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Abstract

This thesis investigates the development of sustainable and scalable fabrication strategies for
lithium-ion battery electrodes using Directional Ice Templating (DIT). The aim was to
overcome the limitations of conventional slurry coating, particularly the use of toxic NMP
solvents and the inability to control electrode microstructure. Chapter 1 provided the
background and motivation for the study, highlighting the importance of thick, low-tortuosity
electrodes for next-generation energy storage. Chapter 2 described the materials and
experimental methods, including the design of aqueous electrode slurries, fabrication

procedure and characterization techniques.

Chapter 3 demonstrated the feasibility of an aqueous DIT process to fabricate NMC811
cathodes with vertically aligned structures. This architecture enhanced both electronic and
ionic transport kinetics while eliminating the need for NMP solvent. Surface-sensitive
techniques confirmed the chemical stability of NMC811 under aqueous processing, and
electrochemical testing showed that DIT cathodes delivered significantly higher capacities and

energy densities than slurry coating electrodes.

Chapter 4 addressed scalability of DIT method and developed a directional extreme
supercooling process to fabricate ultra-thick electrodes with mass loadings up to 70 mg cm™
with large scale. A systematic calendaring study identified 30% reduction as the critical
threshold for balancing vertical alignment with packing density. At this point, DIT cathodes
achieved high volumetric capacity, low impedance and superior pouch cell energy density

compared to slurry coating controls, validating the method for industrial relevance.

Chapter 5 extended the versatility of DIT to graphite anodes. Thick, free-standing DIT anodes

exhibited high mass loading and excellent reversibility. They also showed lithium-ion diffusion



coefficients several orders of magnitude higher than slurry coating electrodes. This

demonstrated that DIT could overcome thickness limitations on both cathode and anode sides.

Together, these results establish DIT as a sustainable, scalable, and versatile electrode
fabrication strategy, with significant implications for high energy density lithium-ion batteries

in electric vehicles and grid-scale storage.
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ToF-SIMS
XPS
SEM
PECS
CV

EIS
TGA
EC/EMC

Description

Directional Ice Templating

Directional Ice Templating — Dilute

Directional Ice Templating — Concentrated

Slurry Coating

LiNigsMny.1Coo.10;

Lithium-ion Battery

Electric Vehicle

Acrylonitrile Butadiene Styrene

Ultra Low Emission Zone

Polyvinylidene Fluoride

N-Methyl-2-pyrrolidone

Styrene—Butadiene Rubber

Carboxymethyl Cellulose

Solid Electrolyte Interphase

Deionised Water

Transmission Electron Microscopy
High-Resolution Transmission Electron Microscopy
Time-of-Flight Secondary Ion Mass Spectrometry
X-ray Photoelectron Spectroscopy

Scanning Electron Microscopy

Precision Etching and Coating System (ion milling)
Cyclic Voltammetry

Electrochemical Impedance Spectroscopy
Thermogravimetric Analysis

Ethylene Carbonate and Ethyl Methyl Carbonate
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Chapter 1

1 Introduction

17



1.1 Why Lithium-ion Battery as Energy Storage Solution

Energy has played a pivotal role in the advancement of human civilization and continues to be
essential for modern daily life. Since approximately 200,000 BC, when early humans were first
recorded to harness fire for warmth and cooking[1], the pursuit of more efficient and cleaner
energy sources has remained a constant endeavour. In 1690, coal began to replace wood as a
dominant energy source in Europe, marking a shift toward fossil fuel dependency. Later, in
1885, the introduction of petrol by Karl Benz for use in motorcars led to its widespread
adoption across the globe. While these conventional energy sources have undoubtedly
facilitated technological progress and improved quality of life, they have also contributed
significantly to environmental degradation. Global warming is now widely recognized as a
critical issue[2], giving rise to numerous environmental problems such as rising global
temperatures, sea-level rise and ecological disruption (Figure 1.1). In Figure 1.1, blue bars
represent years with temperatures below the 20th-century average, while red bars indicate years
with temperatures above the average. Notably, the global average surface temperature has

shown a marked increase since 1880, with the rate of warming accelerating significantly in

recent decades.
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Figure 1.1 Global average surface temperature anomalies relative to the 20th-century average.[3]
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Although conventional energy sources are not solely responsible for environmental issues, the
urgent need to transition toward sustainable and cleaner alternatives is widely acknowledged.
To reduce dependence on fossil fuels, significant efforts have been made to develop renewable
energy sources such as solar, wind, and hydropower. However, the intermittent nature of these
energy sources highlights the critical importance of efficient energy storage systems. Among
various technologies, lithium-ion batteries (LIBs) have emerged as one of the most promising
solutions for storing energy generated from renewable sources. Due to extensive research and
development by the scientific community, the LIB industry has seen substantial advancements

and has become increasingly mature and commercially viable.

The LIB has taken place the dominated position because of its widespread application in
consumer electronics, electric mobility, stationary energy storage. In consumer electronics,
like smart phones laptops and more wearable devices, the LIBs are ideal in this space due to
their compact size, light weight, and long battery life. Electric mobility is currently the fastest-
growing sector for LIBs, driven by the global push toward carbon neutrality and emission-free
transportation. Several major cities around the world have implemented ambitious policies to
accelerate the adoption of electric vehicles (EVs) and reduce their dependence on fossil fuels.
For example, Oslo, Norway aims to become the world’s first fossil fuel-free city by 2030. The
city is electrifying all public transport, including buses, taxis, and ferries. Starting in 2024, all
taxis in Oslo are required to be zero-emission. Currently, over 80% of new cars sold in the city
are electric, supported by generous incentives and an extensive charging infrastructure. In
London, United Kingdom, the government has set a target to achieve net-zero emissions by
2030. The introduction of the Ultra Low Emission Zone (ULEZ) discourages the use of older,
more polluting vehicles. All new black cabs must be either electric or hybrid, and there are
plans to ensure all new cars and vans are zero-emission by 2030. London’s zero-emission bus

fleet has grown significantly, from just 30 in 2016 to more than 2,000 today. Shenzhen, China
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stands out as the first city in the world to fully electrify its public bus fleet, which includes over
16,000 electric buses. Additionally, all taxis in the city were converted to electric by 2020,
showcasing a comprehensive approach to clean urban transportation. In the United States, Los
Angeles has set a goal for 100% of its municipal vehicle fleet to be zero-emission by 2035. As
part of its “Green New Deal,” the city is electrifying its buses, garbage trucks, and other public
service vehicles. Significant investments have also been made in EV charging infrastructure,

with a focus on providing access in underserved communities.
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Figure 1.2 Energy Density Characteristics of Battery Technologies. (a) Comparison of energy density
among various battery chemistries (Lead-acid, Ni-Cd, Ni-MH, and Li-ion). (b) Trend of lithium-ion
battery energy density improvements from 2008 to 2020.[4][5]

In the field of stationary energy storage, LIBs play a crucial role due to five key attributes:
high energy density, high efficiency, long cycle life and scalability and modularity. The high
energy density of LIBs enables compact energy storage solutions, which is particularly
beneficial for residential applications with space constraints, such as wall-mounted battery
systems (e.g., Tesla Powerwall[6]). Their high efficiency enhances the overall energy
utilization and economic viability of storage systems by minimizing energy losses during
charge and discharge cycles. Furthermore, the extended cycle life of LIBs reduces the
frequency of battery replacement, thereby lowering maintenance requirements and long-term

operational costs[7]. Their rapid response capability makes them well-suited for applications
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such as grid balancing, frequency regulation and peak shaving, where immediate energy
delivery is essential[8]. Finally, the inherent scalability and modularity of LIB systems allow
for flexible deployment, enabling the design of storage configurations that can be easily
adapted to meet specific energy demands at both residential and grid levels[9][10]. Beyond
traditional rechargeable systems such as lead—acid, Ni-Cd, Ni-MH, and conventional Li-ion,
several emerging battery technologies offer significantly higher specific and volumetric energy
densities. Lithium metal batteries, enabled by solid or semi-solid electrolytes, can exceed 400
- 500 Wh-kg! due to the high capacity of lithium metal anodes. Solid-state batteries further
improve safety and enable even higher energy density by pairing lithium metal with high-
voltage cathodes. Lithium—sulphur (Li-S) batteries can theoretically reach 500 - 600 Wh-kg™,
with exceptionally low material weight. Lithium-air (Li-O:) systems offer among the highest
theoretical energy densities (>1000 Wh-kg™"), although they remain at an early research stage.
These next-generation chemistries highlight the ongoing push toward lighter, higher-energy

storage technologies beyond conventional Li-ion systems.

Overall, in response to the increasing global energy demand and environmental considerations,
LIBs remain one of the most widely adopted energy storage technologies[11]. Their favourable
characteristics—such as high energy density, long cycle life, and high efficiency—have
positioned LIBs at the forefront of energy storage solutions across various applications. Despite
existing challenges, including temperature sensitivity and the need for effective thermal
management, LIBs continue to receive significant research and industrial attention[12][13].
Ongoing advancements aim to address these limitations and further enhance their performance,

safety, and sustainability.
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1.2 Background of Lithium-ion battery
1.2.1 Brief History of the Development of Lithium Ion Battery

The first electrochemical artifact that had been discovered in the first century BC was called
‘Baghdad Battery’. It is also widely accepted that Luigi Galvani at the University of Bologna
made the first electrochemical cell to humanity. In 1866, a French engineer Georges-Lionel
Leclanche successfully designed the world’s first carbon-zinc and alkaline cell[14]. This kind
of battery gained a great success because it was introduced to the field of car ignition and
portable tools. However, in the late 1960s, the carbon-zinc battery couldn’t meet the
requirement because the demand for high-energy density, long-lasting reliable energy in
implantable medical devices increased. What’s more, the request for high-energy source in
military industry was urgent. At that time, researchers realized that the energy density was vital
to the performance of a battery. The good news was that lithium-based battery was then
invented and widely used in medical industry to relieve the suffering of the patient because the
lithium-based battery had a lower weight. In 1970s, a lot of popular electronic devices like
watches and toys was bought to the market for people to purchase. Despite the great success in
portable electronics devices, the lithium polymer battery couldn’t be applied in mass
production since the lithium mental was very reactive which may cause significant risks[15].
Thanks to the devotion of John B. Goodenough who invented first lithium-ion cathode (LiC00O,)
in 1980, Sony successfully commercialised the lithium-ion battery using a graphite anode in
1991.[16][17]. Nowadays, the most used materials are Lithium cobalt oxide (LCO), lithium
nickel manganese cobalt oxide (NMC), lithium nickel cobalt oxide doped with alumina (NCA),
lithium manganese oxide (LMO) and lithium iron phosphate (LFP). The global lithium-ion

battery market size was valued at 21.3 billion US dollars[18], and this number is estimated to

be 113.89 billion US dollars in 2030[19].
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1.2.2 The Components and Working Principle of LIBs

After years of development, a LIB consists of several key components: a cathode, an anode, a
separator, an electrolyte, and current collectors[20]. The current collectors in lithium-ion
batteries are typically aluminium foil for the cathode and copper foil for the anode because
each metal is electrochemically stable within the relevant potential window. At the high
cathode potentials (3.5 - 4.3 V vs. Li/Li"), copper would oxidise and dissolve whereas
aluminium remains stable. Conversely, at the low anode potential near 0 V vs. Li/Li",
aluminium would alloy with lithium and lose conductivity while copper remains stable and

does not form Li alloys, making it the suitable choice for the anode.

The cathode serves as the positive electrode during discharge. It is the source of lithium ions,
which migrate through the electrolyte toward the anode during discharge[21]. An effective
cathode should offer high lithium storage capacity and operate at high voltage, typically
between 3.0 and 4.3 V depending on the material[22]. Cathode materials are commonly coated

on aluminium foil, which is stable under high-voltage conditions[23].

The anode acts as the negative electrode during discharge. It stores lithium ions during charging
and releases them during discharge[24]. A good anode should exhibit high reversible capacity
and is often made of graphite, silicon-based composites, or lithium titanate[25]. The anode is

typically coated on copper foil, which remains stable at low potentials.

The electrolyte provides a medium for lithium-ion transport between the electrodes while
blocking electron flow[26]. It must be electrochemically stable within the operating voltage
window (0 - 4.3 V), compatible with both electrodes, and have high ionic conductivity[27].
Common electrolytes include liquid electrolytes such as LiPFs in Ethylene Carbonate and Ethyl
Methyl Carbonate (EC/EMC) solvents, solid electrolytes (ceramic or polymer-based), and gel

electrolytes (a polymer matrix containing liquid electrolyte)[28][29][30].
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Current collectors enable electron transport to and from the external circuit. Aluminium foil is
used on the cathode side due to its lightweight nature and corrosion resistance at high voltage.
Copper foil is used on the anode side for its excellent conductivity and stability at low potentials.
Both aluminium and copper foils should be thin, flexible, and adhere well to the electrode

coating[31].
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Figure 1.3 Schematic illustration of the working principle of a lithium-ion battery during charge and
discharge cycles, showing lithium-ion diffusion between electrodes and electron flow through the
external circuit.

During charging, the charger provides current flows for the cathode from the external circuit,
while electrons move toward the anode, as illustrated in Figure 1.3. The loss of electrons from
the cathode induces the extraction (deintercalation) of lithium ions from the cathode material,
leading to a higher lithium-ion concentration on the cathode side[32]. These lithium ions then
migrate through the electrolyte, cross the separator, and move toward the anode, where the
concentration is lower[33]. At the anode, the incoming electrons provide the necessary negative
charge to balance the positive charge of the incoming lithium ions. The anode, typically

composed of graphite or lithium metal, accommodates the lithium ions through intercalation
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into the graphite layers or alloying with lithium metal[34]. This ion movement is accompanied

by electron flow in the same direction through the external circuit.

During discharge, the process reverses. Lithium ions are extracted (deintercalated) from the
anode, where their concentration is relatively high, and migrate through the electrolyte toward
the cathode, where the lithium-ion concentration is lower. This movement is driven by the
concentration gradient and the electrochemical potential difference between the electrodes.
Simultaneously, electrons flow from the anode to the cathode through the external circuit,
delivering electrical energy to the load. As lithium ions reach the cathode, they are re-inserted
(intercalated) into the cathode material and combine with the incoming electrons, restoring
charge neutrality. The redistribution of lithium ions from the anode to the cathode continues
until the cell reaches its lower voltage limit, indicating that most of the mobile lithium ions

have returned to the cathode and the battery is fully discharged[35].

When charge, the reaction in cathode and anode are:

Cathode: LiNiygMngy,C0y,0, — Li;_yNiggMng,Co,0, + xLit + xe~
Anode:  Cg + xLit + xe™ - Li,Cq

When discharge, the reaction in cathode and anode are:

Cathode: Li;_,NiggMngy,C0y,0, + xLi* + xe~ — LiNiggMny,Coy,0,

Anode:  Li,Cq — C¢+ xLit + xe~

1.2.3 The Importance of Electrode Design in Performance

The working principle of LIBs replies on the reversible intercalation and deintercalation of
lithium ions between the cathode and anode during charge and discharge[36]. This process was
controlled by ion diffusion between electrodes, electrons transportation and interfacial
electrochemical reactions[37][38]. These factors are directly related to the electrode structure

and composition.
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The ionic and electronic pathways in the electrode is one of the most important factors[39]. In
LIBs cycling life, hundreds of lithium-ion migrations between electrode requires efficient and
continuous ionic pathway within the electrodes. A well-designed electrode structure can
minimize tortuosity and optimize both ionic and electronic diffusion, resulting in a lower

internal resistance and improving battery C-rate capability[40].

Surface area and interfacial reactions also play important roles in determining LIB performance.
Electrodes with high surface area enable more effective interfacial reactions. A larger surface
area improves contact between the electrolyte and active materials[41]. As a result, high-
surface-area electrodes typically offer better lithium-ion exchange kinetics and higher capacity

utilization, especially under high current density during charge and discharge.

Porosity and electrolyte wetting are also critical to performance. Optimized electrode porosity
ensures sufficient electrolyte penetration[42]. This is essential for maintaining continuous and
stable ion diffusion from the bulk electrolyte to the electrode surface, particularly in thick
electrodes. Electrodes that are too dense or poorly wetted can restrict lithium-ion transport and
promote irreversible degradation, especially under high mass loading or fast cycling conditions.
However, excessive porosity may compromise mechanical integrity and reduce overall energy

density.

Electrode thickness is another important design parameter. Increasing electrode thickness
allows for higher mass loading of active materials. This directly increases the proportion of
active material in the battery and enhances energy density. However, excessively thick
electrodes without structural control can cause slow ion diffusion and polarization issues[43].
A well-designed electrode must balance thickness and structural properties to improve energy

density while maintaining good cycling performance and long-term stability.
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In summary, electrode design during the fabrication process has a significant impact on battery
performance, including energy density, rate capability (C-rate performance) and cycling

stability.

1.3 Conventional Electrode Fabrication and Limitation

1.3.1 Conventional Electrode Fabrication

.
i

Slurry mixing Slurry coating Drying Caledering

Figure 1.4 Schematic representation of the conventional slurry coating electrode fabrication process:
slurry mixing, slurry coating, drying and calendaring.

The conventional electrode fabrication method includes the following steps: material mixing,

slurry coating, drying and calendaring.

In the material mixing step, active materials (e.g., NMC811 powder for the cathode or graphite
powder for the anode) are combined with conductive additives (e.g., carbon black) and polymer
binders. Common binders include Polyvinylidene Fluoride (PVDF) dissolved in N-methyl-2-
pyrrolidone (NMP) for cathodes, and Styrene Butadiene Rubber (SBR) with Carboxymethyl
Cellulose (CMC) in aqueous solvent for anodes[44]. The goal is to produce a homogeneous
slurry with uniformly dispersed particles. Proper mixing is essential to ensure good electrical

conductivity and mechanical stability in the final electrode.

Slurry coating step defines the electrode thickness and ensures a uniform coating across the
substrate. In this step, the prepared slurry is coated onto a metal current collector (Al foil for
cathode and Cu foil for anode) by a doctor blade or slot-die coater.

After slurry coating, the coated foil is first subjected to preliminary drying in an oven at 80 °C

for 50 minutes to remove most of the solvent. The partially dried electrode is then transferred
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to a vacuum oven and heated at 110 °C for 120 minutes to ensure complete removal of residual
solvent and moisture. Inadequate drying may lead to the formation of cracks in the electrode,
and the presence of moisture can degrade the electrolyte and trigger undesirable side reactions

during cell operation[45].

In the calendaring process, the dried electrode sheet is compressed using heated rollers to
reduce its thickness and porosity, while enhancing mechanical strength. This step also
improves particle-to-particle contact within the electrode, thereby lowering internal resistance.
Additionally, the reduction in electrode volume contributes to an increase in energy density.
Under typical calendering pressures, the aluminium current collector undergoes only small
elastic deformation, with most of the compression occurring within the porous active-material

layer.

Finally, the electrode sheet is cut into the desired shape and size. The electrodes are then
assembled into cells together with separators and electrolyte. This step involves component
stacking or winding, depending on the cell format, followed by electrolyte filling and cell
sealing. All assembly processes must be conducted in a moisture- and oxygen-controlled
environment to prevent contamination and degradation of battery components[46].

1.3.2 The Limitation of Conventional Electrode Fabrication

The slurry coating method is widely adopted in both industrial and academic settings for
electrode fabrication. However, several limitations remain associated with this approach.
Firstly, the conventional slurry coating method faces challenges in producing thick
electrodes[47]. Thicker electrodes are desirable because they increase the proportion of active
material relative to inactive components such as current collectors and separators, which raises
the overall energy density of the cell and the entire battery pack. Thick coatings increase the
risk of cracking due to high capillary forces generated during solvent evaporation in the drying

process. Secondly, thick electrodes generally exhibit higher porosity and therefore require more
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extensive thickness reduction during calendering. However, excessive calendering can increase
tortuosity and hinder lithium-ion transport, negatively affecting rate capability and overall
electrochemical performance[48]. Achieving a balance between increasing electrode thickness
and maintaining optimal ion transport remains a significant challenge. Thirdly, thick electrodes
are prone to uniformity issues. As the electrode thickness increases, it becomes more difficult
to control particle distribution and coating uniformity, leading to performance variability.
Fourthly, concerns arise from limited electrolyte penetration in densely packed electrodes.
After drying and calendering, particles become highly compacted, leaving insufficient pore
space for electrolyte infiltration. This can result in uneven electrode wetting and reduced
electrochemical activity, particularly under high-rate conditions. Finally, there are health and
environmental concerns associated with the use of NMP, a common solvent for cathode slurry
preparation. NMP is classified as hazardous, posing risks to human health through inhalation
or skin absorption[49]. Exposure may cause respiratory irritation, headaches, nausea, and
gastrointestinal discomfort. Furthermore, NMP has potential environmental impacts due to its

persistence and toxicity to aquatic and soil ecosystems.
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1.4 Directional Ice Templating (DIT): a novel electrode fabrication
strategy

1.4.1 Process Overview and Principles

(@) — = lab made mould

copper cold finger . active material
(b) \

container
Figure 1.5 (a)Schematics of the DIT apparatus, and the DIT processing steps showing (b) initial
electrode slurry state, (c) slurry during directional freezing, and (d) fully frozen slurry.

@ conductive material

liquid nitrogen binder

In this work, we show a novel, rapid bottom-up approach of DIT to make NMC811 cathodes
with high thickness (660-1100 pm) and control the anisotropic cathode microstructure
containing alternating vertically aligned lamellae of electrode materials (10-15 um in width)
and pore arrays (6-12 pm in diameter) through the electrode thickness to provide fast dual
electron and lithium ion transport pathways and thus to improve the battery energy density and

C-rate capability at the cell-stack level simultaneously[50].

The process of DIT includes slurry mixing, slurry frozen, slurry freeze drying and demould for
assembly. In the slurry mixing process, active materials along with conductive materials and
binders are mixed with aqueous solvent because we want to eliminate the hazard solvent NMP.
In this work, the electrode formulation was transferred from an NMP-based slurry to a water-
based system by replacing NMP with deionised water as the solvent and substituting the PVDF

binder with a water-soluble binder. This allowed the slurry to be dispersed, mixed and cast
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entirely in an aqueous phase. In the slurry frozen process, a lab made electrode freeze set was
applied. The lab-made apparatus of the DIT method integrates three parts including a lab-
designed round acrylonitrile butadiene styrene (ABS) mould for the electrode slurry, a copper
cold finger, and a container of liquid nitrogen [51]. The ABS mould was placed on top of the
copper cold finger platform which was placed in the container (Figure 1.5a). The electrode
active material particles and electrical conductivity enhancer carbon particles with polymeric
binder were first homogeneously mixed in the electrode slurry (Figure 1.5b). During the DIT
process, the electrode slurry experienced rapid vertical directional freezing from underneath.
Ice crystals started to nucleate at the supercooling interface on the copper cold finger. Ice
columns started to grow vertically from the bottom along the freezing temperature gradient. As
these dendrites grew along the vertical freezing direction, the ice dendrites exerted pressure on
the NMCS811 and carbon particles, displacing them into the columns in-between the ice
dendrites and in situ shaping them into the desired microstructure (Figure 1.5c). As heat was
efficiently taken away from the electrode slurry through conduction, ice columns continued to
grow vertically through the entire electrode thickness (Figure 1.5d). During this process, the

water transitions from Status 1 (liquid) to Status 2 (solid) as depicted in Figure 1.6.
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Figure 1.6 Modified water phase diagram showing freeze-drying pathway[52]

After the electrode reached full solidity, the ice columns were directly sublimed from solid to
vapour through freeze-drying to preserve the formed microstructure. The freeze-drying process
is carried out at -40 °C and 10 Pa (Status 3 in Figure 1.6). The critical step of ice sublimation
prevented the ice dendrites from transitioning back into a liquid phase before ice removal, and
hence, preventing the effect of shrinkage that usually takes place in conventional SC electrodes
due to the capillary force during conventional evaporation of solvent from liquid to vapour
through heating[53]. Thus, we were able to make ultra-thick (660-1100 um) DIT cathodes
without cracking to increase mass loading of the electrodes while maintaining the designed
internal microstructure.

1.4.2 Prior Research of DIT in Battery Electrode

DIT has been widely explored as a method to create vertically aligned, low-tortuosity porous
structures in a variety of functional materials, including ceramics, polymers and carbon-based
electrodes. Previous studies have demonstrated that DIT can significantly enhance ion transport

pathways, improve electrolyte infusion and enable the fabrication of thick electrodes with
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reduced diffusion limitations. The previous work was done by other researcher in our group,
and they have developed the DIT method for other materials of LiCoO> [54] and LiFePO4 [55]
and directional freezing and polymerisation (DFP) method for NMC811 in polymer-based
solid batteries [56]. Different active material size and surface characteristics resulted in slightly
different pore channel diameter and tortuosity, but the vertically aligned microstructure was

maintained.

A similar method was applied to graphite anode fabrication by the Ruhul Amin group[57].
However, several important aspects were not addressed in previous studies. Firstly, the reported
methods are often time-consuming and require extensive material modification. In some cases,
the preparation of rare or customized materials involved more than 20 hours of processing,
limiting their practicality and scalability. Secondly, there has been limited discussion on the
side reactions associated with high-nickel cathode materials in aqueous systems. NMCS811, as
a Ni-rich cathode material, is less stable compared to lower-Ni compositions and is more
reactive with aqueous solvents[58]. It is therefore crucial to understand and control the side
reactions that may occur during exposure to water-based processing. Thirdly, most previous
studies were conducted at lab scale, without addressing issues related to production efficiency
or scalability. Moreover, the calendaring process, as a critical step for reducing electrode
thickness that could increase electrode density and ultimately improving energy density was
not included in earlier work. In this study, we present a comprehensive investigation to address
these gaps. We evaluate the time efficiency of the fabrication process, examine the side
reactions of Ni-rich NMC811 in aqueous environments, and demonstrate the scalability of the
approach. Additionally, we optimize the calendaring conditions for DIT electrodes to achieve

controlled porosity and enhanced energy density.
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1.4.3 Limitations of Alternative Microstructure-controlled Methods for Electrode
Fabrication

Compared with other methods such as magnetic alignment[59], 3D printing, and laser

structuring, the DIT approach offers unique advantages in controlling electrode microstructure.
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Figure 1.7 Alternative microstructure-controlled method for electrode fabrication (a)magnetic
alignment method, (b)3-D print method and (c)laser structuring method.

The magnetic alignment technique involves magnetically responsive particles, such as
functionalized conductive additives into the electrode slurry[60]. During the coating or drying
process, an external magnetic field is applied to align these particles along a preferred
orientation, typically in the through-thickness direction. This alignment creates anisotropic
pathways that enhance both electronic and ionic conductivity. The goal is to reduce tortuosity
and facilitate more efficient ion transport. However, only magnetically responsive materials or
additives can be aligned, which limits the choice of active materials. Furthermore, achieving
uniform alignment over large-area electrodes requires strong and homogeneous magnetic

fields, which are challenging to implement and scale in industrial settings.

3D printing fabricates electrodes layer by layer using specially formulated inks composed of
active materials, conductive additives, and binders[61]. The geometry, porosity, and internal
architecture of the printed electrodes can be controlled by adjusting the printing path, ink
rheology, and deposition parameters. This method allows for the creation of customized
microstructures that enhance ion diffusion and structural integrity. However, the layer-by-layer
printing process 1is time-consuming and currently unsuitable for high-throughput
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manufacturing. Additionally, fine structural features may compromise mechanical strength or

introduce defects that negatively impact long-term cycling stability.

Laser structuring uses focused laser beams to ablate or pattern the surface of dried electrodes.
This technique creates vertical microchannels or pores that reduce tortuosity and facilitate
improved lithium-ion transport and electrolyte infiltration[62]. Laser structuring can be applied
as a post-treatment to conventional electrodes without altering their bulk composition.
However, the high energy of laser pulses may induce localized thermal damage to active
materials, conductive agents, and binders. The ablation process also leads to material loss,
reducing the active mass and overall energy density of the electrode. Moreover, laser systems
are expensive, require high energy input, and pose scalability challenges for large-area
electrode processing.

1.4.4 Advantages and Challenge of DIT Method

The DIT method offers several significant advantages for electrode fabrication. First,
scalability is a key strength of the DIT approach. The method is compatible with scalable slurry
coating techniques and requires only the application of a directional freezing temperature
gradient, which from the bottom of the substrate to rapidly form in situ ice templates. This

makes it suitable for both laboratory research and potential industrial implementation.

Second, DIT demonstrates strong versatility. It can be applied to a wide range of cathode and
anode materials, including NMC-based compounds, graphite, silicon composites, and lithium
titanate. This broad applicability allows for integration into various lithium-ion battery

chemistries without the need for major modifications to the material system.

Third, the method offers excellent structural controllability. The diameter and alignment of the
pore channels, as well as the overall porosity, can be tuned by adjusting the solid content of the
slurry and the freezing rate. This allows for precise tailoring of electrode architecture to
optimize ionic transport pathways while maintaining mechanical integrity.
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Despite these advantages, there are two major challenges associated with applying DIT to
NMCS811 cathode fabrication. The first is aqueous processing, as Ni-rich layered oxides like
NMCS8I11 are prone to surface degradation and lithium leaching when exposed to water[58].
Managing the stability of NMCS811 in an aqueous environment is critical to preserving
electrochemical performance[63]. The second challenge is porosity control. While DIT
naturally produces porous structures favourable for ion transport, excessive porosity reduces
volumetric energy density. Therefore, balancing pore architecture with densification

strategies—such as calendaring—is essential for maximizing energy storage performance.

In this study, we address both critical issues. We investigate the interfacial stability of NMC811
in aqueous slurries and implement calendaring procedures to reduce porosity in DIT-structured
electrodes, ultimately improving their energy density while retaining directional
microstructural advantages.
1.5 Research Objectives and Scope

The primary objective of this research is to enhance the electrochemical performance of
lithium-ion battery electrodes by controlling their microstructure through an advanced
manufacturing method. Specifically, the study aims to improve fast (dis)charging capability,
increase energy density, and extend cycling life by reducing tortuosity and promoting efficient

ion and electron transport within the electrode.

To achieve this, a DIT technique was employed to fabricate vertically aligned porous
electrodes. This method offers several advantages over other microstructure engineering
strategies such as magnetic alignment, 3D printing, and laser structuring. DIT enables the
formation of vertically aligned pore channels, which significantly reduce tortuosity and

facilitate more uniform electrolyte penetration and ion diffusion.
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The DIT method was applied to both the cathode NMC811 and the graphite anode. While the
application of DIT to graphite electrodes was relatively straightforward—given that water-
based slurries are already standard in conventional fabrication—the water-to-solid ratio was
optimized to achieve the desired porosity and structural alignment. In contrast, adapting DIT
for NMCR811 cathodes presented a greater challenge. Traditional NMC811 cathode processing
uses NMP as a solvent, which is incompatible with freeze-casting. To enable DIT and improve
environmental sustainability, the solvent system was switched to water. However, this
introduced concerns regarding water-induced surface degradation of Ni-rich NMCS811
particles. Therefore, additional studies were conducted to evaluate the extent of water-induced

surface reactions and to control the exposure time during aqueous processing.

The scope of this study includes the fabrication, morphological characterization, and
electrochemical evaluation of electrodes produced via the DIT method in half-cell
configuration. Electrode microstructure was assessed in terms of pore alignment and porosity,
while electrochemical testing—including rate performance and cycling stability—was
performed to evaluate practical performance benefits. An estimation of energy density at the

battery pack level was also carried out.

Furthermore, the research explores the scalability of the DIT approach. A modified
experimental setup was developed to demonstrate the feasibility of scaling up this method from

laboratory scale toward more practical production levels.

1.6 Motivation of the Thesis

The overarching motivation of this thesis is to address the increasing demand for high energy
density and fast charging lithium-ion batteries by developing electrode microstructure that
overcome the transport and manufacturing limitations of conventional slurry coating designs.
As applications such as electric vehicles and large-scale energy storage continue to require

electrodes with higher mass loading and improved electrochemical performance. New
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fabrication methods are needed to reduce ion-transport resistance, maintain mechanical
stability and enable scalable production. DIT provides a promising approach for creating
vertically aligned, low-tortuosity structures that can enhance electrochemical performance.
This thesis therefore investigates the potential of the DIT method applied to widely used
commercial active materials as an advanced electrode manufacturing approach, with the aim
of increasing cell-level energy density while remaining compatible with practical battery
production processes.

1.6.1 Motivation of Chapter 3

A central challenge in lithium-ion battery manufacturing is achieving high energy density while
maintaining efficient ion transport, particularly in thick electrodes. This chapter investigates
the feasibility of applying the DIT method to fabricate thick NMC811 cathodes with vertically
aligned microstructures. While DIT has demonstrated promise in microstructure control, its
application to Ni-rich layered oxide cathodes remains unexplored due to the inherent instability
of NMCS811 in aqueous environments. Replacing NMP with water as the processing solvent
not only supports environmental sustainability but also introduces the critical need to manage
side reactions between NMC811 and water. Therefore, two key objectives guided this study:
(1) to optimize the water-to-solid ratio in the electrode slurry to achieve both structural integrity
and desirable microstructural features such as low tortuosity and similar porosity with
conventional slurry coating electrode, and (ii) to evaluate the chemical compatibility of
NMCS811 with water during slurry preparation. This small-scale fabrication study establishes
the process window for achieving free-standing, ultra-thick NMC811 electrodes (>1000 pm)
with enhanced energy density, while also confirming that controlled water exposure introduces
minimal surface degradation. These foundational results provide the basis for further scaling

and performance evaluation in subsequent chapters.
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1.6.2 Motivation of Chapter 4
Following the successful small-scale fabrication of NMC811 electrodes using the DIT method,

the next critical step was to evaluate the scalability of this technique for practical application.
Unlike the initial lab-scale process, which used a 6 mm diameter mould and liquid nitrogen as
a cooling medium, this chapter focuses on adapting the DIT method to a larger-format electrode
using a flat plate system and a Peltier cooling module. This approach eliminates the reliance
on extremely low temperature freezing, making the process more suitable for industrial
manufacturing. The primary objective was to demonstrate that the DIT method can be scaled
to fabricate large-area electrodes while maintaining the vertical pore alignment and structural
integrity achieved at small scale. In addition to proving the feasibility of DIT method in large
scale electrode fabrication, this chapter also investigates the effect of calendering—a widely
adopted post-processing step in battery manufacturing—on the DIT-derived microstructure.
Since calendering can densify the electrode and improve volumetric energy density,
understanding its impact on the vertically aligned pore structure was essential. Through
optimization of the calendering rate and evaluation of structural uniformity via
thermogravimetric analysis (TGA), this chapter establishes that the DIT method can be
successfully scaled without compromising the desired microstructure or performance benefits,
thereby supporting its industrial relevance.

1.6.3 Motivation of Chapter 5

While DIT method has demonstrated significant benefits for cathode structuring, its
applicability to other electrode materials remains a key question. Graphite anodes, as the
dominant commercial anode material in lithium-ion batteries, present a critical test case for
evaluating the generalizability of the DIT approach. This chapter aims to demonstrate that DIT
can be effectively applied to graphite electrodes, despite the material's distinct particle shape,
size distribution, and packing characteristics. Importantly, the study utilizes fully commercial

graphite materials without any lab-scale modification, highlighting the practical relevance of
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the method. By carefully optimizing slurry composition and processing parameters, this work
shows that vertically aligned, free-standing, and ultra-thick graphite anodes can be fabricated
using DIT. This not only confirms the technique’s adaptability but also establishes a foundation
for future full-cell configurations in which both the cathode and anode employ DIT-based
architectures. Ultimately, this chapter reinforces the scalability, material versatility, and
industrial potential of the DIT fabrication route.

1.6.4 Research Significance and Potential Impact

This study presents a significant advancement in lithium-ion battery electrode manufacturing
by introducing and validating the DIT method as a scalable, versatile, and cost-effective
approach for fabricating thick, vertically aligned electrodes. In contrast to conventional slurry
coating techniques, which produce electrodes with randomly distributed particles and
disordered pore networks, the DIT method enables controlled microstructural engineering. It
generates vertically aligned pore channels that reduce electrode tortuosity, thereby enhancing

lithium-ion transport and overall electrochemical performance.

When compared to other advanced structuring methods—such as 3D printing, magnetic
alignment, and laser structuring—DIT offers several key advantages. It is inherently more
scalable and adaptable to a wide range of materials, requires lower capital investment, and is
operationally simpler, making it highly attractive for industrial implementation. Furthermore,
the use of water-based processing, as demonstrated in this work, eliminates the need for
hazardous solvents like NMP, aligning with growing demands for environmentally sustainable

manufacturing.

The ability to fabricate ultra-thick electrodes with vertically aligned architectures has
substantial implications for next-generation energy storage systems. Thick electrodes reduce
the relative proportion of inactive components such as current collectors, separators, spacers,
and casing materials in a battery cell or pack, thereby increasing the overall energy density.
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Vertically aligned pore structures shorten lithium-ion diffusion pathways and mitigate the
transport limitations typically observed in thick electrodes. These improvements enable faster
charging and discharging, reduce degradation associated with high tortuosity, and support

better performance under high-power operating conditions[64].

The impact of this work extends beyond the laboratory scale. By demonstrating the feasibility
of large-area electrode fabrication using a Peltier-cooled DIT setup, this research provides a
foundation for scaling the technique toward industrial production. Structural uniformity was
confirmed through thermal and morphological analysis, and although further optimization may
be needed for full commercial adoption, all critical process parameters are technically

achievable with current manufacturing technologies.

The advancements presented here are relevant for both EV applications and grid-scale energy
storage. In EVs, increased energy density translates to greater driving range and improved
power performance. In stationary storage, the ability to store more energy per unit volume
supports higher capacity installations within space-constrained environments. As the demand
for high-performance, sustainable, and cost-effective batteries continues to grow, this work
positions the DIT method as a promising pathway toward next-generation electrode design and

manufacturing.
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Chapter 2

2 Materials and Methods
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2.1 Materials Applied
2.1.1 Cathode Materials

In this thesis, electrodes fabricated via the conventional slurry coating (SC) method were used
as a benchmark for comparison[65]. All materials employed in the SC electrodes are
commercially available and have been extensively developed and validated in both industrial

and academic settings[66].

NMCS8I11 was selected as the active cathode material due to its layered a-NaFeO:-type crystal
structure, which is known to facilitate two-dimensional lithium-ion diffusion pathways[67].
The high nickel content contributes significantly to the specific capacity by increasing the
proportion of redox-active Ni**/Ni*" centres, resulting in a high theoretical capacity of
approximately 200 mAh g '[68]. The partial substitution of nickel with manganese and cobalt
further enhances the structural and electrochemical properties of the material[69]. The
manganese improves structural stability, while cobalt enhances electronic conductivity[70]. As
a result, NMC811 offers a great combination of high energy density, cost-effectiveness, and
relatively stable cycling performance compared to lower-nickel-content NMC variants. The
most common synthesis route for NMC811 involves a coprecipitation method followed by
high-temperature solid-state reaction and shown in the Figure 2.1[71]. In this process, transition
metal salts are first coprecipitated to form a NigsMno.1Coo.1(OH): precursor, which is then
mixed with lithium hydroxide (LiOH) and calcined at approximately 800 °C. This yields the
final NMCS811 product with a layered a-NaFeO:-type crystal structure. It should be noted that
this thesis does not involve any study related to the synthesis of active materials. Instead,

commercially available NMC811 powder was used throughout all experiments.
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Figure 2.1 Synthesis route for NMC811

Carbon black powder was used as the conductive additive to enhance the electronic
conductivity of the electrode by forming interconnected conductive pathways between the
NMCS811 particles[72]. This material was chosen due to its high electrical conductivity, which
ensures efficient electron transport during charge and discharge processes. In addition, its small
particle size and high specific surface area allow uniform dispersion within the electrode matrix
and enable the formation of a conductive network[73]. Carbon black is also chemically stable
and cost-effective, making it a widely used additive in lithium-ion battery electrodes. PVDF
powder was employed as the binder to hold together the active material and conductive additive
particles and to ensure their strong adhesion to the current collector (typically aluminium foil
on cathode side). PVDF was selected due to its excellent chemical stability against electrolyte
components and resistance to oxidative degradation at high operating voltages[74]. It also
exhibits good thermal stability, maintaining mechanical integrity during cycling, and adheres
effectively to both the current collector and active material surface. Moreover, PVDF can easily
dissolve in NMP, which helps to create a uniform and stable slurry. NMP was used as the
solvent to dissolve the PVDF binder and to provide appropriate fluidity for the SC process. It
offers excellent solvency for PVDF, evaporates cleanly during the drying stage, and enables

good slurry stability and viscosity control[75]. However, due to its toxicity and environmental

hazards, there is a growing demand to develop water-based alternatives that are more
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sustainable and compatible with electrode materials such as NMC811[76]. The slurry was
coated onto aluminium foil because aluminium offers excellent electrical conductivity,
enabling efficient collection and transport of electrons between the external circuit and the
active cathode material during charge and discharge[77]. Additionally, aluminium exhibits
good electrochemical stability, remaining stable under the high operating potentials typical of

cathode materials such as NMC811[78].

In the DIT method, a water-based electrode formulation was used to enable environmentally
friendly processing and to produce free-standing cathode structures without the use of a current
collector foil. The choice of DI water as the solvent was also driven by the specific
requirements of the DIT process, which involves directional freezing followed by freeze-drying
of the solvent. Water has a relatively high freezing point, which facilitates controlled
solidification during the freezing process. It also could form well-oriented ice crystals, which
is essential for generating vertically aligned pore structures in the electrode. NMC811 was
again selected as the active material due to its high specific capacity and layered crystal
structure that facilitates efficient lithium-ion transport. And for fair comparison with SC
electrode. Carbon black was included as the conductive additive to form continuous electron-
conducting pathways throughout the electrode. Its high conductivity, fine particle size, and
large surface area enable effective network formation and uniform dispersion within the slurry.
A dual binder system consisting of SBR and CMC was used to provide both mechanical
strength and particle adhesion[79]. CMC, a water-soluble polysaccharide, acts as a dispersant
and enhances slurry stability, while SBR, a flexible latex polymer, contributes elasticity and
cohesion to the dried electrode structure. This binder combination is well-suited for aqueous
processing and enables the formation of mechanically robust, binder-rich domains that
maintain structural integrity during ice templating and subsequent drying. DI water served as

the solvent to dissolve the CMC binder and facilitate homogeneous mixing of all components.
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Its non-toxic and sustainable nature makes it an attractive alternative to organic solvents like
NMP, particularly in large-scale electrode manufacturing.

2.1.2 Anode Materials

For the anode materials, the SC method used a common and widely adopted composition.
Graphite powder was used as the active material. A dual binder system of SBR and CMC was
applied, with deionized water as the solvent[80]. Copper foil served as the current collector.
This composition is well-suited for aqueous processing and provides good electrochemical
performance. In the DIT method, the same slurry composition was used. The only difference

was that the resulting electrode was free-standing, so copper foil was not included.

Graphite was selected as the anode active material due to several key advantages that make it
highly compatible with high-energy-density cathode materials such as NMC811. Graphite
possesses a layered structure composed of hexagonally arranged sp>-bonded carbon atoms
(shown in Figure 2.2), which facilitates the reversible intercalation and deintercalation of
lithium ions. Upon full lithiation, it forms a stable compound (LiCs) with a theoretical specific
capacity of 372 mAh g '[81]. Its low operating potential, typically in the range of 0.1-0.2 V vs.
Li/Li*, complements the high working voltage of NMC811 (3.0 - 4.3 V), thereby contributing

to a high overall cell voltage and energy density.
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Figure 2.2 Crystal structure of graphite[82]

In addition to its electrochemical properties, graphite exhibits excellent structural stability

during extended cycling[83]. This stability allows the electrode to maintain mechanical
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integrity and deliver long-term durability, both of which are critical for practical battery
applications. It is also widely available, cost-effective, and compatible with large-scale
industrial electrode manufacturing processes. Furthermore, the electrochemical behaviour of

graphite is well understood. This makes it a reliable and commercially mature anode material.

Alternative anode materials such as silicon and lithium metal have also been explored in
combination with high-capacity cathodes like NMC811 due to their significantly higher
theoretical capacities which were approximately 4200 mAh g! for silicon and 3860 mAh g™*
for lithium metal[84][85]. However, their widespread application is limited by significant
technical challenges. Silicon suffers from severe volume expansion (~300%) during lithiation,
leading to mechanical degradation and unstable solid electrolyte interphase (SEI)
formation[86]. Lithium metal offers the highest possible capacity among anode materials.
However, its use is associated with dendrite formation and serious safety risks, including
potential short-circuiting. As a result, graphite remains the most practical and widely adopted
anode material for use in commercial NMC811-based lithium-ion batteries.

2.1.3 Other Materials

In the DIT electrode fabrication process, the freezing step was carried out using liquid nitrogen
as the cold source, which was stored in a Dewar container. Liquid nitrogen was chosen for the
initial stage of the study due to its suitability for small-scale experiments. During this phase,
many trials were required to optimize the slurry composition and processing parameters. The
use of liquid nitrogen provided a rapid and consistent cooling environment, making it an

effective and practical cold source for early-stage DIT optimization.

In the small-scale implementation of the DIT method, a customized experimental setup was
designed and constructed in the laboratory, with fabrication support from the departmental
engineering workshop. Copper was selected as the material for the cold finger due to its
excellent thermal conductivity, which ensures efficient and uniform heat transfer during the
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freezing process[87]. To accommodate the directional freezing configuration, a mould made of
ABS was designed using SolidWorks software and subsequently 3D printed in the lab. This
ABS mould was designed to meet the dimensional and structural requirements of the DIT
process. Additionally, a dedicated container (referred to as the liquid nitrogen pool) was
developed to hold the liquid nitrogen during the freezing stage. This container was also
designed in-lab and fabricated in the engineering workshop. High-density polyurethane was
chosen as the construction material for its good thermal insulation properties and mechanical

strength, ensuring safe handling and stable thermal performance during freezing.

In the scaled-up DIT setup, an aluminium plate was used to support the slurry. Its excellent
thermal conductivity promoted uniform heat distribution during the freezing process. At this
stage, liquid nitrogen was no longer suitable as a cold source due to its rapid evaporation,
handling complexity, and limited scalability for larger setups. Instead, a ceramic Peltier module
was employed for heat dissipation, offering compact size, and the ability to generate a stable
temperature gradient necessary for directional freezing. To enhance the cooling efficiency of
the Peltier system, a water-cooling setup was integrated into the design. The system circulated
chilled water to extract heat continuously from the hot side of the Peltier module. The water
temperature was maintained at a low level by adding ice cubes, ensuring stable cooling

performance during the freezing process.

2.2 Electrode Fabrication Procedure

This thesis includes the fabrication of 5 types of electrodes: a conventional SC cathode, a small-
scale DIT cathode, a scale-up DIT cathode, a conventional SC graphite anode, and a small-
scale DIT graphite anode. While these electrodes share general fabrication principles, each

follows a slightly different protocol to suit its specific structure and material requirements.
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2.2.1 Conventional Slurry Coating Cathode

A conventional SC cathode was fabricated to provide a benchmark for comparison with DIT
cathodes. The slurry was prepared by mixing 90 wt% NMC811 powder (Xiamen TOB, China),
5 wt% carbon black (Sigma Aldrich, UK), and 5 wt% PVDF binder (Sigma Aldrich, UK). NMP
solvent (Sigma Aldrich, UK) was used as the solvent in a 1:1 weight ratio with the solid mixture.
All components were weighed using a precision balance (Ohaus PR124/E, Switzerland;
resolution: 0.001 g). The mixture was homogenized in a planetary mixer (ARE-250, Thinky,
Japan) at 2000 rpm for 20 minutes. The resulting uniform slurry was coated onto 16 pm-thick
aluminium foil using a doctor blade coater (AFA-V, Shanghai Modern Instruments, China) at
a coating speed of 5 mm s™'. The coated foil was initially dried in a conventional oven at 80 °C
for 50 minutes, followed by vacuum drying at 110 °C for 120 minutes (Vacuum Oven, MTI
Corporation, USA). Circular electrodes with a diameter of 16 mm were punched from the dried
sheets using a disc cutter. Their mass and thickness were then measured using a precision
balance and micrometre (DML Ltd., UK), respectively.

2.2.2 Small-scale DIT Cathode

The small-scale DIT cathode was fabricated through a four-step process: mixing, freezing,
freeze-drying, and demoulding. In the mixing step, a precision balance (Ohaus Model PR124/E,
Switzerland) was used to measure the dry components in the following weight ratios: 90 wt%
NMCS811 powder (Xiamen TOB Company, China), 5 wt% carbon black (Sigma Aldrich, United
Kingdom), 3 wt% SBR binder (Cambridge Energy Solution Ltd.), and 2 wt% CMC. Deionised
water was then added as the solvent. Two formulations were prepared based on the weight ratio
of solid powders to DI water: 30:70 for a dilute slurry and 40:60 for a more concentrated one.
The resulting mixture was transferred into a container and homogenized using a planetary
mixer (ARE-250, Thinky Company, Japan). The slurry was mixed at 500 rpm for 5 minutes for
pre-dispersion, followed by 2,000 rpm for 15 minutes to achieve a uniform dispersion of

particles. The slurry was then poured into a custom-designed mould (6 mm diameter, I mm
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depth) and placed on a cold finger cooled by liquid nitrogen to induce directional freezing for
15 minutes. Following freezing, the mould containing the solidified slurry was transferred into
a 150 mL freeze-drying flask (Labconco Company, United Kingdom), which was connected to
a benchtop freeze dryer (Labconco Company, United Kingdom). The freeze-drying process
was carried out at — 40 °C under a vacuum of 0.1 mbar. After drying, the DIT cathode was
demoulded, and its mass and thickness were measured using a precision balance and a
micrometre, respectively.

2.2.3 Scale-up DIT Cathode

The scaled-up DIT cathode fabrication followed a five-step process: mixing, freezing, freeze-
drying, demoulding, and calendaring. The electrode slurry was prepared using 90 wt%
NMCS811 powder (Xiamen TOB Company, China), 5 wt% carbon black (Sigma Aldrich, United
Kingdom), 3 wt% SBR binder (Cambridge Energy Solution Ltd.), and 2 wt% CMC, with
deionised water as the solvent. A 1:1 weight ratio between the powder mixture and DI water
was used. The slurry was initially mixed at 500 rpm for 5 minutes, followed by intensive mixing
at 2000 rpm for 20 minutes using a planetary mixer (ARE-250, Thinky Company, Japan) to
ensure uniform dispersion. The well-mixed slurry was then cast onto an aluminium plate
positioned on top of four Peltier cooling modules (TEC1-12706, Diymore Company, China).
The casting process was controlled by a doctor blade coater (AFA-V, Shanghai Modern
Instruments, China) with a coating speed of 5 mm s™'. The Peltier modules were powered by a
regulated DC power supply (Universal Regulated Switching Power Supply, inShareplus
Company, China). To maintain effective thermal management, a heat dissipation plate was
attached to the hot side of the Peltier modules, connected to a lab-designed water-cooling
system using chilled water circulation. After complete freezing, the aluminium plate with the
frozen slurry was transferred into a benchtop freeze dryer (Labconco Company, United

Kingdom). Freeze-drying was performed at — 40 °C and 0.1 mbar. Upon completion of freeze-
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drying, the system temperature was raised to 15 °C under vacuum to allow the aluminium plate
to gradually return to room temperature. Following this, one group of electrode sheets was
demoulded and cut into the required shape for cell assembly, while comparison groups were
subjected to a calendaring process using a rolling press machine (Xiamen TOB Company,
China), with thickness carefully controlled. Finally, all electrodes were weighed using a
precision balance and their thicknesses measured using a micrometre.

2.2.4 Conventional Slurry Coating Graphite Anode

The conventional SC graphite anode was fabricated in this study to enable a fair comparison
with the DIT-structured graphite anode. The electrode slurry was prepared using 95 wt%
graphite powder (American Elements Company, United States), 3 wt% SBR binder
(Cambridge Energy Solution Ltd.), and 2 wt% CMC, with deionised water added as the solvent.
A 1:1 weight ratio between the dry powder mixture and DI water was maintained. All
components were weighed using a precision balance (Ohaus Model PR124/E, Switzerland)
with a resolution of 0.001 g. The slurry was mixed in a suitable container using a planetary
mixer (ARE-250, Thinky Company, Japan) at 2000 rpm for 20 minutes to achieve uniform
dispersion. The homogenized slurry was then uniformly coated onto flat copper foil (10 um
thickness) using a doctor blade coater (AFA-V, Shanghai Modern Instruments, China) at a
coating speed of 5 mm s™'. Following coating, the electrode sheet underwent preliminary drying
in a convection oven at 80 °C for 50 minutes. Subsequently, the partially dried electrode was
transferred to a vacuum oven (MTI Corporation, United Stated) and further dried at 100 °C for
120 minutes to remove residual moisture and ensure complete drying. Finally, circular
electrodes with a diameter of 16 mm were punched from the dried electrode sheet using a disc
cutter. The mass and thickness of each electrode were measured using a precision balance and

a micrometre, respectively.
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2.2.5 Small-scale DIT Graphite Anode

The small-scale DIT graphite anode was fabricated through a sequence of four steps: mixing,
freezing, freeze-drying, and demoulding. In the mixing step, a precision balance (Ohaus Model
PR124/E, Switzerland) was used to weigh the dry components in the following ratios: 95 wt%
graphite powder (American Elements Company, United States), 3 wt% SBR binder
(Cambridge Energy Solution Ltd.), and 2 wt% CMC. Deionised water was added as the solvent
at a weight ratio of 26:74 (powder mixture to DI water). The mixture was transferred into a
mixing container and homogenized using a planetary mixer (ARE-250, Thinky Company,
Japan) at a rotation speed of 2000 rpm for 20 minutes to ensure uniform dispersion of all
components. The resulting slurry was then poured into a lab-designed mould (6 mm diameter,
1 mm depth) and placed onto a cold finger cooled with liquid nitrogen to induce directional
freezing for 15 minutes. After freezing, the mould containing the solidified slurry was
transferred into a 150 mL freeze-drying flask (Labconco Company, United Kingdom), which
was connected to a benchtop freeze dryer (Labconco Company, United Kingdom). The freeze-
drying process was carried out at —40 °C and 0.1 mbar. Upon completion of freeze-drying, the
DIT graphite anode was carefully demoulded. The mass and thickness of the resulting electrode

were measured using a precision balance and a micrometre, respectively.

2.3 NMC811 Water Exposure Study Characterization

To investigate the effect of water exposure on the surface chemistry and structural stability of
Ni-rich layered cathode materials, three groups of NMC811 powder were prepared: pristine
NMC811 with no contact with water (pristine control), NMC811 exposed to deionised water
for 30 minutes under the same conditions used in the DIT electrode fabrication process, and
NMCS811 exposed to deionised water for seven days (degradation reference). These groups

were chosen to represent the extremes of no exposure and prolonged exposure, with the 30-
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minute condition directly corresponding to the aqueous slurry preparation time in this study.
Characterisation was carried out using three complementary surface-sensitive techniques:
transmission electron microscopy (TEM) to observe morphological changes and surface
coatings, time-of-flight secondary ion mass spectrometry (ToF-SIMS) to detect carbonate
(COs*) and hydroxide (OH") species, and X-ray photoelectron spectroscopy (XPS) to quantify
carbonate formation via C 1s peak analysis.

2.3.1 Transmission Electron Microscope (TEM)
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Figure 2.3 Schematic of TEM imaging

TEM is a high-resolution imaging technique in which a beam of high-energy electrons is
transmitted through an ultrathin specimen to reveal nanoscale structural details[88]. Electrons
emitted from an electron gun are accelerated and focused into a fine probe by electromagnetic
lenses. The focused beam interacts with the sample, and the transmitted electrons are used to
form an image. Variations in electron scattering and absorption generate contrast, enabling
visualisation of morphology, crystallographic features and surface coatings[89]. The resulting

image is recorded using a fluorescent screen or a high-sensitivity digital camera.

TEM analysis was performed using a JEOL STEM-2100Plus microscope. Three groups of
NMCS811 powder with different water exposure durations (pristine, 30 minutes, and 7 days)

were prepared. Each sample was dispersed in acetone within a glass vial and sonicated to
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produce a uniform particle suspension. A small volume of the suspension was transferred onto
copper TEM grids using a glass pipette and allowed to dry under ambient conditions prior to
imaging. Previous studies have shown that water-induced side reactions on NMC811 surfaces
can result in the formation of a lithium carbonate (Li2COs) layer[90]. In this work, TEM
imaging focused on identifying such surface layers, quantifying their thickness, and correlating
these observations with water exposure time. It was expected that pristine NMC811 would
show no carbonate coating, the 30-minute exposure group would display only a thin layer, and

the 7-day exposure group would exhibit a substantially thicker coating.

2.3.2 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
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Figure 2.4 Schematic of ToF-SIMS, where a pulsed primary ion beam sputters the sample surface and
produces secondary ions that are separated by mass-to-charge ratio for chemical mapping.

ToF-SIMS is a surface-sensitive analytical technique that provides elemental and molecular
information from the outermost atomic layers of a material. A pulsed primary ion beam
bombards the sample surface, sputtering secondary ions. These ions are accelerated into a time-
of-flight analyser, where their mass-to-charge ratios are determined based on the time required

to reach the detector[91]. ToF-SIMS offers high sensitivity and spatial resolution, making it
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ideal for detecting surface-bound species such as carbonate (COs>") and hydroxide (OH") ions

formed by aqueous reactions.

ToF-SIMS measurements were carried out using a combined IONTOF TOF.SIMS5-Qtac100
LEIS instrument equipped with a 25 keV bismuth liquid metal ion gun (LMIG) operated in
both positive and negative ion modes. High-current bunch mode (beam current: 1 pA) was
applied to obtain high-resolution mass spectra. For depth profiling, a 1 keV cesium (90 nA)
dual source column (DSC) ion beam was used to progressively remove surface material. The
sputtering rate was calibrated to 0.125 nm s™', providing a linear relationship between sputter
time and depth. An interlaced sputtering mode was employed, scanning a 100 X 100 pm? field
at a resolution of 128 x 128 pixels. This configuration enabled the acquisition of depth-resolved
chemical maps, revealing the distribution of COs*" and OH™ species within the surface layers.
Powder samples from each water exposure group (pristine, 30 minutes, and 7 days) were

mounted on conductive carbon tape to ensure stable electrical grounding during analysis.

2.3.3 X-ray Photoelectron Spectroscopy (XPS)
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Figure 2.5 Schematic of XPS

XPS is a quantitative surface analysis technique that determines the elemental composition and
chemical states of atoms within the top few nanometres of a material. Under monochromatic
X-ray irradiation, photoelectrons are emitted from the sample surface[92]. Their kinetic energy
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is measured, and the corresponding binding energy is calculated to identify specific elements
and bonding environments. High-resolution spectra allow differentiation of species such as
carbonate carbon (~290 eV in the C 1s region) from hydrocarbon or organic carbon, providing

direct evidence of carbonate layer formation[93].

XPS measurements were performed using a Thermo Scientific K-Alpha spectrometer equipped
with a monochromatic Al Ko X-ray source (1486.6 eV). Survey scans were acquired to identify
all surface elements, followed by high-resolution scans of the C 1s, O 1s, and Ni 2p regions.
The high-resolution C 1s spectra were collected using a pass energy of 35 eV to ensure accurate
peak separation. Powder samples from the pristine, 30-minute, and 7-day water exposure
groups were mounted on double-sided carbon tape, and charge compensation was applied
during acquisition to minimise charging effects. Data processing and peak deconvolution were
performed using Thermo Avantage software, with particular attention given to the carbonate
carbon peak (~290 eV) associated with COs>" species. Based on the hypothesis for this study,
the pristine sample was expected to exhibit the lowest carbonate peak intensity, followed by
the 30-minute exposure sample with a slightly higher intensity, and the 7-day exposure sample

displaying the highest carbonate peak due to prolonged water-induced surface reactions.
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2.4 Electrode Morphology Characterization
2.4.1 Scanning Electron Microscopy (SEM)
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Figure 2.6 Schematic illustration of SEM operation

SEM is a high-resolution imaging technique that uses a focused beam of electrons to scan the
sample surface, generating images based on the interaction between the electrons and the
specimen. Secondary electrons emitted from the sample surface provide detailed topographical
information, while backscattered electrons offer compositional contrast[94]. SEM enables the
visualisation of surface features, particle distribution, and cross-sectional morphology at the

microscale, making it an essential tool for analysing electrode microstructure.

SEM analysis was performed using a Zeiss Sigma 300 scanning electron microscope to
examine the morphology of five electrode types fabricated in this study: a conventional SC
cathode, a small-scale DIT cathode, a scale-up DIT cathode, a conventional SC graphite anode,
and a small-scale DIT graphite anode. Since this thesis focuses on enhancing electrode
performance through the DIT method, SEM was a critical technique for evaluating
microstructural differences between DIT-fabricated and conventionally fabricated electrodes.
Both the top and bottom surfaces, as well as the cross-sections of the electrodes, were imaged
to assess particle alignment, porosity, and microstructural uniformity. For cross-sectional

imaging, the samples were prepared using a fully automated argon ion milling system (PECS
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I1, Gatan) operated at 8 keV for 5 hours to produce uniformly flat cross-sections, ensuring high-
quality imaging and accurate structural analysis. Porosity analysis was carried out by
processing cross-sectional SEM images in ImageJ software, where segmentation techniques
were applied to distinguish pore space from solid material and calculate the overall porosity. It
was anticipated that electrodes fabricated using the DIT method would exhibit vertically
aligned pore channels and a more uniform internal architecture, whereas conventionally SC

electrodes would display a random particle distribution and higher tortuosity.

2.5 Electrochemical Performance of the Electrodes

2.5.1 Cell Assembly

To evaluate the electrochemical performance of the fabricated electrodes, all electrodes were
assembled into CR2032-type coin cells in a half-cell configuration. In this configuration, the
working electrode (fabricated cathode or anode) was paired with a lithium metal counter
electrode to enable characterization. The coin cell consisted of several key components: the
working electrode under investigation; a lithium metal disc serving as both the counter and
reference electrode, providing a stable potential and acting as the lithium source/sink; CR2032
stainless steel coin cell cases (Xiamen TOB Company, China) that encased and sealed the
internal components, ensuring mechanical integrity and preventing electrolyte leakage, with
the top cap contacting the counter electrode and the bottom cap contacting the working
electrode; two stainless steel spacers (15.8 mm diameter X 0.5 mm thickness, Xiamen TOB
Company, China) positioned on each electrode side to ensure uniform pressure distribution and
secure electrical contact; a flexible wave spring ring (Xiamen TOB Company, China) to
maintain constant pressure on the cell stack; a Celgard 2500 monolayer polypropylene (PP)
membrane battery separator (Cambridge Energy Solutions Ltd., United Kingdom) to prevent
short-circuiting while allowing ionic conduction; and a liquid electrolyte of 1 M LiPFs in a

mixture of ethylene carbonate (EC) and ethyl methyl carbonate (EMC) (Sigma-Aldrich, United
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Kingdom) to facilitate ionic transport during charge and discharge. This configuration ensured

a controlled and reproducible environment for electrochemical testing.
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Figure 2.7 The schematic of coin cell in this study

All electrode assemblies were conducted in an argon-filled glovebox, in which the
concentrations of O and H20 were strictly maintained below 0.1 ppm. This inert atmosphere
was essential to prevent undesirable side reactions between the highly reactive liquid
electrolyte and lithium metal. Such reactions could produce lithium hydroxide or lithium
carbonate, which impair electrochemical performance and compromise cell stability[95]. The
punched electrode discs were first transferred into the glovebox via the antechamber to avoid
atmospheric exposure. Assembly followed the sequence illustrated in Figure 2.7, the bottom
stainless-steel case was placed first, followed by a stainless-steel spacer, the working electrode
under investigation, the Celgard 2500 monolayer polypropylene (PP) separator, the lithium
metal counter/reference electrode, a second stainless steel spacer, and the wave spring. The
separator was wetted on both sides with 1 M LiPFs in ethylene carbonate (EC) and ethyl methyl

carbonate (EMC) electrolyte (Sigma-Aldrich, United Kingdom), with the total volume
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precisely controlled at 80 uL per cell to ensure optimal ionic conductivity while minimising
excess electrolyte. The stacked components were sealed using a pressure-adjustable electric
crimper (MSK-160E, MTI Corporation, United States) at an applied pressure of 0.8 ton,
ensuring a hermetic seal and consistent internal compression. Following assembly, the cells
were stored within the glovebox for a minimum of 8 hours prior to electrochemical testing,
allowing sufficient time for complete electrolyte wetting and equilibration within the porous
electrode structure.

2.5.2 Galvanostatic Charge

Galvanostatic charge means charging or discharge a battery using a constant current. During
galvanostatic (dis)charging, the current (I) is held as a constant value and the voltage (V) is
monitored as a function of time[96]. Galvanostatic charge-discharge cycling is also called
constant current cycling, which is widely used to evaluate capacity, C-rate performance and

cycling stability[97].
As the current(I) was input and the software will record the Voltage(V) and the Time(t). The
absolute capacity (Q) was calculated as:

t1
Q= Idt

to
With the constant current: Q = I(t; — ty)
To calculate capacity (Q) in mAh:

I[mA] X At[h]
QmAh = 1

In this thesis, the capacity of each battery was normalized as specific capacity (mAh g), areal
capacity (mAh cm?) and volumetric capacity (mAh cm™) to make comparison. The

normalization equation was followed as:
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Specific capacity (mAh g!) :M
Mactive

Areal capacity (mAh cm™): _Qman

electrode

. . Q
Volumetric capacity (mAh cm™): —xmAh

electrode

Where, mactive refers to the mass of active materials in an electrode, Aclectrode refers to the areal

size of an electrode, Velectrode refers to the volume of an electrode.
The coulombic efficiency was calculated as:

) _ Qdischarge

CE(% x 100

charge

The absolute energy(E) in Joule was calculated as:

21
E=f V(t)Idt
t

0

With the constant current: E = I [ V(t)dt (J)

To calculate the energy in Wh and mWh, the equation are as follow:

Eyp = f V(6) I[4] dt[h]

E, o = f V(6 I[mA] de[h]

The galvanostatic charge—discharge method was employed in this study to evaluate the C-rate
capability, coulombic efficiency, and long-term cycling stability of the electrodes. All the
experiments were conducted on a battery cycler (Arbin BT-G-48, ARBIN instruments, United

Stated).
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C-rate capability characterization was conducted to evaluate the ability of the fabricated
electrodes to deliver capacity under different charge—discharge rates[98]. The C-rate is defined
as the applied current normalized to the theoretical or nominal capacity of the electrode, such
that 1C corresponds to a full charge or discharge within 1 hour (0.5C means full charge or
discharge within 2 hours). For the C-rate capability measurements, the applied current was
adjusted to correspond to different C-rates, with the C-rate value calculated according to the

following equation:

Current(I) = Crate * (Mgcrive * Qtheroretical)

The test procedure involved cycling the coin cells at a low reference rate (0.1C) to determine
the baseline capacity, followed by sequential galvanostatic charge—discharge cycles at
progressively higher rates, with the voltage range fixed between 3.0 and 4.3 V for NMC811

cathode (0.01- 1.5 V for graphite anode)[99].

In this study, coulombic efficiency was calculated from galvanostatic charge—discharge profiles
obtained at a constant current within the defined voltage window (3.0 - 4.3 V vs. Li/Li* for
cathodes; 0.01 - 1.5 V vs. Li/Li* for anodes). Coulombic efficiency is a key electrochemical
parameter used to assess the reversibility of lithium-ion insertion and extraction in a cell.
During the initial cycles, the coulombic efficiency reflects the irreversible lithium loss
associated with SEI formation and other surface reactions with the electrolyte. Over prolonged
cycling, monitoring the coulombic efficiency provides insight into the extent of irreversible

lithium-ion loss.

Long-cycling stability testing was performed to assess the capacity retention and structural
integrity of the fabricated electrodes over extended charge—discharge cycling. This test
evaluates the electrode’s ability to maintain performance under repeated lithium-ion insertion

and extraction, which is critical for practical applications requiring prolonged service life. In
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this study, the assembled CR2032 half-cells were cycled within voltage range (3.0 - 4.3 V vs.
Li/Li* for cathodes; 0.01 - 1.5 V vs. Li/Li* for anodes) at a constant 0.2 C-rate for 100 cycles.
2.5.3 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical technique in which the cell potential is scanned
linearly (constant voltage scan rate (V s™')) between two set voltage limits, while the resulting
current is recorded as a function of potential[100]. In a lithium-ion battery half-cell, CV reveals
the characteristic oxidation and reduction peaks corresponding to lithium-ion insertion and

extraction from the electrode material.

In this study, CV measurements were conducted using CR2032-type coin cells with the
fabricated electrodes as the working electrode and lithium metal as the counter/reference
electrode. The potential was scanned within a fixed voltage range (3.0 - 4.3 V vs. Li/Li* for
cathodes; 0.01 - 1.5 V vs. Li/Li* for anodes) at multiple scan rates, while the current response
was continuously recorded. And the experiment was performed on a potentiostat (Biologic SP-
240, Bio-Logic Science Instruments, United Kingdon). CV was applied for two primary
purposes. First, to evaluate whether aqueous processing induced any changes in the
electrochemical reaction mechanism of the electrodes. This was achieved by comparing the
redox peak positions and peak currents between electrodes fabricated with and without water
exposure. Second, CV was used to determine the lithium-ion diffusion coefficient through
Randles—Sevcik analysis, the details of which are presented in a subsequent section.

2.5.4 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is an electrochemical technique used to
characterise the internal resistances and kinetic processes within a battery or electrode[101]. In
this study, EIS was selected as a safe method, as the applied AC perturbation amplitude was
limited to 10 mV, which will not induce significant lithium-ion intercalation, electrolyte

decomposition, or other side reactions. All measurements were performed at open-circuit
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voltage to avoid altering the state of charge of the cell. The minimal energy input associated
with this technique ensured minimal heat generation and no measurable degradation of the
electrolyte or electrode materials, thereby enabling repeated measurements on the same cell
throughout its lifetime. In EIS measurements, a AC voltage will be input, and the instrument

will respond with an AC current[102]. The impedance Z(w) is calculated as:

|4

In this study, EIS experiment was performed on a potentiostat (Biologic SP-240, Bio-Logic
Science Instruments, United Kingdon). And the EIS data was presented in a graphical way
called Nyquist plot on EC-Lab software, where the imaginary part of the impedance (Z"') is

plotted against the real part of the impedance (Z') for a range of frequencies[103].
In Nyquist plot, the input sinusoidal voltage:
E(t) = Eysin (wt)
And the system responds with a sinusoidal current:
I(t) = Iysin (wt + @)
Where ¢ is the phase angle between voltage and current.
The impedance at angular frequency w is:

V(o)  Epsin(wt) Ey

_ _ _ 20 e
I(w) Iysin(wt+¢@) I

Where j = vV—1.
Following the above expression and extract the real part Z'(w) and imaginary part Z" (w),

Z'(w) = |Z|cos (¢)
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Z"(w) = |Z]sin (¢)
Where |Z| = ? is the magnitude of the impedance.
0

In this thesis, EIS is employed, and the Nyquist spectra are fitted with an equivalent circuit to
quantify the internal resistance contributions of the cell. At high frequency, the x-axis intercept
corresponds to the ohmic resistance (Rs), which includes contributions from the electrolyte,
separator, current collectors, and electrical contacts. At medium—high frequency, the first
semicircle is associated with the interfacial resistance (Rir), which represents ionic and
electronic transport limitations across the interface and may also include contributions from
SEI. At medium frequency, the second semicircle is assigned to the charge-transfer resistance
(Rcr) reflecting the kinetics of the redox reactions. At low frequency, the liner line (Warburg
impedance) corresponds to the solid-state lithium-ion diffusion within the electrode active
material. The sum of R Rir and Rct provides the total internal resistance under this specific
condition.

2.5.5 Diffusion Coefficient Determination Method

This thesis focuses on modifying electrode microstructures to enhance the electrochemical
performance of lithium-ion batteries. The primary objective is to develop vertically aligned
structures that optimize electrode porosity and reduce the tortuosity of the lithium-ion diffusion
pathways. Such structural modifications are expected to facilitate ion transport by reducing
diffusion restrictions. To quantitatively evaluate this improvement, the lithium-ion diffusion
coefficient was determined as part of the electrochemical characterization. Both the Randles—
Sevcik equation (derived from cyclic voltammetry data) and the Warburg coefficient (obtained
from EIS) were employed to calculate the diffusion coefficient[104][105]. The resulting values
were compared between electrodes fabricated using the DIT method and those prepared via

conventional SC.
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The lithium-ion diffusion coefficient D was calculated by the Randles Sevcik equation:
i, =2.686 x 10° x n? x Ax D7 X C X v2

where 1, is the cathodic or anodic peak current from the CV curve (A), n is the number of

electrons transferred in the redox event, A is the electrode area (cm?), D is the diffusion

coefficient (cm? s™!), C is the bulk concentration of NMC811 (mol cm™), and v is the scan rate

(Vs™h.

To determine the diffusion coefficient using the Randles—Sevcik method, cyclic voltammetry
was conducted at multiple scan rates. This approach is necessary because the method relies on
the proportional relationship between the peak current (i) and the square root of the scan rate
(v!?) for a diffusion-controlled process. By performing measurements at several scan rates and
plotting i, against v”2, a linear fit can be obtained. The slope of this line is used to calculate
the diffusion coefficient. The use of multiple scan rates also serves as a validation to ensure
that the redox process is indeed diffusion-controlled and not significantly affected by kinetic
or capacitive effects. In this study, scan rates of 0.10, 0.20, and 0.50 mV s™' were applied for
the comparison of small-scale cathodes, while 0.05, 0.10, and 0.15 mV s were used for the
scaled-up cathode comparison. The CV test under different scan rate was performed on a

potentiostat (Biologic SP-240, Bio-Logic Science Instruments, United Kingdon).

EIS was applied to determine the lithium-ion diffusion coefficient for the DIT graphite anode
and the conventional SC graphite anode. In the Nyquist plot, the low-frequency region is
dominated by the Warburg impedance, which arises from the semi-infinite diffusion of lithium
ions within the electrode material. The lithium-ion diffusion coefficient (Dy;+) was calculated
based on EIS using Warburg impedance analysis[106]. The Warburg coefficient (c) was

obtained by linear fitting of the real part of the impedance (Z') versus the inverse square root
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of angular frequency (o '/?) in the low-frequency region. The diffusion coefficient was then

calculated using the following equation[107]:

R2T?2
T 24214 F4(2%02

DLi+
where: Dyt is the diffusion coefficient of lithium ions (cm? s!), R is the gas constant
(8.314 Jmol™' K™), T is the absolute temperature (K), A is the electrode surface area (cm?), n
is the number of electrons transferred per reaction, F is the Faraday constant (96485 C mol™),

C is the molar concentration of lithium ions in the electrode (mol cm™), ¢ is the Warburg

coefficient (Q-s7!/2) obtained from the slope of the Z' vs. '/ plot.

2.5.6 Energy Density Estimation in Battery Pack
All electrodes in this study were fabricated in the laboratory and assembled into CR2032 coin

cells with dimensions of 3.2 mm in height and 20 mm in diameter. To enable comparison of
the energy density with commercial products, which are typically manufactured in pouch cell
format, a modelling approach was employed to project the performance of the fabricated
cathodes into a larger pouch cell configuration. The estimated gravimetric and volumetric
energy densities (Wh kg™! and Wh L™, respectively) were obtained using the Cell Analysis and
Modelling System (CAMS) developed by the Faraday Institution[108]. CAMS is designed to
rapidly evaluate the potential energy density of various cell chemistries and formats. The model
operates through a series of interconnected spreadsheets organised into five primary areas: Cell
Modelling: containing the main model dashboard and output interface; Cell Database:
comprising both a commercial cell database and a database of modelled cell designs. Material
Database: including data for separators, electrolytes, and electrode active materials. Cell
Calculations: containing calculation sheets used to perform the modelling operations. Model
Defaults and Constants: outlining the underlying assumptions, default formats, and cell

dimensions used in the model.
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2.6 Battery Performance Stability

To ensure reproducibility of both microstructure and electrochemical performance, and to
demonstrate that the fabrication method can be scaled up without introducing significant
variability, all electrodes were produced under ambient laboratory conditions with temperatures
ranging from 5 °C to 30 °C. Across this temperature range, the fabricated electrodes exhibited
consistent electrochemical performance, and their microstructural features remained
comparable as observed through SEM morphology analysis. For each electrode type, a total of

30 units were fabricated to support the assessment of process stability.

In this study, a scaled-up DIT cathode was also fabricated, for which a new schematic was
designed to accommodate the larger electrode dimensions. To evaluate the compositional
uniformity of the scaled-up DIT electrode sheet, thermogravimetric analysis (TGA) was
conducted using a five-point sampling method, with the sampling locations indicated in Figure
2.8[109]. From each selected region, approximately 10 mg of electrode material was collected
and analysed under identical conditions. TGA measurements were performed using an STA
449 F5 Jupiter simultaneous thermal analyser (Netzsch GmbH, Germany) over a default
temperature range of 20 - 1600 °C. Prior to each experiment, a background measurement was
conducted for baseline correction by placing a reference crucible containing Al2Os and an
empty crucible on the balance holder. Data were processed using Proteus software (Netzsch
GmbH, Germany). Argon and air purge gases were supplied at a flow rate of 50 mL min™*, with
protective argon at 20 mL min'. For the NMC811 electrode samples, the temperature program
consisted of heating under argon from 20 °C to 280 °C, followed by heating under air from

280 °C to 800 °C, at a rate of 3 °C min ..
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Figure 2.8 Schematic of the five-point sampling locations used for compositional uniformity analysis
of the scaled-up DIT cathode sheet.
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Chapter 3

3 Battery Cathode with Vertically
Aligned Microstructure Fabricated
by Directional Ice Templating
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3.1 Introduction

Electrode processing methods can significantly impact electrode microstructure and LIB
performance[110][111]. In the conventional cathode manufacturing method of SC, the slurry
is made by mixing NMC811 particles with electrical conductivity enhancer (usually carbon
nanoparticles) and binder usually in a toxic, combustible, organic solvent NMP[112][113], then
a doctor blade or a similar equipment is used to coat the prepared slurry on an aluminium foil
followed by drying and calendar steps[114][115]. This method helps hold the particles together
and adheres them to the current collector[116, 117]. Conventional SC electrodes are 100-200
um in thickness, higher electrode thicknesses and mass loadings can increase the proportion of
electrode active materials and increase battery energy densities at the cell-stack level within a
confined volume[118][119]. However, the capillary force generated in the drying process by
heating causes electrodes to crack and prevents SC from making thicker (>340 um) electrodes.
Furthermore, the electrode microstructure made by the SC method is not controlled well[120],
the congested particle arrangement with tortuous pores prevents efficient electrolyte
penetration and ion diffusion, and this problem is exacerbated at higher thicknesses[121]. Poor
lithium-ion diffusion limits the contact between the active electrode material particles and the
electrolyte[122][123], hindering the ability of lithium ions moving into and out of the electrode
material particles and impairing rate capability of the cell especially at faster (dis)charge
rates[124][125]. Some studies focus on investigating component-interface interactions and the
mechanical behaviour of electrodes such as studying mechanical relaxation behaviour and
bending capability[126], highlighting the importance of the active material microenvironment
(ME@AM)[127, 128]. Therefore, optimizing electrode microstructure is imperative for
enhancing the overall performance and efticiency of LIBs[129][130][131]. Many studies aim
to develop new active materials and applying additives to battery components [132], but less

attention falls on the processing to control the hierarchical nano- and microstructure[133][54].
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In this work, we show a novel, rapid bottom-up approach of DIT to make NMCS811 cathodes
with high thickness (660-1100 um) and control the anisotropic cathode microstructure
containing alternating vertically aligned lamellae of electrode materials (10-15 pm in width)
and pore arrays (6-12 um in diameter) through the electrode thickness to provide fast dual
electron and lithium ion transport pathways and thus to improve the battery energy density and
C-rate capability at the cell-stack level simultaneously[50]. Compared with other methods such
as 3D printing, laser structuring, etc., the advantages of the DIT method include (i) scalability
(we can use the scalable slurry coater and simply apply a directional freezing temperature
gradient from the bottom during rapid formation of in situ ice template), (i1) versatility (this
method can be applied to a wide range of cathode and anode materials), and (iii) structure
controllability (the pore channel diameter and porosity of the structure can be controlled by the
solid concentration of electrode slurry). We have developed the DIT method for other materials
of LiCo0O» [54] and LiFePO4 [134] and directional freezing and polymerisation (DFP) method
for NMC811 in polymer-based solid batteries [56]. Different active material size and surface
characteristics resulted in slightly different pore channel diameter and tortuosity, but the
vertically aligned microstructure was maintained. Here, we develop the aqueous DIT method
for the lithium-rich NMC811 cathode materials for the first time. There are two major
challenges associated with using DIT of making NMCR811 cathodes, one is aqueous processing
of NMCS811, and the other is reducing porosity of the DIT method to increase battery energy
density. This chapter addresses both of the key challenges.

Firstly, the solvent of the slurry is changed from NMP that is usually used in SC of cathodes to
water in DIT which can improve processing sustainability[135]. We systematically studied the
effects of the aqueous processing on the NMCS811 properties. Any residue water remained in
the electrodes after electrode drying or cycling at voltages over the upper voltage limit (e.g. 4.6

V[136][137]) may cause side reactions of water with LiPF¢ in the electrolyte that will harm
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electrolyte stability and ultimately battery capacities[ 138][139]. To address the first challenge,
all water was rigorously removed from the DIT cathode directly from ice to vapor during ice
sublimation before battery assembly in our experiments to prevent any residue water. Although
water in contact with the NMC particles during processing may cause side reactions with
NMCS8I11 such as lithium leaching after prolonged exposure to water[ 140][141], this is usually
due to the long term exposure rather than the rapid process of DIT, e.g. a research showed long
term (>28 days) exposure to the ambient environment (CO2, H,O, and O) may affect the
performance of high-nickel NMC (Ni wt% among all transition metals >80%) materials due to
the formation of coating consisting of carbonate, hydroxide species and enrichment of lithium
ions on the particle surface[ 142]. On the other hand, aqueous SC within a controlled processing
environment has been demonstrated on NMC811 materials, showing water does not affect the
electrochemical properties of NMC811[143]. We developed the DIT process to involve very
rapid nucleation and growth of ice and used a high solid concentration slurry to minimize the
contact between the NMCS811 particles and water[142][144]. We used a variety of surface-
sensitive techniques to study the chemical composition, bonding and morphology of the top 35
nm of the particle surface under different conditions. We showed the properties of the NMC
particles exposed to water within the duration and controlled environment of DIT were
compatible to those of the pristine NMC particles in ambient conditions.

Secondly, DIT usually makes samples with a high porosity (50-60%)[145] which may reduce
energy densities at the practical cell-stack level for real battery applications. We studied
changing electrode slurry concentrations as an effective method to reduce porosity to 35% to
be compatible to the conventional SC electrodes while creating the aligned microstructure for
the DIT electrodes. We systematically compared the chemical, nano- and microstructural, and
electrochemical properties of the NMC811 cathodes made by DIT and conventional SC.

Notable differences emerged across various charge rates, at a (dis)charge rate of 0.1 C (the
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(dis)charge current density was 1.4 and 0.76 mA cm™ for the DIT and SC electrodes,
respectively, due to the almost doubling of electrode thickness and mass loading of the DIT
than SC), the DIT cathode exhibited an areal capacity of 12 mAh cm™ and a gravimetric
capacity of 201 mAh g™, compared to an areal capacity of 7.0 mAh cm? and a gravimetric
capacity of 200 mAh g! for the cathode made by SC. The advantage was already obvious when
the (dis)charge rate was increased to 0.4 C (the (dis)charge current density was 5.7 and 2.9 mA
cm? for the DIT and SC electrodes, respectively), the DIT cathode exhibited a higher areal
capacity of 9.8 mAh cm™ and gravimetric capacity of 186 mAh g'!, compared to 2.1 mAh cm’
2and 64 mAh g! for the SC cathode. At higher C-rates of 0.5, 1 and 2 C, the DIT cathode also
maintained higher areal and gravimetric capacities than the SC electrodes. In this work, we
highlight the following key contributions: (i) developing aqueous processing for the NMC811
material within the DIT processing window to improve processing sustainability; and (ii)
overcoming low porosity that is usually associated with the DIT processing method and
achieving higher electrode densities compared to the previous electrodes, e.g.[134] and

increasing volumetric capacity and energy density.

3.2 Results and Discussion
3.2.1 Fabrication of Cathodes by DIT

The slurry composition consisted of NMC811 (90 wt%) as the active material, complemented
by carbon black nanoparticles (5 wt%) serving as the conductive element[146], and mixed
binders of SBR (3 wt%) and CMC (2 wt%)[147]. The weight ratio between the solid mixture
and deionised water was 30:70 and 40:60 for the dilute and concentrated slurry, respectively.
We denote the electrodes as DIT-D (electrode made by the dilute slurry) and DIT-C (electrode
made by the concentrated slurry), respectively. We investigated the effects of solid
concentration in electrode slurry on controlling pore channel diameter and porosity. The lab-
made apparatus of the DIT method integrates three parts including a lab-designed round ABS

mould for the electrode slurry, a copper cold finger, and a container of liquid nitrogen[51]. The
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ABS mould was placed on top of the copper cold finger platform which was placed in the
container (Figure 1.5a). The electrode active material particles and electrical conductivity
enhancer carbon black with polymeric binder were first homogeneously mixed in the electrode
slurry (Figure 1.5b). During the DIT process, the electrode slurry experienced rapid vertical
directional freezing from underneath. Ice crystals started to nucleate at the supercooling
interface on the copper cold finger. Ice columns started to grow vertically from the bottom
along the freezing temperature gradient. As these dendrites grew along the vertical freezing
direction, the ice dendrites exerted pressure on the NMC811 and carbon particles, displacing
them into the columns in-between the ice dendrites and in sifu shaping them into the desired
microstructure (Figure 1.5¢). As heat was efficiently taken away from the electrode slurry
through conduction, ice columns continued to grow vertically through the entire electrode
thickness (Figure 1.5d). After the electrode reached full solidity, the ice columns were directly
sublimed from solid to vapour through freeze-drying to preserve the formed microstructure.
The critical step of ice sublimation prevented the ice dendrites from transitioning back into a
liquid phase before ice removal, and hence, preventing the effect of shrinkage that usually takes
place in conventional SC electrodes due to the capillary force during conventional evaporation
of solvent from liquid to vapour through heating[53]. Thus, we were able to make ultra-thick
(660-1100 pm) DIT cathodes without cracking to increase mass loading of the electrodes while
maintaining the designed internal microstructure.

The reference electrode group was made by the conventional SC method[7]. The average
thickness of the SC electrode was 340 pm with an average mass loading of 36 mg cm™. The
reason for using this thickness was that this was the highest thickness (for fair comparison in
ion diffusion kinetics with the ultra-thick DIT electrodes) made by SC without cracking due to
the capillary forces during heat drying. The average thicknesses of DIT-C and DIT-D electrodes

were 660 and 1070 um, respectively, with the same average mass loading of 70 mg cm™. Note
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that we deliberately made the DIT electrodes thicker to demonstrate that even at this high
thickness, ion transport kinetics through the electrode thickness were still higher than the
thinner conventional SC electrodes. In real battery applications, the DIT electrode thickness
can be modified according to the requirements of specific applications.

3.2.2 Cathode Active Material Particle Surface Properties

To investigate the influence of water exposure on NMC811, we investigated three types of
electrode for comparison, (i) NMC-ambient conditions (NMC811 without deliberate water
exposure), (i1)) NMC-30 min (NMCS811 particles deliberately immersed in water for 30 minutes
to simulate conditions in the DIT method where the NMC811 particles are in contact with water
for 25-30 minutes), (iii)) NMC-7 days (NMC811 particles immersed in water for prolonged
exposure of seven days). All the NMC particles then underwent freeze-drying before being
investigated. TEM was employed to investigate the NMC811 particle surface morphology and
to quantify the thickness of the coating (if any) on the particle surface from reacting with water.
The TEM images in Figure 3.1a,d show the pristine NMC811 particle in ambient conditions
that has not been deliberately exposed to water (NMC-ambient conditions), the particle
displayed a coating thickness of ~5.0 nm, likely due to the inevitable exposure to COa,
moisture, and O in the ambient environment. The particle immersed in water for 30 minutes
(NMC-30 min) exhibited a similar coating thickness of ~5.5 nm (Figure 3.1b,e), indicating
minimal additional reaction compared to the pristine particle. In contrast, the sample immersed
in water for 7 days (NMC-7 days) showed a substantially thicker coating of ~30.0 nm (Figure

3.1c,f), suggesting significant surface reactions over the prolonged exposure.
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Figure 3.1 TEM images of the NMC811 particle surface and their corresponding magnified images for
(a,d) pristine particle in ambient room conditions without deliberate water exposure; (b,e) particle
immersed in water for 30 minutes; (c,f) particle immersed in water for 7 days.

Figure 3.2a shows the XPS Cls spectra for the three types of particles superimposed together,
showing the highest intensity of Li,CO3 was found in NMC-7 days. The intensity ratio between
the Li2CO3z and C-C peaks was 12.0%, 16.0% and 26.6% for NMC-ambient conditions, NMC-
30 min, and NMC-7 days, respectively. Figure 3.2b-d show the fitted XPS Cls spectra for the
three types of particles individually, with the highest intensity of the C-O=C peak for the NMC-

7 days sample.

77



NMC-ambient conditions

— WM C-ambient conditions o
{3} — MNMC-30 mins c c {b)
— NMC-T days
c-C

r 3 =
s s
= &
2 g
1k} =4
z g
= =

Li2CO3 [?:H:

Li:CO=
290 268 2686 284 282 290 288 286 284 262
Binding energy (eV) Binding energy (eV)
(c)[NMC-30 mins (d)[NMC-7 days
/ c-C /c-c

- El
3 5
.1 =
= Z

% ‘E C-0-C

z }r}c = y
Lig0: CO=C “Z‘iﬂ’ r:l-t}:c
y
il i i
292 ZéID ZéS 2&6 2&4 2&2 Zéﬂ ZéS Zéﬁ 2&-4 252
Binding energy {(eV) Binding energy (eV)

Figure 3.2 XPS Cls spectra of (a) three types of NMCR811 particles superimposed together showing the
content of Li2CO3; and the fitted spectra of (b) pristine particle in ambient room conditions without
deliberate water exposure (NMC-ambient conditions); (¢) particle immersed in water for 30 minutes
(NMC-30 min); (d) particle immersed in water for 7 days (NMC-7 days).

To provide quantitative analysis of the distributions of lithium-ion enrichment and the
carbonate and hydroxide species, ToF-SIMS depth profiling was conducted on the three types
of particles. The samples were sputtered using an ion beam, allowing for depth profiling of the
top 35 nm on the particle surface. The ToF-SIMS depth profiles show the negatively charged
CO3* and OH" species content and indicate that NMC-7 days had the highest intensities of
COs? and OH" at each depth, and NMC-30 min and NMC-ambient conditions exhibited much
lower intensities (Figure 3.3a), consistent with the thicknesses of the coatings observed in TEM
in Figure 3.1. Figure 3.3b presents ToF-SIMS depth profiles of the positively charged Li* specie
from the surface to the inside particle of the three types of samples. NMC-7 days exhibited a

significantly higher Li" intensity compared to the other two samples. Corroborating with Figure
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3.3a, the results show a higher presence of LioCO3; and LiOH on the particle surface of NMC-
7 days, suggesting that more Li" was leached from NMC-7 days. The consistency among the
TEM, XPS and ToF-SIMS results suggests that the coating formed during 30 minutes of water
exposure was comparable to the naturally occurring coating formed under ambient conditions.
These results indicate that exposure of NMCS811 to water for less than 30 minutes during
aqueous slurry mixing resulted in minimal side reactions compared with the naturally occurring
coating for the pristine particles. However, longer exposure time may lead to substantial surface

reactions and coating formation.
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Figure 3.3 ToF-SIMS depth profile showing the formation of Li»CO3 and LiOH from the surface of
NMCS11 particles to the inside particles under three conditions: NMC-ambient conditions; NMC-30
min; and NMC-7 days. (a) ToF-SIMS depth profiles showing the intensity of OH™ and COs* as a
function of sputtering depth, (b) ToF-SIMS depth profile of Li".

A CV test was conducted on electrodes prepared using the DIT method, and the resulting CV
curve is shown in Figure 3.4. In the pristine NMCS811 electrode fabricated by the conventional
SC method, the stepwise redox behaviour of Ni and Co resulted in four distinct peaks—two
oxidation and two reduction peaks, each pair corresponding to a specific redox reaction at given
potentials. During the first CV scan, irreversible electrochemical processes occur as the
electrode equilibrates with the electrolyte. These include surface reactions, initial structural

activation and SEI formation. All of these contribute to deviations in peak shape and intensity
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compared with later cycles. During charging, the first oxidation peak appeared within the 3.7 -
4.0 V range, corresponding to the removal of Li* from the NMC811 structure, while the second
oxidation peak occurred between 4.2 - 4.5 V due to further Ni oxidation [148—150]. During
discharge, the first reduction peak emerged between 4.1 - 3.9 V, indicating lithium reinsertion,
followed by a second reduction peak in the 3.7 - 3.6 V range, representing additional lithium
insertion. After the first cycle, the formation of a cathode-electrolyte interphase stabilized the
system, leading to more consistent and overlapping CV curves in subsequent cycles. As shown
in the Figure 3.4, the CV curves of the NMCR811 electrode fabricated by the DIT method at 0.1
mV s over the first four cycles exhibited a behaviour highly consistent with conventional
NMCS811. From the second to the fourth cycle, the CV curves overlapped more closely,
demonstrating stable electrochemical behaviour. The oxidation peaks for these cycles appeared
at 3.87 and 3.88 V (first oxidation) and 4.24 and 4.25 V (second oxidation), while the reduction
peaks were observed at 4.08 and 4.07 V (first reduction) and 3.65 and 3.62 V (second
reduction). This strong agreement with the conventional NMC811 characteristics using NMP
solvent, further confirms that the aqueous DIT method did not alter the redox reaction

mechanism.
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Figure 3.4 CV curves of DIT-C electrode at a scan rate of 0.1 mV s
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3.2.3 Electrode Structures
Figure 3.6 shows the cross-sectional SEM images of the SC electrode, DIT electrode made by

dilute slurry (DIT-D), and DIT electrode made by concentrated slurry (DIT-C), with increasing
magnifications, and the blue arrows in the figures show the freezing direction during the DIT
process. The cross sections were polished by an argon ion beam to reveal the interior
microstructure of the electrodes. The average secondary particle size of NMC811 was 12 £ 5
um, while the carbon black particles were around 8-100 nm. Figure 3.6a,b shows non-
directional porosity with highly tortuous pores for the SC electrode. Figure 3.6c-f show well-
ordered pore channels extending through the thickness direction for the DIT-D and DIT-C
electrodes. These pore channels were formed along the freezing direction during the ice
columns growth. The vertical structure framework enables shorter diffusion pathways along
the kinetically favourable through-electrode-thickness direction for ion diffusion during
(dis)charging. Individual NMC811 particles were observed in DIT-C in Figure 3.6e,f, the width
of the lamellae of the electrode materials was 10-15 pum, facilitating efficient insertion and
extraction of lithium ions as active sites for electrochemical processes. The SC electrode
exhibited a large pore size distributions of 2-30 pm (Figure 3.6a,b), whereas the DIT-D (Figure
3.6¢,d) and DIT-C (Figure 3.6e,f) electrodes exhibited more uniform pore channel diameters
of 4-10 pm and 2-6 um, respectively. The overall porosity was 35%, 57%, and 35%, £5%, for
the SC, DIT-D, and DIT-C electrodes, respectively, demonstrating that increasing the solid
content in the electrode slurry for DIT effectively increased electrode density to be compatible
to that of SC electrodes, and modifying the electrode slurry solid concentration can effectively
control the pore-channel size and porosity. The DIT electrodes were also able to be made much
thicker (660-1100 um) than the SC electrode (340 pm), and no obvious cracks were observed
in the DIT electrodes, showing good mechanical properties of the DIT electrodes. Additionally,
Figure 3.5 shows a top view SEM image of DIT-C (freeze direction was towards out of the

page) after ion milling to reveal the internal microstructure, a cellular structure emerged
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wherein all active material particles were interconnected in the conductive network of the
electrode. We have also performed calendering tests on the DIT electrodes showing the
electrode thickness of porosity were reduced by moderate calendaring, the vertically ordered

porous structures bended but largely preserved the ordered porous microstructure.

Figure 3.5 Top view SEM image (after ion milling to reveal the inside microstructure) of DIT-C
electrode. The freeze direction was towards out of the page, a cellular structure emerged wherein all
active material particles were interconnected in the conductive network of the electrode.
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Figure 3.6 Cross-sectional SEM images of (a—b) SC electrodes; (c—d) DIT electrodes made with a dilute
slurry (30:70, DIT-D); and (e—f) DIT electrodes made with a concentrated slurry (40:60, DIT-C). Blue
arrows in (c) and (e) mark the freezing direction used in the DIT process.
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3.2.4 Electrochemical Performance

Figure 3.7a,b show the galvanostatic (dis)charge profiles for the DIT-C and SC cathodes,
showing both gravimetric and areal capacities at (dis)charge rates of 0.1 and 0.4 C. The mass
loading of the DIT-C cathode is almost double of the thick SC cathode we made for comparison
purposes and the mass loading of the DIT-C cathode is almost four times of the average of the
SC cathodes in the literature [151], hence, the magnitudes of the current applied (parameter for
practical applications) to the three types of cathode at the same C rate were different. At 0.1 C,
the (dis)charge current density was 1.4 and 0.76 mA cm and the gravimetric capacities were
201 and 200 mAh g! for the DIT-C and our SC cathodes, respectively. The gravimetric capacity
of DIT-C was also comparable to the other thinner NMCS811 cathodes made by SC (17 mg cm”
2) in the literature[151], although the current applied to the DIT electrodes (70 mg cm™) and
our SC electrodes (36 mg cm™) was significantly higher than the conventional SC electrodes,
demonstrating that the DIT-C cathode fully utilised its active materials in the aligned
microstructure despite the higher thickness. On the other hand, due to the higher mass loading
of the DIT-C cathode, DIT-C significantly increased areal capacity (12 mAh cm™) compared
with 7.0 mAh cm™ for the SC electrode in this study and ~3.25 mAh cm™ for the other SC
cathodes in the literature[152]. The Coulombic efficiency was 98.5% and 97% for the DIT-C
and SC cathodes, respectively. Figure 3.11 shows that the DIT-D cathode exhibited an areal
capacity of 9.3 mAh cm™ since it still had higher mass loading than SC and the vertical pore
arrays improved ion diffusion. At 0.4 C, the (dis)charge current densities were 5.7 and 2.9 mA
cm™ and the gravimetric capacities were 186 and 64 mAh g! for the DIT-C and SC cathodes,
respectively. The lower gravimetric capacity of the SC cathode here is because the SC cathode
thickness in this study (340 pm) was still 2-3 times higher than that of conventional SC
cathodes[153] and the tortuous porosity heavily impeded ion diffusion. In contrast, the DIT-C

cathode still maintained a higher gravimetric capacity and 4 times higher areal capacity (9.8
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mAh c¢cm?) than the SC cathode (2.1 mAh cm™). Figure 3.12 shows the DIT-D electrode
exhibited a medium areal capacity of 8.0 mAh cm2at 0.4 C.

Figure 3.7e shows the comparison of reversible areal capacities for the DIT-C and SC cathodes
from 0.1 C to 2 C (the corresponding reversible gravimetric capacities comparison is shown in
Figure 3.13. Due to the significantly higher mass loading of the DIT-C electrode than the SC
electrode[154], the current densities applied to DIT-C (mass loading 70 mg cm™) at 0.1, 0.2,
0.4, 0.5, 1, and 2 C were approximately equivalent to the current densities applied to our SC
electrode (mass loading 36 mg cm™) at 0.2, 0.4, 0.8, 1, 2, and 4 C, and the current densities
applied to conventional SC electrodes in the literature (average mass loading 17 mg cm™ [155]
at0.4,0.8, 1.6, 2, 4, and 8 C. At the same current density of 1.4 mA cm for a fair comparison,
the DIT-C electrode exhibited 200 mAh g whereas the SC electrode exhibited 182 mAh g';
at the same current density of 1.4 mA cm™, the DIT-C electrode exhibited 156 mAh g™! whereas
the SC electrode exhibited 140 mAh g™ [156]; and the difference became larger and larger as
the current density increased, showing the advantage of the DIT electrode. The areal capacity
of DIT-C was 2-4 times higher than SC at all C rates. The trend was the same for the gravimetric
capacities, showing the advantages of DIT-C at increasing C rates. Upon reverting the C-rate
back to 0.1 C, the DIT-C capacity restored to its initial value, exemplifying the robustness of
the DIT method, whereas the inability of the SC electrode to fully recover to its initial capacity
upon returning to 0.1 C indicate structural instability of the randomly porous microstructure.
Figure 3.14 summarises the rate capability of the DIT-D electrode at increasing C rates,
showing the DIT-D electrode capacities were consistently higher than SC but lower than DIT-
C. These results demonstrate that the aligned pore arrays in the DIT electrodes improved

lithium-ion diffusion kinetics through the electrode particularly at increasing C rates.
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Figure 3.7 Galvanostatic charge and discharge profiles showing (a) areal capacities at 0.1 C; (b)
gravimetric capacities at 0.1 C; (c¢) areal capacities at 0.4 C; (d) gravimetric capacities at 0.4 C. (¢)
reversible areal capacity of electrodes at different C rates. (f) Equivalent circuit and fitted Nyquist plots
for comparison between DIT-C and SC cathodes.

EIS was applied after 3 charge and discharge cycles. Figure 3.7f shows the Nyquist plot of
DIT-C and SC, and the corresponding equivalent circuit is shown in the Figure 3.7f[157]. The
intercept between the Nyquist plot and Z’ axis at high frequency indicates the resistance of
electrolyte Ry and was estimated at 1.9 and 3.5 Q for the DIT-C and SC electrodes, respectively.
The high frequency semicircle and midfrequency semicircle emerged together, where the high
frequency semicircle diameter indicates charge transfer resistance Rcr and the midfrequency

semicircle diameter can be attributed to the electrolyte-oxide interfacial impedance R;z[158].
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The overall Rcr and Rjr was 46.8 and 78.4 Q for the DIT-C and SC electrodes, respectively,

indicating lower impedance for the aligned microstructure.
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Figure 3.8 CV curves of (a) SC cathode and (b) DIT-C cathode, at scan rates of 0.1, 0.2, and 0.5 mV s
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Figure 3.9 Fitting slop of (a) SC cathode and (b) DIT-C cathode from the normalized peak current of
the CV curves.

Figure 3.8 shows the CV curves of the DIT-C and SC cathodes at 0.1-0.5 mV s™! where the
redox peaks are more prominent in DIT-C (Figure 3.8 b) than SC (Figure 3.8 a). Each peak in
the CV curves represents reduction or oxidation reaction[159]. The normalized peak current
(ip) had a linear relation with the square root of the scan rate (v°5) as shown in Figure 3.9,
indicative of an ion diffusion-controlled process. The slope values for the cathodic and anodic
peaks were similar for the DIT-C cathode, but asymmetric for the SC cathode, indicative of

more reversible redox reactions and faster ion diffusion in both ways in the aligned
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microstructure of the DIT-C electrode. The lithium-ion diffusion coefficient D was calculated
by the randles-sevcik equation[160][161]:

ip=2.686><105><n%><A><D%><C><v% (1)
where i, is the cathodic or anodic peak current from the CV curve (A), n is the number of
electrons transferred in the redox event, 4 is the electrode area (cm?), D is the diffusion
coefficient (cm2 s-1), C is the bulk concentration of NMC811 (mol cm-3), and v is the scan
rate (V s). D was 4.2 X 107% and 2.8 x 107 cm?s! for the cathodic and anodic reactions
respectively for DIT-C, higher than 1.1 X 107%and 1.2 X 108 cm?s™! for the cathodic and
anodic reactions of the SC cathode, respectively. The reduced impedance and enhanced
lithium-ion diffusion coefficient explained the higher rate capability for the DIT-C cathode in

Figure 3.7.
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Figure 3.10 Long cycling test of DIT-C, DIT-D and SC electrodes at 2.8 mA ¢cm™ for DIT-C, DIT-D and
1.5 mA cm™ for SC.

Finally, Figure 3.10 shows long cycling performance of the DIT-C cathode, DIT-D (with lower
mass loading) cathode and SC (also with lower mass loading) at 0.2 C for 50 times after 70
cycles of rate capability (120 cycles in total). The current of 0.2 C corresponds to (dis)charge
current densities of 2.8 and 1.5 mA cm™ for DIT-C and SC, respectively. The DIT-C and DIT-
D cathode exhibited higher capacity retention than the SC cathode, confirming enhanced

cycling stability and robustness of DIT method. The DIT-C and DIT-D cathodes exhibited
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similar capacities towards the end, showing water in the low mass loading scenario did not
affect NMC811 with any noticeable changes within the rapid DIT processing window before
the electrodes were completely dried through ice sublimation. At the high current density, Li
metal anode became the limiting factor instead of the cathode. Our future work will optimise

the anode[59].
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Figure 3.11 Galvanostatic (dis)charge curves for DIT-D and SC electrodes at 0.1 C.
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Figure 3.13 Reversible gravimetric capacity of the DIT-C and SC electrodes from 0.1 C to 2 C.
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Figure 3.14 Reversible areal capacity of DIT-D and SC electrodes at different C rates.

To investigate the energy storage performance of the structured electrodes in real-world
devices, we used a Cell Analysis and Modelling System (CAMS) model[108] to calculate both
gravimetric and volumetric energy density of the batteries using the three types of cathodes in
a pouch cell configuration. The schematic diagram of SC and DIT-C pouch cell configurations
(31.9 cm (L) x 23.2 cm (W)) of approximately the same total volume is shown in Figure 3.15a.
For the SC electrode cell stack in this study (340 um, deliberately made thicker to compare ion
diffusion with the DIT electrodes), 12 layers of cathode and 12 layers of anode were used,

whereas an 8-layer configuration was used for the DIT-C electrode (660 pm). Figure 3.15b
shows the volume contributions of each component in SC and DIT-C-based pouch cell stacks.

In addition, a 5.5 layer-configuration was used for the DIT-D electrode (1074 um), and a 16.6

layer-configuration was used for the conventional SC electrode from the literature (160 um),

to keep the total volume of the pouch cells approximately the same. Table 3.2 shows the
properties of the other components inside the pouch cells including copper foil with connecting

tab, graphite anode, separator and aluminium foil with connecting tab while Table 3.3 shows
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the proportions of these components inside the cell stacks in a pouch cell for real world
applications. Figure 3.15 shows directly that as the DIT electrode thickness increased (with
vertically aligned pore arrays to speed up ion diffusion in thick electrodes), the proportion of
active materials in cell stacks, and hence the battery energy density increased. Table 3.1
summarizes the gravimetric and volumetric energy densities of the 4 types of electrodes (DIT-
C, DIT-D, SC in this study and SC in literature) at different C rates. As shown in Figure 3.10(b),
The DIT-C cell contained 68.85% active materials by volume, compared to 53.33 % in the SC
cell. This represents a 15.52% increase in the volumetric allocation for active materials in the
DIT-C cell within the same total volume. Consequently, as shown in Table 3.3, the DIT-C
electrode stack contains only 5.07% inactive components, compared to 7.46% in the SC stack.
This means the DIT-C stack reduces inactive component usage by 32% than that in the SC cell
stacks, contributing to an overall enhancement in the energy density of the battery cell-stack.
As a result, DIT-C exhibited a competitive gravimetric energy density of 533.5 Wh kg'!, and
27% higher volumetric energy density of 1162.2 Wh L' compared with SC in this study and
SC from the literature at 0.1 C. However, as soon as the C rate was increased to 0.4 C, DIT-C
exhibited 3 times higher gravimetric energy density of 496.2 Wh g and over 3 times higher

volumetric energy density of 1080.9 Wh L™! than the SC in this study.
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Table 3.1 Summary of gravimetric and volumetric energy densities of the cathodes in battery pouch cell configurations.

Cathode
C rate )
Energy density SC (in this SC (from the
(hh DIT-C DIT-D .
study) literature[ 162])
o1 Gravimetric (Wh kg™!) 533.5 321.1 511.1 464.8
. Volumetric (Wh L) 1162.2 587.1 1076.5 914.1
04 Gravimetric (Wh kg™!) 496.2 278.2 163.5 418.3
' Volumetric (Wh L) 1080.9 510.7 344.5 822.7
Aligned electrode microstructure? N N X X
Electrode thickness (um) 660 1074 340 160
Mass loading (mg cm™) 70 70 36 17
Average porosity (%) 35 57 35 35
Pore size (um) 4+£2 6+4 16 + 14 16 + 14
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Figure 3.15 (a)A cross section schematic diagram of SC and DIT-C pouch cell configurations with the
same total volume and (b) the volume ratio of components in SC and DIT-C pouch cells.

Table 3.2 Details of thickness of each component in pouch cell configurations.

Thickness of each
Numbers of .
component Thickness (um)
components
(um)
Components 12 layers 8 layers lasy.:rs 12 layers 8 layers lasy.esrs 12 layers 8 layers lasy'esrs
SC DIT-C SC DIT-C SC DIT-C
electrode | electrode ellz ;l;:)]?ie electrode | electrode 61]2 ;l;:)]?ie electrode electrode elIZ ltTr-(I?ie
Coforlwith o5 | 25 | 25 7 5 | 375 | 175 | 125 | 93.75
Lithium metal | 250 250 250 12 8 5.5 3000 2000 1375
Separator 25 25 25 12 8 5.5 300 200 137.5
Cathode sheet 340 660 1074 12 8 5.5 4080 5280 5907
Al foil with tab 16 16 16 6 4 2.75 96 64 44
Total thickness (um) 7651 7669 7558

Table 3.3 Thickness Distribution of Components in DIT-C vs. SC Cell Stacks

SC stack DIT-C stack | Difference trend

Electrode 53.33% 68.85% 7

Separator 3.92% 2.61% N

Lithium metal 39.21% 26.08% N

Al foil 1.25% 0.83% N

Cu foil 2.29% 1.63% N
Inactive

component 7.46% 5.07% N

(Separator, Al and

Cu foil)
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3.3 Experimental Section

3.3.1 Fabrication of Electrodes

The slurry utilized in the DIT method was prepared under ambient conditions at a room
temperature of 15 °C. To ensure the slurry was homogeneous, the suspension was mixed by a
planetary mixer (mixer ARE-250, Thinky company) at a rotation speed of 2,000 rpm for 20
minutes for both the DIT and SC cathodes. For making cathodes by SC, the process
commenced with mixing of the NMC811 particles, carbon black, and PVDF binder in the same
weight ratio of 90:5:5 in the NMP solvent. The weight ratio between NMP and solid mixture
was 50:50[126]. Subsequently, the homogeneous slurry was evenly coated onto a flat
aluminium foil (16 pum in thickness) at a coating speed of 5 mm s™!, employing a doctor blade
coater (AFA-V, Shanghai Modern instruments). Following this, the coated foil was subjected
to preliminary drying in an oven at 80 °C for 50 minutes. The preliminary dried electrode sheet
was then transferred to a vacuum oven and exposed to a temperature of 110 °C for 120 minutes
to ensure thorough drying[163]. Finally, electrodes with a diameter of 16 mm were precisely
cut from the dried electrode sheets using a disc cutter. For DIT, the electrode slurry was rapidly
cooled from room temperature down to -40 °C using liquid nitrogen. 30 sets of samples were
produced for both DIT and SC cathodes with the mass loading error controlled within 5%.
3.3.2 Characterization

The electrode microstructure was investigated by scanning electron microscopy (SEM, Zeiss
Sigma300). Cross-sectional SEM images were taken after the electrode cross section was
polished by a fully automated argon ion milling system (PECS II, GATAN) at 8 keV beam for
5 hours to ensure a uniformly flat cross section for subsequent analysis. Segmentation of the
cross-sectional SEM images followed by quantification of the phases were used to estimate the
electrode porosity. TEM (JEOL STEM 2100 Plus), XPS (K-Alpha), and ToF-SIMS (ION-TOF
GmbH, Munster, Germany) depth profiling were used to analyse three types of sample: (i) as-
purchased pristine NMCS811 particles under ambient conditions without deliberate water
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exposure (NMC-ambient conditions); (i1)) NMC811 particles that have been immersed in water
for 30 minutes (longer than the aqueous slurry mixing duration in the DIT process) (NMC811-
30 min); and (iii)) NMC811 particles that have been immersed in water for 7 days as a reference
for long-term water exposure (NMC-7 days). All the samples were then freeze-dried. To ensure
the reliability of these observations, TEM measurements were taken from 10 particles in each
sample group, with representative data included in this study. ToF-SIMS data was acquired
using a 25 keV Bismuth liquid metal ion gun (LMIG) analytical beam in positive and negative
modes. To obtain high resolution mass spectra, high current bunch mode was used with a beam
current of 1 pA. For the ToF-SIMS depth profile, all samples were sputtered using a 1 keV
cesium (90 nA) dual source column (DSC) ion beam to remove the surface materials layer-by-
layer, and the sputter time had a linear relation with the depth using a constant sputter speed of
0.125 nm s!. The interlaced sputter mode was applied by scanning 100> pm? field at 1282
pixels. The XPS measurements (Thermo Scientific K-alpha) were conducted with 35 eV pass
energy for high resolution Cls spectra, and Thermo Avantage software was used for data
analysis.

3.3.3 Electrochemical Testing

To analyse the electrochemical performance of the electrodes, all types of the electrodes made
by DIT and SC were transferred into a glovebox (H20 level < 0.1 ppm, O level < 0.1 ppm)
and assembled and tested in the standard CR2032 coin cell configuration[164][165]. A lithium
chip was employed as the counter electrode, lithtum hexafluorophosphate solution (1.0 M
LiPF¢ in ethylene carbonate (EC) and ethyl methyl carbonate (EMC) with 50/50 v/v) was used
as the electrolyte[166], a microporous membrane (Celgard 2500) was applied as a
separator[167]. Galvanostatic charge and discharge was performed from 3.0 V to 4.3 V at
different C-rates on a battery cycler (Arbin BT-G-48)[168]. The EIS was investigated from the

frequency of 1 MHz to 100 mHz using Biologics SP-240. CV was performed on Biologic SP-
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240 at scan rates of 0.1, 0.2 and 0.5 mV s™!. All electrochemical testing was performed at room

temperature (15 °C).

3.4 Conclusion

A DIT method is developed for making anisotropic electrode microstructures with aligned,
interleaving lamellae of electrode material and pore arrays to provide fast dual electron and ion
transport kinetics. In this work, DIT is applied to NMC811 active material for the first time,
demonstrating that this technique can be extended from earlier proof-of-concept studies to a
commercially relevant cathode chemistry. This aqueous DIT method eliminates the toxic,
combustible, organic solvent NMP and is more sustainable and safer than the conventional SC
method. DIT also enables modification of the fabricated electrode microstructure to improve
electrochemical energy storage performance, particularly at faster (dis)charge rates. By
controlling the DIT processing, the results of a range of surface-sensitive techniques (TEM,
ToF-SIMS, XPS) show that the properties of the NMC811 particle surface were similar to that
of pristine NMCS811 particles in ambient environment and no significant electrochemical
performance degradation was observed, demonstrating that water can serve as a viable
alternative to NMP in the rapid DIT method. This significantly reduces the environmental
impact and health risks associated with the use of NMP, thereby enhancing the sustainability
of the battery manufacturing process. We also systematically reduced the porosity of the DIT
electrodes to 35%, compatible with the conventional SC electrodes. Due to the almost doubling
of the mass loading of the DIT electrodes with the designed microstructure compared with the
SC electrode, the DIT-C electrode exhibited 3 times higher gravimetric capacity and 5 times
higher areal capacity than the SC electrode at a (dis)charge current density of 5.7 mA cm™. CV
and EIS measurements also show an improved ion diffusion coefficient and reduced impedance
for the DIT-C electrode. Finally, the pouch cell configuration of DIT-C electrode exhibited

superior gravimetric and volumetric energy densities of 496.2 Wh kg! and 1080.9 Wh L' at
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5.7 mA cm™ compared with 163.5 Wh kg! and 344.5 Wh L for the SC electrodes, with
approximately the same total pouch cell volume. This is because the aligned microstructure
improves dual electron and lithium-ion transport kinetics during (dis)charging and discharging,
while the higher thickness and mass loading reduce the proportion of inactive components
(copper foil, aluminium foil, etc.) and increase the active components by 15.52% in the finite

volume of pouch cells.
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4.1 Introduction

The conventional slurry coating method of making battery electrodes can only make congested
microstructure with randomly distributed active materials particles[169], resulting in highly
tortuous and inefficient ion transport pathways|[ 170]. Conventional slurry coating has electrode
thickness limitations of up to ~300 um because the subsequent isotropic heating to evaporate
solvent imposes capillary forces that cause electrode cracking[171][172]. Existing slurry
coating of electrodes (particularly cathode materials such as NMC811) uses combustible, toxic
organic solvent NMP which has safety hazards. Previous results show that prolonged exposure
(~28 days) of NMC811 to moisture can lead to the formation of undesirable side products that

may compromise electrode performance[58][27].

DIT uses extreme unidirectional supercooling of aqueous electrode slurry to form vertical ice
columns. After ice sublimation, the electrodes contain microstructure with vertically aligned
pore arrays. The unique vertical microstructure significantly reduces tortuosity[174], thereby
shortening lithium ion diffusion pathways[175]. As a result, the DIT-structured electrode
facilitates more efficient ion transport with minimal restriction, enabling high current density
fast charging/discharging performance. The DIT method overcomes the thickness limitations
of conventional slurry coating and enables fabrication of ultra-thick (~1000 um) electrodes
with high mass loading (>70 mg cm?) without cracking as ice is directly sublimed to vapour.
We have used ToF-SIMS, XPS and high-resolution transmission electron microscopy (HRTEM)
to study the chemical composition, chemical bonding, and morphology of the high energy
NMCS8I11 particle surface during aqueous processing and identified the optimal aqueous
manufacturing conditions for the NMCS811 cathode material. This work complements other
reports on aqueous processing, e.g. solving the gelation issue of NMC811 slurry[176], and has

the potential for eliminating the organic NMP solvent to develop lower cost, more sustainable
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battery manufacturing[177]. However, in our previous study[173][174], the DIT method was
limited to small-scale electrode fabrication due to mould constraints, with a maximum diameter
of 6.5 mm. To overcome the scaling limitations, here, we develop new manufacturing
equipment that enables the DIT method to produce electrode sheets of customizable dimensions.
This system maintains the fundamental DIT working principle while eliminating previous size
constraints, allowing for industrial-scale applications such as pouch or cylindrical cell

production[178].

The calendering process followed by slurry coating is also one of the major steps in electrode
manufacturing for batteries[179]. This process involves applying compression towards
electrodes usually by using a pair of rollers, resulting in electrode densification. The
calendering step reduces electrode porosity to increase electrode density and volumetric
capacity[180] and improves contact between particles to improve electrical conductivity and
maintains mechanical integrity[181][182]. The electrodes made by the DIT method are usually
not calendered[183], to protect the vertically aligned microstructure. Excessive compression
and thickness reduction can lead to increased pore tortuosity and counteract the benefits of fast
ion diffusion of the DIT electrode microstructure[ 184][185]. On the other hand, one common
disadvantage of the DIT electrodes is high porosity and lower volumetric capacity although the
gravimetric capacity and rate capability are attractive[183]. The balance between calendering
to increase electrode density and deviation extent of the aligned microstructure is unknown but
critical for the DIT processing[186][187][188]. Here, we systematically study for the first time
the effects of the calendering process with different levels of thickness reduction on the
anisotropic microstructure and electrochemical performance of the electrodes made by the DIT

method. The goal is to identify the optimal thickness reduction ratio and compression degree
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that maximises volumetric and gravimetric energy densities while balancing pore tortuosity to

achieve fast (dis)charging rate capabilities.

This study makes two major contributions to the development of the DIT method of
engineering battery electrode microstructure. Firstly, we develop a processing instrument to
scale up DIT processing from lab scale to a larger production scale while maintaining high
reproducibility. The instrument is based on a commercial coater to make the new DIT
technology compatible to the existing battery manufacturing process. Secondly, we add the
calendering step in DIT manufacturing for the first time to solve the long-standing challenge
of high porosity in the electrodes made by DIT or other template-based techniques. Our
electrochemical testing results show that 30% calendered DIT electrodes (i.e. reducing
electrode thickness by 30% through compression) offer an optimal balance between increasing
electrode density and maintaining a level of the anisotropic microstructure for improving
lithium-ion diffusion kinetics. The 30% calendered DIT electrodes exhibit high gravimetric and
areal capacities (200 mAh g ! and 14 mAh cm?) at 0.1 C (current density 1.4 mA cm2),
approximately 7 times higher than the conventional slurry coated electrodes of the same
material[ 189] due to the high mass loading of the DIT electrode. Notably, when the current
density increases to 7 mA cm™, the results identified the critical threshold of 30 % calendered
electrode that exhibited the highest volumetric capacity of 148 mAh cm™ and the highest
volumetric energy density of 778.9 Wh L' among all other calendering condition electrodes
and with similar porosity as those of conventional slurry coated electrodes. These results
indicate the porosity and pore tortuosity remain within the favourable range for ion diffusion
while the electrode density and volumetric performance are significantly improved at 30%

calendering.
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4.2 Results and Discussion

4.2.1 Fabrication of Electrodes by Scaled-up Directional Ice Templating (DIT)

Figure 4.1 is a schematic of the scaled-up DIT instrument. In this study, electrode slurry was
prepared by combining 90 wt% NMCS811 powder (active material), 5 wt% carbon black
(conductive additive), 3 wt% SBR, and 2 wt% CMC as binders, with deionized water as the
solvent in a 1:1 wt% ratio to the total solid content under ambient conditions[190][191][192].
The mixture underwent preliminary mixing at 500 rpm for 5 minutes, followed by mixing at
2,000 rpm for 20 minutes using a planetary mixer to ensure homogeneity[193]. The well-mixed
slurry was cast by a doctor blade machine onto an aluminium plate positioned on top of a Peltier
cooling device[194] which was added to the commercial doctor blade machine to obtain the
new function of directional freezing. The casting speed was controlled at 5 mm s~ !. The Peltier
device, when powered by an electrical source, transfers cooling from its cold side to its hot side,
creating a temperature difference of approximately 60 °C between the two surfaces[195]. To
maintain effective cooling, it is essential to dissipate heat from the hot side efficiently[196]. In
this setup, the heat dissipation plate is attached to the hot side of the Peltier device, with inlet
and outlet connections linking to a water-cooling module. Upon connection to the power supply,
the Peltier device cools the aluminium plate to approximately -40 °C, leading to freezing of the
electrode slurry. Simultaneously, a pump circulates cold water through the cooling module,
ensuring rapid heat removal from the hot side and sustaining the desired low temperature on

the cold side. This efficient cooling setup rapidly freezes the electrode slurry during processing.
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Figure 4.1 Schematics of (a) the directional-ice-templating (DIT) scaled-up apparatus; and (b) the DIT
process.

Immediately after the electrode slurry is cast onto the aluminium plate, the active material
(NMCS811), conductive additives (carbon black), and binders (SBR and CMC) are uniformly
but randomly distributed throughout the slurry. As illustrated in Figure 4.1b, the NMC811
particles are dispersed in the liquid medium and surrounded by carbon black and binder prior
to freezing. At this stage, the deionized water remains in the liquid phase, corresponding to
Status 1 in the water phase diagram (Figure 1.6). Once the Peltier device is activated, the
aluminium plate rapidly cools, initiating directional freezing from the bottom to the top of the
slurry. This results in the formation of ice dendrites that grow upward through the slurry[197].
As these dendrites form, they expel the materials particles into the interstitial spaces between
the growing ice dendrites, as shown in Figure 4.1b[198]. During this process, the water
transitions from Status 1 (liquid) to Status 2 (solid) as depicted in Figure 1.6. After complete
freezing, the aluminium plate and frozen slurry are immediately transferred to a freeze dryer.
The freeze-drying process is carried out at -40 °C and 10 Pa (Status 3 in Figure 1.6). The ice

dendrites sublimate directly from solid to vapour, bypassing the liquid phase. This sublimation
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process preserves the vertically aligned architecture formed by the expelled particles, resulting
in a unidirectional porous electrode structure shown in Figure 4.1b. After the freeze-drying
process, the freeze dryer environment is set to 15°C and 10 Pa to allow the aluminium plate to
reach room temperature. This step prevents excessive moisture H,O absorption from the
ambient air. Finally, the electrodes are calendered by rolling press machine to varying degrees
that result in different thickness reduction: 50%, 40%, 30%, 20%, and 0%. For instance, a 20%
thickness reduction applied to an electrode with an initial thickness of 1000 um yields a final
thickness of 800 pm. The dried electrode sheets are typically 5 cm x 10 cm in size, the average

mass loading is 70 = 1 mg cm™.

4.2.2 Compositional Uniformity of Scaled-up DIT Electrodes

Figure 4.3a shows the scaled-up free-standing electrode sheet made by the upgraded DIT
instrument, the sheet appeared uniform and intact, indicating good mechanical robustness and
structural integrity. To evaluate the compositional uniformity of the scaled-up free-standing
DIT electrode sheets, TGA analysis was carried out on five representative regions using a five-
point sampling method. These sampling locations were selected to cover the centre and edges
of the sheet so that any variation in material composition across the large area could be captured.
The exact positions of the five points are labelled in Figure 4.3a. From each region,
approximately 10 mg of electrode material was collected, ensuring consistent sample mass and
preparation. All samples were tested under identical TGA conditions to allow direct comparison
of their thermal decomposition behaviour. This approach makes it possible to assess whether
the distribution of active material, conductive additive and binder remains uniform throughout
the entire DIT-produced sheet. The raw data was normalized to 100 % at 65 °C to eliminate the
influence of moisture content from the ambient environment and gas fluctuations at the start of
the experiment. As shown in Figure 4.2, all five TGA curves exhibit nearly similar

decomposition trend, indicative of consistent compositions across the 5 points. Obvious mass
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loss was observed at 200 °C and 280 °C, corresponding to the decomposition of the SBR and
CMC binder. At 400 °C, the carbon black contributed to the rapid mass loss and all samples
stabilized at approximately 90 wt% residual mass with variations within 0.5 wt% which was
aligned with the expected 90 wt% content of NMCS811 active material. Areal composition
stability is critical for industrial-scale manufacturing. At the lab scale, electrodes are typically
characterized by assembling them into coin cells and performing galvanostatic (dis)charge
cycling. Uniform active material mass across the electrode sheets and consistent
electrochemical performance of the same batch coin cells is essential for performance
evaluation and comparisons among different electrode batches. At the industrial scale, non-
uniform distributions of active materials can result in significant issues, including poor cell
performance and safety concerns[200][201]. Heterogeneity in active material loading on the
electrode sheets may lead to localized overloading of current, and consequently exceeding
resistance and generating hotspots which increases the pressure on heat dissipation[202][203].
In this study, the TGA results of five different regions on the electrode sheets revealed nearly
identical composition profiles and residual mass values. This confirms a uniform distribution
of active and inactive materials across the whole DIT scaled-up electrode sheets. The
consistency reveals stability and reproducibility of the scaled-up DIT method and demonstrates

its possibility of producing large-area electrodes with homogeneous compositions[204][205].
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Figure 4.2 TGA curves from five representative points across the scaled-up DIT electrode sheet.

Figure 4.3 (a) Photo of free-standing NMC811 electrode sheet fabricated by the scaled-up DIT method.
Scanning electron microscopy (SEM) images of (b) DIT electrode top surface and (c) its magnified
view; (d) DIT electrode bottom surface and (e,f) its magnified views.

4.2.3 Electrode Microstructure

To investigate the microstructure of the DIT electrodes, SEM was conducted on both the top
and bottom surface of the electrodes, as shown in Figure 4.3b-f. The bottom surface of the free-
standing electrode is the supercooling interface in contact with the aluminium plate and nearest

to the cooling device, showing homogeneously distributed porous microstructure with nearly
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uniform small size pore diameters of 400 nm - 2 um (Figure 4.3d-f). The bottom surface is the
starting point of the freezing direction, ice crystals start to nucleate at this interface. The ice
nucleation rate is high whereas the temperature gradient is low at this interface, resulting in
more equiaxed ice structures[206]. The ice then starts to grow vertically upwards. The freezing
temperature gradually increases from the bottom to the top surface through the electrode
thickness as the ice needs to travel longer distances through the electrode materials. The top
surface (Figure 4.3b) exhibits distinctly different morphology of aligned lamellar structures, a
magnified view (Figure 4.3c) reveals well-defined interlamellar gaps ranging from 1 to 10 um.
These features arise from the directional growth of ice dendrites where the temperature gradient
starts to become larger, and the diameter of the ice dendrites increases towards the top as ice
has more time to grow, showing the unidirectional ice dendrite growth kinetics during the DIT

Process.

To reveal the internal microstructure of the electrodes, argon ion milling was used to gently
polish the cross section of the electrodes. Figure 4.4 presents cross-sectional SEM images of
the as-fabricated DIT electrodes and the DIT electrodes after varying degrees of calendering.
During calendaring, the electrode is compressed between two rollers that exert a load normal
to the electrode surface. This vertical compressive force reduces the electrode thickness and
partially modifies the pore alignment within the DIT structure. The direction of this applied
load is shown by the arrow in Figure 4.4. The cross-sectional SEM image of the as-fabricated
electrode (Figure 4.4a) reveals a vertically aligned microstructure with pore arrays traversing
uniformly throughout the electrode full 1000 pm thickness. At 20-30% calendering (Figure
4.4b,c), the overall alignment was largely retained, although localized deformation of the
channels became apparent. The porosity was reduced from 46% for 20% calendering to 38%

for 30% calendering. With further calendering to 40% (Figure 4.4d), the porosity was reduced
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to 35%, but the porous channels were increasingly compressed and narrowed, leading to partial
loss of structural integrity. At the highest calendering level of 50% (Figure 4.4e), the porosity
was reduced to 30%, but the electrode morphology became significantly compressed, with the
original aligned structure heavily distorted and the porosity substantially reduced. Some of the
aligned structures appeared broken in the middle, which may obstruct ion diffusion pathways
and hinder effective transport during charging and discharging. These images reveal electrode
morphological evolution during calendering, the morphological transition reflects the

mechanical response of the vertical structure under compression.
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Figure 4.4 Cross-sectional SEM images of the as-fabricated scaled-up DIT electrode and under
subsequent varying degrees of calendering.

4.2.4 Electrochemical Performance

The galvanostatic (dis)charge curves in Figure 4.5a,b indicate all electrodes, regardless of the
calendering level, exhibited similar specific capacities (approximately 200 mAh g ') and areal
capacities (approximately 14 mAh cm2) at 0.1 C rate (1.4 mA cm™), indicating comparable
initial active material utilization. All electrodes showed high coulombic efficiency (higher than
98%), indicating stable and reversible electrochemical behaviour. The galvanostatic
(dis)charge curves of the electrodes under varying calendering at 0.2 and 0.5 C are shown in
Figure 4.6. Although the C rates appear low, this is because the DIT electrodes in this work
have an exceptionally high average mass loading of 70 mg cm™ compared with up to 10 mg

cm 2 mass loading in other studies (e.g. [207]). Therefore, the actual current used for charging

109



and discharging of the battery cells in this study is approximately 7 times higher than the current
used in other studies under the same C rate[207]. Beyond 1 C in this study (14 mA cm™), the
current magnitude became too large that lithium plating on the anode side became the limiting
factor, not the cathode[207]. As the C rate increased to 0.2 C (2.8 mA cm™), all the other
electrodes maintained ~190 mAh g ' and higher than 13.0 mAh cm? whereas the 50%
calendered electrode exhibited the largest capacity loss, delivering a specific capacity of 181
mAh g ! and an areal capacity of 12.6 mAh cm 2. At 0.5 C (6.0 mA cm), the 20% and 30%
calendered electrodes retained higher capacities (approximately 139 mAh g ! and 9.7 mAh
cm 2), the 40% electrode delivered 111 mAh g! and 8.5 mAh cm 2, whereas the 50% sample

again showed the most pronounced decline (around 100 mAh g !, 6.9 mAh cm™).
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Figure 4.5 Galvanostatic (dis)charge curves of the scaled-up DIT NMCS8I11 electrodes under varying
calendering degrees at 0.1 C, showing (a) gravimetric capacities; and (b) areal capacities. Rate
capability of the same electrodes, showing (a) gravimetric capacities; and (d) volumetric capacities.
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Figure 4.5b,c show rate capability in terms of both gravimetric and volumetric capacities as C
rate increased for the electrodes under varying degrees of calendering, even the lowest 0.1 C
rate already used a high current density of 1.4 mA cm™. All electrodes were tested under
increasing C rates from 0.1 to 1 C, followed by a return to 0.1 C. Figure 4.7 also shows rate
capability in terms of areal capacities for analysing different performance metrics. As the C
rate increased, a decline in capacity could not be avoided for all electrodes as there was less
time for (dis)charging, however, notable differences emerged among the electrodes with the
different calendering levels. At >50% calendering, the electrode exhibited a pronounced
capacity drop, particularly at >0.5 C (7 mA cm?), likely because the over-compression
increased pore tortuosity and hindered ionic transport. In contrast, the 30% calendered
electrode consistently delivered among the highest gravimetric, areal and volumetric capacities
at >0.5 C among all the electrodes, indicating a more favourable balance between high
electrode density and low pore porosity. On the other hand, although the 0% and 20%
calendered electrodes showed slightly better gravimetric capacity (~12 mAh g'!, 8% of the total
gravimetric capacity) and area capacity (~0.7 mAh cm™, 7% of the total areal capacity) at 0.5
C, these electrodes lacked sufficient high density, resulting in much lower volumetric capacities
(~37 mAh cm™, 27% of the total volumetric capacity). Hence, the 30% calendering condition
presents an optimal trade-off between rate capability and all the different capacity performance
metrics. When the C rate returned to 0.1 C in the final step of the rate capability testing, the
capacity recovery was also the highest for the 30% calendered electrodes, indicating the aligned

microstructure was maintained with reversible electrochemical behaviour.
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Figure 4.6 Galvanostatic (dis)charge curves of the scaled-up DIT NMC8I11 electrodes under varying
calendering levels at (a,b) 0.2 and (c,d) 0.5 C, showing gravimetric and areal capacities.
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Figure 4.7 Rate capability of the DIT NMCS811 electrodes under varying calendering levels, showing
areal capacities.
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To determine the lithium ion diffusion value of the best-performing 30% calendered electrode
and compare with the 0% calendered electrode, their experimental CV curves and the fitted
peak current/root of scan rate linear relations are shown in Figure 4.8. For the 30% calendered
electrode, the anodic and cathodic peak currents were 1.48 mA and 0.96 mA, respectively. For
the 0% calendered electrode, the anodic and cathodic peak currents were 1.54 mA and 0.95
mA, respectively. The fitted linear relations shown in Figure 4.8b,d confirms that the redox
process was diffusion-limited and reversible in both electrodes. To estimate lithium ion
diffusion coefficient D, Randles-Sevcik equation[160] [161]was applied.

i, =2.686 x 10° x n: XAX Di X C X vz (Equation 4.1)
Where i,, is the anodic or cathodic peak current obtained from CV curve (A), n is the number
of electrons transferred in the redox event, A is the electrode surface area (cm?), D is the
diffusion coefficient (cm? s), C is the bulk concentration of NMC811 (mol cm™), and v is the
scan rate (V s!). The average Dri+ was 2.88 X 1072 and 3.01 x 107° cm? s™! for the 30%
calendered and 0% calendered DIT electrodes, respectively, indicated that both electrodes
exhibited similar ionic diffusion behaviour and 30% calendering did not disrupt the fast ion
diffusion pathways significantly. However, the 30% calendered electrode exhibited superior
benefits in volumetric capacities, and hence, achieved a balance between preserving fast ion
transport kinetics and high volumetric performance. Further, both DIT electrodes show
significant improvement in lithium-ion diffusion coefficients in other conventional slurry
coated NMCR8I11 electrodes with random microstructure where the D, ;+ values are in the range

between 107" and 10713 cm? s [208].
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Figure 4.8 Cyclic voltammograms at 0.05 mV s™, 0.10 mV s, 0.15 mV s™! for (a) 30% calendered DIT
electrode; and (c) 0% calendered DIT electrode. Fitted linear relations of the peak current in both anodic
and cathodic scans against the square root of scan rate for (b) 30% calendered DIT electrode; and (d)
0% calendered DIT electrode.

EIS was performed on the battery cells at the pristine state to evaluate the effect of different
calendering degrees on the electrochemical properties of the DIT NMCS811 cathodes. A SC
electrode (340 um in thickness) of the same materials was also tested at the same conditions
for comparison. The resulting Nyquist plots are shown in Figure 4.9a, the high frequency region
is magnified in Figure 4.9b, and the corresponding equivalent circuit model[209] is in the inset
of Figure 4.9b. The fitted resistance values are summarized in Table 4.1. The combined
electronic resistance of the electrode and the ionic resistance of the electrolyte (Rs) remained
relatively stable at ~7 Q for the DIT electrodes with up to 40% calendering. However, at 50%

calendering, Rs increased sharply to 12.8 Q, likely due to possible cracks under the excessive
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pressure. This measurement was consistent with the electrode microstructure from the cross-
sectional SEM images in Figure 4.4, where partial structural breakdown was visible at the 50%
thickness reduction. At medium to high frequencies, the semicircle in the Nyquist plots
represents the combined charge transfer and interfacial resistance (Rct)[173]. The fitted results
show that Rct remained low and decreased from 26.2 to 21.6 Q from 0% to 40% calendering,
indicating that both electronic and ionic pathways were well maintained and improved further
when the electrodes were calendered up to 40%. However, when the thickness reduction

reached 50%, Rct increased to 39.2 Q.

Nevertheless, Rct for all the DIT electrodes were still significantly lower than 78.4 Q for the
slurry coated electrode, indicating the DIT electrodes reduced ion transfer resistance inside the
electrodes in general. At low frequencies, the tail of the Nyquist plots for the DIT 0% - 40%
calendered electrodes overlapped and displayed a steeper slope than the DIT 50% calendered
electrode, but the slope of the latter was still steeper than the slurry coated electrode, indicating
the DIT electrodes with vertically oriented pore arrays with low-tortuosity pathways exhibited
faster lithium-ion diffusion. These EIS results correlate well with the galvanostatic
(dis)charging curves and rate capabilities in Figure 4.5, where the DIT 50% calendered

electrode exhibited reduced rate capability and poorer reversibility.

115



N
o

200 T T T T T T T T T

T
0% 0.01 Hz ] I
o 170 /—:—44% » ]
0,
160~ 30% . [ ™ — H — ]
40% 1 30 - TR Rer wi 7
140 50% " B L
® Slurry coating 1 L |
E20t 1 E 2 N
Q & 1 Q i [ ]
@100 - —- @20 - - E
E g} ’ 1 E | .
| . .
60 |- 4 . r .
. . ® @ 1 10r ] N
40 - 1 MHz . * - [} R A I A

’ I . * * e
20 -/ Lot o, ¢ - 5T ot et i
‘ v f /,~M 4 r ’ ," &
0 1 1 |‘ 1 " 1 " 1 " 1 " 1 "
0 20 40 60 80 100 120 140 4160 180 200 0 5 10 15 20 25 30 35 40
Re(Z)/Ohm Re(Z)/Chm

Figure 4.9 (a) Nyquist plots of the DIT NMCS811 electrodes at different calendering levels and the
conventional slurry coated electrode of the same materials at a frequency range from 1 MHz to 0.01
Hz, all at the pristine state; and (b) magnified high frequency region of the Nyquist plots. The inset of
(b) is the equivalent circuit model that was used for fitting the Nyquist plots.

Table 4.1 Fitting resistances of the Nyquist plots of the DIT NMCS811 electrodes under different
calendering levels and the slurry coated electrode of the same materials as a reference using the
equivalent circuit model.

Cathodes Rs (Q2) Rct (Q2)
0% calendered 6.9 26.2
20% calendered 6.9 22.7
30% calendered 6.8 22.3
40% calendered 6.8 21.6
50% calendered 12.8 39.2
Slurry coated 3.5 78.4

Figure 4.10 presents the long-term cycling performance of DIT electrodes calendered by
varying levels at 0.2 C (current density = 2.8 mA ¢cm™) over 100 cycles. The electrodes from
uncalendered (0%) to moderate calendering levels (20% - 40%) exhibited comparable and
stable capacity retention of ~80% after 100 cycles. These results demonstrate that moderate
calendering (<40%) gently bended the vertical structure but largely preserved the beneficial

aligned porous microstructure of the DIT electrodes, allowing them to maintain open lithium-
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ion transport pathways without significant degradation. The 50% calendered electrodes showed
a rapid and continuous capacity decline throughout cycling. This poor performance indicates
that excessive calendering severely damaged the DIT electrode microstructure and collapsed

the pore channels.
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Figure 4.10 Long-term cycling performance of DIT NMCS811 electrodes under varying calendering
levels at 0.2 C (current density = 2.8 mA ¢cm™) over 100 cycles.

The gravimetric (Wh kg™!) and volumetric (Wh L!) energy densities of battery pouch cells (A4
size, 29.7 cm x 21 cm) using the DIT NMCS811 cathodes under varying calendering degrees
and the conventional slurry coated electrodes of the same materials estimated by the CAMS

are summarized and compared in Table 4.2.
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Table 4.2 Properties and gravimetric and volumetric energy densities of scaled-up A4 pouch cells containing DIT NMC811 cathodes under varying calendering
levels and conventional slurry coated electrodes of the same materials for comparison estimated by the CAMS model.

C rate Cathodes
Energy density
(h'h 0% calender 20% calender 30% calender 40% calender 50% calender Slurry coating
Gravimetric (Wh kg™!) 461. 6 508.7 533.2 545.6 559.9 511.1
™ Volumetric (Wh L) 846.1 1025.4 1133.1 1192.6 1264.9 1076.5
Gravimetric (Wh kg™!) 447.0 491.4 509.2 516.7 504.7 163.5
" Volumetric (Wh L) 819.5 990.5 1082.1 1129.4 1140.3 344.5
Gravimetric (Wh kg™!) 333.1 351.6 366.5 302.8 274.3 102.2
" Volumetric (Wh L) 610.6 708.8 778.9 661.9 619.8 2153
Electrode thickness (um) 1000 800 700 600 500 340
Mass loading (mg cm) 70 70 70 70 70 36
Aligned electrode microstructure? v v v X X X
Average porosity (%) 57 46 38 35 30 35
Pore size (um) 16+ 14 11+9 8+7 6+4 6+4 16+ 14
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4.3 Experimental Section

4.3.1 Characterization

Electrode morphology was examined using scanning electron microscopy (SEM, Zeiss
Sigma300). To prepare the cross section of the electrodes in order to reveal the internal
microstructure without damaging/altering the microstructure, a fully automated argon ion
milling system (PECS II, GATAN) was employed to gently polish the cross section under an 8
keV beam for 6 hours. This ensured a flat cross-section suitable for accurate SEM focus and
imaging. Porosity estimation was carried out using the segmentation function in Imagel
software applied to the SEM cross-sectional images of the electrodes. The Thermogravimetric
(TGA) analysis was performed under STA 449 F5 Jupiter simultaneous thermal analyser
(Netzsch GmbH, Germany). The obtained date was analysed using Proteus Software ((Netzsch
GmbH, Germany). Approximately 10 mg of powder was used in each TGA measurement. A
background measurement was conducted for the baseline before the experiment, where a
reference crucible with Al2O3 and an empty crucible were placed on the balance holder. The
purge air flow rate and protective argon flow rate were 50 and 20 ml min ™!, respectively. The
sample measurements were conducted after baseline correction. In this experiment, the
NMCS811 electrode material was running under argon between 20 and 280 °C and air flow
between 280 and 800 °C with a heating rate 3 °C min'.

4.3.2 Electrochemical Testing

All electrochemical testing was performed at room temperature at approximately 15 °C. The
electrodes were assembled into CR2032-type coin cells in a half-cell configuration, using
lithium metal chips as the counter electrode[210]. Electrode discs were carefully punched from
the electrode sheets and transferred into an argon-filled glovebox where moisture and oxygen

levels were maintained below 0.1 ppm. The electrolyte consisted of 1.0 M lithium

119



hexafluorophosphate (LiPFs) dissolved in a 1:1 volume ratio mixture of ethylene carbonate
(EC) and ethyl methyl carbonate (EMC). A microporous polypropylene membrane (Celgard
2500) was used as the separator. Galvanostatic charge—discharge tests and long-term cycling
stability of the electrodes were conducted using a battery cycler (Arbin BT-G-48) within a
voltage window of 3.0 V to 4.3 V at various C-rates and current densities to evaluate the
electrochemical performance. EIS measurements were performed using a Biologic VSP in the
frequency range of 1 MHz to 10 mHz with an amplitude of 10 mV. CV was conducted using a

Biologic LBT20084 at scan rates of 0.05, 0.1, and 0.15 mV s '.

4.4 Conclusion

This study demonstrates the scale-up of the DIT manufacturing technique through directional
extreme supercooling for the fabrication of ultra-thick (~1000 um) battery electrodes using an
aqueous solvent. The resulting electrode sheets achieved a high mass loading of 70 mg cm 2,
and maintained vertically aligned microstructure that effectively improved fast lithium-ion
diffusion kinetics while ensuring good electrical connectivity. An analysis of the calendering
process revealed the critical threshold of 30% calendering degree of the DIT electrodes to
obtain a balance between maintaining the vertical microstructure essential for efficient ion
transport and enhancing volumetric energy density. It was found the 30% calendered DIT
NMCS811 cathode was the critical threshold that exhibited comparable lithium-ion diffusion
coefficient, low impedance, the highest volumetric capacities as the (dis)charging current
density increased to 7 mA cm, and stable cycling stability. Excessive calendering beyond 40%
destroyed the vertically aligned electrode microstructure and caused rapid capacity fade in long
term testing. Pouch cell performance estimation showed substantial gravimetric and volumetric
energy densities of 367 Wh kg™! and 779 Wh L™ at 7 mA cm™ using the 30% calendered DIT
NMCS811 cathode compared with 102 Wh kg™! and 215 Wh L™! for conventional SC electrodes

of similar porosity. These results validate the feasibility of using the DIT method for
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manufacturing-scale production of electrode microstructure engineering to achieve high energy

density, fast charging batteries.

121



Chapter 5

5 Ultra-thick Graphite Anode Vertical
Microstructure by Directional Ice
Templating
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5.1 Introduction

LIBs have become increasingly crucial in the world due to their versatile and efficient energy
storage capabilities. LIBs, as a widely used energy storage device also played an important role
in automotive industry, consumer electronics and grid energy storage system[211, 212]. Recent
research trends and on lithium-ion batteries has been focused on energy density improvement,
fast charging technology, longevity and cycle life[213, 214]. Due to the high demand for
lithium-ion battery in various industries, a good manufacturing method can significantly impact
the performance of lithium-ion battery by optimizing the processes[215]. A lithium-ion battery
consists of several key components including a cathode, an anode, a separator, electrolyte and
a current collector. Each parts works together to allow lithium ions diffuse and move between
cathode and anode thus to store and release electrical energy[216]. Anode, as one of the core
elements, can receive and store lithium ions during charge process. When discharging, anode
releases lithium ions stored in the active materials and then the lithium ions pass through
electrolyte and separator[217]. Graphite has gain significant attention as an anode material for
lithium-ion batteries because its high electrical conductivity, good lithium intercalation
capacity and relatively low cost[218, 219]. This study focuses on improving the
electrochemical performance and energy density of the graphite anode by optimizing the

electrode’s microstructure.

In conventional anode manufacture method, the slurry is made by mixing graphite powder with
binder which create a cohesive and mechanically stable structure and help hold the graphite
particles together and adhere them to current collector[220]. Then a doctor blade is used to coat
prepared slurry on the copper foil followed by vacuum oven drying and calendar step[221].
The microstructure of the anode made by this method will be random even if the planetary
mixing machine is applied during the mixing procedure to make the powder suspended into the

solvent homogeneously[222]. The congested particles arrangement and random size
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distribution of pores structure prevent the electrode from better electrolyte penetration and ion
diffusion[177]. Poor electrolyte penetration limits the contact between the active electrode
materials and the electrolyte, leading to a decrease of electrochemical reactions and results in
a reduced capacity of the battery[223]. While slow ion diffusion hinders the ability of lithium
ions to move into and out of the electrode quickly and result in impaired rate capability of the
cell[224]. The most straightforward way to overcome this situation is reducing the thickness of
electrode which may improve electrolyte penetration and increase lithium-ion utilization in
electrodes. However, the thickness reduction to electrode causes the decreased proportion of
active materials in a cell which consequently decrease the energy density from the perspective
of the entire battery[225]. Many studies aim to overcome the ion diffusion problem without
reducing the energy density of a cell by developing new active materials and applying additives
to Dbattery components and less attention falls on the manufacturing

process[226][227][228][229].

To enhance the ion diffusion kinetics and improve tortuosity in anode during charging and
discharging, a new method called DIT method is applied in anode production process[230]. By
using DIT method, the resulting reduction in tortuosity enhances the C-rate capability and
conductivity of the anodes, addressing one of the critical limitations associated with traditional
thick electrodes[231]. With the aim of proving the feasibility and reliability of DIT method in
anode graphite production, the comparative experiment between graphite anode microstructure
as well as electrochemical performance made by conventional SC method and new DIT method
is implemented and repeated. Conventional SC method involves mixing the ingredients of
anode, coating slurry on cooper foil and then subjecting the slurry to an oven drying process to
remove moisture[232]. This is followed by vacuum oven drying to further ensure dryness
which often results in challenges related to the microstructure and integrity of the electrodes

when fabricating thick electrode[233]. Finally, the dried mixture is cut and assembled into coin
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cell. In DIT method, the procedure begins with mixing and coating, but instead of oven drying,
the mixture is subjected to freezing. After freezing, it undergoes a freeze-drying process to
remove the moisture before being assembled. Comparatively, conventional SC primarily
utilizes heat-based drying methods, while DIT method incorporates freezing and freeze-drying
techniques. Neither of these two methods include calendaring process. The freeze-drying
process enabled the production of thick electrodes (over 1000um) with ultrahigh mass loading

without cracking caused by capillary forces[234].

In this study, the DIT method was applied for the first time to fabricate graphite anodes
featuring vertically aligned and highly interconnected porous networks, using solely
commercially available components without any laboratory modifications. By first establishing
the appropriate volume ratio for DIT processing of graphite slurry, we successfully produced
thick freestanding electrodes with a thickness of approximately 500 um. This approach offers
several key advantages over conventional SC method: (1) it overcomes the typical thickness
limitations associated with SC electrodes[235]; (2) it demonstrates scalability, as the lab-scale
mould system used in this study can be readily adapted to larger plate-based formats; and (3)
it enables structural tunability, as adjusting the solid-to-water ratio in the slurry allows for
control over pore size and porosity. Under a charge rate of 0.1 C, the current densities for the
DIT and SC anodes were 1.7mA cm™2 and 0.6 mA cm™2, respectively. At this rate, both
electrodes delivered a specific capacity of 372.0 mAh g™'. However, the DIT anode achieved a
2 times higher areal capacity of 11.0 mAh cm 2, compared to 5.0 mAh cm™ for the SC anode.
At a higher rate of 0.6 C (approximately 10 mA cm2), the DIT electrode retained a specific
capacity of 259.6 mAh g and an areal capacity of 7.5 mAhcm™2, while the SC electrode
delivered only 212.9 mAh g! and 2.8 mAh cm ™. These results highlight the potential of the
DIT strategy to enable high-mass-loading graphite anodes with improved rate capability and

areal performance. Additionally, the thickness and mass loading achieved through DIT without
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structural failures signify a pivotal advancement in battery technology, focusing on not just
performance but also scalable manufacturing methods suitable for future energy storage

applications[236][237].

5.2 Results and Discussion
5.2.1 Fabrication of Graphite Anode by DIT

(a)

ABS lab mould

. Active materials
U Cu bolt

[ )
;'.E Inactive materials

Cu stick

Freeze Dry

Figure 5.1 (a)Schematics of DIT apparatus for anode, and (b)-(d) cross section of the anode
slurry during freezing and freeze-drying procedure.

The slurry was composed of graphite powder (95 wt%) as the active material, and a mixed
binder system consisting of SBR (3 wt%) and CMC (2 wt%)[238]. The weight ratio of the solid
mixture to deionized water was set at 26:74. This ratio was determined based on results from a
previous study on the DIT cathode, where a solid-to-water weight ratio of 40:60 corresponded
to a volume ratio of 15.8:84.2. Since the ratio of deionized water affects the porosity and
microstructure formation of the electrode, the same volume ratio of 15.8:84.2 between the solid
mixture and deionized water was maintained for the anode. Consequently, the weight ratio of
the solid mixture to deionized water for the DIT anode was calculated to be 26:74. As shown
in Figure 5.1, the schematic illustrates the DIT apparatus designed for anode fabrication,
comprising ABS 3D-printed moulds, a copper (Cu) bolt, a Cu rod, and a container for liquid

nitrogen. To initiate the freezing of the anode slurry, the ABS mould, Cu bolt, and Cu rod were
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assembled from top to bottom. The components were precisely designed to create a 1 mm-thick
annular gap at the top of the Cu bolt, with the inner wall of the ABS mould serving as the
containment boundary for the slurry. This circular gap had a diameter of 6.5 mm and a thickness
of 1 mm, providing the space for the anode slurry. This DIT apparatus allows the electrode
thickness to be fabricated up to 1000 um. The prepared ABS mould, Cu bolt, and Cu rod
assembly were then placed into a container filled with liquid nitrogen at approximately -196 °C,
which acted as the cold source[239]. Due to the high thermal conductivity of copper, the anode
slurry within the gap froze completely within approximately 5 minutes[240]. During the 5-
minute freezing process, the DI water contained in the anode slurry froze directionally from
the bottom to the top, as the cold source was deliberately positioned beneath the assembly. As
freezing progressed shown from Figure 5.1b to Figure 5.1c, ice crystals formed along this
vertical direction, with ice dendrites growing upward from the bottom. The advancing ice front
pushed suspended particles aside, resulting in the formation of aligned ice columns extending
through the slurry[206]. After freezing, the Cu bolt and ABS mould containing the frozen slurry
were removed and transferred to a freeze dryer. The freeze-drying procedure shown from
Figure 5.1c to Figure 5.1d was conducted at -40 °C and 0.1 mbar. Under these conditions, the
solid ice underwent sublimation, transitioning directly from the solid phase to the gas phase[56].
This process left behind vertical channels where the ice columns had formed, creating aligned
pores within the electrode shown in Figure 5.1d. This fabrication method avoided the liquid-
to-gas phase transition that typically occurs in conventional SC electrodes, which often leads
to shrinkage and cracking due to capillary forces[241]. By eliminating these effects, the DIT
method enabled the production of thick electrodes with ultrahigh mass loading while

preserving the desirable vertically aligned microstructure.

The reference electrode group was prepared using the conventional slurry-coating (SC) method,

resulting in an electrode thickness of 200 um after drying and a mass loading of 16 mg cm™.
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A thickness of 200 pm was selected because SC electrodes exceeding this thickness tend to
crack easily during drying due to capillary forces, compromising production stability. The
fabrication of thicker SC electrodes, compared to typical commercial SC graphite electrodes,
enabled a fair comparison with the ultra-thick DIT graphite electrodes, which exhibited a
thickness of 500 pm and a mass loading of 46 mg cm™ with a porosity of 37.5%. This
experimental design highlighted the advantages of the DIT fabrication method in producing
stable, thick electrodes. Moreover, the thickness of the DIT graphite anode could be adjusted

to match the capacity of the corresponding cathode in practical battery applications.

5.2.2 Electrode Structure

Figure 5.2 SEM images of the top surface and the magnification views of (a)-(c) SC graphite
anode and (d)-(f) DIT graphite anode

Figure 5.2 a-c presents SEM images of the top surface of the SC graphite anode. As expected,
this microstructure reflects the typical appearance of electrodes fabricated by conventional
slurry casting and thermal drying processes. In this method, active and inactive particles are

homogenized using a mixer, coated onto copper foil, and subsequently dried in a vacuum oven
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to remove residual moisture. This process leads to the formation of a compact, densely packed
particle network with randomly distributed, irregularly shaped pores, as shown in Figure 5.2a.
Such a congested surface structure significantly restricts the formation of interconnected
pathways for electrolyte infiltration. Consequently, electrolyte penetration into the thick SC
graphite anode requires approximately 40 minutes. The limited porosity and high tortuosity
force ionic transport to rely predominantly on slow solid-state diffusion rather than efficient
liquid-phase conduction. This results in poor electrolyte wetting, non-uniform lithiation, and
increased polarization during cycling, especially under high-rate conditions, ultimately
contributing to accelerated capacity fade and reduced electrochemical stability. In contrast,
Figure 5.2d-f shows the top surface morphology of the DIT graphite anode. These images
reveal a unique surface structure compared to the SC anode. In Figure 5.2 d,e, well-defined
pores can be clearly seen. These pores were created during the DIT process. When the slurry
was frozen, ice crystals grew and pushed the solid particles aside. During freeze-drying, the ice
sublimated directly from solid to vapor, leaving aligned pores where the ice columns had
formed. Figure 5.2f shows that these pores are typically 15 - 20 um wide and 80 - 100 pm long.
This porous network provides connected channels that allow the electrolyte to penetrate
quickly and evenly usually in 1 minute, which helps improve ion transport and promotes

uniform lithiation across the thick electrode.
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Figure 5.3 SEM images of the cross section and the magnification views of (a)-(c) SC graphite
anode and (d)-(f) DIT graphite anode

Figure 5.3 presents SEM images of the cross sections of SC graphite anodes (a) - (¢) and
directionally ice-templated (DIT) graphite anodes (d) - (f), with blue arrows indicating the
freezing direction during DIT fabrication. These cross-sectional views reveal the internal
microstructures that directly influence lithium-ion transport during charge and discharge,
where ions migrate from the electrode bulk toward the separator. Figure 5.3a-c show the SC
anode cross sections at increasing magnifications. The electrode displays a dense, disordered
microstructure, with graphite particles averaging ~5 um in size and irregularly distributed pores
ranging from ~2-30 pm. The SC electrode had an overall thickness of ~200 pm with a porosity
of approximately 30%. The randomly shaped, isolated pores increase tortuosity and limit the
formation of continuous ionic pathways, forcing lithium ions to follow convoluted diffusion
paths that can hinder high-rate performance. In contrast, Figure 5.3d-f illustrate the DIT anode
cross sections. These images show a vertically aligned porous network formed by directional
freezing, as indicated by the blue arrows. The DIT electrodes maintained similar graphite
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particle sizes (~5 um) but exhibited more uniformly distributed pores (~2-10 um). The DIT
anodes had a slightly greater thickness of ~500 pm and a porosity of ~37.5%. The aligned pore
channels provide continuous, low-tortuosity pathways for lithium-ion diffusion along the
freezing direction, enabling faster and more uniform ionic transport through the thick electrode,
which can improve rate capability and cycling stability. Neither electrode showed obvious
surface cracking, and both electrodes were fabricated without undergoing any calendaring

process to reduce their thickness.

5.2.3 Electrochemical Performance
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Figure 5.4 Comparative C-rate Performance and Charge—Discharge Profiles of FD(DIT) and SC
Graphite Anodes

The mass loading of the DIT electrode was ~46 mg cm 2, while the SC electrode had a mass
loading of ~16 mg cm™2. For reference, typical commercial graphite anodes have mass loadings

around 8 mg cm 2. Therefore, the tested C-rates for the DIT electrode (0.1C, 0.2C, 0.3C, 0.4C,
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0.5C, 0.6C, and 1 C) correspond to approximately 0.6C, 1.2C, 1.8C, 2.4C, 3.0C, 3.6C, and 6 C
equivalents when normalized to standard 8 mg cm™ electrodes (calculated as 46/8 = 5.75x),
highlighting the high current densities applied in this study[242]. In this electrochemical
performance test, the current density of DIT anode and SC anode at 0.1C was 1.7 mA cm™ and
0.6 mA cm™. Figure 5.4a,b shows the C-rate performance of the DIT and SC graphite anodes
in terms of specific capacity (mAh g') and areal capacity (mAh cm2), respectively. Across all
tested C-rates, the DIT anode consistently delivers higher capacities than the SC anode even
though the DIT anode has almost 3 times mass loading. Specifically, the DIT electrode
maintains a specific capacity above 300 mAh g' at low rates (0.1 - 0.2 C) and retains above
150 mAh g ' at 1 C, while the SC anode shows faster capacity decay, falling below 150 mAh g™
at 1 C. Areal capacities (Figure 5.4b) confirm this trend, with the DIT anode achieving more
than 10 mAh cm™ at 0.1 C and maintaining ~5 mAh cm™ at 0.6 C, whereas the SC electrode
reaches only ~7 mAh cm™2 initially and drops to ~2 mAh cm™ at 0.6 C. Figure 5.4c,d display
the charge-discharge voltage profiles of DIT and SC anodes in terms of specific and areal
capacity, respectively. In both panels, the DIT electrode demonstrates longer and flatter
plateaus across all C-rates, reflecting more stable lithiation/de-lithiation and better kinetic
behaviour. The SC electrode shows increased polarization at higher C-rates, evidenced by
steeper slopes and earlier voltage cutoffs, indicating limited ionic transport and higher
overpotential. The superior performance of the DIT anode is attributed to its vertically aligned
porous structure, which facilitates faster and more uniform electrolyte infiltration and lithium-
ion diffusion, especially at high mass loading. After cycling at higher C-rates, both electrodes
were returned to 0.1 C to assess capacity recovery. The DIT electrode demonstrated excellent
reversibility, with its specific capacity recovering to above 350 mAh g! and areal capacity
exceeding 10 mAh cm™? after returning to 0.1 C. In contrast, the SC electrode only recovered

to around 330 mAh g and ~4.5 mAhcm™. These results indicate that the DIT electrode
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maintains structural integrity and better electrochemical reversibility during high C-rate
cycling, whereas the SC electrode exhibits more irreversible capacity loss due to its denser
structure and limited ion transport pathways. Overall, the DIT graphite anode outperforms the
conventional SC anode in both gravimetric and areal capacities, as well as in voltage stability
across various charge—discharge rates. This demonstrates the effectiveness of the DIT approach

for producing thick electrodes with high areal capacity and strong rate capability.
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Figure 5.5 (a)Nyquist plots for comparison between DIT graphite anode and SC graphite anode
and (b)-(c) linear fitting of real part Re(Z) of the impedance of SC and DIT anode.

Electrochemical impedance spectroscopy (EIS) was performed to evaluate the interfacial and
transport properties of both SC and DIT graphite anodes[243]. The Nyquist plots (Figure 5.5a)
reveal a significantly smaller semicircle and suppressed Warburg tail for the DIT electrode,
indicating reduced charge transfer and diffusion resistances[244]. Fitting the impedance spectra
to an equivalent circuit model comprising three resistive elements (shown in Figure 5.5a insert
image) provided quantitative insight into the improvements[177]. The DIT electrode exhibited
lower values across all resistance components: electrolyte resistance (Rs =2.57 Q vs. 4.84 Q),
internal resistance (Rir = 5.19 Q vs. 9.50 Q), and charge transfer resistance (Rec = 21.57 Q vs.

25.11 Q), compared to the SC electrode. This corresponds to a ~26% reduction in total
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resistance, suggesting that the DIT process significantly enhances ionic and electronic
pathways through improved electrode architecture[ 111]. These results demonstrate that the DIT
structure not only facilitates better electrolyte accessibility but also promotes faster

electrochemical kinetics, contributing to the overall superior performance of the electrode.

To investigate the how DIT fabrication method improves the lithium ion diffusion coefficient
in graphite anode. The lithium-ion diffusion coefficient (D.;+) was calculated based on EIS
using Warburg impedance analysis[106]. The Warburg coefficient (c) was obtained by linear
fitting of the real part of the impedance (Z') versus the inverse square root of angular frequency

(0'"?) in the low-frequency region. The diffusion coefficient was then calculated using the

following equation[107]:

R?T?

Dur = g ppicee?

where: Dy is the diffusion coefficient of lithium ions (cm? s'), R is the gas constant
(8.314Jmol™ K™), T is the absolute temperature (K), A is the electrode surface area (cm?), n
is the number of electrons transferred per reaction, F is the Faraday constant (96485 C mol™),
C is the molar concentration of lithium ions in the electrode (molcm™), ¢ is the Warburg

coefficient (Q-s7!/?) obtained from the slope of the Z' vs. ®w!/? plot. The lithium ion diffusion

of DIT graphite anode was 1.61 x 10'° cm? s™!, and the SC graphite anode shows 4.62 x 10°"°
cm? s'. Although the DIT electrode possessed a significantly greater thickness of 500 pm
compared to the 200 um thickness of the SC electrode, it exhibited a much higher lithium-ion
diffusion coefficient. This enhancement is attributed to the aligned porous microstructure
formed via DIT, which facilitates more efficient ion transport pathways. In contrast, the SC
electrode, despite being thinner than DIT anode, showed a substantially lower diffusion

coefficient due to its densely packed structure and congested particle distribution, which hinder
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lithium-ion movement. These results highlight the capability of the DIT approach to fabricate

ultra-thick electrodes while maintaining efficient lithium-ion transport.
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Figure 5.6 Long cycling results of DIT electrode and SC electrode
Under a 0.01 - 1.5 V window at 0.2 C, the DIT anode (3.4 mA cm) outperforms the SC anode

(1.2 mA cm™) despite the higher areal current. In the first cycle, the DIT and SC anodes
delivered 301 and 304 mAh g’!, respectively. After 100 cycles, the DIT retained 238 mAh g!
(79.1 % of its initial capacity), whereas the SC anode decreased to 171 mAh g™ (56.3 % of its
initial capacity). When referenced from the post-formation plateau (~30 cycles), DIT
maintained from 370 to 240 mAh g (64.9 % retention), while SC fell from from 360 to 170
mAh g! (47.2 %). The corresponding fade rates are around 1.86 and around 2.71 mAh g’!
cycle™!, respectively. These results clearly highlight that the vertically aligned, low-tortuosity
pore network in DIT electrodes reduces ionic path length and polarization, sustaining higher

capacity and suppressing degradation even under harsher current conditions
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5.3 Experimental Section

5.3.1 Fabrication of Electrodes
The slurries for DIT and SC graphite anodes were prepared at ambient conditions (15 °C) with

different solid-to-solvent weight ratios. For DIT anodes, graphite powder (95 wt%, Spherical,
American Elements Ltd.), SBR (3 wt%, Cambridge Energy Solution Ltd.), and CMC (2 wt%)
were dispersed in deionized water at a solid-to-solvent ratio of 26:74. All component masses
were measured using an analytical balance (Ohaus, Model PR124/E) to ensure precise
composition. For SC anodes, the same composition was used but with a solid-to-solvent ratio
of 50:50. In both cases, the suspensions were homogenized using a planetary mixer (ARE-250,
Thinky) at 2000 rpm for 20 minutes. For SC anodes, the homogeneous slurry was evenly coated
onto copper foil (10 pm thickness) at a coating speed of 5 mm s using a doctor blade coater
(AFA-V, Shanghai Modern Instruments). The coated foils were dried in an oven at 80 °C for
50 minutes, followed by vacuum drying at 110 °C for 120 minutes. Circular electrodes with a
diameter of 16 mm were then punched using a disc cutter. For DIT anodes, the homogeneous
slurry was poured into 3D-printed moulds with controlled dimensions of 6.5 mm. The moulds
containing the slurry were rapidly frozen from 15 °C to - 40 °C by placing them in contact with
a cold source cooled by liquid nitrogen, inducing directional ice growth from the bottom
upwards. Once fully frozen, the moulds containing the frozen slurry and Cu bolts were
immediately transferred to a freeze dryer (Labconco - 50 °C Benchtop Freeze Dryer) operating
at - 40 °C and 0.1 mbar for 2 hours to sublimate the ice and preserve the vertically aligned
porous structure. After freeze-drying, the DIT electrodes were carefully removed from the
moulds, resulting in freestanding electrodes with a final diameter of approximately 6 mm. 30
sets of samples were prepared for both DIT and SC graphite anodes, with mass loading errors
maintained within 5%. The entire DIT fabrication process—from powder to cell assembly—

takes less than 3 hours, whereas the conventional SC process requires approximately 3.5 hours.
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5.3.2 Characterization

All component masses and finished electrode weights were determined using an analytical
balance (Ohaus PR124/E, Switzerland) with an accuracy of 0.001 g. Electrode thickness
measurements were obtained using a precision micrometre (DML Ltd., United Kingdom)
capable of 0.001 mm resolution. The microstructure and surface morphology of the electrodes
were characterized by scanning electron microscopy (SEM, Zeiss Sigma300). To achieve high-
quality cross-sectional images, the electrodes were prepared using a fully automated argon ion
milling system (PECS II, GATAN), operated at 8 keV for 6 hours, producing smooth and flat
sections ideal for SEM observation. The porosity of the electrodes was quantified through
analysis of SEM cross sections using ImagelJ software, employing its segmentation tool to
distinguish pore structures from solid phases.

5.3.3 Electrochemical Testing

To evaluate the electrochemical behaviour of the prepared graphite anodes, the thickness and
mass of each DIT and SC electrode disc were measured in a cleanroom environment. The discs
were then immediately transferred into an argon-filled glovebox (MBRAUN, Germany)
maintained with moisture and oxygen levels below 0.1 ppm. Prior to introduction into the
glovebox, all electrode discs were placed in the antechamber, where they underwent three
cycles of argon purging and vacuum evacuation to ensure minimal exposure to ambient air.
The electrodes were assembled into CR2032-type coin cells in a half-cell configuration,
employing lithium metal chips as both the counter and reference electrodes. The electrolyte
used was a 1.0 M solution of lithium hexafluorophosphate (LiPFs) dissolved in a 1:1 volume
ratio of ethylene carbonate (EC) and ethyl methyl carbonate (EMC). A microporous
polypropylene separator (Celgard 2500) was placed between the working and counter
electrodes. Galvanostatic charge—discharge measurements were carried out at various C-rates
within a voltage window of 0.01 V to 1.5 V using a battery testing system (Arbin BT-G-48) to

assess cycling performance. The long cycling test was conducted for 100 times by Arbin BT-
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G-48 with the voltage window keeping constant between 0.01 V and 1.5 V. EIS was performed
with a Biologic SP-240 across a frequency range of 1 MHz to 100 mHz with an amplitude of
10 mV. All electrochemical measurements were conducted at room temperature (approximately

15 °C).

5.4 Conclusion

In this study, a novel DIT method was successfully applied to fabricate thick graphite anodes
with an aligned, vertically ordered porous microstructure. This architecture significantly
enhances both electronic and ionic transport kinetics. By maintaining the same volumetric ratio
used for DIT-fabricated NMC cathodes and optimizing the solid-to-water ratio in the slurry, a
freestanding graphite anode with a thickness of ~500 um and a high active material mass
loading of 46 mg cm™ was achieved. Despite its high loading, the DIT anode exhibited a
porosity of 37.5%, comparable to the 35% of the SC graphite anode. The DIT electrode
demonstrated nearly three times the mass loading of the SC electrode while maintaining
excellent electrochemical performance across all charge/discharge rates. It also showed
superior capacity retention and reversibility. Notably, the areal capacity of the DIT anode was
more than twice that of the SC counterpart. EIS further confirmed the structural and transport
advantages of the DIT architecture. The lithtum-ion diffusion coefficient for the DIT anode was
calculated to be 1.61 x 10'° cm? s and is significantly higher than that of the SC electrode
4.62 x 10" cm? s'. Additionally, the DIT electrode exhibited significantly lower internal
resistance, reflecting improved ionic mobility and reduced charge-transfer impedance.
Importantly, the DIT approach overcomes conventional thickness limitations in graphite anode
fabrication. The ability to construct thick, high-performance anodes is critical for next-
generation energy storage systems, as it reduces the relative volume of inactive components

and improves overall energy density at the cell and pack level.
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Chapter 6

6 Conclusion
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6.1 Conclusion

This thesis has developed and advanced DIT as a sustainable and scalable electrode fabrication
method for lithium-ion batteries, which was effective for both cathodes and anodes. Across the
three main results chapters, this work established the feasibility of aqueous DIT processing. It
also validated its scalability to industrially relevant dimensions and confirmed its versatility for

different electrode chemistries.

In the results presented in Chapter 3, an aqueous DIT process was introduced for NMCS811
cathodes. This method enabled the fabrication of vertically aligned microstructures that
facilitated faster dual electron and ion transport. By removing the need for toxic NMP solvent,
the approach provided a safer and more sustainable alternative to conventional slurry coating.
Surface-sensitive characterisation confirmed that NMCS811 remained stable during aqueous
processing and electrochemical testing demonstrated clear performance advantages. Owing to
the nearly doubled mass loading achieved through the DIT architecture, the DIT-C electrode
delivered three times higher gravimetric capacity and five times higher areal capacity than the
SC electrode at a current density of 5.7 mA cm 2. CV and EIS measurements further revealed
an enhanced ion diffusion coefficient and a reduction in impedance for the DIT-C electrode. In
pouch cell configuration, these structural and transport benefits translated into significantly
improved energy storage metrics, with the DIT-C electrode achieving 496.2 Wh kg™
gravimetric energy density and 1080.9 Wh L™ volumetric energy density, compared with 163.5
Wh kg and 344.5 Wh L for the SC electrode under the same conditions and similar cell
volume. These findings highlight the ability of the aqueous DIT process to realise high-loading,

high-performance NMC811 cathodes suitable for practical energy storage applications.

Chapter 4 extended the DIT concept toward manufacturing-scale electrodes. Using directional
extreme supercooling, ultra-thick DIT cathodes of approximately 1000 um and mass loadings

up to 70 mg cm2 were fabricated while maintaining a vertically aligned microstructure. A
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systematic investigation of the calendaring process identified a critical threshold of 30%
thickness reduction that provided the optimal balance between structural integrity and packing
density. At this level, the electrodes exhibited low impedance, high volumetric capacity and
stable cycling at elevated current densities, whereas excessive calendaring led to degradation
of structural alignment and performance. Pouch cell performance estimation further confirmed
the advantages of this optimised structure, with the 30% calendered DIT cathode achieving 367
Wh kg! gravimetric energy density and 779 Wh L™ volumetric energy density at 7 mA cm>2,
compared with 102 Wh kg™ and 215 Wh L for SC electrodes of similar porosity. Analysis of
Li* diffusion revealed average D+ values of 2.88 x 10° cm? s™! for the 30% calendered
electrode and 3.01 x 10 cm? s™! for the uncalendered electrode, indicating that the calendaring
process did not significantly disrupt ion transport pathways. The 30% calendered electrode
therefore achieved a favourable balance between fast ion transport kinetics and enhanced
volumetric performance. These findings demonstrate that DIT combined with controlled
calendaring, provides a viable route toward scalable and high mass loading cathodes suitable

for practical high-energy-density lithium-ion batteries.

Chapter 5 demonstrated the versatility of the DIT method by applying it to the fabrication of
high mass loading graphite anodes. Freestanding DIT anodes with a thickness of approximately
500 um and a mass loading of ~46 mg cm were successfully produced, which is almost three
times that of the SC electrode (~16 mg cm2) and far above commercial graphite anodes (~8
mg cm?). Despite this high loading, the DIT anodes maintained moderate porosity and
delivered excellent electrochemical performance across a wide range of currents. When
benchmarked to standard commercial loadings, the tested C-rates for the DIT electrode
corresponded to high-rate equivalents of up to ~6 C, yet the electrode still maintained strong
capacity retention. The DIT anode achieved specific capacities above 300 mAh g at low C-

rates and retained more than 150 mAh g at 1 C, while also delivering areal capacities

141



exceeding 10 mAh cm™ at 0.1 C and approximately 5 mAh cm 2 at 0.6 C. In contrast, the SC
anode showed faster capacity decay and significantly lower areal capacities. After high C-rate
cycling, the DIT electrode also demonstrated excellent recovery, returning to above 350 mAh
g ' and 10 mAh cm™2 at 0.1 C. The enhanced performance is strongly supported by transport
analysis: the DIT anode exhibited a lithium-ion diffusion coefficient of 1.61 x 107 cm? s,
several orders of magnitude higher than the SC electrode (4.62 x 107'* cm? s7'), together with
a much lower internal resistance. These results highlight the ability of DIT to overcome
thickness-related transport limitations in graphite anodes and demonstrate its strong potential

for enabling high energy density lithium-ion batteries at the cell and pack levels.

Taken together, the work presented in this thesis establishes DIT as a powerful and versatile
microstructural engineering strategy for both cathodes and anodes, enabling electrodes with
high mass loading, low tortuosity and enhanced rate performance. By demonstrating aqueous
processing, manufacturing-scale feasibility and cross-chemistry compatibility, the thesis shows
that DIT is not only a sustainable alternative to slurry coating at small scale but also a scalable
approach for producing thick and aligned electrodes. These features reduce the proportion of
inactive components and significantly enhance both gravimetric and volumetric energy density.
Overall, the findings position DIT as a promising electrode design and manufacturing strategy
for next-generation high-energy-density lithium-ion batteries, with meaningful implications for

applications ranging from electric vehicles to grid-scale energy storage.

6.2 Future Work

Future work can extend the findings of this thesis in several directions. A key priority is to
investigate the three-dimensional microstructure of DIT electrodes using high-resolution
techniques such as X-ray nano-tomography or FIB-SEM reconstruction. This will provide a
more complete understanding of pore alignment, tortuosity and structural uniformity. Another

important direction is to study ion-transport behaviour and structural changes during cycling
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through in situ or operando characterisation. Such studies will help clarify how microstructural
evolution affects electrochemical performance. Further optimisation of full-cell design is also
needed to make full use of DIT electrodes. Adjustments in electrode balancing, electrolyte
choice and electrode thickness may further improve energy density and rate performance.
Developing a room-temperature DIT process offers another promising path. By changing the
solvent system or controlling solidification kinetics, it may be possible to lower energy
consumption and simplify scale-up. In the longer term, designing a continuous industrial
production line remains a major objective that would enable DIT to progress from laboratory

development to factory manufacturing.

Several aspects of the research could be further refined or approached differently. First, a more
systematic optimisation of the freezing gradient during DIT would be valuable, as controlling
the thermal profile along the freezing front could improve lamella alignment and reduce
microstructural variability. A dedicated study on the influence of freezing rate and thermal
boundary conditions would help establish processing windows for consistent electrode
structures. Second, the interfacial stability of NMC811 under aqueous processing conditions
remains an important consideration. Although Chapter 3 confirmed no severe degradation,
more detailed chemical analysis would deepen understanding of surface reactions and guide
binder or electrolyte selection. Third, while small scale DIT processing was demonstrated,
continuous processing introduces challenges in maintaining uniform freezing conditions,

solvent removal and mechanical handling.

Finally, if this PhD were repeated, 1 would integrate the DIT NMC811 cathode and the DIT
graphite anode into a full-cell configuration to evaluate their combined performance under
practical operating conditions. I would also investigate the upper limits of electrode thickness
achievable by DIT to determine the optimal balance between structural integrity, transport
kinetics and overall pack-level energy density.
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