experimental optimizations, both hydrothermal and solvothermal routes were
employed by varying the synthesis solution. Carbon fiber sheets were cut to dimensions of 3 x 5
cm and rinsed in a solution consisting of 20 mL deionized water, 20 mL acetone, and 20 mL
ethanol. The rinsed samples were then dried in an oven at 70°C for 1 h to evaporate the residual
rinsing solutions. The carbon fiber surface was prepared for hydrothermal/solvothermal
synthesis, the cleaned carbon fiber was immersed in 50 mL of hydrochloric acid (HCI) for 12 h.
Following the acid treatment, the samples were rinsed again in 20mL deionized water, 20mL
acetone, and 20mL ethanol. The samples were then dried in an oven at 70°C for 1 h. The treated
carbon cloth was immersed in a solution containing 50 mL ethanol and 1.1 mL titanium butoxide
(TBT) for 12 h, followed by annealing at 400°C for 30 min to form a titanium oxide seed layer
on the carbon cloth. For solvothermal synthesis, the two sets of prepared carbon cloths were
placed in a 100 mL Teflon-lined stainless-steel autoclave containing a mixture of acetone
(37.5mL), 37-38% HCI (22.5 mL), and TBT (1.5 mL), and treated at 200°C for 3 h. For
hydrothermal synthesis, the two prepared carbon cloth samples were placed in a 100 mL Teflon-
lined stainless-steel autoclave containing a mixture of 40 mL deionized water, 40 mL HCI, and

1.2 mL TBT, and treated at the same condition.

3.2.2 Electrochemical Characterization

In half-cell fabrication, lithium metal was employed as both the reference and counter
electrode, and the prepared anode had a mass loading of 2mg cm™. The electrolyte consisted of
1.0M LiPF¢ in EC/DMC (1:1 v/v), a microporous trilayer PP/PE/PP membrane (Celgard 2325)
separator, and lithium metal (Thermo Scientific) were used for cell assembly. Charge-discharge

measurements of the assembled CR 2032-coin cells were carried out using a battery analyzer
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(BST8-MA, MTI Corporation) at C-rates of 0.5C, 1C, 2C, and 5C (1C =335 mA g!), with five

formation cycles conducted at each C-rate.

3.2.3 Electrode Characterization

Mechanical Analysis: Mechanical strength measurements of the prepared anodes were
conducted using a Dynamic Mechanical Analyzer (TA Instruments Q800). The loaded
hydrothermal sample had dimensions of 12.36 mm x 5.50 mm x 0.30 mm, the solvothermal
sample measured 12.36 mm x 4.88 mm x 0.30 mm, and the pristine carbon fibers with
measurements of 9.80 mm x 4.45 mm x 0.30 mm (1 x w X t). The flexibility of the prepared
samples was evaluated from stress-strain curves obtained under a preset load of 1N, a ramp force

of 1.5 N/min, and a maximum force of 18N.

Scanning Electron Microscopy (SEM): Microstructural surface images were acquired
using a Quanta FEG 250 scanning electron microscopy (SEM) operated at a beam voltage of 10
kV.

3.3 Results & Discussion

3.3.1 Design Concept of Freestanding Titanium Dioxide Flexible Anode

OO

SO

Freestanding Flexible
TiO; Anode

Carbon Fibers

e Freestanding
e Flexible

e Fast-charging

Figure 3-1. Design concept of flexible TiO, synthesized carbon fiber anode.
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In this study, hydrothermal/solvothermal synthesis was directly carried out on a flexible
carbon fiber substrate to produce a freestanding anode. The selection of carbon fiber was driven
by its excellent mechanical strength, making it a promising material for flexible and wearable
device applications 2°. Furthermore, its high electrical conductivity facilitates efficient electron
transport during electrochemical reaction in battery systems 2!. Another advantage of the
freestanding electrode lies in its ability to reduce overall weight by removing the need for a
current collector, which enables higher active material mass loading and therefore, improves the
energy density of the battery system 222*, Moreover, eliminating the need to adhere fabricated
electrodes onto a current collector also allows for being environmentally friendly by avoiding the
use of toxic NMP in the binder formulation »°. The anode design not only enables a freestanding
configuration but also incorporates titanium dioxide onto the carbon fiber to facilitate fast-
charging performance. Overall, this study aims to develop an anode that is freestanding and

flexible while supporting fast charging, with the goal of integration into flexible electronics.

3.3.2 Microstructural Observations of TiO2 Anodes

Figure 3-2. Scanning electron microscopy images of a-c) hydrothermal d-f) solvothermal
synthesized TiO> carbon cloth.

In the course of experimental optimization, different synthesis routes were evaluated. The

morphologies of TiO2 grown on carbon fibers, prepared using the two different synthesis routes,
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were examined by scanning electron microscopy (Figure 2). TiO> synthesized via the
hydrothermal method exhibited needle-like nanowire morphologies (Figure 2a-c), and a similar
needle-like structure was observed for TiO2 nanowires prepared through the solvothermal
method (Figure 2d-f). Notably, distinct size variations in the nanowires grown on carbon fibers

were observed between the two synthesis methods.

3.3.3 Mechanical Testing of TiO2 Anodes
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Figure 3-3. Mechanical characterization of a) pristine carbon fibers b) hydrothermal c)
solvothermal synthesized TiO; carbon cloth.

To evaluate the flexibility of the synthesized electrodes, tensile strength measurements
were performed using a dynamic mechanical analyzer (Figure 3). For comparison, pristine
carbon fiber substrates were also subjected to tensile strength testing to assess any changes in
mechanical properties before and after synthesis. The results indicate that pristine carbon fibers
exhibited a yield strength of 7.74 MPa and sustained elongation up to a strain of 11.16 % (Figure
3a). Comparatively the hydrothermally synthesized electrode demonstrated a yield strength of
8.17 MPa at 11.92 % strain, while the electrode fabricated using solvothermal synthesis method
showed 8.39 MPa at 11.89 % strain (Figure 3b-c). These results indicate that the mechanical
strength of the electrodes remains comparable to that of the pristine carbon cloth, confirming the

preservation of their excellent mechanical properties after synthesis.
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3.3.4 Electrochemical Performance of TiO> Anodes
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Figure 3-4. Electrochemical Performance of a) hydrothermal b) solvothermal synthesized TiO>
carbon cloth

The electrochemical performance was evaluated at various current rates to assess fast-
charging capability at high C-rate, as well as performance at lower rates. As shown in Figure 4,
the specific capacities obtained from both hydrothermal and solvothermal synthesis method were
significantly lower than the theoretical capacity (335 mAh g!). At a current rate of 0.5C within
the voltage range of 1-3V, the hydrothermal sample exhibited an initial specific capacity of 40.24
mAh g'!, whereas the solvothermal sample showed 3.20 mAh g!. The specific capacity typically
varies depending on the crystal structure of the grown titanium dioxide however, the low values
observed in Figure 4 are considerably below expectations, making it difficult to confirm
successful crystal growth. Liu et al. (2012) similarly synthesized titanium dioxide nanowires on
carbon fiber using a hydrothermal method. The air-annealed TiO2 sample exhibited an initial
discharge capacity of 400 mAh g! and a second discharge capacity of 206 mAh g'! when tested
at 1C within the voltage range of 0.01-3V, further confirming that the results obtained in Figure 4
are significantly lower than expected 2. According to the SEM images in Figure 2, particle size
appears to influence the results shown in Figure 4. Specifically, the larger particles produced by
solvothermal method exhibited lower electrochemical performance compared to the smaller,

hydrothermally grown titanium dioxide particles. Xue et al. (2025) investigated the effect of
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TiO; particle size in titanium niobium oxides (TNO) on the electrochemical performance of
lithium-ion batteries. TNO samples with varying particle sizes of 1.09, 1.03, 1.06, 0.94, and 1.00
um (TNOI-TNOS, respectively) were synthesized, among which TNO4 exhibited the smallest
particle size. At lower current rates, TNO1 initially delivered highest capacity however, it
experienced capacity decay upon extended cycling, attributed to its larger particle size. In
contrast, rate capability tests demonstrated that TNO3 consistently achieved the highest capacity

across all current rates among the samples evaluated 7.

3.4 Conclusion

In this study, TiO2 nanorods were grown on carbon fibers via hydrothermal/solvothermal
synthesis for the development of freestanding, flexible, and fast-charging anodes. Mechanical
testing was conducted to evaluate the flexibility of the anode and to assess changes in
mechanical durability before and after synthesis. Microstructural observations revealed that the
morphological difference from differences in nanorod size influences the electrochemical
performance. However, the measured capacity remained significantly lower than the theoretical
value, possibly suggesting that the crystal structures were not successfully achieved. Despite the
overall low capacity, the smaller particle size obtained through hydrothermal synthesis exhibited
higher capacity than the larger particle size produced by solvothermal synthesis. Moving
forward, further experimental optimization is required, including adjustment of solvent ratios,
confirmation of crystallinity, and the potential implementation of surface treatments of

conductive coatings to enhance the overall capacity.
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3.5 Supplementary Information

.' b. l

Figure S3-1. TiO2 Synthesis Images of a) hydrothermal b) solvothermal synthesized TiO2 carbon
cloth.

Figure S3-3. Tensile strength testing a) before b) after fracture.

72



3.6 References

(1)

)

€)

(4)

©)

(6)

(7)

()

)

(10)

Qian, G.; Liao, X.; Zhu, Y.; Pan, F.; Chen, X.; Yang, Y. Designing Flexible Lithium-Ion
Batteries by Structural Engineering. ACS Energy Letters. American Chemical Society
March 8, 2019, pp 690-701. https://doi.org/10.1021/acsenergylett.8b02496.

Park, M. H.; Noh, M.; Lee, S.; Ko, M.; Chae, S.; Sim, S.; Choi, S.; Kim, H.; Nam, H.;
Park, S.; Cho, J. Flexible High-Energy Li-lon Batteries with Fast-Charging Capability.
Nano Lett 2014, 14 (7), 4083—4089. https://doi.org/10.1021/n1501597s.

Kim, M.; Kim, J. Advanced Integrated Fast-Charging Protocol for Lithium-Ion Batteries
by Considering Degradation. ACS Sustain Chem Eng 2024, 12 (17), 6786—6796.
https://doi.org/10.1021/acssuschemeng.4c01673.

Gao, Z.; Song, N.; Zhang, Y.; Li, X. Cotton-Textile-Enabled, Flexible Lithium-Ion
Batteries with Enhanced Capacity and Extended Lifespan. Nano Lett 2015, 15 (12), 8194—
8203. https://doi.org/10.1021/acs.nanolett.5b03698.

Zhao, Y.; Guo, J. Development of Flexible Li-lIon Batteries for Flexible Electronics.
InfoMat. Blackwell Publishing Ltd September 1, 2020, pp 866—878.
https://doi.org/10.1002/inf2.12117.

Li, H.; Wang, H.; Chan, D.; Xu, Z.; Wang, K.; Ge, M.; Zhang, Y.; Chen, S.; Tang, Y.
Nature-Inspired Materials and Designs for Flexible Lithium-Ion Batteries. Carbon Energy.
John Wiley and Sons Inc September 1, 2022, pp 878-900.
https://doi.org/10.1002/cey2.187.

Shi, Y.; Wang, Z.; Wen, L.; Pei, S.; Chen, K.; L1, H.; Cheng, H. M.; Li, F. Ultrastable
Interfacial Contacts Enabling Unimpeded Charge Transfer and Ion Diffusion in Flexible
Lithium-Ion Batteries. Advanced Science 2022, 9 (10).
https://doi.org/10.1002/advs.202105419.

Li, C.; Liang, Z.; Wang, L.; Cao, D.; Yin, Y. C.; Zuo, D.; Chang, J.; Wang, J.; Liu, K.; Li,
X.; Luo, G.; Deng, Y.; Wan, J. Superwettable Electrolyte Engineering for Fast Charging
Li-lon Batteries. ACS Energy Lett 2024, 9 (3), 1295-1304.
https://doi.org/10.1021/acsenergylett.3c02572.

Wang, R.; Wang, L.; Liu, R.; Li, X.; Wu, Y.; Ran, F. “Fast-Charging” Anode Materials for
Lithium-Ion Batteries from Perspective of lon Diffusion in Crystal Structure. ACS Nano.
American Chemical Society January 30, 2024, pp 2611-2648.
https://doi.org/10.1021/acsnano.3c08712.

Ding, X.; Zhou, Q.; Li, X.; Xiong, X. Fast-Charging Anodes for Lithium Ion Batteries:
Progress and Challenges. Chemical Communications 2024, 60 (18), 2472-2488.
https://doi.org/10.1039/d4cc00110a.

73



(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

Kim, N.; Chae, S.; Ma, J.; Ko, M.; Cho, J. Fast-Charging High-Energy Lithium-Ilon
Batteries via Implantation of Amorphous Silicon Nanolayer in Edge-Plane Activated
Graphite Anodes. Nat Commun 2017, 8 (1). https://doi.org/10.1038/s41467-017-00973-y.

Fu, W.; Zhao, E.; Ma, R.; Sun, Z.; Yang, Y.; Sevilla, M.; Fuertes, A. B.; Magasinski, A.;
Yushin, G. Anatase TiO2 Confined in Carbon Nanopores for High-Energy Li-lon Hybrid
Supercapacitors Operating at High Rates and Subzero Temperatures. Adv Energy Mater
2020, 10 (2). https://doi.org/10.1002/aenm.201902993.

Liang, S.; Wang, X.; Qi, R.; Cheng, Y. J.; Xia, Y.; Miiller-Buschbaum, P.; Hu, X. Bronze-
Phase TiO2 as Anode Materials in Lithium and Sodium-Ion Batteries. Advanced
Functional Materials. John Wiley and Sons Inc June 1, 2022.
https://doi.org/10.1002/adfm.202201675.

Wang, H. E.; Lu, Z. G.; Xi, L. J.; Ma, R. G.; Wang, C. D.; Zapien, J. A.; Bello, . Facile
and Rapid Synthesis of Highly Porous Wirelike TiO 2 as Anodes for Lithium-Ion
Batteries. ACS Appl Mater Interfaces 2012, 4 (3), 1608—1613.
https://doi.org/10.1021/am2017738.

Shi, H.; Shi, C.; Jia, Z.; Zhang, L.; Wang, H.; Chen, J. Titanium Dioxide-Based Anode
Materials for Lithium-Ion Batteries: Structure and Synthesis. RSC Advances. Royal
Society of Chemistry November 23, 2022, pp 33641-33652.
https://doi.org/10.1039/d2ra05442f.

Autthawong, T.; Chimupala, Y.; Haruta, M.; Kurata, H.; Kiyomura, T.; Yu, A. S.;
Chairuangsri, T.; Sarakonsri, T. Ultrafast-Charging and Long Cycle-Life Anode Materials
of TiO2-Bronze/Nitrogen-Doped Graphene Nanocomposites for High-Performance
Lithium-Ion Batteries. RSC Adv 2020, 10 (71), 43811-43824.
https://doi.org/10.1039/d0ra07733;.

Liu, Y.; Yang, Y. Recent Progress of TiObased Anodes for Li lon Batteries. Journal of

Nanomaterials. Hindawi Publishing Corporation 2016.
https://doi.org/10.1155/2016/8123652.

Tjandra, R.; L1, G.; Wang, X.; Yan, J.; Li, M.; Yu, A. Flexible High Performance Lithium
Ion Battery Electrode Based on a Free-Standing TiO2 Nanocrystals/Carbon Cloth
Composite. RSC Adv 2016, 6 (42), 35479-35485. https://doi.org/10.1039/c6ra03262a.

Balogun, M. S.; Li, C.; Zeng, Y.; Yu, M.; Wu, Q.; Wu, M.; Lu, X.; Tong, Y. Titanium
Dioxide@titanium Nitride Nanowires on Carbon Cloth with Remarkable Rate Capability
for Flexible Lithium-Ion Batteries. J Power Sources 2014, 272, 946-953.
https://doi.org/10.1016/j.jpowsour.2014.09.034.

74



(20)

21

(22)

(23)

24)

(25)

(26)

27)

Zhao, C.; Zheng, J.; Wang, Y.; Rui, P.; Yang, G.; Zhao, C.; Xu, S. Vaporized Hydrothermal
Functionalization of Carbon Fiber and Its Superior Supercapacitor Performance. Energy
and Fuels 2022, 36 (7), 4052—4064. https://doi.org/10.1021/acs.energyfuels.2c00261.

Akter, M.; Hossain, I.; Howlader, M.; Shahriar, F.; Saima, U. H. Recent Research
Advancements in Carbon Fiber-Based Anode Materials for Lithium-Ion Batteries. Energy
Technology. John Wiley and Sons Inc March 1, 2025.
https://doi.org/10.1002/ente.202401426.

Cui, L. F.; Hu, L.; Choi, J. W.; Cui, Y. Light-Weight Free-Standing Carbon Nanotube-
Silicon Films for Anodes of Lithium Ion Batteries. ACS Nano 2010, 4 (7), 3671-3678.
https://doi.org/10.1021/nn100619m.

Zoller, F.; Héringer, S.; Bohm, D.; Illner, H.; Déblinger, M.; Sofer, Z.; Finsterbusch, M.;
Bein, T.; Fattakhova-Rohlfing, D. Overcoming the Challenges of Freestanding Tin Oxide-
Based Composite Anodes to Achieve High Capacity and Increased Cycling Stability. Adv
Funct Mater 2021, 31 (43). https://doi.org/10.1002/adfm.202106373.

Shen, C.; Fang, X.; Ge, M.; Zhang, A.; Liu, Y.; Ma, Y.; Mecklenburg, M.; Nie, X.; Zhou,
C. Hierarchical Carbon-Coated Ball-Milled Silicon: Synthesis and Applications in Free-
Standing Electrodes and High-Voltage Full Lithium-Ion Batteries. ACS Nano 2018, 12 (6),
6280—6291. https://doi.org/10.1021/acsnano.8b03312.

Zhao, Z.; Wang, F.; Li, B.; Chen, Z.; Zhou, H.; Wen, X.; Ye, M. Rational Fabrication
Strategies of Freestanding/Binder-Free Electrodes for Efficient Capacitive Deionization.
Materials Advances. Royal Society of Chemistry April 19, 2023, pp 2247-2268.
https://doi.org/10.1039/d2ma01100;.

Liu, Y.; Liu, C.; Li, J. Flexible Free-Standing Hydrogen-Treated Titanium Dioxide
Nanowire Arrays as High Performance Anode for Lithium Ion Batteries; Royal Society of
Chemistry, 2012; Vol. 2019-November. https://doi.org/10.1039/C4TA03495C.

Xue, Z.; Li, T.; Sun, H.; Tang, Q.; Yu, Y.; Zhu, K. Influence of TiO2 Particle Size on the
Synthesis of Titanium-Niobium Oxides and Their Electrochemical Performance in
Lithium-Ion Cells. ACS Omega 2025, 10 (15), 15744—-15752.
https://doi.org/10.1021/acsomega.5c01447.

75



Chapter 4: Conclusion
4.1 Closing Remarks

In recent years, the use of lithium-ion batteries has been rapidly increasing due to their
versatility, particularly in response to the rising demand for technologies such as portable
electronics and electric vehicles. Moreover, the increasing incorporation of lithium-ion batteries
in the automotive sector has positioned rechargeable battery development as a critical driver in
the transition toward green energy, reducing reliance on fossil fuels. Although, as technology
advances toward integration with flexible or non-traditionally shaped electronics, conventional
lithium-ion batteries present significant challenges due to their inherent rigidity. Accordingly, the
development of flexible lithium-ion batteries is essential to align with the progression of next-
generation electronics and address emerging consumer demands. As a result, the overarching
objective of this thesis was to explore the design of a flexible, fast-charging anode to enable its

application in next-generation flexible and wearable electronic devices.

Study 1 employed fast-charging capable niobium oxide (Nb2Os) to fulfill the study’s
objective. A solvent-free electrode fabrication method was selected to support the anode design.
This approach was chosen for its environmentally friendly characteristics, offering a sustainable
alternative to the conventional slurry-casting method, which typically involves the use of toxic
solvents. In addition, removing the solvent from the process facilitated high mass loading of the
electrode, increasing the amount of active material and playing a critical role in enhancing
electrochemical performance. In this experimental methodology, both particle and fibrous form
of carbon additives were utilized to ensure sufficient fibrilization and minimize void spaces
within the electrode structure. The ratios of these carbon additives were optimized to achieve
high electrochemical performance while maintaining excellent flexibility and mechanical
durability. Based on both tensile and electrochemical testing, the optimal composition was
determined to be an equal ratio of carbon fibers to carbon particles (SP_CNF(5:5)). In a half-cell
configuration assembled in a coin-cell format with a mass loading of 8-10 mg cm™, the
SP_CNF(8:2), SP_CNF(5:5), and SP_CNF(2:8) samples delivered specific capacities of 193.72
mAh g, 22432 mAh g, and 212.80 mAh g’!, respectively, when tested at a current rate of 0.5C
within the voltage range of 1 to 3V. Cyclic bending was subsequently applied to the optimal

sample, SP_ CNF(5:5) electrode, to further evaluate its mechanical robustness and the resulting
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impact on electrochemical performance. The results demonstrated no notable change in
electrochemical performance before and after cyclic bending, confirming the electrode’s
mechanical resilience under external deformation. In addition, full-cell testing in a pouch cell
configuration, assembled with the fabricated anode and an NMC 811 cathode, demonstrated a
specific capacity of 186 mAh g™! at 0.5C. Moreover, the full cell demonstrated strong potential as
a flexible pouch cell, maintaining 82.1% capacity retention after 1,000 cycles under a fast-

charging rate of 5C, highlighting its capability for long-term cycling.

Study 2 reported preliminary work on a freestanding, flexible, and fast-charging TiO2
anode. Using hydrothermal/solvothermal synthesis, TiO2 was directly grown on carbon fiber,
enabling the fabrication of a mechanically durable and flexible anode. Comparative analysis of
the two synthesis routes demonstrated that particle size directly influences electrochemical
performance. Mechanical flexibility was evaluated through comparative tensile strength
assessments of pristine carbon fiber and samples synthesized by two different methods. Pristine
carbon fiber exhibited a yield strength of 7.74 MPa with 11.16% strain, while the hydrothermal
and solvothermal samples showed yield strength of 8.17 MPa (11.92% strain) and 8.39 MPa
(11.89% strain), respectively. These results indicate that the mechanical properties remained
unchanged after synthesis, confirming the excellent mechanical flexibility of the anode.
Furthermore, electrochemical performance analysis in conjunction with microstructural
observations revealed that particle size had a direct influence on electrochemical performance.
The initial specific capacity achieved by hydrothermal synthesis was 40.24 mAh g!, and
solvothermal synthesis was 3.20 mAh g! when tested at a current rate of 0.5C from within the
voltage range of 1-3V. Thus, the smaller particles obtained via hydrothermal synthesis clearly
exhibited superior electrochemical performance compared to the larger particles produced by
solvothermal synthesis. However, further experimental optimization is required, as the
electrochemical performance obtained from both synthesis methods remained well below the
theoretical specific capacity (335 mAh g'!). Moreover, the significantly low values, when
compared against literature values, make it difficult to confirm that successful crystal growth

occurred on carbon fiber.
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4.2 Future Work
In the first study, to further demonstrate the practicality of the pouch cell configuration,

similar to the optimization done on anode side, optimization of the cathode’s flexibility, along
with electrochemical analysis can be performed. Furthermore, beyond simply lighting an LED
with the pouch cell, integrating it into a wearable device such as an LED watch and

demonstrating its functional operation can confirm its operation as a flexible battery.

For the second study, plasma treatment can be employed as an alternative to acid
treatment, to provide a more uniform and controlled surface modification to promote improved
titanium dioxide growth on the carbon fiber substrate. In addition to the pre-synthesis treatment,
the introduction of post-growth surface treatment steps could potentially improve electrical
conductivity and further enhance electrochemical performance. For instance, techniques such as
elemental doping or surface coating may be employed to achieve these improvements. Also, the
mass loading can be increased to improve on electrochemical performance by adjusting the
dimensions of the carbon fiber substrate inserted into the autoclave, or by varying the amounts of
active material and solvent used during synthesis. Next, exploring alternative flexible substrates,
such as nanowire films, beyond carbon fiber could further optimize both electrochemical
capacity and mechanical durability. Once the synthesis is optimized using the methods suggested
above, the flexibility of the synthesized anode can be further assessed by subjecting the electrode
to rigorous mechanical folding or bending, followed by evaluating of its post-bending
performance, similar to experiments done in the first study. Another experiment could involve
evaluating the long-term cycling performance of the cell to assess the capacity retention after
extensive cycling. Finally, testing full-cell configurations using a pouch cell assembly can more

effectively demonstrate the cell’s potential as a flexible battery.
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