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Abstract

Achieving high energy and power density in lithium-ion batteries requires precise control of
conductive additive distribution within the electrode microstructure. Despite its critical role, the
understanding of electronic pathways within electrodes remains limited. Moreover, existing
manufacturing practices rely heavily on empirical knowledge and lack a mechanistic understanding.
This thesis introduces a novel approach to optimise conductive additive utilisation through particle
and electrode engineering. For the first time, a high-shear dry mixing technique, mechanofusion, was
employed to create carbon-coated NMC particles and engineer electronic pathways within electrodes.
The impact of processing parameters on coating characteristics, carbon black deagglomeration, and
particle-level properties was investigated. The correlation between coating properties, slurry mixing
and drying behaviour, and the slurry and electrode microstructure and electronic conductivity was
explored. Conductive pathway design within electrodes was explored by systematically varying
carbon content and mixing methods. The mechanofusion process effectively facilitated carbon black
deagglomeration and coating formation on NMC particles. Coating characteristics were controlled
through process parameters, with free carbon content decreasing with prolonged dry mixing. A novel
powder resistivity measurement technique revealed that a short dry mixing time is sufficient to
achieve minimal deagglomeration for low powder resistivity. Carbon black properties (i.e. structure
level, particle size and graphitic character) impacted deagglomeration and the final resistivity. Coated
NMC surfaces influenced PVDF adsorption and drying behaviour, which in turn affected slurry and
electrode properties and their microstructure. High free carbon content during wet mixing was crucial
for forming CB-PVDF clusters, facilitating bridge structure formation for long-range conduction in
electrodes. While designed conductive pathways were achieved, the initial electronic conductivity did
not surpass conventional methods. This research demonstrates the potential of mechanofusion for
tailoring electrode microstructures. While further optimisation is necessary, the findings provide
valuable insights into the complex relationship between particle-level properties, mixing and drying
behaviour and slurry and electrode properties. This work lays the groundwork for developing

engineered electrode architectures in next-generation lithium-ion batteries.
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Chapter 1 Introduction

11 Background

Lithium-ion batteries (LIB) have become a fundamental part of modern society, underpinning the
functionality of portable electronic, electric vehicles and more recently, large-scale energy storage.
The remarkable impact can be attributed to a significant history of scientific advancements, dating
back to the 1970s where M. Stanley Whittingham first discovered intercalation electrodes. John B.
Goodenough’s breakthrough in 1980 with the discovery of LiCoO,, followed by Akira Yoshino’s
discovery of carbonaceous anodes in 1987 paved the way for the development of safe and
commercially viable LIB. In 1991, the successful commercialisation of LIB by Sony marked a new

era for portable electrochemical energy storage.

The remarkable properties of LIB, particularly their high energy and power densities, make them one
of the best options for portable electrochemical energy storage. LIB were first used to power almost
all portable electronic devices we use in our daily lives, ranging from mobile phones to laptops. More
recently, the global push towards net-zero carbon emissions by 2050, coupled with the electrification
of transportation, has propelled electric vehicles (EVs) and even Battery Energy Storage Systems
(BESS) to the forefront of energy solutions [1]. However, EV applications pose unigue challenges.
Battery packs require high energy density for extended-range autonomy, but must also be capable of
delivering high power for rapid acceleration [2]. For regular users, a common concern is the
capabilities for fast charging, where efficient electronic and ionic conduction within electrodes must
be maintained at high current rates [3]. These contrasting demands highlight the limitations of current

LIB technology and underpin the need for extensive research in this area.

Optimising LIB performance for these diverse applications requires innovation across the entire
battery manufacturing chain. Traditional LIB manufacturing relies heavily on industrial know-how
and empirical knowledge. However, to unlock the next level of performance and to address the
limitations of current technology, a shift towards a more mechanistic understanding of the electrode
manufacturing processes is crucial. This involves developing a deeper scientific understanding of the
relationships between material properties, manufacturing processes and product performance.
Identifying limitations and inefficiencies within the manufacturing process can enable targeted
optimisations, and allow greater predictability control to obtain consistent quality and performance
[4]. Additionally, the ability to retrofit existing battery manufacturing techniques with these

innovations will be vital for cost-effective and rapid, short-term improvements in LIB technology.



1.2 Motivation

LIB, with their favourable energy storage characteristics, have navigated advancements in modern
portable electronics. Recent research has focused on optimising the performance of batteries,
particularly on energy and power density, for a range of demanding EV applications. While novel
material discovery has been a major focus, less emphasis has been placed on understanding the

intrinsic processes and mechanisms that govern within.

The main challenge in achieving further performance gains lies within the electrode, often with the
cathode being the limitation. Cathode materials have a lower capacity compared to anode materials.
Conductive additives are essential to enhance electronic conduction but their inactive nature reduces
overall energy density. Optimising their use enables less quantity needed but requires a fundamental
understanding of how electrode manufacturing influences battery performance. Furthermore, there is
ongoing debate regarding the relative importance of electronic and ionic conduction within electrodes.
While increasing conductive additives may enhance electronic conductivity, it may also increase the
tortuosity during carbon binder domain (CBD) formation and impede ionic diffusion [5]. A deeper
understanding of how these CBD structures and conductive pathways are formed and their

relationship to electrode performance is crucial for the development of next-generation electrodes.

This knowledge gap presents a barrier to the rational design of novel processing techniques and the
utilisation of novel materials with unique structures or chemistries. Developing a more comprehensive
understanding will also enable the development of more robust, scalable and environmentally friendly
manufacturing methods. Ultimately, these advancements are essential for the next generation of
batteries with greater power and energy density. Such advancements are also crucial for achieving
extended battery lifespans with a sustainable, design-led and process-oriented approach to

manufacturing.

Current manufacturing practices heavily rely on wet slurry mixing with a toxic solvent that is harmful
to the environment. Growing sustainability concerns about the use of toxic solvents pave the way for
low-solvent or solvent-free processing methods that hold promise for both commercially mature or
new emerging high-performance battery systems. Additionally, wet mixing offers less control over the
formation of CBD within electrodes, highlighting opportunities for dry mixing alternatives such as
intensive high-shear mixing. The motivation behind this research lies in overcoming the limitations of
current manufacturing practices that rely on harmful solvents and lack precise control over electrode
structure. Consequently, mechanofusion has emerged as a promising dry mixing technique due to its
ability to utilise high shear and compression forces to simultaneously deagglomerate and coat carbon

black on active materials simultaneously.



13 Aim and Objectives

The carbon binder domain (CBD) plays a pivotal role in determining the electrochemical performance
of batteries. Precise control of the formation of CBD structures through particle and electrode
engineering enables the strategic design of conductive pathways within electrodes. This thesis aims to
establish a novel dry processing approach, mechanofusion, to control the spatial distribution of
conductive additives and the formation of CBD structures for the design of electronic pathways within
electrodes. Developing a mechanistic understanding can offer precise manipulation of CBD
structures, thereby improving their microstructure to enhance the electrochemical properties of

electrodes.
The objectives set out to achieve the aim are:

(1) Controlling carbon coating formation on NMC through mechanofusion approaches as CBD
film structures, with a mechanistic understanding of the process-product relationship;

(2) Developing a comprehensive understanding of conductive additive dispersion behaviour in
mechanofusion through novel, powder relevant metrics;

(3) Evaluate the slurry and electrode microstructures with designed conductive pathways and

electronic conductivities.

1.4 Thesis Structure

Chapter 1 introduces the background and establishes the motivation for the study. Chapter 2
provides a comprehensive literature review on particle engineering and electrode engineering
approaches for enhancing electronic conduction in cathodes. Chapter 3 outlines the materials and
research methodology used in this thesis. Chapter 4 demonstrates the scope for the use of
mechanofusion as a method to control coating formation as film structures on NMC to establish short-
range electronic pathways. Chapter 5 details the adapted use of a conventional resistivity
measurement technique to probe carbon black deagglomeration during mechanofusion mixing.
Chapter 6 starts to unravel the microstructures and the resulting electronic conductivity of slurries
and electrodes with designed conductive pathways. Chapter 7 offers a summary and key conclusions

of this thesis and highlights areas for future research.



Chapter 2 Literature Review

2.1 Lithium-lon Batteries

The core principle governing the operation of LIB is intercalation, which refers to the reversible
insertion and removal of lithium ions (Li*) between the anode and the cathode (Figure 2.1). For LIB,
the cathode is typically a metal oxide compound and is the source of Li* ions. During charging, the
power source creates a potential difference that drives the movement of ions and electrons. Li atoms
stored in the cathode forfeit their electrons and become Li* ions. Within the electrolyte exists a
separator that is insulating but exclusively permeable to Li* ions. This causes electrons to move
through the external circuit to the anode. The positively charged Li* ions deintercalate from the
cathode structure and move through the electrolyte past the separator towards the anode. At the anode,
the Li* ions recombine with electrons to form Li atoms and are stored as chemical energy. The

reactions occurring at the cathode and anode during charging are shown below:
Cathode: LiMO, = Lij;_, MO, +x-e” + x-Li*
Anode: Cg + x-e” + x-Lit - Li,Cg

Overall cell reaction: Ce + LiMO, — LiyCo + Li(1_x)MO,

During discharge, a reverse process of charging occurs where Li* ions move to the metal oxide to
return to its stable state. At the anode, Li atoms are oxidised from Li to Li*. The Li* ions again
deintercalate from the cathode structure and move back to the anode through the electrolyte. Electrons
are forced through the external circuit, which powers the connected device. Similarly, the Li* ions
recombine with electrons at the cathode to form Li atoms. The reactions occurring at the cathode and

anode during discharging are shown below:
Cathode: Lij;—yMO, +x-e” + x-Li* - LiMO,

Anode LixC6 d C6 +xe + x- Ll+



During the initial charging stages, electrons flow from the cathode to the anode via an external
conductor. This movement of electrons requires a counterbalancing flow of positive charge to ensure
charge neutrality. Li* ions are solvated by solvent molecules as they move from the cathode to the
anode through the electrolyte. As Li* ions reach the anode, typically comprised of graphitic carbon,
the solvated Li* ions react with the graphite lattice to form a solid electrolyte interface (SEI).
Similarly, on the cathode side, a cathode electrolyte interface (CEl) is also formed. These interfaces
are essential for the long-term, reversible performance of LIB. They are selectively permeable to Li*
ions while effectively blocking the direct contact between the electrode and electrolyte. This
minimises the detrimental side reactions that would consume vital electrode materials. The SEI and
CEI layers should be porous and ionic conductive for Li* ion movement and critically affect the

overall performance of LIB [6].

The movement of Li* ions during the charging and discharging process can be described by the
rocking chair principle [7]. This analogy describes the movement of electrons between the anode and
cathode, akin to a person rocking back and forth in a chair. However, the initial first cycle where an
irreversible loss of Li* ions during the formation of the SEI and CEI can translate to an irreversible
loss of Li* ions [8]. This initial loss results in a reduced number of Li* ions available for subsequent
charge cycles, which will ultimately lead to a gradual decrease in battery capacity, known as capacity
fade.

D'\sc\'\a"ge

Metal oxide
cathode

Figure 2.1: Schematic representation of a lithium-ion battery depicting the intercalation and deintercalation of Li*
ions at both the cathode and anode during charge and discharge [9].



Two critical metrics to describe the performance of batteries are their energy and power density,
which can influence their applications across various industries. A Ragone plot with an overview of
the performance metrics of EVs, detailing the requirements of power and energy density together with
considerations for weight and cost, is shown in Figure 2.2. Energy density, measured in terms of
gravimetric (Wh kg) or volumetric (Wh L), is defined as the amount of energy a battery can store
per unit mass or volume respectively. High energy density is particularly desirable for applications
requiring extended durations of energy supplied [10]. For example, in the context of EVs, a high
energy density translates to a vehicle capable of travelling longer distances on a single charge, which
is the basic expectation of consumers for the transition to electrified transportation. Similarly, for grid
storage, high energy density means backup power can be provided for extended periods during
outages or to address power demand fluctuations. This relies on the development of novel electrode
materials with superior properties that are capable of increasing a battery’s overall charge storage
capability. The design of electrode structures is also crucial in enhancing efficiency and capacity. For
example, porous electrodes may offer a high surface area between electrolyte and electrode materials
to maximise ionic conductivity [11]. The product of specific capacity (C) and the mean discharge
voltage (U) provides the specific energy (E) as shown in Equation 2.1. As such, great attention is
focused on novel cathode materials with higher operation voltages or higher specific capacities, which
can both increase the total energy of batteries.

E=C-U 2.1)

Power density, similarly, measured in gravimetric and volumetric terms, is used to describe the ability
to deliver power rapidly, reflected by the rate at which a battery can discharge energy. High power
density is significant for applications that require a short burst of power output, such as during the
acceleration of EVs or the application in high performance in EVs. To achieve this, the rapid
movement of Li* ions and electrons within the electrochemical system is the key factor. Therefore,
materials with both high ionic and electronic conductivity are key to achieving high power density
[3]. A prime example is the energy recovery system (ERS) in Formula 1 cars where the battery is

discharged and charged multiple times per lap, typically within a short time period [12].

Although both high energy and high power density are highly desirable, designing batteries that
simultaneously capture these two properties is extremely challenging. Materials which are ideal for
high energy density usually exhibit poor ionic conductivity, which undermines power density. This is
due to a relatively dense and tightly packed crystal structure for Li* ions. Conversely, materials with
high ionic conductivity often have more porous structures for ion movement and therefore reduced
space for Li* ions, which limits energy density. This presents the inherent conflict to achieve high

energy and power density electrodes.
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Figure 2.2: Ragone plot illustrating the power and energy density requirements for EV applications, with weight and
cost considerations [13].

Lithium-ion battery cathodes are composite electrodes consisting of agglomerated primary particles of
active intercalation compounds (i.e. active materials) and inactive materials such as the polymeric
binder and conductive additives. The active material serves as the lithium reservoir in the electrode
while the polymeric binder is responsible for structurally binding the active materials and conductive
additives to each other and adherent to the current collector. The current collector is a thin metal foil
that acts as a bridging component to collect the electrical current generated and to form external

circuit connections [14].

Both the active and inactive materials in LIB and their chemistries influence their performance and
cost varies across different usage. For anode materials, graphite is traditionally used due to its
electrically conducting nature and ability to intercalate Li* ions with small-volume expansion (~10 %)
compared to alternatives such as silicon anodes (~300 %) [15]. It is also a low-cost material with low
voltage and possesses good energy density. According to Andre et al. [16], graphite is favourable
commercially as most alternative materials have a lower energy. However, the major limitation is its
capacity of 372 mAh g at its fully lithiated state [17]. Significant efforts have been made to
overcome these limitations by discovering alternatives such as nano-silicon, lithium titanate
(LisTisO12) and conversion or alloyed-type materials. These materials show very promising progress,
in particular, conversion materials with enhanced capacities of up to 1500 mAh g [18]. These
advantages however come with consequences of lower delithiation potential and poor first-cycle
Coulombic efficiency, thus leading to poor anode/cathode capacity balancing ratio [19].
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Current cathode materials are transition metal oxides, which may take the form of layered, spinel or
olivine structures (Figure 2.3). Layered oxides, such as LiCoO,, LiNiCoAIlO; and LiNixCoyMn,0,, are
sheets of transition metal oxides alternated with layers of Li* ions arranged in a cubic arrangement
with an ABCABC... stacking sequence [20]. This layered structure allows for a large number of Li*
ions to be accommodated which contributes to their high theoretical capacity, but also leads to thermal
instability. Spinel oxides, such as LiMn;O., have a 3D framework where Li* ions occupy the
tetrahedral sites. This structure makes Li* ions more accessible and allows faster movement, which
can lead to better rate capabilities but may suffer from irreversible loss of capacity at elevated
temperatures. Olivine oxides, i.e. LiFePO., have a unigue backbone formed by phosphate groups and
Li* ions occupy specific spaces within this structure. Its robust structure exhibits better thermal
stability and long cycle life but suffers from lower energy density. A brief overview of the key

characteristics of these cathode chemistries is shown in Table 2.1.
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Figure 2.3: Schematic depicting the crystal structures of common cathode chemistries: (a) layered, (b) spinel, (c)
olivine. Adapted from [21].

Table 2.1: Key characteristics of common cathode chemistries. Adapted from [21].

Energy  Thermal Cycle

Structure Formula Abbreviation Cost Density  Stability Life

LiCoO, Lco Poor

LiNiCoAIO; NCA High Poor Moderate
LY iNiosCooaMnns0s  NMCB22 High Good

LiNio.sC00.1Mno.10 NMC811 High Poor Moderate
Spinel LiMn,04 LMO Good Poor
Olivine  LiFePO4 LFP Low Good Good




LiNixMnyCo,0, (NMC), where x/y/z represents the mole fractions of Ni, Mn and Co respectively, has
been a commercially attractive active material due to its unique composition versatility and associated
material properties. Its compositional elements play different roles; Ni improves specific density, Mn
provides structural stability and Co enhances rate capability. It is also relatively low cost resulting
from its lower Co content compared to other layered oxides such as LCO and NCA. Common
variations of NMC include NMC111, NMC532, NMC622 and NMCB811. Recent progress in research
aims to optimise the compositions by maximising the energy density through higher Ni content while

reducing the dependence on Co, due to ethical concerns regarding its sourcing.

2.2 Particle and Electrode Engineering

While the development of novel materials and chemistries is an important and popular research focus,
applying particle science approaches to tailor existing active materials can also offer significant
potential for enhanced performance (Figure 2.4). From a particle design perspective, tailoring active

material at the structural level can be beneficial to both electrode design and downstream processing.

Nanostructured materials, synthesised through various methods (e.g. templating, solvothermal or
hydrothermal routes, solid-state reactions), enable precise control of particle structure, size and shape.
These materials have shown improved capacity due to reduced Li* diffusion path lengths [22]. Single
crystal structures can improve particle stability, reduce side reactions and minimise particle cracking
that is commonly observed in conventional polycrystalline structures [23]. Primary particle alignment
can result in a more direct Li* diffusion pathway and reduces intergrain stress that causes cycling
stability [24]. Core-shell structures enable the combination of a high-capacity core shielded by a
stable shell (i.e. Ni-rich core with Mn-rich shell) [25]. Hybrid composite particles, formed through
coating or doping, can modify the crystal structure to improve conductivity or stability [26]. Finally,
surface coatings can achieve various benefits such as electronic [27] and ionic [28] conduction

enhancements and the suppression of unwanted side reactions [29].

Beyond material development, electrode engineering also offers significant promise to enhance
battery performance in modern electrode manufacturing. One straightforward approach is to
manufacture thicker electrodes, which directly increase energy density due to increased active
material content and have been shown to enhance performance at low to medium C rates [30].
However, extra considerations must be taken to maintain power density due to increased diffusion
limitations within a thick electrode structure [31]. Additionally, efforts to minimise the use of
conductive additives in electrodes for higher active material loading require optimal use of these
additives during dispersion to maintain efficient electronic networks [32]. At the same, the ratio
between conductive additive and binder must also be considered as it affects carbon binder domain

(CBD) formation and electrode integrity [33]. CBD engineering can also be particularly useful in
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enhancing electronic and ionic conduction within electrodes. Optimising the CBD structure ensures
the formation of a well-connected percolated conductive network, from the active material surface to
the current collector, for efficient electronic transport. The formation of carbon coatings on active
material particles can enhance the contact areas with conductive additives for improved electronic
conduction. Intensive dry mixing can also be utilised for a more homogenous coverage as compared
to wet mixing. Recent research has also shown the synergistic effects of different dimensional carbon
allotropes as conductive additives within electrodes to optimise performance [34]. Crucially,
developing an understanding of the interplay between active material, conductive additives and the

binder is vital for maximising electrode performance and maintaining its structural integrity [33], [35].

. Nano-structured particles
Acti terial * Primary particle alignment
ctive materia . QG
(AM) particle < : IS)lnglezl crystfal morpil.ology
engineering article surface coating '
* Core-shell structured particles
Wk Hybrid composite particles (doping, coating)
Carbon binder » Carbon coating on AM particles
domain (CBD) * Intensive dry mixing for homogenous carbon coverage
engmeering » Dimensional carbon allotropes (e.g. graphite, CNT etc.)

Figure 2.4: Particle and electrode engineering approaches to enhance electrode performance.

2.3 Electrode Engineering for Enhanced Conduction
2.3.1 Electronic Conduction Within Electrodes

Cell characteristics are critical indicators of the overall performance of EVs which, in turn, are
governed by the electronic and ionic conductivity within the electrode [11]. These properties are
ultimately dictated by the nano-, meso- and macrostructure of the electrodes [36]. Understanding
these structural features is especially critical for NMC electrodes, where micron-sized active material
and nano-sized carbon conductive additive play independent roles. As such, a fundamental
understanding of the electrode structures and how they are influenced by the manufacturing process is

essential for guiding optimal electrode and cell design.

Electrode performance is dependent on the complex interplay between structural features spanning
multiple length scales, all directly controlled by the manufacturing processes. On a nanoscale
(< 1 pm), slurry mixing influences the dispersion of active materials and conductive additives [37]. A
homogenous dispersion is required to achieve a well-connected conductive network throughout the

electrode. On a mesoscale (~1 — 10 um), the coating and drying stages, particularly during solvent
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evaporation, can influence the particle arrangement within the electrode [38], [39]. Here, the electrode
porosity and conductive network are affected and are crucial for electrolyte accessibility. Lastly, on a
macroscale (> 50 pm), coating, drying and calendering can also affect film thickness and uniformity,
which can affect the overall capacity of the electrode [38], [40]. In general, a percolated conductive
network at the nanoscale is required for efficient electron transport throughout the electrode. The
interconnected porosity at the mesoscale is required for efficient ionic transport. At the macroscale,

electrode thickness may dictate the energy and power density [2].

These descriptions fit well for NMC cathodes. NMC particles, with a typical size of ~10 pum, form
voids between them. These voids need to be filled with nano-sized conductive additives to establish a
conductive network for effective electron transport. Figure 2.5 shows an NMC cathode with
micropores between NMC particles together with the CBD phase consisting of the nano-sized carbon
black and its associating nanopores. Moreover, since NMC is semi-conducting and the binder is an
insulator, the addition of conductive carbon can provide more electronic pathways and therefore
significantly increase the overall electronic conductivity within the electrode. During slurry mixing,
there is competition between the NMC particles and conductive additives for the limited binder
available [41]. Conductive carbon particles have a larger specific surface area compared to NMC
particles and therefore cause the available binder to largely bind to them [42]. This leads to the
formation of a homogenised cluster phase consisting of the binder and the conductive carbon particles
i.e. carbon binder domain. The CBD is an important aspect of lithium-ion battery cathodes acting as a
conductive network that facilitates both electronic and ionic conductivity and ensures structural

mechanical stability.

Figure 2.5: SEM micrograph of an NMC electrode showing micropores between NMC particles surrounded by the
CBD with nanopores within the CBD phase.
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To design a functioning electrode with efficient conduction networks, it is essential to develop an
understanding of the role of electronic conductivity and its influence on cell performance. Efficient
electron transport is critical during the intercalation and deintercalation of Li* ions within the cathode.
This requirement is more apparent at high current rates where large amounts of charge are present and

the efficient movement of Li* ions and electrons must be facilitated to maintain optimal performance.

Electrical properties of materials can be categorised into insulator (non-conducting), conductor or
semiconductor that originates from their band structures described by quantum mechanics [43].
Insulators, with the addition of conductive material, can be converted into an electrically conductive
material. For a system of conducting and insulating phases such as electrodes, electrical conduction
can occur through percolation in a continuous conducting network and quantum mechanical
tunnelling [44], [45]. The percolation theory describes the change in the electronic conductivity of a
binary mixture of a certain material and conductive additives. The percolation curve is depicted using
a typical S-curve where the resistivity (or conductivity) of a material is described as a function of the
conductive additive content within the binary mixture, as shown in Figure 2.6. The percolation
network can be described as a continuous path for the flow of electrons [46]. In a single carbon black
aggregate consisting of multiple primary particles, electrons move along the connected aggregate
pathways until they approach a separate aggregate where contact must be made between the two to
allow the continuation of the electron movement [47], [48]. Similarly, for carbon black primary

particles, the movement of electrons relies on particle contact to form a continuous pathway.
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Figure 2.6: Percolation curve showing the resistivity as a function of conductive material content. A sharp drop in
resistivity is obtained when conductive additive content reaches the percolation threshold. Adapted from [49].
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Several different models have been proposed to describe the percolation curve and the sharp change in
conductivity at a critical conductive additive concentration. Firstly, based on Flory’s concept of
polymer gelation [50], Bueche [51] proposed that the S-shaped curve for a binary powder mixture can
be described using Equation 2.2:

P o_ Pr (2.2)
pm (A =V)ps+Vwpy,

where p is the resistivity of the mixture, p,, is the resistivity of the insulating material, py is the
resistivity of conductive material, V is the volume fraction of the conductive phase, w is the fraction
of conductive additive in the conductive network, determined by f and «a. f is the maximum number
of contacts of a particle with its surroundings and « is the probability of a particle establishing contact

with surrounding particles.

This model considers the drastic changes in conductivity if f is a variable parameter. It also describes
the change in conductivity beyond the percolation threshold. The percolation theory also suggests that
the electrical conductivity of a mixture follows the power law equation when it approaches the
percolation threshold [52]. Kirkpatrick [53] proposed an equation based on the percolation theory to
predict the conductivity above the percolation threshold as shown in Equation 2.3:
o =0oo(V-1) 23)
where o is the conductivity of the mixture, o, is the intrinsic conductivity of the conductive material,

V' is the volume fraction of the conductive material, V, is the percolation threshold and ¢t is a power

law exponent.

This can be applied to different systems of active material and conductive additives. In a study by
Mandal et al. [54], they proposed values for the percolation threshold (V.) and power law exponent (t)

as 0.03 and 1.7 respectively for LiMn,O, with carbon black as the conductive additive.

If sufficient energy is present, electron tunnelling can also occur and contribute to overall electronic
conduction. Quantum mechanical tunnelling is a conduction mechanism where electrons are excited
and possess higher kinetic and potential energies and can subsequently tunnel through or jump over
the potential barrier gap to continue the movement of electrons [47], [55]. Toker et al. [44] reported
that a system can be accurately described by the percolation theory when the conduction mechanism
relies only on percolation and nearest-neighbouring tunnelling exclusively (Figure 2.7). While non-
neighbouring tunnelling is possible, it was shown to not contribute significantly to the overall
conductivity, thus confirming carbon black-polymer composites conform to the typical behaviour of a

percolation system [44]. This demonstrates the need to establish neighbouring electrical contacts
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between particles in electrodes, thus emphasising the need for efficient techniques to control the
distribution of conductive additives. Although these mechanisms are universally agreed upon and their
considerations have been applied to different applications [45], [56], [57], [58], differentiating, and
quantifying these different mechanisms of electronic conduction remains extremely challenging,
especially within the complex matrix of the CBD.

Figure 2.7: Schematic (representative of carbon black-polymer composites) indicating large green circles as
conducting particles and grey shell representing the effective tunnelling range (d). Thick lines between particles
represent tunnelling connections between nearest neighbours whereas thin lines represent tunnelling between further
neighbours. Adapted from [44].

To achieve an efficient percolated network within the complex structure of an electrode, it is crucial to
understand the role of different electronic pathway lengths: the short-range and long-range electronic
pathways. This is particularly important for the micron-sized NMC and nano-conductive carbon
systems. A comprehensive review of electrode structures and electronic conductivity was published by
Entwistle et al. [49]. Current thinking defines these two pathway lengths vaguely based on their length
scales [38], [49], [59], [60]. Long-range electronic pathways can be categorised as the conventional
understanding of electronic conduction where the interconnected network spans between the active
material particles within the 0.1 — 10 um range. This pathway length corresponds to the long-range
scale, made up of multiple long-range electronic pathways that span the entire electrode structure,
from active material particles to the current collector. In contrast, short-range electronic contacts
involve the nearest neighbouring interactions between active material particles and their surrounding
CBD or other active material particles, typically within the 1 — 100 nm length scale. Figure 2.8
schematically illustrates these electronic pathway lengths and the associated electrical conduction
mechanism involving percolation and tunnelling. A detailed review of the theoretical design of the
CBD within electrodes by Baumgartner et al. [60] discusses the concept of a medium-range electronic
pathway through the active material, differentiating from short-range pathways that solely represents
the interfacial resistance between the active material and conductive network. They have also
proposed an ordered conductive network with the aid of carbon coatings on the active material
surface. This concept of ordered network assumes active materials are uniformly distributed and
closely packed, and therefore the maximum distance of electron movement is equal to the particle

radius of the active material.
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Figure 2.8: Schematic depicting the two electronic pathway lengths within electrodes [49]. Long-range pathways span
throughout the entire electrode structure, from active material to the current collector while short-range pathways
act as electrical contact points to the neighbouring CBD structures or active material particles. lonic conduction
pathways and the conduction mechanisms within CBD structures are also shown.

The importance of these two pathway lengths and their synergistic effects leading to better electrode
performance have been widely reported [38], [61], [62]. There are, however, some publications that
suggest the dominance of one pathway length over the other. Trembacki et al. [63] showed that long-
range contacts are more dominant than short-range contacts as conductivity increases by 950 % and
220 %, respectively, for a nanoporous CBD structure through FEM simulations. Similarly, other
reports highlight the need to re-establish long-range pathways when active materials are coated with
carbon to form short-range contacts [42], [64], [65], [66].

On the other hand, Morelly et al. [59] reported a substantial increase in rate capability when total
carbon content is increased from 2.5 wt% to 3.0 wt% carbon black. Within these findings, the total
free carbon actually decreased after dry mixing as reflected by the slurry modulus. This led them to
conclude that short-range contacts play a more dominant role than long-range contacts and even ionic
conduction in determining rate capability. Dominko et al. [67] showed that short-range contacts are
important, where localisation of both Li* ions and electrons on active material surfaces is crucial for
the insertion of Li* ions without excessive polarisation. Additionally, Hamed et al. [68] emphasised
that the significance of polarisation arising from both short and long-range contacts is dependent on

the particle sizes within the system and their intrinsic conductivity.

These conflicting perspectives highlight the complexity of the electrode microstructure and suggest
that both pathway lengths could potentially contribute synergistically to overall electrode
performance. However, a significant knowledge gap on the precise relationship between these
pathways and their effect on the electrochemical performance remains. Therefore, developing a

comprehensive understanding of both short and long-range pathways is crucial.
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2.3.2 Conductive Additive Distribution

In a standard dispersing process, the active material, conductive additive and polymeric binder are
mixed in the one-step process resulting in an uncontrolled, non-uniform distribution within the
electrode. While electrode homogeneity is often assumed to be optimal for conduction, studies have
shown that some degree of heterogeneity may contribute to better performance [69]. In terms of the
electronic pathway lengths, an ideal distribution would consist of strategically depositing conductive
additives onto active material for increased short-range electrical contacts, and throughout the
electrode microstructure for long-range conduction. The formation of long-range pathways could be
promoted by distributing carbon black particles in a less dispersed state (i.e. in aggregate or
agglomerate form) to better facilitate its formation and reduce the amount required [70].

Lu et al. proposed two CBD structures influencing electronic conductivity in LIB cathodes (Figures
2.9a and 2.9b): a bridge structure occupying the spaces between NMC particles and forming the
contact points between two particles, and a film structure covering the surface of NMC particles [71],
[72]. The bridge structure correlates to the long-range electronic pathways that promote the formation
of a percolated electrical network within electrodes. Within the bridge structure, it was proposed that
two “nested” percolation systems exist that contribute to overall conductivity (Figure 2.9c). The first
is the carbon black-polymer structure that is dispersed within the space among active materials,
corresponding to the conventional understanding of CBD structures. The second system is the carbon
black that is dispersed within each cluster structure. An increase in both percolation systems increases

the overall electronic conductivity.
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Figure 2.9: Schematic showing two CBD structures: (a) a bridge structure that connects two or more active material
particles and (b) a film structure that deposits and covers the active material surface. (¢) Two “nested” percolation
systems within bridge structures. Adapted from [71].
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The film structure correlates to the short-range contacts, providing interparticle electrical contact
points to facilitate electronic conduction between active material particles and the neighbouring CBD.
Subsequent calendering could further increase the contact between the particles and CBD structures to
enhance electrode performance [73], [74]. The film structure is analogous to carbon coatings
established through wet or dry routes as demonstrated in various publications [75], [76], [77], [78].

Bauer et al. [42] highlighted the importance of the control of film formation on active material. As
depicted in Figure 2.10, they showed that dry mixing causes immobilisation of carbon black particles
which can inhibit its interactions with the binder within the slurry to form a porous CBD structure.
Furthermore, binder deposition on the carbon coating can create an insulating polymer shell that can
impede both electronic and ionic conduction. This process can also disrupt the typical gel-type
behaviour of cathode slurries due to the lack of free carbon particles within the slurry [79]. To re-
establish long-range conduction, additional carbon black must be introduced into the binder to

complement the short-range contacts on active material particles.
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Figure 2.10: Schematic illustrating the distribution of active material, carbon black particles and binder for different
mixing procedures. The binder forms an insulating polymer shell on the carbon coating of pre-treated active
materials and requires the addition of additional carbon black during slurry mixing to re-establish the formation of
the CBD [42].

Due to the small primary particle size, carbon black particles experience interparticle interactions
through van der Waals forces, giving rise to the formation of larger aggregates or agglomerates. These
aggregates are in the size ranges of ~100 nm and for agglomerates, up to a few microns. When two
carbon black particles come together, both attractive and repulsive forces increase with different
respective magnitudes. The resultant force response curve indicates that a maximum attraction is
reached at the minimum of the potential well (Figure 2.11). Carbon black particles that are trapped in
this potential well form agglomerates. To separate them, by moving out of this potential well, energy
input is required [80]. Therefore, for optimal electronic contact within electrodes, it is critical to
consider the breakdown of these agglomerates into smaller constituents to promote dispersion within
the voids of NMC particles. Dispersion of carbon black is well-studied in industrial rubber

applications and dispersibility remains the same point of focus for battery manufacturing [81].
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Carbon black properties such as particle size and structure can significantly impact both dispersibility
and electronic conductivity. High surface area and high structure carbon blacks are known to possess
higher conductivity [45]. However, the influence of carbon black structures is debated, with studies
suggesting an increased dispersibility [82] and others suggesting a decreased dispersibility [45].
Although there is a lack of literature to clarify this, the apparent contradiction could be explained by
the fact that high structure carbon black might initially disperse more easily due to its branched
structure which offers higher accessibility. However, achieving a uniformly well-dispersed state might
be more difficult compared to low structure carbon black. Additionally, Spahr et al. [34] reported the
need to identify and select appropriate mixing techniques that are compatible with the specific

properties of carbon blacks of interest.
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Figure 2.11: Resultant force response curve due to repulsive and attractive forces, where a minimum well is present
indicating maximum attraction between particles. Adapted from [83].

Carbon black deagglomeration can be separated into two steps: rupture and erosion [84], [85], as
shown in Figure 2.12. Rupture is the abrupt breakage of agglomerates into aggregates that occurs at a
critical shear stress. This is related to the energy required to overcome the van der Waals forces
between primary particles that hold them together to form the agglomerates. Sufficient energy input
must be achieved to move out of the potential well to separate these particles. Erosion refers to the
further deagglomeration of aggregates resulting in a decreased aggregate size or reduction into
primary particles. This process occurs at a lower shear stress over a longer period of time so larger

aggregates are gradually reduced to smaller aggregates or primary particles.
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Figure 2.12: Two-step deagglomeration process of carbon black followed by coating onto active material particles.
Agglomerates undergo rupture to form aggregates once a critical shear stress is achieved.

2.3.3 Quantifying Carbon Black Dispersion

Dispersion of carbon black involves the use of energy to overcome the van der Waals forces between
particles to achieve deagglomeration. To understand the optimal conditions and behaviour of carbon
back deagglomeration, it is necessary to identify and quantify the extent of deagglomeration during
dispersion. Complexities are present as carbon black exhibits an intricate, branched structure and
dispersion progress is dynamic. Therefore, various studies have demonstrated the development and
correlations between different techniques that can capture the variation in structures across different
length scales to provide insight into the carbon black dispersion process.

Rwei et al. [85] first investigated carbon black deagglomeration via simple shear flows and proposed
the rupture and erosion deagglomeration mechanism. Using bulk powder density and powder
conductivity measurements, Lischka et al. [86] reported that prolonged mixing causes carbon black to
completely coat NMC622 particles, thus hindering interconnected electrical contacts within the
powder sample. They also proposed a dimensionless mixing index, incorporating bulk powder
density, and a dimensionless mixing tool rotations number for analysing the progression of
deagglomeration. Mayer et al. [87] showed that carbon black deagglomeration can be analysed
through bimodal particle size distributions where a shift towards smaller diameters was observed with
increased dispersion time as shown in Figure 2.13a. The corresponding decrease in peaks between 1 —
10 um and 0.1 — 1 um is attributed to deagglomeration of large agglomerates followed by continued
breakage of aggregates as mixing progresses. They observed that higher mixing tip speeds yielded
smaller particle sizes due to higher specific energy. It was proposed that particle size following
prolonged dispersion follows a power law function that is dependent on shear stress produced during
dispersion. GriePl et al. [37] studied how carbon black loading influences slurry rheology and
developed a model to predict the progression of particle sizes with varying process conditions. Their
findings validated the occurrence of carbon black deagglomeration where increased mixing speed and
mixing time led to a lower slurry viscosity across a range of carbon black loading. Furthermore,

smaller dsp values for carbon black and a similar shift towards smaller sizes within the bimodal
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particle size distributions, similar to that reported by obtained by Mayer et al. [87], were observed.
Finally, they developed a model function based on the power law function to describe
deagglomeration as influenced by mixing time, circumferential tip speed and carbon black loading.

Bauer et al. [42] measured the resistivity of powder mixtures and electrodes with varying mixing
speeds to study the distribution of conductive additives within electrodes. Although the study did not
explicitly investigate deagglomeration, a lower resistivity resulting from an increase in mixing time
for both dry preprocessing and slurry mixing suggests an increased dispersion of carbon black within
the powder mixtures and subsequently electrodes. Amplitude sweeps of slurries show that dry mixed
samples loss modulus dominates even at low strain, indicating the absence of free carbon black
particles. SEM micrographs of dry mixed particles further confirm the deagglomeration of carbon
black and coating formation on NMC particles. Similarly, Westphal. et al. [78] evaluated electrode
resistivity over a range of mixing intensities and correlated to observations from SEM to identify
deagglomeration and distribution of carbon black on graphite particles. They concluded that higher
mixing intensity leads to high deagglomeration and identified an optimal range for low resistivity.

Bockholt et al. [64] evaluated electrode porosity using mercury intrusion porosimetry (MIP) and
found that the pore diameters (~0.05 — 0.5 um) correlated to voids in carbon black particles decreased
with dry mixing time. The void volume inside carbon black decreases as its structure becomes smaller
and shifts the peaks to the left (Figure 2.13b). The peaks correlated to voids between NMC (~1 - 10
um) initially decrease in height and increase in pore diameter as smaller carbon black agglomerates
result in better packing of NMC particles and less pore volume. With longer mixing times, carbon
black attaches to the NMC surface, and the CBD produced is localised next to NMC, resulting in an
increase in voids between NMC.
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Figure 2.13: (a) Evolution of particle size distribution of carbon black particles with increased mixing time [87] and
(b) evolution of pore size distributions within electrodes with active materials subjected to different mixing times [64].
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Through particle size analysis and electrode pore size analysis, various parameters have been
proposed to quantify carbon black structures and track dispersion. Mayer et al. [88] used MIP and
developed a characteristic parameter through carbon black porosity (ecg) to describe electrode

microstructure, which is influenced by carbon deagglomeration as shown in Equation 2.4:

& — &c,NMC

& = (2.4)

1 —cynme — €cnme

where ¢ is the porosity of the carbon coating, &c yuc is the porosity between NMC particles and

¢y nmc 1S the volume ratio of the NMC particle to the carbon coating and is represented by (V’;—’:C) as

shown in Figure 2.14.
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Figure 2.14: Schematic of an electrode microstructure depicting particle and pore volumes of NMC and carbon black
[88].

This parameter ranges from 0 to 1 and can be used to indicate dispersion progress between a fully
dispersed structure (0) down to a non-dispersed structure (1). They have also demonstrated its
sensitivity to process conditions in NMC111 and NMC622 electrodes which indicates its effectiveness
in predicting carbon black sizes within electrode microstructures.

Weber et al. [84] studied the dispersion for carbon black-containing slurries using a laser diffraction-
based particle size distribution and proposed a carbon black dispersion index (Dlcg), as shown in
Equation 2.5, by isolating the bimodal volume distribution of carbon black:

Dicp = (2.5)

where Q3(xp) represents the particle size cumulative distribution of section C1 and x50 is the

median particle size of section C1.
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By setting a threshold of xp = 0.8 um, the particle size distribution was separated into sections
representing well-dispersed carbon black aggregates (C1) and undispersed agglomerates with other
materials present (C2) as shown in Figure 2.15. The dispersion progress was exclusively quantified
through section C1 where a monomodal distribution is observed. This dispersion index was shown to
correlate well with specific energy and tip speed and showed good consistency when applied to assess
a silica nanoparticles system and their historical data where short mixing time showed a lower Dlcg
value compared to long mixing times. They have noted that the threshold (xp) should be adjusted

accordingly for different materials.
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Figure 2.15: Particle size distribution of carbon black particles with two distinct sections representing well-dispersed
carbon black (C1) and undispersed carbon black agglomerates (C2). Evolution in peak distribution and peak height
can be used to determine the dispersion index Dlcs. Adapted from [84].

To summarise, many of the techniques used to quantify carbon black deagglomeration are directly
correlated to slurry and electrode properties. While these methods may offer valuable insights, their
implementation requires substantial experimental effort for sample preparation. It is also worth
pointing out that these are conventional characterisation techniques developed to be compatible with
wet slurry manufacturing. The use of slurry and certain electrode properties may not apply to or be
suited for dry electrode processing. For dry electrodes, the dispersion of conductive additives remains
an important aspect, along with the distribution of binder. Characterisation methods must be designed
or adapted to directly evaluate these properties within dry powders or solid electrode systems.

Several powder characterisation methods can be utilised to investigate carbon black deagglomeration
in dry powder systems: (1) volume resistivity measurements where the dispersion can be correlated to
bulk resistivity within a binary powder mixture [34]; (2) bulk [86] and tapped density [89] of powders
where deagglomeration generally results in better particle packing ; (3) particle size distribution where
deagglomeration can be correlated to the shift in distribution peaks similar to that observed in slurries
[84], [87]. Among these techniques, volume resistivity stands out as a popular technique due to its
relative simplicity and direct relevance to the electrochemical properties of the materials studied, i.e.
its resistivity or conductivity. The use of volume resistivity has long been used to evaluate the

conductivity of powder compacts and electrodes.

22



As discussed previously, Westphal et al. [78] applied this technique on electrodes to study carbon
black deagglomeration. More specifically for powder characterisation, a resistivity by compression is
usually employed to study the change in resistivity with increased contact during compression. These
methodologies were also demonstrated by Bauer et al. [42]. Marinho et al. [90] measured the
conductivities of powder compacts of multi-wall carbon nanotubes, graphene sheets, carbon black and
synthetic graphite and concluded that the bulk conductivity is dependent on the packing density of
these conductive additives. Spahr et al. [34] studied the resistivities of LCO and various grades of
carbon black and graphite to understand the evolution of electrical properties during dry mixing. They
also studied the differences in resistivity when samples are prepared through wet and dry mixing
showing that C-NERGY Super C45 and C65 carbon blacks are preferable for cathode manufacturing.
With a focus on carbon black properties, they also showed that BET specific surface area affects
dispersion, with high specific surface area carbon black exhibiting a higher viscosity at low shear

rates.

Resistivities are usually measured through the two-point method with the assumption that all
component and contact resistances are negligible. A shortcoming of the two-point measurement is that
it may over- or underestimate resistivity in certain circumstances, such as current leakage, contact
resistances, and variation in experimental setups. Kuo et al. [91] reported that the contact resistances
from two-point measurements on NMC-carbon surfaces may contribute to resistances of up to 6 mm
of the bulk NMC material. In other words, if the sample length is less than 6 mm, the measured
resistance is dominated by the contact resistance. Contact resistances originate from constriction
effects rather than interfacial electronic contact on electrodes. There are also studies that propose
optimisations to the current two-point method to minimise or eliminate these extra resistances. Kane
et al. [92] introduced a guard-electrode method coupled with the two-piston setup to characterise
carbon black, graphite and copper for more accurate and repeatable measurements. Mainusch et al.
[93] proposed a novel powder probe consisting of stainless steel particles covered with conductive
silver paint that act as the contact media with samples. This advanced powder probe technique was
used to evaluate LMO and LFP electrodes and demonstrated a reduction of contact resistances. One
interesting study by Rey-Raap et al. [94] discusses the correlation between the two-point compression
method and conventional four-point probe methods. They proposed a relationship between the
conductivity obtained through these two characterisation techniques but noted that high anisotropy

carbonaceous materials with very high conductivity (e.g. graphite) may not be applicable.
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24 Particle Engineering Through Coating Formation
2.4.1 Carbon Coatings

The conventional slurry casting process remains the dominant technique for commercial LIB
electrode manufacturing due to its scalability and cost-effectiveness [4]. This multi-step process
begins with slurry mixing, where electrode active materials, conductive additives and binders are
mixed in a compatible solvent using intensive mixers such as Eirich and Biihler mixers, or large-scale
planetary mixers. Specifically for cathode manufacturing, a high active material loading (often
> 90 wt%) along with conductive carbon additives and a binder dissolved in a suitable solvent
(i.e. N-methyl-2-pyrrolidone, NMP). Key slurry properties include high slurry density for
compression during calendering and optimised viscosity for uniform coating during casting. The
amount of solvent used is critical as it directly affects viscosity and, consequently, coating quality and
drying behaviour. Binder dispersion is equally important as it needs to be well dispersed to maintain

their network structure as active material expands and contracts due to thermal effects during cycling.

Lu et al. [71] showed that bridge structures that facilitate long-range conduction can be controlled by
varying the carbon black loading during slurry mixing. However, for film structures, applying control
to its formation is relatively challenging in wet slurry mixing. Uncontrolled film formation arises from
uncontrolled dispersion of carbon black in wet slurry mixing. This can lead to a decrease in the
effective interface between active material particles and electrolyte. Therefore, it is important to
control carbon black dispersion through a mechanistic approach to tailor the desired film structure.
For optimised slurry properties and homogeneity, certain manufacturers also differentiate between a
preliminary dry mixing stage for initial blending and a subsequent wet dispersion step for thorough
homogenisation. Therefore, the use of a pre-processing technique, separate from wet slurry mixing, to

deposit carbon black on the active material surface may introduce more control on film formation.

Carbon coating formation is a common particle engineering technique, primarily used to increase the
electronic conductivity of active materials with low inherent electronic conductivity, such as LFP
(< 10° S cm™) [95]. As such, commercially available LFP is often provided in a carbon-coated form.
This carbon coating is typically formed by mixing an iron phosphate precursor with lithium carbonate,
along with a carbon source, followed by sintering at 600 — 800 °C. During sintering, the amorphous
mixture transforms into the characteristic olivine structure of LFP [96]. In industrial LFP production,
carbon loading is generally limited to below 1.5 wt% to avoid interfering with Li-ion transport or
introducing impurities [97]. While the thickness of the carbon coatings is rarely reported, studies
suggest it should be maintained between 1 — 10 nm, with coatings as thin as 2 nm being demonstrated
in lab-scale research [98]. For NMC, carbon coatings are uncommon at an industrial scale due to their
higher inherent electronic conductivity. Instead, cycling stability is the primary concern for these

materials and is typically addressed through doping or oxide coatings [99], [100], [101]. Nevertheless,
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from an electrode design viewpoint, carbon coatings can be beneficial in tailoring the electronic

pathways, potentially improving the overall performance of NMC electrodes.

Coating morphologies can be broadly divided into 3 categories (Figure 2.16). A rough coating is an
uneven layer with variations in distribution and coverage of the coating material, usually obtained
through mechanical mixing and heat treatments of materials. A core-shell structure consists of an
outer shell that acts as a protective layer for the inner core material. Lastly, ultra-thin film coatings are
uniform, dense, homogenous coatings that are held by strong chemical bonds to maintain their
physical integrity. For electronic enhancements, there are suggestions that complete coverage of the
active material surface is favourable and thickness control is critical to maintaining ionic conductivity
[102]. However, it is also sensible that a rough coating to facilitate surface electrical contacts is

sufficient, ensuring minimal compromise on ionic conduction.

Rough coating Core-shell coating Ultra -thin film coating

Figure 2.16: Schematic depicting three different coating characteristics: rough, core-shell and ultra-thin film coating.
Adapted from [102]

The selection of appropriate coating methods is important as the coating morphology and
functionality can vary significantly. Wet and dry processing techniques differ fundamentally and can
lead to distinct coating properties and subsequent effects on CBD formation. In the context of
conductive additives, the breakdown of conductive additives during processing can hinder their ability
to facilitate long-range electrical contacts. Additionally, the processing intensity and the degree of
intimacy between conductive additives and the active material can significantly influence short-range
contacts [49]. Furthermore, different coating methods can result in variations in coating
microstructures, ultimately changing the transport ability of electrons and Li* ion diffusion. It is also
important to note that some coating techniques may introduce modifications to the active material

surface structure, potentially leading to secondary implications.

Both wet and dry techniques have been demonstrated to achieve versatile carbon coatings on various
active materials. Wet methods, such as hydrothermal or solvothermal methods [103] and sol-gel
synthesis [104], are considered conventional approaches employed in industrial manufacturing. These

techniques have a proven record of enhancing electrochemical performances.

Dry methods present an increasingly attractive alternative to eliminate the use of fugitive solvents
used in typical wet methods. Common dry techniques include mechanical dry coating, dry powder

spraying and deposition technologies such as chemical vapour deposition and atomic layer deposition.
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Mechanical dry coating relies on high-energy collisions between larger host particles and smaller
coating particles to induce coating formation. The mixing mechanisms are relatively simple and
versatile for scale-up purposes. Dry powder spraying requires the use of an electrostatic or fluidised
bed to distribute the cathode materials where the coating material is sprayed onto the surface. This
process is ideal for continuous processes, but precise control of powder flow must be considered for
good coating properties. Dry deposition technologies have fine control over coating properties such as

thickness and uniformity but are relatively slow and high cost due to complex specialised equipment.

Mechanical dry coating has gathered wide attention due to its simplicity and relevance in the
development of dry electrode processing. Several common techniques developed for carbon coating
formation include ball milling, planetary mixing, and high shear mixing. In particular, planetary
mixers and high-shear mixers such as Eirich and Nobilta mixers have been widely referred to as
“intensive” or “high-shear” mixers and are used for mixing cathode active materials and conductive
additives. Bockholt et al. [105] studied four different dry mixers: a conventional drum mixer, a
planetary mixer and high-shear mixers (Eirich and Nobilta mixers). The findings showed that all these
mixers can facilitate carbon black deagglomeration to varying degrees (Figure 2.17). High powder
conductivities yielded from the Eirich mixer and planetary mixer indicate a well-distributed carbon
black network that facilitates good electronic conduction. The low conductivity obtained from the
rotary drum mixer is likely due to its inability to effectively break down large agglomerates, leading
to a poor conduction network. The intermediate conductivity but high packing density indicates that
the Nobilta mixer has a higher mixing intensity and therefore results in smaller aggregates compared
to the Eirich mixer and planetary mixer. This highlights the ability of the Nobilta, Eirich and planetary
mixers to facilitate deagglomeration. This study, however, lacks a comprehensive comparison as the

mixing intensities are different due to varying mixing conditions for each mixer.
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Figure 2.17: Two-point powder conductivity and packing density of AM and CA mixed in a rotary drum mixer,
Nobilta mixer, Eirich mixer and a planetary mixer [105].
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2.4.2 Intensive Dry Mixing for Coating Formation

Each of the three high-shear dry mixers discussed in Section 2.4.1 utilises different mixing principles.
Planetary mixers achieve mixing through a unique dual-motion system (Figure 2.18a). The mixing
elements rotate independently on their respective axes while also revolving around a central axis. This
combination of rotation and revolution generates shear forces for effective mixing and simultaneously
promotes the redistribution of material for homogeneity. In contrast, the Eirich mixer relies on both a
rotating, titled mixing pan and an eccentrically aligned mixing element that also rotates to induce
shear forces (Figure 2.18b). A fixed scraper is usually present on the wall to ensure material
redistribution. Lastly, the Nobilta mixer differs from conventional mixers with its horizontally
oriented mixing chamber (Figure 2.18c). This configuration introduces unique flow patterns,
contrasting with conventional vertical or tilted mixers. Its primary mixing mechanism involves
forcing particles through the narrow gap between the rotating blade and chamber wall, creating strong
shear forces for dispersion. Its horizontal orientation allows materials to be redistributed easily.

(b) (©

Rotor blade

Mechanofusion
chamber

Figure 2.18: Schematic depicting the mixing principles of a (a) planetary mixer [106], (b) Eirich mixer [107] and (c)
Nobilta mixer.

The mixing process for the Nobilta mixer is referred to as mechanofusion, where it uses a high shear
field to spheronise or dry coat powders with fines without the use of any liquids [108]. The term
“mechanofusion” refers to the use of strong mechanical energy to modify tribological and surface
functional characteristics of particles or induce mechano-chemical reactions between different
particles. There are various variations of the mechanofusion system depending on the application, but
the Nobilta mixer manufactured by Hosokawa Micron is the most common configuration used in
academic research. Mechanofusion is a useful technique that preserves the median particle size and
has relatively fewer process parameters that directly influence the performance and subsequent
particle properties. In mechanofusion, a powder mixture of two or more groups of particles is
subjected to mechanical forces as it passes through a variable gap in a mixing chamber. The process
breaks up agglomerates of small particles and distributes them effectively to form coatings on host

particles.
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A general description of the mechanofusion process and its mixing mechanism was reported by the
Ghadiri Research Group [109]. The system features a cylindrical mixing chamber with a rotor blade
that rotates clockwise, generating a centrifugal field. There is a clearance between the tip of the blades
and the chamber wall. During mixing, the powder mixture is forced towards the chamber walls by
centrifugal forces to form a powder layer. This powder layer is forced through the narrow gap
between the tip of the rotor and the chamber wall, generating high shear forces due to the radial
velocity gradient. Intense collisions between particles themselves and against the chamber wall
promote the smearing action of small particles onto the surface of larger particles. Simultaneously,
these forces can break up agglomerates of guest particles to enhance adhesion onto larger particles.

The mixture is then redispersed into the chamber and continuously undergoes the process of

Tip of rotor \

...................

Impact
Ny R .
"= compression :

compression, frictional shearing and deagglomeration (Figure 2.19).

....................

Rotor blade

Direction of
rotation

Powder layer

v Chamber wall

Figure 2.19: Principle of the mechanofusion process where a powder layer is forced through the narrow gap between
the tip of the rotor and the chamber wall. Intense shear forces between particles themselves and the chamber wall
lead to the breakdown of agglomerates or small particles. Continuous compression promotes coating onto large
particles. Adapted from [110].

The blade gap is critical for controlling the thickness of the coating and can be adjusted based on the
desired powder properties. At high rotational speeds, intense interactions can generate
thermochemical energy that may promote the coating of guest particles onto the host particles [111].
Spheronisation and coating are usually achieved rapidly, often within minutes. For battery material
processing, the blade geometry and gap space are generally not varied. Therefore, mechanofusion may
provide a greater degree of control over energy input compared to traditional intensive mixing

methods.
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The mechanofusion process is relatively simple to operate, with mixing time and rotation speed
serving as the critical operating parameters [112]. The rotation speed directly affects powder flow
properties which can result in variations in mixing profiles. For mixing time, a minimum time is
necessary to ensure the breakdown, dispersion and subsequent adhesion of guest particles onto the
surface of host particles. Despite being a valuable dry processing technique, literature is rarely
published as its parameters are not clearly defined and understood mechanistically [113]. Available
literature usually demonstrates particles being spheronised or coated with another phase but only
using specific sets of mixing conditions. In terms of scale-up possibilities, the reduced reliance on
bulk flow for mixing and a small, defined zone for particle interaction may offer a more predictable
scale-up. However, other aspects to consider should include the blade geometry at large scales,

significant heat generation in larger mixers and the effect of loading on mixing efficiency.
2.4.3 Mechanofusion Coating Applications

The application of mechanofusion has been reported in several studies in fields ranging from
pharmaceuticals to metallurgy. For example, Zhou et al. [112], [114] found that mechanofusion of
magnesium stearate and silica on lactose monohydrate led to coating formation which reduces
cohesion and improves particle morphology, leading to enhancements in tapped density,
compressibility and flow properties. Similar benefits are also reported in a study where
polymethylmethacrylate (PMMA) particles coated with TiO, flow freely with a near-zero angle of
repose compared to a high angle of repose of pristine particles [115]. Additionally, Gauthier et al.
[116] reported that an alumina coating on iron particles offers protection by slowing down surface

oxidation reactions.

More recently, mechanofusion has been applied in battery manufacturing to enhance active material
properties. One of the primary applications of mechanofusion is the production of tailored particle
structures, through composite particles or coating formation. Zheng et al. [117] demonstrated the
spheronisation of NMC622 using mechanofusion, resulting in particles with a smooth and reduced
surface area, with a thin (~20 nm) coating layer of the same bulk material with a homogenous
distribution of Ni, Mn and Co. This coating minimises parasitic reactions with the electrolyte and
leads to improved capacity retention and cycle life. However, prolonged mixing resulted in decreased

rate capacity and increased cell polarisation and degradation due to excessive surface smoothness.

Zheng et al. [118] also produced a homogenous, dense and robust Al,O; coating on NMC622 via
mechanofusion which remained intact after slurry mixing. However, complete coating coverage on
the NMC surface led to a low capacity, likely due to low ionic conduction but exhibited minimal
capacity fade compared to uncoated samples. Core-shell nanocarbon-NMC811 from mechanofusion
showed increased stability and higher capacity due to a protective, conductive coating [119]. Further,

Liu et al. [120] showed the feasibility of a lithium lanthanum titanate coating as an ionic conductor on
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NMC particles. Cao et al. [108] utilised mechanofusion for the synthesis of Si-alloy/graphite
composite particles, by incorporating a well-dispersed Si phase embedded between graphite layers
that provides a buffer for expansion. These composite anode particles exhibited high cyclability and
rate capability compared to conventional Si-alloy graphite coatings. Similar approaches have also
been used to produce carbon-encapsulated Si particles that allow free Si expansion within the buffer
shell [121]. These studies collectively demonstrate the versatility of mechanofusion in battery
processing, which includes particle spheronisation for enhanced surface morphology, synthesis of
composite particles and the formation of dense, robust coatings of various materials that offer

physical, electronic and ionic enhancements.

Recent studies, primarily led by Arno Kwade, have exploited the high shear mixing mechanism of
mechanofusion for simultaneous carbon black deagglomeration and direct coating formation on active
material particles [42], [64], [78], [122]. Bockholt et al. [64] showed that mechanofusion allows
carbon black to directly attach to the active material surface for short-range electrical contacts while
subsequent calendering promotes the formation of long-range conduction, thus resulting in enhanced
cycling stability. Moreover, they reported that the solid content of slurries can also be increased with
less solvent used, which benefits the drying process. Wenzel et al. [122] presented a systematic
investigation between the mechanofusion parameters (i.e. temperature, motor current) and material
properties (i.e. bulk density, conductivity), revealing correlations with the expected structural change
of carbon black. Westphal et al. [78] studied carbon black deagglomeration and coating through the
evolution of electrode resistivities with a dimensionless Froude-tool number that describes mixing
intensity. They showed that an optimal mixing intensity exists and beyond this optimum leads to
increased resistivity. Bauer et al. [42] reported that only a thin carbon black coating on NMC111 is
sufficient for electronic conduction enhancements. They also highlighted the importance of evaluating
the spatial distribution of conductive additives that correlates well with the various length scales
within electrode structures as discussed in Section 2.3.1; at the nanoscale (active material surface),
mesoscale (localised proximity to active material) and macroscale (homogenous distribution
throughout electrode). The addition of graphite during mechanofusion showed that graphite flakes can
penetrate the wrapping polymer shell to decrease resistivity. Lastly, other conductive additives such as
carbon nanotubes (CNT) have also been used as a coating through mechanofusion, leading to

improvements in initial Coulombic efficiency and rate capability [123].
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2.4.4 Coating Implications

While the traditional wet manufacturing process remains the industry standard, its full impact on the
final electrode structure and performance is not fully understood. This lack of mechanistic
understanding regarding the process-property relationships (Figure 2.20) hinders process optimisation
and quality control. Slurry mixing is critical in achieving homogeneity, with inconsistent dispersion
leading to localised resistance and polarisation or potential mechanical instability. Coating and drying
impacts electrode porosity, thickness and even adhesion to the current collector. Any deviations may
lead to uneven current density and accelerated degradation or electrode delamination. Calendering,
while crucial for energy density, may also influence electrolyte accessibility and damage electrode
integrity if not carefully controlled. Studies demonstrate that coated particles can significantly alter
electrode structure, which affects electronic and ionic conduction [42], [64], [65], [66]. These
differences can be traced back to the processes involved as the conductive network formation is
ultimately linked to mixing, coating, and drying.

Mixing Variables Slurry Properties
* Mixer type * Surface tension
* Rotational speed * Rheology
* Temperature * Density
Mixing * Shear rate * Agglomerate size/structure
Coating Variables Wet Film Properties
+ Coater type * Thickness
* Coating speed * Coatweight
* Coating gap * Defects
* Shear rate * Adhesion
C oating * Web tension * Structure

* Temperature

Drying Variables Dry Film Properties
* Dryer type * Thickness
* Time » Coatweight
* Temperature * Defects
Drvi * Zones * Adhesion
rying * Air flow e Structure
Calendering Variables Electrode Properties
* Gap * Thickness
* Pressure » Coatweight
* Speed * Defects
* Temperature * Adhesion
Calendering * Structure
* Wetting

* Electrochemistry

Figure 2.20: Summary of process parameters and product properties involved in conventional electrode
manufacturing. Adapted from [124].
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25 Challenges and Opportunities

Particle and electrode engineering offer promising avenues to further unlock the potential of electrode
performance. While conventional wet slurry mixing facilitates long-range electronic conduction
through bridge structures, its lack of control over film formation limits the ability to optimise
electrode structures for better performance. This motivates the research into pre-processing techniques
for carbon black deagglomeration and coating formation as a means of tailoring film structures.
Studies demonstrated the importance of conductive additive proximity to active materials for short-
range contacts and methods for analysing dispersion. Various carbon coating techniques, particularly
dry methods have been reviewed, with mechanofusion emerging as a novel approach that holds the

potential for superior control over film formation.

Despite progress in understanding carbon black deagglomeration and coating via mechanofusion,
several critical gaps remain. A comprehensive understanding of achievable particle and coating
characteristics (e.g. carbon black structure; coating morphology, coverage, thickness) is lacking.
Additionally, while particle properties like size and density are frequently used to infer carbon black
deagglomeration, the impact of mixing on manufacturing factors such as storage and flowability is
rarely considered. Further research is also needed to explore the amount of unbound, free carbon for

insights into coating efficiency.

Existing literature emphasises the use of slurry and electrode properties to understand
deagglomeration. While resistivity by compression is a valuable supporting metric, its potential as a
direct tool for studying deagglomeration in dry powders needs further exploration. A systematic
understanding of critical mixing parameters (mixing time and speed) is needed for informed process
selection. Additionally, the effects of carbon black properties and other unconventional conductive

additives require deeper investigation.

Current findings often focus on final electrochemical performance, overlooking the evolution of
powder, slurry and electrode properties. Furthermore, there is limited investigation into how the
distribution of short and long-range contacts can be manipulated within electrodes. Moreover, the
influence of these deliberately manipulated pathways on resulting electrode structures and

conductivity together with the corresponding mixing and drying behaviours should be studied.

Developing a precise process-structure-property relationship may unlock the potential for
improvements in the manufacturing process through targeted process adjustments for specific
performance goals. It may also aid in pinpointing the exact origins of defects, leading to improved

quality control.
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Chapter 3 Materials and Methods

3.1 Introduction

This chapter outlines the experimental procedures used to prepare carbon-coated NMC particles
through mechanofusion as a method of controlling the formation of film structures on NMC. The first
section outlines the mechanofusion mixing procedures followed by slurry and electrode preparation.
The second section discusses the characterisation techniques used to study the dry mixing process,
coated particles, and subsequently the designed electronic networks within slurries and electrodes, as

well as their suitability for the work, throughout Chapters 4 to 6.
3.2 Materials

All materials were purchased or supplied from commercial suppliers. The cathode active material was
lithium nickel manganese cobalt oxide, LiNigsMno2C00202 (NMC622, BASF SE). The conductive
additives were carbon black C-NERGY™ Super C45, C65 (Imerys), LITX® HP, 200, 300 (Cabot
Corp.) and multi-walled carbon nanotubes CNT1015, CNT3080 (Gelon Lib Group Co.). The
polymeric binder was poly(vinylidene) fluoride (Solvay Solef® 5130 PVDF) from Sigma Aldrich. The
solvent for slurry preparation was N-methyl-2-pyrrolidone (NMP) from Sigma Aldrich. The main
material properties are shown in Table 3.1. Additional material properties are given individually in

subsequent chapters where relevant. All materials were used as received unless otherwise stated.

Table 3.1: Properties of key materials used in this study.

Material Chemical Formula Density (g cm®) dso (um)
NMC622 LiNio.sMno.2C00.202 4,742 11.1¢
Carbon black C65 C 1.9° 32 (nm)®
PVDF -(CaH2F2)n- 1.7¢ <300°¢
NMP CsHgNO 1.028 (g mL?Y) 3 -

a
b

Obtained from data sheet provided by manufacturer, BASF SE

Obtained from data sheet provided by manufacturer, Imerys
C

d

Obtained from data sheet provided by supplier, Sigma Aldrich
Volume-weighted average measured using Malvern Mastersizer 3000

NMC622 offers a good balance between high energy density and stability, therefore making it a
suitable cathode material to be processed in ambient environments. Compared with NMC811, it
exhibits lower sensitivity to environmental factors such as moisture and surface reactivity.
Additionally, NMC622 is well-studied and widely used in academic research and commercial
batteries, enabling the findings in this work to be benchmarked against existing electrochemical data
Carbon black (C65) was selected for its high conductivity and low production cost. Similarly, its

extensive use in NMC-C65 systems also provides a wide range of baseline data for comparison. NMP
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was chosen as the solvent due to its ability to dissolve PVDF, and its compatibility with all other
materials to form a rheologically stable slurry

The handling of battery materials requires stringent health and safety procedures to protect lab
personnel and prevent material degradation. All experimental work was conducted using standard
personal protection equipment, i.e. lab coat, nitrile gloves and safety glasses, and performed under
extraction either in a fume hood or a portable downflow booth. Additional precautions were taken
when handling conductive additives such as carbon black or carbon nanotubes as they can easily
become airborne. When working with large quantities of these additives, FFP3 class respirators and
protective sleeves were used to minimise respiratory and skin exposure. Lastly, NMP is a potent
solvent known for its skin irritant properties and reproductive toxicity. Handling of NMP was carried
out in a glovebox with an Ar atmosphere whenever possible. When NMP is used in a fume hood, latex
or butyl rubber gloves were used as NMP can permeate nitrile gloves. If this was not feasible, double-
gloving was carried out to provide additional protection.

3.3 Sample Preparation

Binary powder mixtures of NMC and C65 were dry mixed in a Nobilta™ Mini (Hosokawa Micron
Corp.) mixer with varying NMC:C65 wt% formulations as needed (Figure 3.1). All mixtures were
weighed accordingly to make up a total of 20 (+ 0.1) g for each sample. The mixer was then rotated to
a horizontal orientation. The powder mixture was first subjected to pre-mixing at 500 rpm for 2 min to
disperse and homogenise the binary powder mixture and then mixed for up to 60 minutes at 1000/
2300/ 5000 rpm (tip speed = 4.61/ 10.6/ 23.04 m s respectively). The clearance between the tip of the
rotor blade and the inner wall of the mixing chamber was 1 mm. The temperature of the mixer
(average range of 19 — 22 °C) was regulated using a cooling water source and air flow was maintained
at approximately 2.8 m*® LI Powder samples were retrieved at various mixing times for

characterisation and subsequent experimental procedures.

Figure 3.1: Nobilta™ Mini mixer (left) and its internal mixing chamber (right).
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All powder materials used for slurry preparation were stored overnight at 120 °C in a vacuum oven
before use. The slurry was prepared according to two slurry formulations depending on the powder
sample formulation. The standard formulation corresponds to 96:2:2 wt% of NMC:C65:PVDF. For
this formulation, carbon black was added during the slurry step to allow the formation of long-range
electronic pathways. Firstly, the binder mixture was prepared by making a solution of 8 wt% solid in
NMP. The standard solid loading was 5 g, and the standard solid concentration was 60 %, giving a
total amount of 3.33 g NMP required. 0.1 g of PVDF was weighed into a 9 mL Thinky pot in a fume
hood or a portable downflow booth and then transferred into a glovebox with an Ar atmosphere
(typical H20 and Oz <0.1 ppm) where 1.16 g of NMP was added. This mixture was mixed in a Thinky
mixer (ARE-250) at 2000 rpm / 15 min. Next, 0.1 g of C65 and 1.09 g of NMP were added into the
pot, mixed at 500 rpm / 1 min followed by 2000 rpm / 5 min. Finally, 4.8 g of NMC and the
remaining 1.09 g of NMP were added into the pot, and mixed at 500 rpm / 1 min, then 2000 rpm / 10
min followed by a final degassing step at 2200 rpm / 3 min. All mixing sequences were programmed
in such a way that there were no breaks in between using the memory function on the Thinky mixer.
This ensures the consistency of the mixing process and reduces uneven mixing, sedimentation or

variation in slurry homogeneity.

The second formulation corresponds to 98:2 wt% of NMC:PVDF. For this formulation, no carbon
black was added during the slurry mixing step. Similarly, 0.1 g PVDF and 1.16 g NMP were first
mixed at 2000 rpm for 15 min. 4.9 g NMC and the remaining 2.17 g of NMP were then added into
this mixture and mixed at 500 rpm / 1 min, then 2000 rpm / 10 min followed by a final degassing
stage at 2200 rpm / 3 min. For larger slurry samples and varied slurry solid concentrations, the amount

of each material was adjusted accordingly.

Due to the change in the amount of free carbon and the carbon black structures arising from
deagglomeration and coating during mechanofusion, the amount of NMP solvent used was estimated
through trial and error, by observing the gel-behaviour of the slurry, to achieve the correct viscosity
range. This involved visually assessing the gel-like behaviour of the slurry and comparing it to a
conventionally prepared slurry of the same standard formulation without additional processing of the
carbon black. A general guide was to increase the solid concentration (i.e. decrease the amount of
NMP added) for samples with smaller carbon structures and less free carbon. Generally, with
increasing mechanofusion mixing time and speed, a lower amount of NMP was used for slurry
preparation. For example, for 2 wt% C65, 3.33 g of NMP (60 % solids) was used for samples mixed
for 2 min and 2.7 g of NMP (65 % solids) was used for samples mixed for 60 min. A detailed

explanation of the rationale for the measurements of NMP used will be discussed in Chapter 6.
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The slurry was coated onto polyethylene terephthalate (PET) film (average thickness: 78 um) using a
doctor blade (MTI Corp.) with a blade gap of approximately 150 um (calibrated using a metal shim).
The slurry was poured in a bone-shaped line with slurries thicker at the edges, on one end of the PET
film close to the doctor blade, to ensure uniform spreading. A draw-down table (MSK-AFA-L800-H-
110, MTI Corp.) was used to coat the slurry onto the PET film at an arbitrary speed of 15. A
calibration curve (Figure 3.2) was produced by measuring the time required for the full distance
travelled by the pushing bar at various arbitrary speeds. Using this calibration curve, the coating speed
was found to be approximately 5.21 mm s*. The coated film was then dried using a built-in overhead
heater, starting at 25 °C and gradually increasing up to 80 °C for a total of 1 hour. The final dried film
thickness was approximately 50 um and the film was stored at 120 °C in a vacuum-sealed pouch until

further use.
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Figure 3.2: Coating speed calibration curve for the draw-down table.
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34 Sample Characterisation
3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an imaging technique that uses a focused beam of electrons to
create an image of a sample, with a typical set up as shown in Figure 3.3a. A beam of high-energy
electrons that is accelerated by an electron gun is focused on the surface of a sample. The beam
collides and interacts with the sample atoms, resulting in both elastic and inelastic scattering of
electrons (Figure 3.3b). For elastic scattering, the scattered electron trajectory within the sample
changes but retains most of the kinetic energy and velocity, resulting in the generation of
backscattered electrons (BSE) [125]. BSE originates from deeper regions of the sample and shows
high sensitivity to differences in atomic number. For inelastic scattering, the scattered electron
trajectory is largely unaffected, but energy is lost and absorbed by the sample resulting in the
generation of secondary electrons (SE) [125]. SE can only escape the sample if they originate from
near-surface regions due to their low energy levels. Therefore, SE imaging can provide high spatial
resolution and robust topographic contrast. BSE are collected by solid-state detectors and SE are

collected by an Everhart-Thornley detector to be converted into images.

For coated NMC particles, samples were prepared by attaching loose powders to conductive carbon
tape attached to an aluminium stub. Compressed air was blown from the edge of the carbon tape to
remove excess powder and reduce particle overlap or accumulation for better imaging. Samples were
coated with carbon/gold using a sputter coater prior to imaging. For electrode samples, a small section
of the electrode film (typical size 3x3 mm) was prepared and attached to carbon tape on aluminium
stubs. The edges of the electrode piece were painted with conductive silver paint and subsequently

coated with carbon/gold to ensure the sample was grounded.

A field emission gun scanning electron microscope (FEG-SEM) was used to examine carbon-coated
NMC622 particles and electrodes. Two models of SEM by FEI Company were used: Inspect F50 and
Inspect F. The typical conditions used were dependent on the working distance, where a working
distance of approximately 10 mm is associated with a spot size of 4, an aperture of 4 and an
accelerating voltage of 10 — 15 kV. For a smaller working distance of 5 — 7 mm, the typical spot size
used was 2.5 — 3, aperture of 3 and an accelerating voltage of < 5 kV. Additionally, a JSSM-6010
SEM (JOEL Ltd.) was used for imaging of electrodes investigated in Section 4.3.
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Figure 3.3: Schematic of a (a) scanning electron microscope [126] and (b) the effects produced by the electron-beam
interaction with a sample specimen [127].
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3.4.2 Energy Dispersive X-ray (EDX) Spectroscopy

Energy dispersive X-ray (EDX) spectroscopy utilises a similar interaction between a focused beam of
electrons and a sample for compositional analysis. Characteristic X-rays that are produced from
regions deeper than secondary or backscattered electrons are able to provide information on the
relative quantity and distribution of atoms within the sample [128]. The X-rays that are produced are
unique for each element, as heavier elements emit X-rays with higher energy compared to lighter
elements. An EDX detector captures these characteristic X-rays and creates a spectrum that displays
the peaks corresponding to the energies and intensity of the X-ray emitted. This information reveals
the elements that are present within the sample based on a database of characteristic X-ray energies.
However, limitations may arise when analysing samples containing very light elements (low atomic
number) as their X-ray signals are very weak. EDX was carried out using a built-in EDX detector
within a JSM-6010 SEM (JOEL Ltd.), and the data was recorded using JOEL’s proprietary software.

3.4.3 Particle Size Distribution

Static light scattering techniques such as laser diffraction are commonly used for analysing particle
size distributions. This method is able to provide a volume-weighted distribution where each particle
relates to its volume. For a uniform density, the volume is equivalent to the mass and can be related
proportionally to its size [129]. A laser beam is passed through the dispersed particle sample, where
the angular variation in the scattered light intensity is measured. Large particles scatter light at smaller
angles while small particles scatter light at larger angles, as shown in Figure 3.4. Similarly, a number-
weighted distribution can also be obtained where the absolute number of particles within each size

range is obtained.

Incident light

: . | Small angle scattering

Incident light

* Large angle scattering

Figure 3.4: Differences in light scattering angle for small and large particles [129].
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Samples are required to be dispersed for individual particles to be spatially separated. In wet
dispersion, particles are suspended in a liquid dispersant with the aid of agitation or ultrasonic
irradiation. Dry dispersion utilises a flowing gas stream and a vibratory feed to facilitate different
dispersion mechanisms such as velocity gradients caused by shear stress, and particle-particle or
particle-wall collisions [129]. Fine powders (< 1 um) are less suited to this technique as the particle

forces are very difficult to overcome.

Particle size distributions of the coated samples were measured using a Mastersizer 3000 particle size
analyser (Malvern Panalytical). The wet cell configuration was used to feed samples through the
instrument as samples contained free carbon particles which are difficult to separate using the dry cell
method. Several grams of sample were gradually added to the agitated dispersant until the pre-set
obscuration limit was achieved. An obscuration limit of 15 % and a stirrer speed of 2500 rpm was
used. The weighted residual was kept as low as possible (recommended range < 1 %) for accurate
results. Ultrasonic irradiation of 50% was used where required, usually at high free carbon content,
where large, agglomerated carbon black particles are visible to the eye. The material optical properties
used are shown in Table 3.2. 10 separate measurements were obtained and the averaged particle size
distribution was evaluated for each sample of interest.

Table 3.2: Particle and dispersant properties for particle size measurements.

Particle and Dispersant Optical Properties Value/Setting
Particle refractive index 3.00
Particle absorption index 0.02
Dispersant name Water
Dispersant refractive index 1.33
Scattering model Mie
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3.4.4 Particle Density

The bulk density of powders is defined by the ratio of the mass of a freely settled powder sample and
its corresponding volume which includes the interparticle void volume. This volume is determined by
the spatial arrangement of particles within the powder bed. Bulk density is categorised as an extrinsic
property as it is dependent on how the powders are handled, which makes it challenging to obtain
reproducible results [130]. For battery manufacturing applications, the use of bulk density is less
common, but it serves as a reference to determine powder flowability using the Hausner ratio, or for

material handling and storage requirements.

The tapped density of powders is an important property in particle technology and is often used in
conventional particulate industries such as pharmaceuticals and food processing. The tapped density
represents the maximum packing density that can be achieved when particles pack more closely under
repeated tapping or vibration. This is due to the rearrangement of particles during tapping, filling the
voids for a more compact arrangement. For novel or pre-treated battery materials, tapped density can
serve as a useful quality control parameter to assess a wide range of particle properties such as particle

size distribution, flowability, packing dynamics and behaviour [131] etc.

Powder tapped density measurements were carried out using an automated tapped density analyser
(Autotap, Anton Paar). First, a 5 cm? graduated cylinder was chosen and the empty weight (m,) was
recorded. Powder samples were filled into the cylinder to approximately 4 cm® (80 % maximum
graduation as recommended by Anton Paar). The opening was covered with a piece of foil and
securely held covered with a finger. The cylinder was then inverted back and forth for 6 — 7 inversions
and set upright. This ensures the powder is loosely packed and eliminates any effects of initial
compaction during sample filling. The initial volume (V;) and the mass of the cylinder with the sample
(m5,) was recorded. The mass of the powder sample (m;) was calculated by the difference between the
two recorded masses. The cylinder was then subjected to 500 taps and the final powder bed volume

(V¢) was recorded. The tapping rate was preconfigured at 260 min™ with a drop height was 3 mm.

The bulk density of the freely settled powder, p;,, was calculated using Equation 3.1:

mg

Po =" (3.1

The tapped density of the final tapped powder, p;, was calculated using Equation 3.2:

pr =~ (3.2)
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The Hausner ratio can be calculated using Equation 3.3 and the flow character can be determined

based on the calculated Hausner ratio as shown in Table 3.3.

Hausner ratio = % (3.3)
b

Table 3.3: Classification of flow character according to the Hausner ratio [132].

Flow Character Hausner Ratio
Excellent 1.00-1.11
Good 1.12-1.18
Fair 1.19-1.25
Passable 1.26 - 1.34
Poor 1.35-1.45
\ery poor 1.46-1.59
\ery, very poor (approx. non-flow) >1.60

3.45 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a technique where the change in mass of a sample is measured
as a function of temperature (or time) under a controlled atmosphere. It provides useful information
about specific physical (e.g. phase transitions) and chemical phenomena (e.g. oxidation/ reduction). A
TGA measurement is carried out by gradually increasing the temperature of a sample while its weight
is continuously measured on a balance that is situated outside the heating environment. The change in
sample weight and/or derivative weight is plotted against temperature (or time). This can be

particularly useful for moisture analysis or compositional analysis of materials.

Powder samples of coated particles were dried overnight at 120 °C in a vacuum oven before
measurements were conducted. TGA measurements were carried out using a PYRIS™ 1 TGA
(PerkinElmer). A clean, empty ceramic crucible was attached to the hanging microbalance and tared.
Miniscule amounts (< 10 mg) of the powder samples were filled into the crucible and the sample mass
was measured by the built-in microbalance through the software. The sample was then heated
according to a pre-programmed heating profile. The sample was heated in an oxidative (air)
atmosphere from 30 to 1000 °C at a heating rate of 10 °C min™. The gas flow was maintained at 20
mL min?. Once the temperature reached 1000 °C, the sample was then cooled down to room

temperature. The analysis data was recorded by the proprietary software, Pyris Manager.
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3.4.6  Slurry Rheology

Rheology is the measurement of the flow and deformation properties of a suspension. For a cathode
slurry, its rheological properties depend on all the components, i.e. active material, conductive
additive, polymeric binder and solvent. Conventionally, rheology is used as a guide to define the
control space to achieve a uniform and defect-free coating. The rheological properties of a typical
cathode slurry are dictated by the conductive additive [133]. When dispersed during slurry mixing,
carbon black forms a carbon network that holds the active material particles and gives rise to the gel-
like behaviour of the slurry. The mechanism and degree of dispersion can greatly affect the carbon

network formed, which will be reflected in the slurry rheology.

A flow curve describes the change in viscosity (i.e. resistance to flow) with shear. This is crucial as
slurries experience different shear rates during different stages of processing (e.g. mixing and
coating). Understanding the slurry response to varying shear rates allows us to understand how the
slurry behaves during these stages and to formulate slurries with optimal properties for uniform and
defect-free coatings while optimising process design for efficient processing. The storage modulus
(G’) represents the elastic response during material deformation. A high G’ indicates a more solid-like
behaviour, which is critical to maintaining a rheologically stable slurry and preventing the aggregation
and sedimentation of NMC particles. The loss modulus (G”’) represents the inelastic component,
corresponding to the heat dissipated during material deformation. A high G generally indicates a
slurry that is too fluid-like and particles are not held in suspension. An amplitude sweep provides G’
and G to give an indication of the rheological properties of a slurry, ensuring the slurry is stable, well

dispersed and free from defects during processing [133].

Rheology work was carried out at University of Birmingham and supported by Prof Emma Kendrick,
Dr Carl Reynolds and PhD candidate Sam Gray. Rheological measurements were carried out using a
Netzsch Kinexus Pro+ rheometer with a 40 mm roughened parallel plate, a roughened lower plate and
a measuring gap of 1 mm. Slurries were prepared according to the procedures outlined for the
formulation of 98:2 wt% NMC:PVDF. Prepared slurries were loaded onto the lower plates and the gap
was set to 1.05 mm to allow the sample to be trimmed. The gap was then set to 1 mm to ensure there
was no underfilling. Measurements were performed at 25 °C using a Peltier plate and enclosure. Flow
curves were measured with a shear rate range of 0.001 to 100 s™. Amplitude sweeps were carried out
with a strain range of 0.1 to 100 % at 1 Hz.
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3.4.7 Resistivity by Compression

Resistivity by compression is a two-point probe method used to measure the “through-plane” or bulk
resistivity through a material. A current is passed through the sample where the voltage drop is
measured and the resistance is determined. The resistivity can be determined if the sample thickness is
known. This technique is useful to determine the conductivity of loose powders [34], [90] (e.g. battery
active material, conductive additive etc.) but has also been used to evaluate the resistivity of
electrodes [78], [93]. The main drawback of this technique is the effect of contact resistances between
the surface of the probes and the sample. So far, one publication has reported that contact resistances
dominate the measured resistance at length scales up to a few mm [91]. Additionally, it was also
reported that the contact resistances arise from constriction effects, not interfacial resistance, and scale
directly with bulk resistivity. Regardless of the accuracy of the actual material resistivity, this
technique is still useful for assessing carbon black deagglomeration and providing a relative
comparison between coated particles, which will be discussed in Chapter 5.

The electrical volume resistivity of the powder samples was measured using the two-point probe
method through a pseudo-4-wire in-house designed compression jig, as shown in Figure 3.5. The set-
up consists of an insulating top, bottom and middle support mould (material: Nylon 66) with a @12
mm die. The moulds are supported by two copper contact stamps from both ends, each attached to
two insulated cables, connected to a digital multimeter (DMM?7510, Keithley Instruments). The mould
with contact stamps was fitted into a load frame (LFL0CONFO0001-P) equipped with a 10 kN load cell
(TX00723) from GDS Instruments where precise compression load is applied. Contact stamps on both
ends were each connected to the INPUT (current) terminals and SENSE (voltage) terminals on the
multimeter. The 4W-Q configuration was used with the “offset compensation” setting enabled to
minimise the effect of lead resistances and thermoelectric EMFs in low-level resistance measurements
respectively. Contact stamps were cleaned as required and polished to minimise the interfacial contact

resistance between the copper stamps and the sample.

Compression of powders will lead to an increase in temperature which can greatly influence
resistivity. The change in resistivity is dictated by the temperature coefficient of the material, where a
positive coefficient corresponds to an increase in resistance with temperature and vice versa. To obtain
reliable and comparable measurements, the measured resistance must exhibit an ohmic relationship
over the compression range. V-l sweeps were carried out using a source meter (DMM2450, Keithley
Instruments) with a passing current of 0 — 0.1 A through the sample where the voltage drop was
recorded. V-l sweeps were conducted for selected compression forces over the entire range of 0.05 — 2
kN studied. For both low and high carbon loadings, the V-1 sweeps exhibited a straight-line
relationship over the compression range, indicating an ohmic relationship (Figure 3.6). An appropriate

current must also be selected to minimise noise and obtain an accurate voltage drop measurement. For
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the DMM7510 multimeter, the 4W-Q configuration has a resistance range of 100 nQ — 1.2 GQ, which

is suitable for all the powder samples studied.

Load frame
— Load cell
-: _::-_ Height displacement transducer
== Support mould

Multimeter

INSIZE>

Force applied

‘/

Load cell

Powder sample

Sense Input
(Voltage) (Current)
Copper

contact stamp

Figure 3.5: Experimental set up for the resistivity by compression technique (top) and schematic depicting the
compression support mould and accompanying contact stamps (bottom).
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Figure 3.6: V-1 sweeps for various compression forces over the range of 0.05 - 2 kN for (a) low carbon loading and (b)
high carbon loading.
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To carry out resistivity measurements, several grams of sample were weighed and filled into the die.
As samples consist of different carbon loading, free carbon content and varying carbon black
structures, powder packing can vary significantly. Since the die has a fixed volume, the remaining
unfilled sample was then weighed and used to determine the total sample mass filled into the die. A
separate contact stamp was used to apply pre-compaction by hand to ensure as much sample was
fitted into the die as possible. Next, an initial compaction force of 50 N was applied under the load
frame and the initial height of the powder sample was measured using a standard digital height gauge.
All measurements were carried out at room temperature (approximately 20 °C), starting by applying a
load of 100 N, with further increments of 100 N, up to 2000 N. Resistance values at corresponding
compression forces were recorded after a 1 min stabilisation period after the force was applied. The
corresponding height of the powder sample was measured using a 10 mm linear displacement

transducer kit with an accuracy of 0.07 % FRO (GDS Instruments).

The electrical volume resistivity (¢) at the corresponding powder density (p) was calculated using
Equations 3.4 and 3.5 based on the methodology reported by Spahr et al. [34]. The volume resistivity
was denoted by the symbol o by Spahr et al., but herein, it is denoted by the symbol ¢ to avoid

confusion with the conventional symbol of ¢ for electronic conductivity.

A
—R= 3.4
@ Rh (34)
- 3.5

where R is the measured electrical resistance, A is the cross-sectional area of the die, h is the sample

height and m is the sample mass.

The mechanical energy (E;) required to compress the powder sample to a specific density (p) was
calculated using Equation 3.6. Spahr et al. [34] reported that this mechanical energy required to
compact a powder mixture of active material and carbon black is dependent on the carbon black
component and is mainly governed by the strength of the carbon black agglomerates and the

breakdown of these structures.
i i
E; = Z pjA(hj-1 = hj) =Z Fi(hj1 = 1y) (3.6)
j=1 j=1
where p; is the corresponding pressure applied, A is the cross-sectional area of the die and h is the

corresponding sample height. p; and A can be expressed as F;, the corresponding compression force

applied.

47



3.4.8 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a useful, non-destructive tool used to characterise
electrochemical reaction mechanisms. In EIS, an alternating current (AC) is applied and the response
of the system to the applied potential/current is investigated as a function of time. This contrasts with
a direct current (DC) where the response is independent of time. A frequency sweep allows all the
processes occurring in a system to be captured. For electrochemical cells, EIS is often used to study
the reactions between the two electrodes and investigate basic processes such as film formation or
interface reactions [134]. The high-frequency region captures fast processes (e.g. charge transfer)

while the low-frequency region captures slower phenomena (e.g. diffusion processes).

A typical Nyquist plot for electrochemical cells typically features one or more semicircles, followed
by a linear region, as shown in Figure 3.7a. In the high-frequency region, a non-zero intersection with
the real Z’ axis indicates the ohmic resistance, which includes contributions from the electrolyte,
current collectors and other cell components. This parameter is useful for assessing the overall
conductivity of a cell and to identify potential losses in the system. The high-frequency region is
dominated by a semi-circle corresponding to the charge transfer resistance (Rc) and the double layer
capacitance at the electrode-electrolyte interface. R is represented by the diameter of the semicircle
and is a critical parameter for understanding the Kinetics of the electrochemical reactions within an
electrochemical cell. A second semi-circle is present at lower frequencies if two distinct charge-
transfer reactions are occurring at different interfaces with separate relaxation behaviours. This
includes the cathode-electrolyte, anode-electrolyte interfaces or the presence of an SEI layer which
introduces additional resistance and capacitance. Finally, at low frequencies, a straight line at
approximately a 45° angle indicates a diffusion-controlled process. This region is described by the

Warburg impedance and reflects ion transport dynamics within the electrolyte and electrode materials.

EIS can also be used to characterise the conductivity of electrode slurries to understand the evolution
of electronic conductivity as it progresses from active materials into a liquid slurry and finally a solid
electrode. For NMC-carbon black mixtures subjected to mechanofusion, the carbon coating on NMC,
free carbon content and different carbon black structures will greatly affect the electronic networks
within the slurry. The slurry resistance (Ryr) can be determined from the real component of
impedance that intersects with the zero imaginary axis at the high-frequency range (HFR). A typical
Nyquist plot of a cathode slurry is shown in Figure 3.7b. Slurry conductivity (a) can be determined by

the reciprocal of resistivity (¢) using Equation 3.7:

(3.7)

|~

1
RHF
where A is the contact electrode area and L is the height of the slurry sample.
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Figure 3.7: Typical EIS response of (a) an electrochemical cell and (b) a cathode slurry at the high frequency range

(HFR).
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Slurry impedance was measured using a ModuLab XM ECS (Solartron Analytical) modified with a
Pstat cable connection (Figure 3.8). A dedicated liquid sample holder (12964A, Solartron Analytical)
with 30 mm contact electrodes and a maximum depth of 30 mm was used to hold the liquid slurry.
The height of the slurry was measured using an integrated micrometer. The top electrode was first
lowered to the maximum depth and tared. Prepared slurries were filled into the sample holder and the
top electrode was lowered until a small amount of slurry began to seep out of the edges between the
top electrode and the sample holder wall. At this point, the height of the slurry was recorded.
Frequency sweeps were carried out from 1 Hz — 1 MHz and held at a constant potential of 10 mV. The
impedance data was recorded and analysed using Solartron’s proprietary software, XM-studio ECS.

Figure 3.8: Electrochemical impedance spectroscopy set up showing the ModuLab XM ECS (left) and dedicated
liquid sample holder (right).
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3.4.9 Four-Point Conductivity

The four-point probe method is commonly used to evaluate the sheet resistance of thin films. This
configuration uses four equally spaced, co-linear tungsten probes that are made in contact with the
film. The main advantage of this technique is the ability to eliminate most of the contact and wire
resistances. The measurement is done by applying an appropriate DC between the two outer probes
and measuring the voltage drop across the two inner probes (Figure 3.9). As voltmeters are usually
designed to have high electrical impedance, wire and contact resistances for probes 2 and 3 can be
ignored. The voltage drop can therefore be attributed solely to the resistance between probes 2 and 3.

If the thickness of the film is known, the film resistivity and conductivity can also be deduced.

SIGNATONCG

Figure 3.9: Schematic depicting the four-point probe method to determine the sheet resistance of thin films (left)
[135] and Signatone for four-point measurements (right).

Coated PET films were punched into 14.8 mm discs using an EL-Cut high-precision electrode cutter
(EL-CELL®). The thickness of the coated film was measured using a digital thickness gauge
(DML3032, Digital Micrometers Ltd). The measurement was carried out using a four-point probe
(Signatone S-302 SP-4 Probe) connected to a digital multimeter (DMM7510, Keithley Instruments).
The PET film disc was placed onto the insulating plate and the co-linear pins were lowered to about
70 — 80 % of the pin length. The sheet resistance (R,) was calculated based on the four-probe theory
using the measured voltage drop (AV) and applied current (I) over a set voltage range of 1 to 7 V, as
shown in Equation 3.8. Measurements were taken from various placements where the probes were in
contact with different regions of the coated electrode film. The conductivity (o) was determined by
the inverse of resistivity (¢), which can be deduced using the average sheet resistance and film

thickness (t), as shown in Equation 3.9.

R, = — & 4532362 (3.8)
In(2) I I
a=l=Rs-t (3.9
@
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Chapter 4 Extending Mechanofusion Approaches
to Control Particle Coating Formation
on NMC as Short-Range Pathways

4.1 Introduction

Cathode active materials possess low electrical conductivity, which is further compounded by the
insulating nature of the polymeric binder used in electrodes. Therefore, the addition of conductive
additives is crucial for the formation of an electronically percolating network called the carbon binder
domain (CBD). The CBD increases the point-to-point electrical contact of active materials for
electrical conduction. The CBD is not only critical for electronic conduction but also facilitates ionic
conduction through its pore networks. An ideal CBD structure is thought to consist of a combination
of short and long-range electronic pathways to achieve optimal performance [38], [49], [61], [62].
However, constructing these ideal structures is often challenging in conventional wet slurry mixing,
resulting in a random uncontrolled distribution of active material, conductive additive and binder. As a
result, challenges arise when attempting to spatially design the distribution of these components,
particularly the conductive additives within electrodes. Specifically, this poses difficulties in

independently controlling the distribution of short and long-range electronic networks.

This chapter introduces mechanofusion, a novel dry mixing technique as a potential solution for
overcoming the limitations of wet slurry mixing used in conventional battery manufacturing.
Mechanofusion approaches are extended as a method to control carbon black deagglomeration and
coating on NMC. Through the deagglomeration of carbon black, smaller structures can be obtained to
facilitate these electronic pathways. Mechanofusion can also coat carbon black onto NMC, which can

enhance short-range electronic conduction.

This chapter aims to investigate the carbon black deagglomeration and particle coating formation on

NMC using mechanofusion. The objectives are to:

(1) assess the impact of mechanofusion on the carbon black structure and coating characteristics
of film structures on NMC particles;

(2) investigate particle properties that can be correlated to carbon black deagglomeration
achieved during mechanofusion;

(3) study the efficiency of the mixing process through the free carbon content after

mechanofusion mixing.
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4.2 Experimental Design

To study the effect of carbon black content on the resulting CBD structures formed, electrodes with
formulations of 94:4:2, 95:3:2, 96:2:2 and 97:1:2 wt% of NMC622:C65:PVDF were prepared based
on the slurry mixing SOP for a 96:2:2 wt% formulation as described in Section 3.2. The
corresponding mass of each component for the different formulations is shown in Table 4.1. SEM and
EDX analysis was carried out to evaluate and distinguish the features of CBD structures formed
together with their distribution across the electrode. This work was carried out in collaboration with
Dr Xuesong Lu at the University of Sheffield. The full study has been published in a peer-reviewed
article (doi: 10.1002/ente.202300446) [71]. Relevant results and analysis were extracted from the
article and presented in Section 4.3. For this section, Dr Lu was responsible for electrode fabrication
and the author assisted with SEM imaging and EDX analysis, formal analysis of results, and created
the schematics for the article.

To study the feasibility of using mechanofusion for coating formation on NMC particles, NMC622
and C65 were mechanofusion mixed in a Nobilta mixer with a carbon loading of 2 wt% and 10 wt%
C65 (herein referred to as “low” and “high” carbon loading respectively). The mixing parameters
varied were the mixing speed and mixing time. Various combinations of three different mixing speeds
of 1000, 2300 and 5000 rpm (herein referred to as “low”, “medium”, and “high” speeds respectively)
and two different mixing times of 2 and 60 min (herein referred to as “short” and “long” mixing times

respectively) were studied. The experimental data sets for this work are shown in Table 4.2.

SEM of the coated particles was carried out to evaluate the surface morphology and coating
characteristics. Backscattered electron imaging (BSE) was used to evaluate the coating thickness of
the coated particles. The particle properties of the coated particles, i.e. particle size distribution and
particle density, were also characterised to understand the mixing and carbon black deagglomeration
process. The experimental procedures are detailed in Sections 3.4.3 and 3.4.4. Additionally, the
amount of unbound carbon (herein referred to as “free carbon”) that is present after mixing was
studied using thermogravimetric analysis (TGA) and slurry rheology based on procedures outlined in
Sections 3.4.5 and 3.4.6 respectively. Slurry rheology characterisation was carried out in collaboration
with Prof Emma Kendrick, Dr Carl Reynolds and PhD candidate, Sam Gray at University of
Birmingham. The author was responsible for making all the slurry samples based on the slurry mixing
SOP for a 98:2 wt% formulation detailed in Section 3.2. NMP solvent and the rheometer were kindly
provided by University of Birmingham. The author carried out the rheology measurements with

support from Dr Carl Reynolds.
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Table 4.1: Slurry formulation and corresponding masses of NMC, C65, PVDF and NMP used [71].

Formulation NMC C65 PVDF NMP  Solid Concentration
(NMC:C65:PVDF wt%o) (9) (9) (9) (9) (%)
94:4:2 14.4 0.60 0.30 6.47 70.3
95:3:2 144 0.45 0.30 6.73 69.2
96:2:2 14.4 0.30 0.30 7.00 68.2
97:1:2 14.4 0.15 0.30 7.27 67.1
Table 4.2: Experiment data sets.
Formulation NMC C65 Mixing Speed Mixing Time
(NMC:C65 wt%) (9) (9) (rpm) (min)

2

100:0 20.0 0 2300 50
98:2 19.6 0.4 - -
98:2 19.6 0.4 1000 2

60

2

5

98:2 19.6 0.4 2300 10

30

60

98:2 19.6 0.4 5000 2

: . . 60
90:10 18.0 2.0 - -
90:10 18.0 2.0 1000 2

60

2

5

90:10 18.0 2.0 2300 10

30

60

90:10 18.0 2.0 5000 2

: . . 50

54



4.3 CBD Structures for Long and Short-Range Electronic Pathways
4.3.1 Novel CBD Structures

Electrodes were fabricated using conventional wet slurry mixing and casting based on the
formulations and methods described in Section 4.2. The results show that the carbon black content
within electrodes affects the formation of CBD structures in electrodes. Through SEM imaging and
EDX analysis, it was found that distinct CBD structures are present in the dried solid electrode after
slurry casting and drying.

For 94:4:2 wt% electrodes, the SEM micrograph shows the presence of “fluffy, sponge-like”
structures of CBD between the voids of NMC particles (Figure 4.1a). These CBD structures are
crucial for electronic conduction as they facilitate a percolated electronic pathway for electron
transfer. The highly porous CBD structure is also critical for ionic conduction as it enables the

infiltration of electrolyte, in contact with NMC particles, throughout the electrode structure.

As the carbon black content decreases from 4 wt% to 1 wt%, the presence of these “fluffy” CBD
structures also decreases, as shown in Figures 4.1a to 4.1d. The void space between NMC particles
increases as these porous CBD structures are no longer present. Additionally, the framboidal texture
of NMC is also less apparent which can be attributed to the high amount of carbon black that is
attached to the NMC surface during slurry mixing. Such deposition of carbon black on the NMC
surface is analogous to coating formation that can be achieved using various mixing techniques [64],
[136].

These findings indicate that the carbon black content of a slurry containing active material, carbon
black and binder dictates the features of the CBD structures formed in the final electrode. Large
“fluffy, sponge-like” CBD structures were defined as bridge structures, spanning over two or more
active material particles to form a “bridge-like” conduction pathway, corresponding to long-range
electronic pathways. Conversely, smaller carbon black structures that cover the surface of active
material particles were defined as film structures to facilitate interfacial electronic contacts,
corresponding to short-range electronic pathways. Supplementary SEM micrographs of bridge and

film structures present in the electrode formulations studied can be found in Appendix A.1.
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94:4:2

95:3:2

96:2:2

97:1:2

Figure 4.1: SEM micrographs of electrodes with formulations of (a) 94:4:2, (b) 95:3:2, (c) 96:2:2 and (d) 97:1:2
(NMC622:C65:PVDF wt%o). Accompanying schematic diagrams depicting the CBD structures consisting of bridge
and film structures are shown in (e-h).
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EDX mapping of the same electrodes was also carried out to validate the presence of these different
CBD structures and to investigate their distribution across the electrode. The O-mapping (Figures 4.2e
to 4.2h) and C-mapping (Figures 4.2i to 4.2l) of these electrodes correlate to the NMC particles and
CBD structures respectively. The O-mapping shows that NMC particles are evenly distributed across
the field of view. However, the C-mapping shows that there is a variation in the CBD structures and
their distribution across the electrode. For 94:4:4 wt% electrodes, the C-mapping shows that there is
an overall higher concentration of carbon black distributed across the electrode (Figure 4.2i). There
are also several clusters with high mapping intensity, indicating the presence of “fluffy, sponge-like”
CBD structures that correspond to bridge structures connecting the NMC particles. As the carbon
black content starts to decrease from 94:4:2 to 96:2:2 wt%, the number of regions with these clusters
of high carbon mapping intensity starts to decrease. The size of these clusters that are present also
decreases, indicating a reduction in the size of the bridge structures formed. Lastly, for 97:1:2 wt%
electrodes, the absence of C-mapping was observed indicating that carbon black is not present in the
field of view (Figure 4.2l). It may also be caused by a weak carbon signal due to the low carbon

content. Therefore, the C-mapping shows that there are essentially no bridge structures present.

The presence of regions with a higher number of bridge structures can be associated with carbon-
binder migration during drying. Carbon binder migration results in the segregation of the carbon black
within the electrode, where an uneven distribution of carbon black is present with a lower
concentration at the bottom of the electrode [137]. This homogeneity in electrodes can cause a huge
difference in electrochemical performance. Therefore, regions where there is a higher carbon intensity

correspond to regions where there is likely more carbon black on the upper region of the electrode.
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Figure 4.2: SEM micrographs of electrodes prepared using formulations of (a) 94:4:2, (b) 95:3:2, (c) 96:2:2 and (d) 97:1:2 (NMC622:C65: PVDF wt%). Corresponding EDX
mappings of oxygen (e-h) and carbon (i-1) are also included.

58



4.3.2 Formation of Bridge and Film Structures

For the electrode formulations of 94:4:2 to 97:1:2 wt%, the carbon-to-binder ratio (C65:PVDF)
decreases from 2:1 to 1:2. Reynolds et al. [133] reported that PVDF has a higher preference to be
adsorbed to NMC particles, thus displacing some of the carbon black that is attached to NMC during
wet slurry mixing. This displacement of the originally immobilised carbon black results in an increase
in the fraction of “free carbon” within the slurry. During drying, this free carbon is mainly responsible
for the formation of the “fluffy, sponge-like” CBD structure that facilitates long-range electronic
conduction. This explains the reasons behind the decrease in the number of bridge structures as the
carbon content decreases. In 97:1:2 wt% electrodes, the carbon content is very low which impedes the
formation of bridge structures in general. Even though the C65:PVDF ratio is also very low, partial
adsorption of carbon black onto the NMC surface can still occur. Since carbon content is already
relatively low compared to the other formulations studied, combined with the effect of partial
adsorption, competition arises for the total carbon black available to be distributed across the NMC
surface and in the slurry as free carbon. It is likely that, due to the insufficient carbon black for the
formation of either structure, the resulting bridge and film structures formed are very limited for
97:1:2 wt% electrodes.

The carbon black and PVDF polymeric binder form carbon black-PVDF clusters as the solvent with
PVDF dissolved within is adsorbed onto the carbon black with a high surface area. During drying, the
solid content within the carbon black-PVDF colloid is important for the formation of bridge
structures. This is likely due to the capillary force from dense particle accumulation that can drive
more PVDF, together with the carbon black, to the voids between NMC particles. A higher carbon
black content in the carbon black-PVDF clusters promotes the formation of bridge structures,
resulting in an increased presence of CBD structures that connect the NMC particles, as shown in
Figure 4.2. The bridge structure also contributes to the electronic conductivity more than film
structures [63]. The bridge structure represents a relatively large, interconnected percolation network
that spans across active material particles throughout the entire electrode structure. Electrons have a
preference to travel through the route with the lowest resistance. Therefore, these bridge structures
formed by carbon black can facilitate electron movement, decreasing the probability of electrons in

contact with NMC, which has a relatively higher resistance.

The findings show that it is relatively straightforward to control the formation of bridge structures (i.e.
long-range electronic pathways) to improve electrode properties such as electronic and ionic
conductivity [71]. In this study, the electrochemical performance showed the best rate capability at
high C-rates with an electrode formulation of 95:3:2 wt%. Controlling the formation of film structures
through wet slurry mixing remains a challenge, where the coating characteristics of the film structure

can significantly affect the electrode structure and performance. Therefore, exploring methods of
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controlling the coating formation as film structures for short-range electronic pathways and how they
influence electronic conductivity alongside other electrode properties is an interesting avenue of
research. This will be explored in the following sections.

4.4 Controlling Film Structure Formation on NMC

Controlling film structure formation in wet slurry mixing is a huge challenge, in terms of designing
the spatial distribution of the carbon black on the NMC surface and achieving the desired coating
characteristics. Firstly, to control film structure formation, carbon black dispersion must also be taken
into account alongside coating formation. The two most commonly studied dry mixers for this
purpose are the Eirich high-intensity mixer [86] and the Nobilta mechanofusion mixer from
Hosokawa [64], [78], [105]. Mechanofusion is a dry, high-shear mixing technique that relies on local
high-shear forces to spheronise particles or coat larger host particles with fine guest particles.
Mechanofusion approaches were systematically extended as a method to control the formation of film
structures on NMC622. The high shear and compression forces from mechanofusion facilitate carbon
black deagglomeration and coating formation on NMC. It also avoids the breakage of NMC particles,
retaining their critical properties such as secondary particle size and bulk crystal structure, all of
which can affect their electrochemistry and performance. The carbon coating formed through
mechanofusion dry mixing is analogous to the film structure formed during slurry mixing, where it

facilitates the proposed short-range electronic pathways.

The surface morphology of polycrystalline NMC622 particles resembles a framboidal texture formed
by the aggregates of the crystallites (Figure 4.3a). The grains of these crystallite aggregates form
“pores” or “grooves” on the surface of the NMC secondary particle. The structure of these grooves is
important as they increase the area of contact of the NMC particles with the CBD. The CBD is the
cluster of conductive additive and polymeric binder formed during slurry mixing and is crucial to
forming a percolated electronic pathway. From a manufacturing point of view, the carbon black-
polymer clusters impart gel-like characteristics to form a rheologically stable slurry [138]. The pores
on the NMC622 surface can also increase particle surface area in contact with the electrolyte to

enhance ionic conduction.

Carbon black, shown in Figure 4.3b, are generally small colloidal particles with a primary particle
size of 10 — 100 nm and low bulk density [139] compared to cathode active materials. These carbon
black particles exist in an agglomerated structure, with a size of ~100 nm up to a few microns, due to
interparticle interactions held by van der Waals forces. This is in contrast with the NMC particles
where the average size is 11.1 um. The voids between micron-sized NMC particles need to be filled
with nano-sized carbon black to form electronic networks for improved electron transfer. The resultant
force response curve indicates that carbon black particles experience maximum attraction at the

minimum of the potential well to form agglomerates (Figure 2.11). The deagglomeration of carbon
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black requires energy input to displace them from this potential well to facilitate the dispersion
process.

HV det | WD |mag O |mode|spot| =—10 ym ——
2.00kV|ETD|7.2mm|12500x| SE | 3.0
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Figure 4.3: SEM micrographs of (a) a pristine NMC622 particle and (b) carbon black C65.
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Dispersion of carbon black is critical to achieving a percolated electronic pathway within electrodes.
An important aspect of dispersion is the deagglomeration of the carbon black structures, which can be
described by the rupture and erosion process, as discussed in Section 2.3.2. This deagglomeration
behaviour is observed when NMC is mixed with C65 through mechanofusion, and presumably,
rupture occurs immediately when mixing starts, provided the critical shear stress has been reached.
This is dependent on the mixing conditions selected, which can be a combination of the mixing time
and speed, together with other parameters such as the mixing gap etc. Simultaneously, during
mechanofusion, carbon black is attached to the NMC surface due to continued compression,
progressively forming a coating around the NMC particle. Further mixing promotes the erosion
process and results in a coating consisting of very small aggregates or primary particles. This is
followed by compaction of the coating and spheronisation of the surface, resulting in a smooth carbon
coating on NMC particles. As deagglomeration is a result of energy input, dictated by process
parameters, it is possible to control the extent of deagglomeration and coating to tailor the desired film

structures for active materials through mechanofusion.

For a short mixing time, it is expected that rupture occurs given that the critical shear stress has been
achieved. Large carbon black agglomerates will break down to form aggregates and the carbon
structures will start to attach to NMC to form a rough coating. Prolonged mixing leads to erosion
where smaller aggregates or primary particles are obtained. The spheronisation effect of
mechanofusion will also result in a smooth carbon black coating on NMC particles. The surface
morphology of the coated particles was imaged to evaluate the resulting carbon black structures and

coating characteristics produced.

SEM micrographs of 2 wt% C65 samples show the different carbon black structures (i.e.
agglomerates, aggregates, primary particles) on the NMC surface as mixing time progresses (Figure
4.4). Initially, without mechanofusion mixing, carbon structures that are present in Figure 4.4a can be
categorised as large agglomerates. After 30 min mixing, these large agglomerates are no longer
present, whereas smaller structures that can be categorised as aggregates are now visible in Figure
4.4b. Some small aggregates or even primary particles are also visible on the NMC surface. With
prolonged mixing (i.e. 60 min mixing), a rough carbon coating is formed on the NMC surface as
shown in Figure 4.4c. Therefore, this is the first indication confirming that the carbon structures

obtained through mechanofusion mixing are closely linked to the rupture and erosion process.
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Figure 4.4: SEM micrographs depicting the different carbon black structures (indicated by red circles) of (a)
agglomerates, (b) aggregates and (c) rough carbon coating on an NMC particle.

63



Upon closer examination of the surface morphology of the coated particles, SEM micrographs of 2
wit% and 10 wt% C65 samples show the subtle differences in carbon black structures (indicated by red
arrows) on NMC particles that can be obtained through varying mixing times (Figure 4.6 and Figure
4.7). Although imaging nano-sized carbon black on micron-sized NMC using SEM poses difficulties
due to limitations such as sensitivity to atomic number and resolution, it is still possible to distinguish
between these two different particles through their distinct morphological features. To identify carbon
black structures on NMC, the distinct contrasts of the two different particles were distinguished.
Carbon black are clustered, aggregated structures made up of small, spherical particles and appear as a
slightly brighter contrast. As carbon black has a high surface area compared to its volume, this can
lead to an increased number of secondary electrons emitted, which translates to a brighter contrast.
The background consisting of granular-shaped particles corresponds to the crystallite aggregates of
NMC and appears as a slightly darker contrast. The grooves on NMC also increase the interactions
with the electron beam, emitting more secondary electrons and resulting in a more textured

appearance.

For a short mixing time of 2 min, carbon black attached to NMC are mainly agglomerates or large
aggregates regardless of the carbon loading as shown in Figures 4.5a and 4.6a. The main difference
between these two samples is the size of the carbon black structures. Samples with higher C65 loading
showed relatively large carbon structures and were less distributed (Figure 4.6a), which may be a
result of a less efficient deagglomeration process within the same mixing period. This can be
attributed to the high carbon loading, where total energy input remained constant, but the specific
shear forces experienced by carbon black decreased. It is also possible that the critical shear stress was

not achieved, and therefore, rupture of the carbon black agglomerates is unlikely to occur.

After prolonged mixing of 60 min, for low carbon loading samples, a large portion of the initially
large carbon black agglomerates are now reduced into small aggregates or primary particles (Figure
4.5b). However, for high carbon loading samples, Figure 4.6b shows large carbon black structures
remaining due to the less efficient deagglomeration process. Similarly, for short mixing, due to the
difference in carbon loading, carbon black distribution and coverage are different. For low carbon
loading, the carbon black structures are distributed across the NMC surface, but the coating coverage
is low, and the surface morphology of NMC is still visible. For high carbon loading, carbon black is
much more distributed across the entire NMC surface and the framboidal texture of NMC is no longer
visible. Supplementary SEM micrographs of the different carbon black structures at low and high

carbon loadings can be found in Appendix A.2.
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Figure 4.5: SEM micrographs of NMC622 particle surface coated with 2 wt% C65 and mixing time of (a) 2 min and
(b) 60 min. Carbon black are clustered, aggregated structures made up of small, spherical particles and appear as a
slightly brighter contrast. The differences in carbon black structures are indicated by red arrows.
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Figure 4.6: SEM micrographs of NMC622 particle surface coated with 10 wt% C65 and mixing time of (a) 2 min and
(b) 60 min. Carbon black are clustered, aggregated structures made up of small, spherical particles and appear as a
slightly brighter contrast. The differences in carbon black structures are indicated by red arrows.
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45 Carbon Coating Characteristics
45.1 Coating Morphology

In the previous section, it has been demonstrated that mechanofusion is capable of simultaneously
deagglomerating carbon black to obtain a range of carbon black structures and forming a coating on
the NMC surface. To investigate the types of coating characteristics that can be obtained, samples that
were mixed at “low” and “high” total energy input, based on mixing time and speed, were selected for
SEM imaging. The rationale behind this is due to the understanding that a rough coating is obtained at
a short mixing time, regardless of whether rupture has occurred. Obtaining a smooth coating is
generally only achieved through prolonged mixing for erosion where continued shear and

compression occurs during mixing.

Figures 4.6 and 4.7 show SEM micrographs of the various coating characteristics, including smooth
and rough coatings obtainable by mechanofusion through varying process parameters. The formation
of rough coatings is achievable at both low and high carbon loading with a short mixing time. The
SEM micrographs in Figures 4.6a and 4.7a show an uneven distribution of carbon black particles on
the surface of NMC. At low carbon loading (Figure 4.7a), the carbon black structures are relatively
small compared to high carbon loading. For high carbon loading samples, large carbon black
agglomerates with their branch structures are clearly visible on the surface of NMC, especially on the
edges of the coated particle (Figure 4.8a).

The SEM micrographs show that by adjusting the mixing conditions, a rough coating can be obtained
at either carbon loading. This rough coating can be an uneven distribution of the carbon black
particles, where certain regions have a much higher concentration of carbon black particles or, on the
contrary, a relatively even distribution of carbon black particles across the NMC surface, which does
not fully cover the surface. Within these two different distributions, the size of carbon black structures
is also different. The carbon black particles attached to the NMC surface can be large agglomerates,
small aggregates, or even primary particles. The structures present are dependent on the combination
of the mixing time and speed, where the energy and shear result in the change in the carbon black

structure, and the extent of coating onto NMC.

For a smooth coating, the distribution of carbon black particles is relatively even and spreads across
the whole NMC surface (Figures 4.6b and 4.7b). The distinct framboidal texture of the NMC particles
is no longer visible as the surface pores and grooves are now filled with carbon black particles. With
prolonged mixing, the constant shear and compression forces continuously deagglomerate the carbon
black particles and smear the surface of this carbon coating to achieve a smooth coating morphology.
Similarly, different coating characteristics of these smooth coatings can also be observed. At low
carbon loading, a typical smooth carbon coating is obtained, although a small portion of particulates is

still observed on the surface (Figure 4.7b). These could be larger structures that were not sufficiently
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deagglomerated, or carbon black structures that may have re-agglomerated as samples were stored
over time before imaging analysis. At high carbon loading, even though the surface features of NMC
are no longer visible, there are still large regions of relatively rough features on the smooth coating
surface (Figure 4.8b). This is due to the high carbon loading where lower specific energy input is
experienced by the carbon black particles, and larger structures are retained.

Carbon black deagglomeration relies on high shear forces to overcome the van der Waals forces
holding the particles. High shear rates are usually obtained at high mixing speeds, where the critical
shear stress is achieved more easily, resulting in the size reduction of carbon black. Therefore, higher
speeds are more favourable for obtaining coatings with small carbon structures. For a more even
distribution coating, it is more important to control the mixing time as it increases the total energy
input and the compression force experienced by the particles. With longer exposure to compression
forces, carbon black particles are more likely to be smeared and spread across the NMC surface. In
summary, the coating characteristics can be evaluated through the distribution and coverage of carbon
black on the NMC surface, and the carbon black structures that form the coatings. The mixing time
and speed can be fine-tuned to obtain a range of coating characteristics.
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Figure 4.7: SEM micrographs of NMC622 particle surface coated with carbon black with 2 wt% C65 depicting a (a)
rough coating and (b) smooth coating. Mixing conditions: (a) 2 min 2300 rpm (b) 60 min 5000 rpm
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Figure 4.8: SEM micrographs of NMC622 particle surface coated with carbon black with 10 wt% C65 depicting a (a)
rough coating and (b) smooth coating. Mixing conditions: (a) 60 min 1000 rpm (b) 60 min 5000 rpm

70



45.2 Qualitative Analysis of Coating Thickness and Coverage

The thickness of the carbon coating on NMC particles resulting from mechanofusion is also an
important property for evaluation, and backscatter electron (BSE) imaging was used for this analysis.
Heavier elements have a higher atomic number and backscatter electrons more strongly than light
elements, which have a lower atomic number. This results in a contrast difference during BSE
imaging where the heavier elements will appear as a brighter contrast during imaging. For the binary
mixtures of NMC622 and C65, NMC622 will appear as a bright contrast, while C65 will appear as a

dark contrast, which is useful for evaluating the coverage and coating thickness.

Figure 4.9 shows the BSE micrographs of 2 wt% C65 samples subjected to 2 min and 60 min mixing
respectively. The bright particles correspond to NMC particles, while several dark particles
correspond to the large carbon black agglomerates. Bright particles with dark regions can also be
observed which can be explained by C65 particles attached to NMC. The darker these regions, the
higher the amount of C65 that is present. After 60 min mixing, the dark particles are no longer
present, which may indicate the reduction of large carbon black agglomerates caused by
deagglomeration. However, there are no visible differences in the number of bright particles with dark
regions. This may be explained by an uneven distribution of carbon black on the NMC surface and
their presence as smaller carbon black structures. Even though carbon black is present, the
concentration is likely not high enough to produce a distinct contrast difference to be reflected during

BSE imaging.

For high carbon loading, bright NMC particles and dark C65 particles are also present as shown in
Figure 4.10. The significant difference is the presence of a higher number of large dark 65
agglomerates caused by higher carbon loading. The large dark particles also have a rough outer edge
that resembles the chain structures of carbon black, thus confirming that these particles are indeed
C65. The NMC particles appear brighter initially compared to low carbon loading, with fewer dark
regions on the particles themselves. This can be explained by the low shear and compression forces on
carbon black particles due to the increased number of agglomerates initially and, therefore, less
coating onto NMC. After 60 min mixing, there is a drastic increase in the dark regions on the bright
NMC particles. These dark regions are now much more distinct due to the high amount of C65 that is
attached to the NMC surface. The dark regions represent a relatively high coating coverage and
thickness compared to low carbon loading. The distribution of C65 on the NMC surface is also now

much more visible.
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Figure 4.9: BSE micrographs of NMC622 with 2 wt% C65 mixed at 2300 rpm for (a) 2 min and (b) 60 min.
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Figure 4.10: BSE micrographs of NMC622 with 10 wt% C65 mixed at 2300 rpm for (a) 2 min and (b) 60 min.
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45.3 Coating Implications

The formation of the carbon coatings as film structures and their coating characteristics has several
secondary implications on the downstream processing and final electrochemical performance.
Downstream processing (i.e. wet slurry mixing, casting, and drying) can be affected by the change in
surface chemistry of the carbon coating on NMC. For example, with a smooth coating, the slurry
rheology might be greatly affected, as the typical gel-type behaviour of conventional cathode slurries
is altered. This affects the mixing of electrode components, the drying behaviour, and the subsequent
electrode microstructures. In terms of electrochemistry, for a rough coating, electronic conduction
may be enhanced as additional electrical contact points have been established through the coating
formation. lonic conduction is also facilitated as the effective interface between the NMC surface and
electrolyte is not greatly affected. For a smooth coating, the higher fraction of carbon black as a
coating will result in higher electronic conduction, which can be achieved through a smooth coating
with high coverage of the NMC surface. Since NMC has a lower conductivity, this coating can help
decrease the probability of electrons experiencing resistance travelling through NMC particles. With a
smooth and thick coating, it is likely that the effective interface between the NMC surface and the
electrolyte is greatly reduced, which is detrimental to ionic conduction. If the porosity of the carbon
coating is sufficiently low for electrolyte infiltration, ionic conduction may still be facilitated.
However, this may increase the tortuosity of the Li-ion transport pathways within the coating and

impede ionic conduction.
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4.6 Coated Particle Properties
4.6.1 Particle Size

NMC particles are typically in the micron scale, whereas carbon black primary particles are on the
nanoscale, with their aggregates and agglomerates in the submicron to micron range. Figure 4.11a
shows a monomodal distribution for NMC particles with a distinct peak at around 10 um. For carbon
black, a bimodal distribution was observed with a broad distribution from 0.1 — 100 um (Figure
4.11b). This indicates that pristine carbon black consists of a range of agglomerated structures.
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Figure 4.11: Particle size distributions of (a) pristine NMC622 and (b) carbon black C65.
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To investigate the change in carbon black structures with deagglomeration, the particle size
distributions of binary powder mixtures of NMC and C65 subjected to dry mixing for 0, 2, 5, 10, 30
and 60 min were evaluated. Firstly, the volume-based particle size distribution for an unmixed sample
(0 min) shows a trimodal distribution with a distinct peak at 10 um and broad peaks at 1 um and 100
um (Figure 4.12a), confirming the presence of three size classes of particles. The dso of NMC particles
is 11.1 pum and therefore confirms that the peak at approximately 10 pm corresponds to the NMC
particles. The 1 pm and 100 pm peaks both correspond to small and large carbon black agglomerates.
The broad size distribution from approximately 50 — 800 pum indicates that there is a range of different

carbon black agglomerate sizes.

When the binary powder mixture is first subjected to mechanofusion mixing for 2 min, the broad peak
around 100 um becomes insignificant. This suggests that there is a size reduction in the large
agglomerates of carbon black, which has been broken down into smaller structures. The 1 um peak is
still visible, indicating that only large agglomerates are broken down with a short mixing time. With
increased mixing time from 2 to 10 min, an increase in the height of the 10 pm peak is also observed.
Firstly, these carbon black particles have deagglomerated to form small aggregates which could merge
into the 10 um peak, as suggested by the increase in the percentage of particles at this size range. The
carbon black aggregates at 1 um are likely to have been further deagglomerated to submicron size.
Carbon black is also coated onto NMC during mechanofusion. The size of these immobilised carbon
black particles is not reflected individually in the particle size distribution. Laser diffraction measures
the size of the carbon-coated NMC particles where their size is dominated by the micron-size NMC
particles and contributes to the peak at approximately 10 um. This 10 pm peak reaches a maximum at
10 min mixing and eventually starts to decrease as mixing progresses to 30 min and up to 60 min. The
decrease in this peak height, as mixing progresses, can be attributed to the reduction of carbon black

agglomerates within that size range and the compaction of the carbon coating.

For a volume-based particle size distribution, a small number of large particles will significantly
contribute to the total volume compared to many smaller particles. Additionally, the assumption of
uniform density is also less accurate for a NMC-CB mixture. Therefore, to evaluate the amount of
NMC and carbon black particles present and to fully understand the size distribution of the smaller
carbon black structures, the number-based particle size distribution was also evaluated (Figure 4.12b).
The number-based particle size distribution shows a bimodal distribution for an unmixed sample (0
min). A large peak is observed at 1 um followed by a small, relatively broad peak at around 7 pm. In
this distribution, the absence of any peaks beyond 10 um confirms that only a very small number of
large carbon black agglomerates are present that contribute to the broad 100 um peak observed in the
volume-based distribution. On the contrary, a high fraction of particles around 1 um are present,
which can be attributed to carbon black agglomerates within the size range that correlates to the small

1 um peak observed in the volume-based distribution. The broad peak around 7 pm may indicate a
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mixture of slightly larger carbon black agglomerates together with NMC particles. With increased
mixing time, the 1 um peak height decreases while the 7 um peak height increases. The 1 um peak
becomes insignificant at 10 min mixing, and the maximum was observed for the 7 pym peak. The
observations from both the volume-based and number-based distribution suggest only a small amount
of large carbon black agglomerates (> 100 um) is present, and most exist as small agglomerates (< 10
um). Carbon black particles are increasingly deagglomerated and coated onto NMC, as mixing
progresses beyond 10 min, giving a single peak with longer mixing times that correlates to the carbon-

coated NMC particles.
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Figure 4.12: (a) Volume-based and (b) number-based particle size distribution of binary mixtures of NMC and C65
subjected to different mixing times.
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4.6.2 Particle Density

The density of the powder is important as it relates to the storage and handling of materials, and more
importantly, indicates the packing of particles within electrodes. It is also useful to inform about the
size and shape of particles, including the irregular shapes of particles. Using these density values,
carbon black deagglomeration can also be inferred. Tables 4.4 and 4.5 show that the bulk density of
binary mixtures of NMC and C65 is lower than that of pristine NMC particles. This is due to the
presence of carbon black particles situated between NMC particles. Where large carbon black
structures are present and unable to pack into the voids between NMC, this will increase the bulk
density (Figure 4.13). The tapped density is much higher than the bulk density due to better packing
caused by repeated tapping. The friction between particles hinders their ability to flow freely and
arrange into a tightly packed configuration. The repeated vertical tapping force helps move these
particles around, allowing them to rearrange into a denser packing. Weakly held particles can also be
broken down during tapping. This may occur for C65 particles, but generally, a much higher energy is
required to overcome the strong van der Waals forces between the particles.

Figure 4.13: Particle packing of large (agglomerates) and small (aggregates/ primary particles) carbon black
structures within voids of NMC.

Mixing time significantly changes the density of the binary powder mixtures. As mixing time is
increased, both bulk and tapped densities increase, as shown in Table 4.4 and 4.5. This is attributed to
large carbon black structures being broken down into smaller structures. These smaller structures can
fill the voids between NMC particles more effectively, leading to better packing during density
measurements. Both densities at 2 wt% C65 are higher than those at 10 wt% C65. This is because the
particle packing and relevant densities are dominated by NMC at 2 wt% whereas carbon black
dominates at 10 wt% C65. The effect of mixing time has a higher influence at high carbon loadings.
As mixing increases from 2 to 60 min, the bulk density showed an increase of 96 % for high carbon
loading, compared to only 23 % at low carbon loading. As these carbon black structures are
deagglomerated with increased mixing, a large portion of these carbo black structures are now able to
better pack between NMC particles. A similar trend was observed for the tapped density, where an

increase of approximately 13 % and 87 % for low and high carbon loading respectively, was
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observed. A similar explanation is that the smaller carbon black structures can achieve much better

packing through the tapping motion.

The Hausner ratio of pristine NMC is approximately 1.37, indicating poor flowability. This is likely
due to its surface features, where the aggregate crystallite can lead to interlocking between particles.
The high surface area of NMC particles can also lead to increased interactions with other particles.
Mechanofusion of only NMC particles has minimal impact on its flowability, as indicated by the
slight decrease in the Hausner ratio from 1.37 to 1.26 (Table 4.3). As mechanofusion causes the
spheronisation of the NMC surface, it may lead to better packing as the interlocking and surface
interaction effects of particles are reduced. For the coated particles, the Hausner ratio is between 1.30
— 1.42 for low carbon loading and 1.36 — 1.60 for high carbon loading. The Hausner ratio decreases as
mixing time increases, indicating that mixing and coating formation promotes better flowability of
powders (Tables 4.4 and 4.5). Particle coating has been shown to be effective in reducing particle
cohesion and improving flowability [140], [141]. However, all the mixed powders still generally
indicate poor flowability. Poor flowability may lead to challenges with material handling and may
cause issues during downstream processes, such as non-uniform mixing and uneven coating during

slurry casting.

Table 4.3: Bulk, tapped densities and the Hausner ratio of pristine NMC and NMC subjected to 2 and 60 min mixing.

Mixing Time (min) Bulk Density (g cm®) Tapped Density (g cm) Hausner Ratio

0 1.843 2.519 1.37
2 1.877 2.359 1.26
60 1.825 2.299 1.26

Table 4.4: Bulk, tapped densities and the Hausner ratio of 2 wt% C65 samples subjected to 2 to 60 min mixing.

Mixing Time (min) Bulk Density (g cm®) Tapped Density (g cm) Hausner Ratio

0 1.252 2.086 1.67
2 1.454 2.070 1.42
5 1.590 2.205 1.39
10 1.599 2.218 1.39
30 1.717 2.309 1.34
60 1.793 2.336 1.30

Table 4.5: Bulk, tapped densities and the Hausner ratio of 10 wt% C65 samples subjected to 2 to 60 min mixing.

Mixing Time (min) Bulk Density (g cm) Tapped Density (g cm®) Hausner Ratio

0 0.619 0.761 1.23
2 0.689 0.985 1.43
5 0.792 1.267 1.60
10 1.003 1.487 1.48
30 1.262 1.712 1.36
60 1.352 1.844 1.36

79



4.7 Free Carbon Content After Mixing

A key factor to evaluate is the presence of free carbon after mechanofusion of NMC with C65.
However, such analysis using scanning electron microscopy proves difficult for several reasons.
Firstly, the difference in length scales between micron-sized NMC particles and submicron to nano-
sized carbon black structures poses difficulties for such technique. This is especially so when carbon
black particles are reduced to small aggregates or primary particles, and these structures are simply
too small and below the spatial resolution limit for effective imaging using SEM. Secondly, the use of
carbon tape to mount the coated particles causes challenges in differentiation during EDX analysis.
Both carbon tape and carbon black will appear as a single carbon mapping and, therefore, interfere
with the carbon mapping intensity, making it challenging to distinguish between them.

4.7.1 Thermal Analysis of Coated Particles

Thermogravimetric analysis (TGA) was used to attempt to quantify the amount of free carbon
remaining after mixing. Prior to this, it is necessary to understand the combustion behaviour of
pristine materials of NMC622 and C65 under the heating profile studied. The TGA profile for pristine
NMC622 is shown in Figure 4.14a. A minimal change in mass was observed between 30 — 200 °C due
to the removal of moisture adsorbed on the NMC particles. From 200 — 500 °C, initial oxidation of the
components from the NMC622 structure has likely occurred to form their respective oxides: Li-0O,
Ni.O, MnO and Co304 [142]. At this stage, the formation of gaseous Li»O and O, causes a loss in
mass, while the formation of Ni-O, MnO and Cos0. that exist as non-gaseous products results in mass
gain. Overall, it can be deduced that the formation of Li,O and O, is more dominant as a decrease in
mass was observed. From 500 — 800 °C, the mass stays relatively constant, likely due to slow reaction
caused by limitations in reaction kinetics. Finally, beyond an elevated temperature of 800 °C, a sharp
decrease in mass occurs due to increased oxidation reactions at high temperatures. The mass residual
for NMC622 is approximately 98.4 %. The decomposition of C65 is much more straightforward, as
shown in Figure 4.14b. The initial mass loss is minimal and is caused by the removal of moisture. As
the temperature approaches approximately 600 °C, a sharp decrease in mass is observed. As the
temperature approaches 700 °C, the total mass loss is 100%, confirming that all the carbon black has

reacted with the oxygen to form CO..
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Figure 4.14: TGA profiles for (a) pristine NMC622 and (b) carbon black C65
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The TGA profiles for a binary mixture containing NMC622 and C65 differ from pristine NMC622 as
it is now a combination of the decomposition behaviour of both materials. For carbon blacks with
deliberately manipulated structures as a result of deagglomeration, the combustion behaviour is also
slightly modified. The surface area of carbon black determines their combustion behaviour, where an
increase in the surface area decreases the combustion temperature [143]. For a defined temperature,
the combustion reaction is much faster with increased surface area. There are two factors that
determine the combustion behaviour of carbon black in a binary mixture of NMC-CB from
mechanofusion. When large carbon black structures are deagglomerated into smaller structures, a
higher fraction of carbon black can react with oxygen due to higher accessibility to the carbon black
particle surface, as illustrated in Figure 4.15. The second factor is the carbon black structures as a
coating on the NMC surface. Similar to large carbon black structures, particles that are coated onto
NMC essentially decrease the surface area available for the combustion reaction. The combustion
behaviour of the elements in the NMC structure must also be considered along with the factors

discussed.

0, CO,

\/ 0, CO,
\ V4

Figure 4.15: Schematic showing the differences in reaction for varying surface area caused by carbon black
structures. Grey dotted lines on particle surfaces are used to illustrate the differences in surface area accessible for
combustion reactions.

Therefore, for both 2 wt% and 10 wt% C65 samples, it is expected that the mass loss for C65 will
occur at a slightly lower temperature for samples mixed for 60 min. Specifically, for samples
containing 2 wt% C65 and mixed for 60 min, the carbon combustion will occur at the lowest
temperature due to, presumably, the highest degree of deagglomeration because of low carbon loading
and long mixing time. Samples with 10 wt% C65 mixed for 2 min are likely to have the highest
reaction temperature due to high carbon content and short mixing time resulting in minimal
deagglomeration of large structures. These different carbon structures from mechanofusion exhibit

different degrees of surface area available for combustion reactions.

The mass loss of respective samples at the knee point between 400 — 600 °C is shown in Table 4.6. It

was observed that for both 2 wt% C65 samples mixed at 2 and 60 min, a sharp decrease of ~2 % is
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obtained between 400-500 °C as shown in Figure 4.16a. This decrease in mass is likely a combination
of the loss of oxides from the NMC structure and carbon combustion. However, the mass loss is
relatively low for 60 min samples compared to 2 min samples (Figure 4.16a). This indicates that there
is less carbon reacted for 60 min samples. Although carbon black structures for samples subjected to
60 min mixing are smaller, there may be a lower free carbon content as carbon black attaches to the
NMC surface, thus reducing its surface area for the combustion reaction. At this specific temperature,
the free carbon that has a smaller structure participates in the combustion reaction, contributing to the
observed mass loss. This is the first indication of the amount of free carbon within the different
mixtures where 2 min samples have a higher fraction of free carbon. A similar observation was
obtained for 10 wt% C65 samples. Samples subjected to a shorter mixing time of 2 min showed a

higher mass loss (Figure 4.16b).

Table 4.6: Mass residual and mass loss at the knee point of TGA profiles from approximately 400 — 600 °C.

C65 Loading (wt%) Mixing Time (min) Residual Percentage (%0) Mass Loss (%)

2 2 97.8 2.2
2 60 98.0 2.0
10 2 88.3 12.7
10 60 88.7 12.3

Another distinct observation is the mass gained at approximately 600 — 700 °C for 60 min samples at
both carbon loadings. This may be due to traces of impurities (Fe, Ni) within C65 from the
manufacturing synthesis process. Based on the same understanding of increased surface area due to
smaller structures at 60 min, the impurities within the carbon black can easily react with oxygen to
form their respective oxides. These oxides (Fe;Os, Ni2O3) exist as a solid and results in mass gain. For
samples containing 2 wt% C65, as carbon black structures are more easily deagglomerated compared
to that containing 10 wt% C65, the mass gain is more apparent. Additionally, it was found that this
mass gain occurred at an elevated temperature of around 750 — 800 °C for 2 min samples for both
carbon loadings. This may be attributed to the large carbon structures and, therefore, less accessibility

to react with oxygen.

To summarise, based on the combustion behaviours of coated particle samples with different carbon
loadings and varying mixing times, there is an indication that more free carbon is present at short
mixing. However, the observed behaviours likely represent a complex interplay of the free carbon
content, changes in carbon black structures from mechanofusion, and the fraction of carbon black that
is attached to NMC as a coating. Further investigation is needed to precisely quantify the free carbon

content in each individual sample.
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Figure 4.16: TGA profiles of binary powder mixtures of NMC with (a) 2 wt% and (b) 10 wt% C65, dry mixed for 2
and 60 min.
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4.7.2  Slurry Rheology

Slurry rheology was studied to further investigate the amount of free carbon in the powder mixture.
For a given C65 loading, the rheological behaviour of the slurry containing the binary powder mixture
is dictated by the carbon network. This network formed during slurry mixing is dependent on the
carbon black structures. Conventionally, pristine carbon black, in its large, agglomerated form, is
added during wet slurry mixing and subsequently dispersed and deagglomerated. Here, the carbon
network is formed from the aggregates of carbon black, which can hold the solvent, giving rise to the
typical gel-like behaviour of slurries and preventing aggregation. The combination of carbon black
and polymer binder also provides sufficient gel strength to stabilise the relatively large micron-sized
NMC particles against sedimentation [79].

Samples that were subjected to different mechanofusion mixing times and thus differences in carbon
structures were added into a PVDF-NMP mixture to form the slurry. The rheological behaviour tends
to reflect the difference in these carbon black structures. The typical gel-type behaviour of slurries is
expected to transition to a fluid-type behaviour due to the reduction in carbon black structure and
immobilisation of carbon black. The flow curves show that the binary mixture of an unmixed sample
(0 min) has a high initial viscosity and viscosity decreases as the shear rate increases (Figure 4.17).
This is a typical behaviour of NMC slurries which indicate gel-type behaviour and shear thins. Upon
mechanofusion mixing, all samples show a transition to fluid-type behaviour, where viscosity remains
almost constant across the shear rates studied. The viscosity for samples mixed for 2 min is much
lower than the unmixed sample. For samples mixed for 10, 30 and 60 min, they have a similar low
viscosity and behaviour. These findings indicate that there is insufficient carbon black in the slurry to

form a gel network, thus suggesting there is a low fraction of free carbon within the mixed samples.
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Figure 4.17: Flow curves of NMP slurries containing mechanofusion mixed NMC622 with 2 wt% C65.
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The amplitude sweeps of the slurries, shown in Figure 4.18, also indicate a similar finding. Only
unmixed samples exhibit a high storage modulus (G’) at low-strain regions, and loss modulus
dominates at high strain. This again reflects the behaviour of conventional cathode slurries with an
elastic, gel-type behaviour. All other samples showed a higher loss modulus (G”), indicating inelastic,

fluid-type behaviour.

Carbon black that is attached to NMC during mechanofusion becomes immobilised and has minimal
influence on the rheology of the slurry. Essentially, the rheological behaviour of carbon-coated NMC
becomes similar to pristine NMC. In contrast, unmixed samples exhibit different behaviour, which
indicates the presence of free carbon that is available to form a gel network within the slurry. This gel-
like behaviour is likely attributed to the carbon black agglomerates, or aggregates resulting from wet
slurry mixing. The solvent adsorbs onto the high surface area of carbon black particles. This causes a
change in the molecular dynamics of carbon black and changes the slurry rheology [144]. As
mechanofusion mixing time increases, the resulting carbon black structures become smaller. Further
dispersion during slurry mixing can potentially cause a greater reduction in the size of these
structures. Therefore, this can result in a decreased ability of gel network formation. This translates to
a lower viscosity for the slurries with 10, 30 and 60 min mixed samples. The observed changes in
rheology can also be partially attributed to the reduction in the free carbon content. However, the
exact contribution of free carbon content is still difficult to determine. The final rheology of the
slurries is likely a combined effect of both the differences in carbon black structures and the free

carbon content. Further investigation is still needed to understand these two individual factors.
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Figure 4.18: Amplitude sweeps of NMP slurries containing mechanofusion mixed NMC622 with 2 wt% C65 mixed at
different times. The storage and loss modulus are denoted by G’ and G” respectively
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4.8

Conclusions

In this chapter, two novel CBD structures that correspond to the two different electronic pathway

lengths were proposed: (1) a bridge structure linking two or more active material particles to form

long-range electronic pathways and (2) film structures covering the surface of active materials,

providing short-range electronic contacts. While the formation of bridge structures can be controlled

through carbon black loading in wet slurry mixing, achieving ideal film structures remains

challenging. This chapter also demonstrated mechanofusion as a promising deagglomeration-coating

technique for tailoring film structures on NMC particles. The coating characteristics, particle

properties and free carbon content were investigated, with the following conclusions drawn:

1.

2.

Qualitative analysis of coated particle morphology showed that short mixing times yielded a
coating formed mainly of large carbon black structures. Conversely, prolonged mixing
yielded smaller carbon black structures with better distribution. The degree of carbon black

deagglomeration and distribution differs for low and high carbon loading.

A range of coating characteristics (e.g. smooth or rough coating) can be achieved by fine-
tuning mixing conditions. The distribution and coverage of carbon black on the NMC surface
can also be controlled similarly. BSE micrographs suggest that a thin and uneven distribution
of carbon black is achieved at low carbon loadings. For high carbon loadings, it is easier to

achieve better coverage and thicker film structure on NMC.

Particle size distribution analysis confirmed the reduction of initially large carbon black
agglomerates into smaller structures with increased mixing. The deagglomeration process was
also supported by changes in bulk and tapped density values. A significant change in tapped
density is observed with increased mixing, suggesting better particle packing of smaller

carbon structures in the voids between NMC particles.

Quantifying the amount of free carbon remains a challenge. Thermogravimetric analysis and
slurry rheology findings suggest a decrease in free carbon content. However, these
observations are also likely the combined effect of both free carbon content and changes in
carbon black structure due to deagglomeration on the observed changes. Further work is
required to isolate and study the contributions of these factors to quantify the exact free

carbon content.
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Although these findings indicate that mechanofusion mixing leads to carbon black deagglomeration,
investigating the degree of deagglomeration through quantitative analysis is still a challenge. The
current characterisation methods also lack relevance to electrochemistry and limit the ability to
understand the relationship between carbon structure and electrode performance. Therefore, the
selection of a proxy metric to evaluate and indirectly quantify carbon black deagglomeration could
have great utility. The next chapter builds on this concept by investigating carbon black
deagglomeration through bulk powder resistivity of coated particles, which will provide useful
insights into the electrochemical impact of varying carbon structures and coating as film structures on
NMC.
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Chapter 5 Probing Carbon Black Deagglomeration
Through Powder Resistivity Metrics

51 Introduction

Recent publications on quantifying carbon black deagglomeration were carried out through slurry
rheological properties [37], or electrode and CBD structures [87], [88] correlated with cell
electrochemical performance. The process is time-consuming and requires significant experimental
effort for slurry preparation or electrochemical testing before any indications of dispersion can be
determined. Additionally, some techniques, such as those involving slurry properties, are not suited
for dry electrode processing, where the distribution of the conductive additives and binder remains an

important aspect.

This chapter demonstrates the use of bulk powder resistivity as a proxy metric to investigate carbon
black deagglomeration behaviour during mechanofusion mixing and the subsequent degree of
dispersion for NMC and carbon black. For a binary powder mixture of cathode active material and
conductive additives, the resistivity is dependent on the conductive additive content. When carbon
black agglomerates are broken down into smaller aggregates or primary particles, this signifies a
breakdown in the interconnected chain-like structures of carbon black. The change in carbon black
structures can affect their ability to form a continuous electron travelling pathway, resulting in a
change in the bulk resistivity. The change in resistivity of a binary powder mixture containing NMC
and carbon black will depend on the electronic pathways, mainly facilitated by carbon black. The
electronic pathways are dictated by the arrangement of carbon black particles and are directly related
to their structure and size. Since the change in structure and size is directly influenced by the energy
input of the mechanofusion mixing process, it is crucial to develop a mechanistic understanding of
how the process parameters, along with the binary mixture loading and formulation, affect

deagglomeration.

The aim of this chapter is to understand and quantify carbon black deagglomeration behaviour during

mechanofusion mixing using bulk powder resistivity metrics. The objectives are to:

(1) investigate the effect of carbon black loading and total sample loading on bulk resistivity;

(2) study carbon black deagglomeration behaviour at low and high carbon loadings;

(3) study the impact of carbon black properties on final bulk resistivity;

(4) assess the applicability of this technique to non-conventional conductive additives (e.g.

carbon nanotubes).
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5.2 Experimental Design

Powder mixtures of NMC622 and C65 were dry mixed in a Nobilta mixer, as detailed in Section 3.2.
For studies on carbon loading, the carbon loading used was 2 wt% and 10 wt% C65, with a mixing
speed of 2300 rpm and mixing times of 2 and 60 min. For studies on sample loading, a carbon loading
of 2 wt% C65 with a mixing speed of 2300 rpm and mixing times of 2 and 60 min was used. The total
sample loading was varied from 20 to 50 and 100 g. For studies on mixing process parameters, the
mixing speeds used were 1000, 2300 and 5000 rpm with mixing times of 2, 5, 10, 30 and 60 min. The
carbon loading used was 2 wt% and 10 wt% C65 to study the carbon black deagglomeration
behaviour at different carbon loadings. After mechanofusion mixing, the volume resistivity of powder
mixtures was measured using the methodology detailed in Section 3.4.7. For comparison between
different formulations and mixing conditions, the resistivity values of corresponding samples were

extracted at a sample density of 4.0 g cm.

For studies on carbon black properties, five different carbon blacks (C45, C65, LHP, L200 and L300),
each with different BET surface area and structure levels, indicated by the oil absorption number
(OAN), were dry mixed with NMC622 at 2300 rpm for 2 and 60 min. Raman spectroscopy was used
to determine the Raman intensity ratio (Io/lg) of these carbon blacks (characterisation conducted by
Dr Xuesong Lu, University of Sheffield). The properties of the carbon blacks are shown in Table 5.1.

Table 5.1: Properties of carbon blacks used in this study.

Carbon Black BET Surface Area Oil Absorption Number  Raman Intensity Ratio ©
(m*g?) (OAN) (Io/lg)
C45 454 720° 0.93633
C65 622 640 ® 0.92593
LHP 100° 240° 1.00503
L200 150° 162° 0.94877
L300 165° 160° 0.89767

& Obtained from data sheet provided by manufacturer, Imerys

b Obtained from data sheet provided by manufacturer, Cabot Corp.

€ Measurement carried out by Dr Xuesong Lu, University of Sheffield

The use of carbon nanotubes (CNT) as the material for film formation was also explored
(experimental work carried out by MEng student, Tian-Jay Mason, University of Sheffield). To study
the feasibility of CNT as conductive additives for dry coating of NMC, multi-walled CNT (MWCNT)
CNT1015 and CNT3080 were mechanofusion mixed with NMC at 2300 rpm for 30 min. The key

properties of the two CNTs are shown in Table 5.2. The experimental data sets are shown in Table 5.3.
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Table 5.2: Properties of carbon nanotubes used in this study.

Carbon Nanotubes Diameter (nm) Length (um) Specific Surface Area (m?g?)
CNT1015 10-15 <100 150 — 250
CNT3080 30-80 <20 80 -120

* All properties obtained from data sheet provided by manufacturer, Imerys

Table 5.3: Experiment data sets.

Formulation Conductive NMC622 ngzlij;y;/e Mixing Speed  Mixing Time
(NMC:CA wt%) Additive Type (9) ©) (rpm) (min)

2

98:2 C65 19.6 0.4 1000 60

2
5
98:2 C65 19.6 0.4 2300 10
30
60

2

98:2 C65 19.6 0.4 5000 60

2

98:2 C65 49 1 2300 60

2

98:2 C65 98 2 2300 60

2

98:2 C45 19.6 0.4 2300 60

2

98:2 LHP 19.6 0.4 2300 60

2

98:2 L200 19.6 0.4 2300 60

2

98:2 L300 19.6 0.4 2300 60

2

98:2 CNT1015 19.6 0.4 2300 60

2

98:2 CNT3080 19.6 0.4 2300 60

2

90:10 C65 18.0 20 1000 60

2
5
90:10 C65 18.0 2.0 2300 10
30
60

2

90:10 C65 18.0 20 5000 60
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5.3 NMC622 Bulk Resistivity

The intrinsic resistivity of NMC is temperature-dependent and gradually increases with increasing
temperature [145]. The bulk resistivity also differs from the intrinsic resistivity (i.e. individual particle
resistivity) as the contact interfaces between particles can contribute additional resistances to charge
transport. For NMC622, the bulk electronic conductivity was reported to be 102 — 102 S cm?,
corresponding to a resistivity of 100 — 1000 Q cm, based on dense sintered pellets [145]. In this
study, it was found that the resistivity of NMC622 powder compressed to a density of 4.0 g cm=was
approximately 528 Q cm. Although this value is in rough agreement with the values reported in the
literature, it does not represent the actual intrinsic electronic conductivity, as complete contact

between particles can never be achieved, even with high compression force.

Furthermore, the resistivity of NMC is also state of lithiation dependent [146]. In general, resistivity
decreases with decreasing state of lithiation of NMC. This is attributed to the increase in Ni** ions,
leading to holes in the (Ni**/Ni®") band, and the decreased distance of Ni**~O?% from higher covalency,
making Ni**—O0%—Ni* hopping easier [147]. For NMC532 (relative sample density 96 — 98 %) with a
reported electronic conductivity (o) of 1.3 x 102 S cm™, this corresponds to a state of lithiation of
approximately 30 — 50 % (log o = -2.89) [146]. Ni is considered an active conduction site that may aid
electron hopping so NMC622 should possess a slightly higher conductivity than NMC532 at the same
state of lithiation. Note that for NMC532, 622 and 811, their variation in electronic conductivity is

minimal.

In this study, NMC622 has a log o value of -2.72 based on the calculated resistivity at a sample
density of 4.0 g cm?. The relative density is approximately 85 % based on the true density of
NMC622, and this resistivity showed minimal deviation with increasing compression. Therefore, it is
assumed that the resistivity recorded is representative of the bulk of the sample. This indicates that,
here, the state of lithiation of NMC622 is estimated to also be between 30 — 50 %, potentially slightly
lower than that of NMC532 in the referenced study [146]. However, the distribution of electronic
conductivity is inhomogeneous within a single particle and, therefore, represents a variation in the
state of lithiation on different parts of a single particle [148]. Despite this limitation, the estimated
value still provides a useful indication of the average state of lithiation for the NMC622 particles used

in this study.
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54 Effect of Carbon Loading

As a conductive additive, carbon black has a lower resistivity compared to NMC particles and,
therefore, forms a more efficient pathway for electron movement. Electrons experience less resistance
and can travel more efficiently through the percolated pathways, which results in lower bulk
resistivity. Figure 5.1 shows the resistivity of pristine NMC along with binary mixtures of NMC622
with low and high C65 loading, both of which were subjected to 2 and 60 mins of mixing at a speed
of 2300 rpm. The two mixing times were selected as they represent the extremes within the broad
mixing time studied and were shown to have significant differences in resistivity, which will be

discussed in Section 5.5.

In general, the addition of carbon black resulted in a significant decrease in the powder resistivity.
Pristine NMC showed the highest resistivity, which decreased significantly by 1 to 3 orders of
magnitude as the carbon loading increased to 2 wt% and 10 wt% C65. The density of the bulk powder
increases with compression force due to improved packing of NMC and C65, which is attributed to
particle rearrangement and partial fragmentation of agglomerates. At the same time, this increases the
electrical interparticle contact when particles rearrange to fill the voids in between, maximising the
contact area between particles and potentially reducing the length of the pathways required for

electron transfer or even establishing new electronic pathways.

For both low and high carbon loading samples, the resistivity for samples mixed for 2 min is lower
than that of 60 min. The volume resistivity axis is presented in a logarithmic scale in Figure 5.1,
reflecting that this difference for 2 wt% C65 is much more significant than that for 10 wt% C65. This
difference indicates that a short mixing time, corresponding to a low degree of deagglomeration, is

favourable to achieving low resistivity.

Resistivity continues to decrease with increased compression but eventually starts to level off. Figure
5.1 shows that there is a minimum resistivity, typically beyond a density of 4.0 g cm, where the
resistivity remains almost constant with increasing powder density. It is likely that at this density, a
very high particle packing has been achieved, and therefore, the resistivity is representative of the
entire sample volume. Beyond this point, compression is still possible, resulting in slightly better
packing and, thus, a higher density, but the resistivity is not likely to exhibit a significant change. For
low particle packing at low sample densities, there is a possibility of selective representation of
resistivity. The minimum resistivity value is attributed to the resistivity of the NMC, and therefore, the
resistivity of the binary powder mixture will not approach the conductivity of pure C65. When
approaching very high carbon black loadings, the bulk resistivity is likely to be dominated by the
resistivity of carbon black. However, electrons are still likely to come into contact and travel through
NMC particles, which will increase the resistance experienced by electrons. This value represents the

lowest resistivity that can be achieved for a specific carbon loading, mixing technique and mixing
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conditions. With increasing carbon black loading, the electronic pathways for electron transfer will
increasingly be made up of long “chain-like” structures of carbon black and are less likely to travel
through NMC particles. Nevertheless, there will be a minimum resistivity that is almost constant, and
this can also be observed in a typical percolation curve, as shown in Figure 2.6. Upon reaching the
percolation threshold, the change in resistivity becomes less apparent and eventually remains constant
when approaching very high conductive additive content.
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Figure 5.1: Resistivity of pristine NMC and powder mixtures of NMC with 2 wt% and 10 wt% C65, both subjected to
2 and 60 min of mixing.
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55 Effect of Sample Loading

Carbon black deagglomeration ultimately depends on the overall energy input of the mixing process
and the total sample loading can affect the mixing efficiency. Figure 5.2 shows a similar trend as
described in Section 5.4, where 2 min mixing yielded a lower resistivity, whereas 60 min yielded a
higher resistivity. The results also suggest that an increase in powder sample loading led to an increase
in resistivity, again indicating that there are subtle differences in the degree of deagglomeration of
carbon black. For example, for 60 min mixing, a sample loading of 20 g showed the lowest resistivity,
followed by an increase for 50 g and 100 g. This difference is less distinct for samples mixed for 2
min, as the degree of deagglomeration of carbon black between the different sample loadings is not as
significant within a short mixing time. This is reflected in the similar resistivity values recorded for 20
g, 50 g and 100 g sample loadings. For 60 min mechanofusion mixing, the difference in resistivity
across different sample loadings becomes more apparent. The total energy input is much higher for 60

min compared to 2 min mixing, and this is reflected in the resistivity values.
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Figure 5.2: Resistivity of powder mixtures with varying sample loading of 20, 50 and 100 g, subjected to 2 and 60 min
of mixing.

The mixing nature of mechanofusion can be categorised as intensive high-shear mixing, where high,
intense mechanical shear forces are generated during mixing. In the Nobilta mixer, particles are forced
through a tiny gap at the tip of the rotating rotor blade where the NMC and carbon black particles
grind and shear between each other and the mixing chamber wall. The particles interact with the
chamber wall to generate these shear forces. The energy input overcomes the van der Waals forces
between carbon black particles and causes agglomerates to break up into smaller constituents.

Increasing the total sample loading while keeping the binary mixture formulation constant
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corresponds to an increase in the overall number of carbon black agglomerates in the mixture. The
total energy input into the system is constant with identical process conditions, resulting in a lower
specific energy supplied to the agglomerates as the amount of carbon black increases. Increasing the
total loading can also lead to a lack of free space available for particles to move and interact. As a
result, the change in the mixing profile can lead to less shear forces experienced by particles and less
uniform mixing. Some particles may remain in the inner region during mixing and do not distribute to
the outer region of the mixer and pass through the converging space. The combination of these two
leads to a less efficient deagglomeration process, which affects the dispersion and coating formation
on NMC. The implication is that carbon black remains in its large agglomerate structures and is not
efficiently dispersed between NMC. During resistivity by compression measurements, large carbon
black structures are less likely to be distributed between the voids of NMC particles, and thus, the

electron pathway is less efficient due to contact with NMC.

A noticeable observation during measurements was that the higher the sample loading, the higher the
energy required to compress the samples to a specific density (Figure 5.3). At 2 min mixing, a similar
energy is needed to compress the samples to a particular density with 20 g and 50 g loading. A
significantly higher energy is required for samples with the highest loading of 100 g. For 60 min
mixing, the sample with a total loading of 20 g required the least energy to be compressed to a
specific density, followed by 100 g and 50 g. For 60 min mixing, Figure 5.3 also suggests that mixing
may be less efficient at 50 g loading compared to 100 g loading based on the higher energy required
to achieve a particular sample density. However, the resistivity for 50 g loading is indeed lower than
that of 100 g. Therefore, it is also crucial to determine the critical metrics for assessing mixing
efficiency. For assessing carbon black deagglomeration behaviour, the bulk resistivity is more useful
as it provides an indication of the small and large carbon black structures that form the electronic
pathways within the sample. In terms of assessing the particle packing, the energy required for

compression might be more useful.

The findings indicate that it is more difficult for particles to achieve higher packing caused by the
large carbon black structures at increased loading. The larger agglomerates are unable to fill the voids
between NMC, leading to an increase in the void volume and, therefore, overall a higher bulk density,
as illustrated in Figure 4.13. Higher compression forces are required to increase the energy to
overcome the interparticle forces that hold and form the carbon black agglomerates, in order to break
these agglomerates, allowing them to fill the voids between NMC particles better. This is also
reflected in the higher initial densities achieved by samples with 60 min mixing in Figure 5.2,
compared to 2 min mixing, where a similar compression range of 100 — 2000 N was applied. Smaller
carbon structures are obtained after long mixing and, therefore, have better packing, resulting in

higher density during compression.
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Conversely, underloading can also impact the shear rate, especially in a system where large NMC

particles and smaller C65 particles are present. The particles may experience a higher specific energy

input, resulting in more intense interactions that may cause NMC particle breakage. It is also possible

that the energy input is wasted due to insufficient interactions between particles.
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Figure 5.3: Mechanical energy required to compress powder mixtures of NMC and 2 wt% C65 of varying sample

loading and mixing times to

corresponding densities.

Therefore, for short mixing times, the effect of sample loading is less dominant, and the degree of

deagglomeration of carbon black is similar. For longer mixing times, the uneven distribution of shear

on the particles will result in a significant variation in the degree of deagglomeration, which is

reflected in the bulk resistivity values. It is a balance between maximising process throughput and

achieving consistent, optimal shear rates to achieve optimal mixing performance. As a result, it is

crucial to develop a mechanistic understanding of how mechanofusion process parameters, combined

with sample formation and loading, affect mixing efficiency.
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5.6 Effect of Mechanofusion Process Parameters

Mixing process parameters play a significant role in determining the number and probability of
interactions that occur between particles. The total energy input into the binary powder mixture is also
controlled by the mixing time and mixing speed. A prolonged mixing time maximises the amount of

energy input while increasing the mixing speed leads to higher shear rates for more intense mixing.

Figure 5.4a shows resistivity results for a binary mixture of NMC with 2 wt% C65 without the aid of
mechanofusion mixing (0 min) with the highest resistivity. The remaining samples were mixed at
2300 rpm for 2, 5, 10, 30 and 60 min. An increase in resistivity with mixing time is observed. Among
these mixtures, samples mixed for the shortest time of 2 min showed the lowest resistivity, while
samples subjected to long mixing times of 30 and 60 min showed the highest and similar resistivities.
A similar trend was also obtained for samples mixed at high carbon loading, where 2 min mixing
showed the lowest resistivity (Figure 5.4b) across all the mixing times studied. These findings
conclude that a short mixing time is favourable for achieving low resistivity for micron-sized NMC
with nano-sized carbon black. A long mixing time does decrease the bulk resistivity for low carbon

loading but can increase the resistivity beyond pristine NMC particles at 30 and 60 min.

An interesting observation is the slight increase in resistivity when approaching higher sample
densities, as shown by the unmixed (0 min) sample in Figure 5.4b. High compression force is applied
to achieve high sample density, which may also cause the breakage of carbon black agglomerates.
Since resistivity is dominated by carbon black for high carbon loading samples, the breakage of these
agglomerates results in a less interconnected conductive pathway. As a result, the sample resistivity

increases.

An implication of these findings is that uniform dispersion is not necessary, as supported by Huang et
al. [45] for the case of conductive applications. Dannenberg [149] proposed that there is an optimum
dispersion time before agglomerates are broken down and the distance between particles is increased.
Cembrola [150] stated that the dispersion process must be carefully controlled to avoid under or over-
dispersion of carbon black, which may affect conductivity. Uniform dispersion is usually achieved by
a prolonged time of mixing, which may include higher energy input to achieve a high degree of
deagglomeration, resulting in a homogenous mixture and narrow particle size distribution. Short
mixing yielding low resistivity implies that only minimal agglomeration is required, and most of the
carbon black within the mixture should remain in their larger structures. This also implies that there is
an optimum combination of small and large carbon black structures that constitutes the optimal

combination of short- and long-range electronic pathways to achieve low resistivity.
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Figure 5.4: Resistivity of powder mixtures of NMC with (a) 2 wt% C65 and (b) 10 wt% C65, subjected to 0
(unmixed), 2, 5, 10, 30 and 60 min mixing.

99



The resistivities for both carbon loading samples, at various mixing times, at a sample density of 4.0 g
cm were extracted and are presented in Figure 5.5. For low carbon loading, the resistivity is more
sensitive to mixing time compared to high carbon loading. This is evident in Figure 5.5a with a large
increase in resistivity of 75.7 Q c¢cm to 153.4 Q cm when mixing time is increased from 2 min to 60
min respectively. The increase in resistivity with mixing time can be firstly explained by a higher
degree of deagglomeration of carbon black. Carbon black exists as long, “chain-like” structures within
the interparticle voids of NMC particles. These structures act as an interconnected electronic network
that facilitates electron movement. When deagglomeration of these structures occurs, this
interconnected network is said to be disrupted, thus resulting in a disconnected electronic pathway.
Prolonged mixing can also increase the spheronisation effect of mechanofusion, resulting in a
smoother particle surface. Initially, large carbon black agglomerates are broken down into smaller
constituents. They also start to attach to the surface of NMC due to high compression forces as the
particles are forced through the converging space. Prolonged mixing then results in erosion, gradually
reducing these aggregates into smaller particles and continued compression leads to compaction of the
carbon black coating. The carbon-coated NMC surface is consistently sheared and polished during the
mixing process, which results in a reduction in surface area. In comparison with loosely bound carbon
black “chain-like” structures on the particle surface, the smooth carbon-coated surface limits contact
area with other surrounding particles. In addition to the smaller carbon structures resulting from

mechanofusion mixing, the effect of increased resistivity becomes more apparent.

For high carbon loading, the resistivity increases from 2.2 Q cm to 4.6 Q cm at 2 min and 60 min
respectively, as shown in Figure 5.5b. In this case, the bulk resistivity is now dominated by carbon
black at high carbon loading. The electronic pathways are mainly formed by a complex and more
interconnected chains of carbon black, where electrons have a relatively low probability of coming
into contact with NMC particles. Since carbon black has a relatively higher electronic conductivity
compared to NMC particles, electrons will favour travelling through carbon black due to lower
resistance. The higher the probability of electrons travelling through NMC particles, the higher the
resistance experienced compared to a pathway constituted mainly of conductive additive.
Additionally, an increase in carbon black agglomerates with the same energy input results in slower
and less deagglomeration of these agglomerates. Thus, a higher proportion of large carbon black
structures are retained, even after a long mixing time of 60 min compared to low carbon loading.

Ultimately, the interconnected electron pathway is still retained, which results in a low bulk resistivity.
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The relationship between mixing speed and resistivity is dependent on the carbon black loading.
Griell et al. [37] demonstrated the interdependency between carbon black loading and the
circumferential speed of the mixing blade, which will affect the selection of other parameters during
mixing. To study the influence of mixing speed, 3 different speeds of 1000, 2300 and 5000 rpm were
selected. Herein, these speeds are referred to as “low”, “medium” and “high” speeds, respectively, for

comparison purposes.

For 2 wt% C65, mixing time is a key consideration when selecting the optimal mixing speed, as
shown in Figure 5.6a. At a short mixing time of 2 min, the use of medium to high speed is desired,
while lower speeds are desired for a long mixing time of 60 min. The selection of the combination of
mixing speed and time can be related to the total energy input required to achieve the ideal
combination of short- and long-range contacts for low resistivity. In general, an appropriate speed
must be selected for a specific mixing time to achieve the required energy input for adequate mixing.
If low mixing speeds are required for long mixing times, this implies that similar energy input is
needed for high mixing speeds to achieve a similar degree of deagglomeration and its corresponding
resistivity. Therefore, it can be deduced that high mixing speeds, where the shear rates are much

higher, should require a comparatively short mixing time to achieve a similar mixing intensity.

A different observation applies to samples with a carbon loading of 10 wt% C65. The lowest
resistivity was obtained at low mixing speeds, regardless of the mixing time, as shown in Figure 5.6b.
At a short mixing time of 2 min, the resistivity remains constant with increasing speeds. However, for
a long mixing time of 60 min, a sharp increase in resistivity is observed as the mixing speed increases.
At high carbon loading, the conductive networks are formed mainly by carbon black, and low mixing
speeds result in very little deagglomeration compared to low carbon loading. As a result, there is a
higher probability of large structure carbon black remaining after mixing and retaining the
interconnected electronic pathways. Figure 5.7a shows that a large portion of carbon black
agglomerates is clearly visible under SEM imaging after 2 min mixing, confirming minimal
deagglomeration during mixing at low speeds. After 60 min mixing, aggregates were observed,
indicating that prolonged mixing led to an increase in energy input that is sufficient for
deagglomeration to occur (Figure 5.7b). One reason to explain this is due to insufficient shear stress
produced during short mixing for carbon black rupture to occur. However, as powders are subjected to
compression during resistivity measurements, these long-chain structures can still be re-established to
form the interconnected network, leading to a decrease in resistivity. This is evident from Figure 5.6b,

where similar resistivities were obtained for both 2 and 60 min samples mixed at 1000 rpm.
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Figure 5.7: SEM micrographs of NMC with 10 wt% C65 mixed at 1000 rpm for (a) 2 min and (b) 60 min. (a) shows
large carbon black agglomerates that act as an interconnected electronic network for long-range conduction. (b)
shows disruption of the interconnected network due to smaller aggregates from long mixing.
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Increasing the mixing speed corresponds to an increase in shear rates [151]. A schematic depicting the
differences in deagglomeration between low and high carbon loading samples and the resulting
carbon structures and electronic pathways is shown in Figure 5.8. Prolonged mixing increases the
energy input into the system and results in a relatively higher degree of deagglomeration of
agglomerates, giving large aggregates. In this instance, it represents a disruption to these
interconnected pathways, where the long chain-like structures are no longer present. Note that in
Figure 5.7b although large carbon black structures are no longer visible in the SEM micrograph, there
are still small, fine aggregates present that are less visible in the background due to powder samples
being attached to carbon tape. In this case, even though the percolated pathways still exist, electrons
may have an increased probability of travelling through NMC particles, leading to increased

resistivity as depicted in Figure 5.8b.

For long mixing, increasing the mixing speed has a more apparent effect on resistivity. With mixing at
5000 rpm for 60 min, a large amount of carbon black was deagglomerated and coated onto NMC,
which is evident from large NMC particles with smooth surfaces due to C65 filling the surface pores
of NMC, as shown in Figure 5.9. These particles also experience the spheronisation effect of
mechanofusion when subjected to long mixing at high speeds. Although the resistivity of these
particles is very low, it likely has a detrimental effect on ionic conductivity due to the inaccessibility

of NMC surface, limiting the surface area in contact with electrolyte when fabricated into electrodes.

(a)

Figure 5.8: Schematics depicting the change in interconnected pathways formed by carbon black after mixing for a
mixture of NMC and C65 with (a) low and (b) high carbon loading.
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Figure 5.9: SEM micrograph of NMC with 10 wt% C65 mixed at 5000 rpm for 60 min, showing relatively smooth
NMC surfaces due to carbon coating formation and spheronisation effect from mechanofusion.

The shear rate and energy input are dictated by the mixing speed. High shear mixing speeds are often
linked to the power input and tip speed of the rotor [112]. The dimensionless Froude-tool number (Fry)
has been used as a method of quantifying mixing intensity between different techniques. It is defined
as the ratio of inertial forces to gravitational forces, and for mechanofusion can be defined as [152],
[153]:

w?rt

Fr, = (5.1)

where w; is the rotor speed, r; is the rotor radius and g is the gravitational constant.

In this study, the rotor radius (r;) was kept constant and, therefore, the higher the Fr; indicates the
higher the mixing intensity is. Westphal et al. investigated the dry mixing of graphite with carbon
black and found that Fr, up to 75 has minimal effect on electrode resistivity as only homogenisation
of powders is achieved [78]. When Fr, exceeds 75, the resistivity is increased. Haselrieder et al. [152]
found that structural changes of carbon black agglomerates and coating onto NMC surfaces can be
observed in cathodes consisting of particles processed with a low Fr, of 50 for 2 and 8 min
mechanofusion mixing. The findings also complement the observations reported by Bockholt et al.
with a Fr; of 400 [105]. Powder packing density was increased, but the conductance of powders

remained low.

106



While the use of Fr, has been studied on electrode resistivity and the interactions between graphite-
carbon black and NMC-carbon black are vastly different, a similar approach can be taken to establish
the relationship between Fr and powder resistivity of a binary powder mixture of active material and
conductive additive. In this study, a Fry of around 50 (speed: 1000 rpm) represents the region where
the lowest resistivity can be achieved for all cases, except at low carbon loading with short mixing
times. For this specific case, a higher Fr, of 260 (speed: 2300 rpm) up to around 1230 (speed: 5000
rpm) is more favourable for achieving low resistivity. The Fry is also less important as mixing does

not greatly affect the resistivity and, thus, the carbon black structures at this condition.

For Fr. > 6 — 7, corresponding to a mixing speed of approximately 350 rpm, powders are already
centrifugated and form an annular on the mixer wall. The Fr; ranges of 260 to 1230 show that the
centrifugal force is several magnitudes higher than the gravity force during mechanofusion mixing. At
these ranges, the high shear mixing is very intense, which results in deagglomeration. In general, a
high Fry is preferred for short mixing and a low Fr, is preferred for long mixing, regardless of carbon
loading. The results complement the literature discussed; beyond a certain Fry, the resulting resistivity
is similar. Therefore, it can be inferred that the structure of carbon black is also similar and thus

indicates a similar degree of carbon black deagglomeration.
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5.7 Carbon Black Properties

Carbon black is a conductive additive that is commonly used in industrial electrode manufacturing
due to its excellent conductivity and low production costs. Specifically, C65 is favourable for its low
surface area, which can minimise binder deposition [60]. Its properties have also been well studied,
and it was demonstrated that resistivity by compression can be used to quantify its deagglomeration
behaviour in dry mechanofusion mixing. The same approach was extended to validate the
applicability of resistivity by compression approaches to study the influence of carbon black

properties on the final bulk resistivity.

The structure level of carbon blacks is used to describe the branch structure of the aggregates and
agglomerates and is indicated by the oil absorption number (OAN). A higher OAN indicates a more
branched and open structure. In general, the ease of dispersion of carbon black increases with their
OAN as a more open and branched structure results in weaker attractive forces and more surface area
available for interaction during dispersion. The particle size of the primary particles of carbon black
can be inferred from their BET surface area, where a higher BET surface area corresponds to a
smaller particle size. Contrary to the OAN, the ease of dispersion decreases with increasing BET
surface area as a smaller particle size often possesses higher attractive forces between particles. In
terms of resistivity, both high OAN and high BET surface area result in lower resistivity due to their
ability to form a more interconnected pathway for electron movement. A schematic depicting the
features of carbon black with varying structure levels and surface areas (particle sizes) is shown in
Figure 5.10a.

Using Raman spectroscopy, these carbon blacks were found to exhibit different intensity ratio values
(Io/lg). The Ip/lg provides the ratio of disordered carbon to ordered carbon and can be used as an
indication of the fraction of ordered graphitic carbon within the carbon black structure. Carbon black
particles consist of an amorphous core surrounded by graphene layers. These graphene layers are zero
bandgap semiconductors due to sp>-hybridised carbon (Figures 5.10b and 5.10c) where electrons can
travel freely in the delocalised n-orbitals of the layers, giving rise to high electronic conductivity [60].
The amorphous core contains a relatively disordered network from a mix of sp? and sp® hybridisations
are present resulting in limited electron mobility. Hence, an increase in graphene layers,
corresponding to a higher fraction of graphitic carbon, can be correlated to a higher electronic
conductivity for carbon blacks. Pantea et al. [154] reported that the conductivity of carbon blacks

increases (i.e. resistivity decreases) with their graphitic character.

108



v - SO

(a) _
&;‘ ::. "4 # >| CB
OR" « i F 1
gW: L * - ('
% o w
. i
Low structure/ w High structure/
Low surface area Low surface area * sp? Density of States
T : * gx’ 5 R ) 5, (C)
A b I N R Ay o
Chw| TRg at 2
) R 1)
. v - ¥ /1
Low structure/ ’ £ 3 High structure/ B
High surface area < High surface area .~ ™ sp® Density of States

Figure 5.10: (a) Carbon black characteristics with varying structure level and surface area. Geometry and schematic
of band structures of (b) sp?-hybridised carbon (graphene) and (c) sp3-hybridised carbon (diamond). Adapted from
[60], [155].

The resistivity of the dry mixed samples is shown in Figure 5.11. For 2 min mixing, LHP and L300
both showed the lowest and similar resistivities, while C45 and C65 both showed the highest and
similar resistivities. After 60 min mixing, all samples showed an increase in resistivity, consistent with
the observations discussed in preceding sections where prolonged mixing causes higher resistivity due
to the breakdown of long-range electronic networks. The lowest resistivity was obtained for L300,
whereas the highest resistivity was observed for C45.

The deagglomeration mechanisms for carbon blacks remain the same. In terms of the short and long-
range contacts resulting from dry mixing, there is also an optimal mixing time to achieve the ideal
ratio of short and long-range pathways that is facilitated by the small and larger carbon black
structures. The resistivity of the binary powder decreases with mixing until the optimal mixing time. It
then starts to increase due to the breakdown of the long-range pathways, as indicated by the increase
in resistivity when mixing is increased from 2 min to 60 min. However, the change in resistivity of
different NMC-CB mixtures was observed. The findings show that carbon black properties such as
BET surface area, OAN and intensity ratio affect the final resistivity. These properties are related to
their primary particle size, structure level and the fraction of graphitic carbon. The findings also
indicate that certain carbon blacks may be more compatible with dry mixing to yield low bulk

resistivity.

Based on Figure 5.12, C45 showed the most significant increase in resistivity after mixing, from 81.3
Q cm at 2 min to 502.5 Q cm at 60 min. L300 showed the least increase in resistivity and yielded the
lowest resistivity of 67 Q cm after 60 min mixing. To discuss the differences in resistivity observed,
these carbon blacks were separated into two categories based on their OAN — low structure level
carbon blacks (LHP, L200, L300) and high structure level carbon blacks (C45, C65).
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All three low structure level carbon black mixtures initially showed a relatively low resistivity at 2
min mixing, which may be related to their material properties. The OAN decreases from LHP to
L300, indicating that the ease of dispersion decreases during mechanofusion mixing. Therefore, it is
possible to deduce that the degree of deagglomeration may be higher for LHP (i.e. resulting in smaller
carbon structures), followed by L200 and L300. The electrical resistivity of the carbon blacks
decreases with increasing OAN (increasing structure level) and increasing BET surface area
(decreasing particle size). After 60 min mixing, where carbon blacks are deagglomerated, its BET
surface area and Ip/lc become more influential in determining the change in bulk resistivity. Initially,
by comparing L200 and L300, both carbon blacks have a very similar OAN, indicating similar
dispersibility. However, L300 has the smallest particle size and the highest fraction of graphitic
carbon, which may explain the low resistivity obtained after mixing. L200 showed a smaller particle
size and lower Ip/lc compared to LHP. In theory, this should yield a lower resistivity. Interestingly, the

resistivity of L200 obtained is similar to that of LHP, which has a larger particle size and higher Ip/lc.

The discrepancies suggest that the dispersion of the carbon black within the powder mixture,
influenced by the OAN, plays a role in the final resistivity. After considering the dispersion based on
the OAN, the BET surface area and Ipo/lc may be useful material properties to indicate the resistivity
of the powder mixture. As such, there is a complex interplay between the OAN, BET surface area and
Io/ls in determining the final resistivity. The precise correlation between these properties and final

resistivity is currently unclear, and further investigation is needed.

For high structure level carbon blacks, both C45 and C65 showed a similar initial resistivity with 2
min mixing. Similarly, these resistivities may be related to the three material properties. After 60 min
mixing, C45 showed a sharp increase in resistivity, while the increase for C65 was less significant.
Due to the high OAN of both carbon blacks, their ease of dispersion is very high and they are both
likely to be deagglomerated into much smaller structures. The BET surface area now becomes an
important property for predicting resistivity as C45 has a larger particle size than C65, indicating
higher resistivity. Similarly, the higher Io/lg of C45 also indicates higher resistivity compared to C65.
One reason could be the impact of the high particle resistivity of C45 is magnified when the degree of
deagglomeration is high and leads to more disruption to the interconnected electronic network initially

formed by the chain structures of carbon black.

To summarise, the resistivity resulting from short mixing could be said to be largely dependent on the
intrinsic resistivity resulting from the carbon black properties i.e. BET surface area, OAN and Ip/lc.
For long mixing, carbon black with high OAN is more easily dispersed, resulting in a higher degree of
deagglomeration. Combined with a large particle size with high intrinsic resistivity, the bulk
resistivity resulting from mixing is also high. For carbon blacks with low OAN, the effect of

dispersion becomes more significant and must be considered. After dispersion, the resistivity is then
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likely to be largely dictated by the particle size indicated by the BET and the Ip/lc. There are no direct
correlations between these individual properties and the final resistivity (Appendix B). Furthermore, it
may be a coincidence that both the low and high structure carbon blacks exhibit the same trend with a
decrease in BET surface area and an increase in Ip/lg, both leading to lower resistivity. As such,
further validation is required to understand the complex interplay of these properties. Additionally, the

effect of high shear mixing on the Ip/lg should be studied.
5.8 Carbon Nanotubes Feasibility Study

Carbon nanotubes (CNT) are one-dimensional graphene layers rolled into their well-known tubular
shape, giving them a one-dimensional structure. This is in contrast with zero-dimensional carbon
black, where a secondary structure (agglomerate or aggregate) is formed from primary particles
consisting of turbostratic graphitic surfaces and amorphous cores, as shown in Figures 5.13a and
5.13b. CNT have a relatively high aspect ratio (i.e. length/diameter ratio) of 100 — 10000 compared to
that of carbon black of 1 — 10. As a result, CNT, as a conductive additive, generally have lower
resistivity. This allows the formation of a more interconnected conductive network at lower
conductive additive content and, thus, a lower percolation threshold compared to conductive carbon
black (Figure 5.13c).

CNT can be categorised as single-walled or multi-walled based on the number of graphene layers
stacked within the tubular structure. They naturally exist in an “entangled” state in clusters formed of
individual cylindrical strands. As such, the “deagglomeration” of CNT under shear forces can be
described as the “disentanglement” of the tubular strands. This disentanglement and dispersion
process is equally crucial for CNT to allow uniform distribution across the electrode. The fibrous
carbon strands have high flexibility and tensile strength, and their natural dimensions make them a
good selection for establishing long-range pathways in theory.

(C) Theoretical percolation threshold
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Figure 5.13: Schematic of a (a) carbon black particle, (b) carbon nanotubes and (c) comparison of the theoretical
percolation threshold of carbon black and carbon nanotubes. Adapted from [156].
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The surface morphologies of the resulting MWCNT-coated NMC particles are shown in Figures 5.14
and 5.15. Both samples show a distinct surface coating with CNT strands, which is different from
carbon black coatings that are made up of carbon particulates, as shown in Figure 4.5 and 4.6. For
samples containing CNT1015, untangled individual CNT strands can be observed across the NMC
surface (Figure 5.14). Samples containing CNT3080 showed similar morphology, but it is worth
highlighting the presence of clumps across the surface that are believed to be smaller structures of
entangled CNT (Figure 5.15). Supplementary SEM micrographs of CNT1015 and CNT3080-coated
NMC particles can be found in Appendix A.3 and A.4 respectively.

The deagglomeration and dispersion of CNT during mixing are related to their aspect ratio, which is
influenced by their diameter and length. Small-diameter CNT exhibits stronger van der Waals forces
between layers due to the large surface area to volume ratio. Therefore, this indicates that small-
diameter CNT are less easily dispersed and require more energy to be dispersed compared to large-
diameter CNT. Although small diameters have stronger attraction forces, they are, however, more
prone to damage at very high shear forces, which can significantly alter their dimensions. Physical
dispersion (e.g. shear mixing) can fragment CNT, making them shorter and thinner due to the peeling
of the graphene layers [157].

In terms of their length, short CNT are generally easier to disperse due to reduced entanglement and
their low aspect ratio. Huang and Terentjev [158] reported that MWCNT clusters exist in a crossed
mesh configuration. They are subjected to van der Waals binding at contact junctions, and the binding
energy largely depends on the number of contacts formed between neighbouring CNT pairs. The
longer the CNT, the higher the number of contact junctions, which indicates more energy is required
during dispersion to disentangle and disperse the CNT. To separate long CNT strands, it is also
unavoidable that the tubular structure will also be destroyed during high-shear mixing [158].

Although CNT1015 has a smaller diameter and higher length, both of which result in less effective
dispersion, the resulting CNT structures are more disentangled and dispersed. Due to very high shear
forces generated during mechanofusion, CNT1015 may be more prone to breakage, resulting in the
short and thin strands seen in Figure 5.14b. For CNT3080, although the ease of dispersion is higher
due to its shorter length, its relatively higher diameter may provide some degree of structural benefits
that retain the tubular structure of CNT, giving rise to the agglomerated structures observed in Figure
5.15h.
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Figure 5.14: SEM micrographs of CNT1015-coated NMC (a) particle and (b) surface with visible CNT strands.
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Figure 5.15: SEM micrographs of CNT3080-coated NMC (a) particle and (b) surface with visible CNT strands and
aggregates.
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The resistivity of powder mixtures containing NMC with C65, CNT1015 and CNT3080 is shown in
Figure 5.16. Samples containing CNT showed a resistivity that is approximately one magnitude lower
than that of C65. These observations are expected as CNTs are known to possess a lower resistivity
compared to carbon black. For pristine MWCNT, resistivities of as low as 5 x 10° Q c¢cm have been
reported in the literature [159], which is significantly lower than the resistivity of carbon black of 0.2
— 0.5 Q cm [154]. Furthermore, samples containing CNT3080 showed a lower resistivity than

CNT1015, which can be explained by their dimensions.

Generally, a high aspect ratio is favourable to establishing an interconnected electronic network.
Initially, before mixing, CNT1015 had a higher aspect ratio than CNT3080. Based on the assumption
that CNT1015 is more prone to breakage and reduction in dimensions during high shear mixing, it is
expected that its aspect ratio will also decrease significantly after mixing. Whereas for CNT3080, its
final aspect ratio may be relatively higher than CNT1015 after mixing. As a result, the lower
resistivity of samples containing CNT3080 may be attributed to this reason. The higher aspect ratio of
CNT3080 can form a more efficient network for electron movement after mixing.
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Figure 5.16: Resistivity of powder mixtures of NMC with 2 wt% of carbon black C65, carbon nanotubes CNT1015
and CNT3080 subjected to 30 min mixing.
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5.9

Conclusions

Deagglomeration of carbon black involves a complex interplay of various process parameters and

material properties such as carbon black loading, mixing time and speed, with the selection of

appropriate characterisation methods. This chapter demonstrated the use of mechanofusion to control

carbon black deagglomeration as a method of tailoring film structures for short-range electrical

contacts. From the findings of this chapter, the following conclusions are drawn:

1.

The deagglomeration behaviour for nano-sized carbon black C65 with micron-sized NMC622
particles is highly dependent on the energy input, which is largely dictated by the mixing time
and speed. The general guidance is to provide sufficient energy to facilitate deagglomeration,
but only to a certain extent, so large agglomerate structures are retained.

Short mixing times result in a rough coating formed of aggregates of carbon black on NMC
and are generally favourable to achieving low resistivity for coated particles. The presence of
the carbon black attached to the NMC surface serves as short-range contacts, while the
remaining free carbon acts as “long-range” pathways. The selection of mixing speed depends

on the mixing time and carbon loading. This is related to the mixing efficiency.

Resistivity is influenced by carbon black properties such as BET surface area, OAN and Ip/lg.
For short mixing, the final resistivity is mainly influenced by the intrinsic resistivity dictated
by these properties. For long mixing, resistivity is influenced by the BET surface area and
Io/lg for both low and high structure level carbon blacks. Additionally, for low structure level
carbon black, the OAN must also be considered as dispersibility may contribute to the final
resistivity. Further work is required to study the interdependency of the different properties on

deagglomeration and final resistivity.

For non-conventional additives such as carbon nanotubes, the use of resistivity metrics to
evaluate deagglomeration may be useful. A more comprehensive study of the
deagglomeration mechanism of these conductive additives under intensive high-shear mixing

is needed to validate this approach.
The resistivity measurement is only applicable if the mixing process does not negatively

affect the active material. The findings also only apply to micron-sized active material and

nano-sized conductive additives.
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This chapter presents a different approach to characterising carbon black deagglomeration, departing
from conventional metrics, such as slurry properties and cell performance, for such analysis. A more
comprehensive understanding of the technical aspects associated with conductive additive dispersion
can serve as guidance to improve the efficiency of the battery manufacturing process. In practical
terms, for high power and energy density electrodes, only a minuscule amount (< 2 wt%) of carbon
black should be used to maximise active material content. Therefore, medium to high mixing speeds
with a short mixing time are preferred. However, coating formation on NMC particles can have
secondary implications on slurry and electrode properties, which dictate the final cell performance.
These are discussed in the next chapter, which explores the influence of these coated particles on

slurry and electrode microstructures and their electronic conductivities.
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Chapter 6 Designed Conductive Pathways Within
Cathode Slurries and Electrodes

6.1 Introduction

Mechanofusion has been demonstrated to effectively control carbon black deagglomeration and
facilitate the formation of carbon coatings on NMC. These carbon coatings function as film structures
that could potentially enhance the interfacial electronic conduction on the NMC surface. This can also
improve the overall conductivity of electrodes in combination with bridge structures. Powder
resistivity metrics indicate that only short dry mixing is necessary for low resistivity with low carbon
loadings in powder mixtures. This observation can be attributed to the optimal mix of small and large
carbon structures responsible for the short and long-range electronic conduction in powder mixtures.
However, the implications of these coatings extend beyond deagglomeration and could impact

downstream processing and the resulting slurry and electrode properties.

Building on the understanding of carbon black deagglomeration and film structures on NMC, this
chapter seeks to unravel the designed conductive pathways containing the two different electronic
pathway lengths through slurry and electrode properties. By altering the carbon black content in
mechanofusion dry mixing and wet slurry mixing, it is possible to control the combination of short
and long-range pathways within cathodes. This approach offers an opportunity to tailor the
distribution of conductive additives to promote the formation of film and bridge structures for
electronic conduction. In conventional industrial practice, cathode manufacturing relies on legacy
knowledge and know-how, usually developed through a trial-and-error approach due to the high
sensitivity of slurry mixing to variations in process parameters and material properties. Even minor
changes in formulations, such as varying carbon black loadings or altering particle properties through

coating formation, can significantly affect the slurry and final electrode properties.

This chapter aims to investigate the impact of designed conductive pathways containing short and
long-range electronic pathways on the formation of slurry and electrode structures. The objectives of

this chapter are to:

(1) investigate the slurry conductivity resulting from the designed electronic pathways;
(2) determine the film conductivity of electrodes with designed conductive pathways;

(3) evaluate the variation in electrode structures produced using coated particles.
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6.2 Experimental Design

Cathode slurries were prepared using a formulation of 96:2:2 wt% NMC622:C65:PVDF based on the
standard slurry mixing SOP as described in Section 3.3. Within this formulation, 2 wt% C65 refers to
carbon black that is added into the slurry mixture during wet slurry mixing. The term “free carbon” is
used to refer to the carbon black available in the slurry in the context of wet mixing in this chapter.
The total carbon loading chosen was 2 wt% as this loading has been well studied in the previous
chapters and provides a baseline comparable with conventional slurry mixed electrodes. To prepare
electrodes with varying distributions of the two electronic pathway lengths, the total carbon loading of
2 wt% was distributed accordingly across dry and wet mixing. The dry mixing conditions used for
mechanofusion for all samples were 2 min / 2300 rpm, as this was the lowest powder resistivity
obtained with short mixing for low carbon loadings, as demonstrated in Chapter 5. Three different
theoretical ratios of short and long-range pathways within electrodes were studied. The amount of
carbon black mixed in dry and wet mixing was determined based on this theoretical ratio of short and
long-range pathways, respectively.

Firstly, for short-range pathway dominated formulations, all 2 wt% C65 were dry mixed with NMC
using mechanofusion to form coatings that act as film structures for short-range contacts. The coated
particles were used to form a slurry with no additional C65 added during wet mixing. The slurry was
prepared based on the slurry mixing SOP for a 98:2 wt% formulation, as detailed in Section 3.3. For
equal distribution of short and long-range pathways electrodes, the total carbon loading of 2 wt% was
split equally between dry and wet mixing. 1 wt% C65 was dry mixed with NMC using mechanofusion
and then subjected to a standard wet mixing process, with the remaining 1 wt% C65 added into the
slurry. The slurry was prepared based on the slurry mixing SOP for a 96:2:2 wt% formulation. Lastly,
for a long-range pathway dominated electrode, 0.5 wt% C65 was dry mixed with NMC using
mechanofusion, with the remaining 1.5 wt% C65 added during wet mixing. Similarly, the slurry was
prepared based on the slurry mixing SOP for a 96:2:2 wt% formulation. The formulations studied are
shown in Table 6.1.

The experiment data sets with the amount of NMP solvent used for slurry preparation for each sample
are shown in Table 6.2. The amount of NMP required was estimated through trial and error, guided by
the gel behaviour of the slurry after mixing. The objective was to achieve a viscosity comparable to
that of a conventional slurry of the same formulation, by visual assessment. In general, the amount of
NMP used increases (i.e. lower solid concentration) with the presence of larger carbon black
structures and higher free carbon content. These properties are usually achieved when a lower fraction
of carbon black is dry mixed and/or when a shorter dry mixing time (i.e. 2 min) is used. For example,
for equal distribution of short and long-range pathways and long-range pathways dominated

electrodes, 60 % solid concentration was used for samples dry mixed for 2 min while 65 % solid
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concentration was used for samples dry mixed for 60 min. For short-range pathways dominated
electrodes, a solid concentration of 70 % was required to achieve a similar viscosity as the other
samples, likely due to a higher degree of deagglomeration in dry mixing relative to wet mixing and
the lack of free carbon within the slurry.

The electrochemical reaction mechanisms within the slurries were evaluated using electrochemical
impedance spectroscopy based on the methodology described in Section 3.4.8. Additionally, the slurry
electronic conductivity was also determined. For the electronic conductivity of electrodes, the four-

point method was used, as detailed in Section 3.4.9.

Table 6.1: Formulations with varying distributions of short and long-range pathways for wet slurry mixing.

Mechanofusion Wet Slurry Mixing Solid

Formulation Mixing Time C65 C65 Concentration

(min) (wt%o) (Wt%0) (%)

Short-range dominated 2 2 0 70

(100 % mechanofusion) 60 2 0 70

Equal distribution of ) 1 1 60
short and long-range
(50 % mechanofusion,

50 % slurry) 60 ! ! 65
Long-range dominated 2 0.5 15 60
(25 % mechanofusion,

Conventional wet mixing
(100 % slurry) i 0 2 60

Table 6.2: Experiment data sets.

Mechanofusion Wet Slurry Mixing

Formulation MiXing  \vce22  c65 | NMC622 C65 PVDF  NMP

Time ) @) ©) @ @ @
] g g g g g g
Short-range dominated 2 19.6 0.20 0 0 0.2 2.14
(100 % mechanofusion) 60 19.6 0.20 0 0 0.2 2.14
Equal distribution of 2 196 0.10 0 01 02 333
short and long-range
(50 % mechanofusion,

50 96 slurry) 60 19.6 0.10 0 0.1 0.2 2.7
Long-range dominated 2 19.6 0.05 0 0.15 0.2 3.33
(25 % mechanofusion,

Conventional wet mixing
(100 % slurry) - 0 0 19.6 0.2 0.2 3.33
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6.3 Electronic Conduction Within Slurries
6.3.1 Solvent Requirement for Slurries

During wet mixing, NMP plays a critical role, acting as a solvent to dissolve the PVDF binder and
facilitate higher active material loading. Carbon black is also electrostatically stable in NMP as they
are charged by a counterion from a dissociated surface group [160]. Additionally, NMP promotes the
formation of a uniform and stable slurry, ensuring even distribution of all materials throughout the
slurry mixture, which is critical for consistent electrode performance [79]. For a typical cathode
slurry, the recommended solid concentration is approximately 64 — 66% [160]. This concentration
range is ideal for the formation of flocculation bridges between the solid particles. In this scenario, the
conductive additive and binder are distributed evenly within the voids between NMC particles and on
the particle surfaces [160]. This distribution promotes the formation of both bridge and film
structures, along with a weak flocculation network structure that enhances the dispersion uniformity

and stability of the slurry.

A crucial parameter for achieving a uniform coating is the viscosity of the resulting slurry which is
directly affected by the solid concentration. Due to the high surface area of carbon black particles,
NMP solvent molecules adsorb onto these particles and become partially immobilised. This
phenomenon creates a resistance to flow, resulting in an increase in slurry viscosity. Additionally,
large carbon black structures possess a network of voids within their agglomerate structures that
contribute to trapping the solvent. These partially immobilised NMP molecules also result in an

overall increase in slurry viscosity.

Mechanofusion of carbon black leads to deagglomeration, which results in a decrease in the carbon
black structure level and free carbon content within the powder mixture. Consequently, using a
constant solid concentration of 60 % across slurries containing varying degrees of carbon black
structure levels and free carbon content from mechanofusion mixing results in a significant variation
in slurry viscosity. For instance, samples containing smaller carbon black structures and/or low free
carbon content will yield a lower viscosity due to the decreased ability of these carbon black to trap
the solvent within their voids. On the contrary, the presence of large carbon black structures and/or

high free carbon content can result in a highly viscous slurry as more solvent is immobilised.

The sequence of addition of materials is also important due to the different interactions that occur
during wet mixing [65], [161]. In conventional cathode slurry preparation, carbon black is first added
to a pre-dissolved PVDF-NMP mixture for dispersion, forming CB-PVDF clusters within the solvent.
This crucial step determines how the remaining components interact as mixing progresses.
Subsequently, when NMC is added to this mixture, the CB-PVDF clusters can adsorb to the NMC
surface to promote the formation of the CBD. Additionally, carbon black can also adsorb onto the

NMC surface. Reynolds et al. [133] investigated the viscoelastic behaviour of slurries and found that
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slurry mixtures of NMC+CB and NMC+CB+PVDF are vastly different. NMC+CB+PVDF slurries
exhibit higher viscoelasticity compared to slurries containing only NMC+CB, indicating that there is a
higher fraction of carbon black in the slurry that dictates its overall behaviour. PVDF was also
reported to have higher preferential adsorption onto the NMC surface and may partially displace CB
that is adsorbed to the NMC surface. The displaced carbon black becomes unbound, contributing to

the total free carbon in the slurry and resulting in its gel-type behaviour.

For coated particles, the carbon coating alters the interactions of the NMC particles with the other
slurry components. PVDF molecules can adsorb onto the carbon coating on the NMC surface but are
less likely to displace the carbon black that forms the coating. Due to the high compression forces
during mechanofusion, the carbon black particles have an intimate contact with the NMC surface.
This close proximity of the two particles results in the carbon black particles being held by strong van
der Waals forces. Consequently, the carbon coating is also sufficiently robust to withstand the high

shear forces experienced during dispersion in wet mixing.
6.3.2 Impedance Response of Slurries

Electronic conduction within a cathode slurry is directly related to the spatial arrangement and
distribution of the active material and conductive additives within the slurry structure. In particular,
efficient particle contact between these two different particles is critical to achieving high electronic
conductivity for the slurry. Through electrochemical impedance analysis, the slurry microstructure
and the electrochemical interactions occurring within can be studied. A typical Nyquist plot for
slurries, acquired through electrochemical impedance spectroscopy, is shown in Figure 6.1. In a
conventional cathode slurry, the Nyquist plot assumes a non-uniform (uncontrolled) distribution of the

active material and conductive additives within the slurry mixture.
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Figure 6.1: Nyquist plot of a typical NMP slurry containing an active material, conductive additive and polymeric
binder. Inset figure shows the shape of the Nyquist plot at the high frequency region.
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The Nyquist plot begins with a downward curve below the real Z’ axis at high frequencies with a
positive imaginary impedance value (Z”’). This characteristic behaviour suggests the presence of
inductive effects arising from the metallic elements within the experimental setup, such as the
connection wires and the electrode probe itself. Following this high-frequency region, a non-zero
ohmic resistance that intersects the real Z’ axis is observed. This ohmic resistance reflects the overall
electrochemical characteristics of the entire slurry sample, encompassing the combined resistances of
the solvent solution, the particles within the slurry system and the interfacial resistances present. It

provides an overall measure of the slurry’s resistance.

Following the ohmic resistance, the plot typically displays two unresolved semi-circles, each
corresponding to distinct resistance contributions within the slurry system. The first semi-circle is
often associated with the resistance of NMC particles within the slurry, representing the inherent
resistance within the particles. The second semi-circle is generally linked to the charge transfer
resistance at the electrode-electrolyte interface, which can be interpreted as the particle-solvent
interface in the context of a slurry. This resistance originates from the kinetic limitations involving
electron transfer between the NMC particles and the ions within the solvent. Lastly, an inclined spike
at low frequencies is observed, which is indicative of the solid-state diffusion of ions within the NMC
particles in the slurry.

By omitting the inductance response below the real Z’ axis, the Nyquist plot for a typical cathode
slurry can be described using a simplified electrical equivalent circuit as shown in Figure 6.2. In this
circuit, Rq represents the ohmic resistance that is associated with the bulk resistance arising from the
components within the slurry system (active material, conductive additive, binder and solvent). R,
represents the resistance of electronic conductive pathways formed by the particles within the system.
A constant phase element (CPE), CPE,, is fitted in parallel to account for the behaviour of a non-ideal
capacitor due to factors such as particle surface roughness and varying coating characteristics.
Similarly, R¢t and CPE are used to describe the charge transfer resistance and electrical double-layer
capacitance respectively. CPE accounts for the formation of the electrical double layer where ions
accumulate at a region close to the interface that can influence the capacitance. Lastly, CPE.gis

represents the solid-state diffusion that is associated with the particles within the system.

Rp Rct

CPEdIff  Gnd

Figure 6.2: Simplified electrical equivalent circuit for a conventional slurry.
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The Nyquist plot of a conventional wet mixing formulation is shown in Figure 6.3, whereas Figures
6.4 to 6.6 show the Nyquist plots of slurries containing carbon-coated NMC particles. The
introduction of coated particles into the slurry results in a change in the impedance response. Firstly,
for the long-range pathway dominated formulations, the Nyquist plots these formulations resemble
that of a conventional slurry, exhibiting two unresolved semi-circles with a diffusion line (Figure 6.4).
A rough coating with low coverage is likely present due to the relatively low amount of carbon black

(0.5 wt%) used during dry mixing.

As the proportion of long-range pathways decreases to 50% for equal distribution of short and long-
range formulations, the corresponding Nyquist plots in Figure 6.5 begin to show a subtle inflection
point (marked by red arrows) compared to the previous two long-range pathway dominated
formulations. These inflection points are associated with the charge transfer resistance. Assuming the
carbon coating formed during mechanofusion is sufficiently robust to withstand wet mixing and stays
intact after mixing, the formation of this additional carbon coating likely introduces a new interfacial
resistance, which contributes to the overall charge transfer resistance. This new interfacial resistance
is related to the pore resistance of the coating layer and also has an effect on the double-layer
capacitance.

The presence of the inflection point becomes more pronounced for short-range pathway dominated
formulations, as all the carbon black is dry mixed with NMC (Figure 6.6). As a result, the degree of
coating increases due to the greater amount of carbon black available for dry mixing, leading to a
decrease in the ratio of long-range pathways. Consequently, the second semi-circle, corresponding to

the charge transfer resistance, becomes increasingly resolved.

Although it is challenging to fully resolve the semi-circle to accurately determine the values of the
charge transfer resistance, the diameter of the semi-circle can serve as a rough indication of the charge
transfer resistance of the slurry system. The Nyquist plots shown in Figures 6.4 to 6.6 show that as the
fraction of carbon black that is added into dry mixing is increased, the diameter of the semi-circle also
increases. This increase in diameter likely reflects an increase in the charge transfer resistance within
the slurry systems. The charge transfer resistance originates from the interface between the particles
and the solvent, where the electrochemical reaction occurs. At this interface, electrons from the NMC
particles interact with the ions from the solvent. For effective electrochemical reactions to occur,
electrons from the particles must be readily available at the interface to react with the incoming ions.

An efficient transfer of these electrons and ions is crucial to maintain a low charge transfer resistance.
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Figure 6.3: Nyquist plot of a conventional slurry prepared using wet mixing where 2 wt% C65 was added during wet
mixing. Legends indicate the distance between the two contact electrodes (i.e. slurry height).
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Figure 6.4: Nyquist plot of a long-range pathway dominated slurry containing 1.5 wt% C65 as free carbon added
during wet mixing and 0.5 wt% C65 dry mixed with NMC for 2 min (left) and 60 min (right). Legends indicate the
distance between the two contact electrodes (i.e. slurry height).
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Figure 6.5: Nyquist plot of an equal distribution of short and long-range pathway slurry containing 1 wt% C65 as

free carbon added during wet mixing and 1 wt% C65 dry mixed with NMC for 2 min (left) and 60 min (right). The

inflection points are indicated by red arrows. Legends indicate the distance between the two contact electrodes (i.e.
slurry height).
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Figure 6.6: Nyquist plot of a short-range pathway dominated slurry containing 0.5 wt% C65 as free carbon added
during wet mixing and 1.5 wt% C65 dry mixed with NMC for 2 min (left) and 60 min (right). The inflection points
are indicated by red arrows. Legends indicate the distance between the two contact electrodes (i.e. slurry height).
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The presence of a coating layer creates a physical barrier for both ions and electrons (Figure 6.7). Due
to the variability in coating characteristics, including the differences in coating porosity, the coating
presents a more complex pathway for electron and ion movement. lons are required to travel a longer
and more tortuous path before reaching the active sites on the particle surface. Similarly, electrons are
also forced to travel an extended pathway as they move through the particle, followed by the coating

layer. However, the impact of the coating layer on ions and electrons may differ.
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Figure 6.7: Schematic depicting the change in pathway length for electron and ion movement with increasing coating
thickness.

Carbon black is a highly conductive material that can help mitigate the hindrance of electron transfer
due to its inherent conductivity. Thus, the effect on electronic conduction is less pronounced due to
the ease of electron movement through the conductive coating layer. Additionally, the surface area of
the NMC that is in contact with the solvent varies due to the different degrees of carbon black
deagglomeration and coating. With coating formation, it is likely that the contact surface area of NMC

with the solvent is low, which can further complicate charge transfer.

The main challenge lies with ionic conduction, as the coating layer exhibits significantly lower ionic
conductivity compared to the solvent. This disparity in ionic conductivity leads to the accumulation of
ions which results in a concentration gradient that affects the driving force for electron flow towards
the particle-solvent interface. The driving force for electron movement is the potential difference,
which drives electrons from high to low potential towards the interface to react with ions, facilitating
the charge transfer reaction. A high concentration of ions near the interface can partially neutralise the
potential difference due to the formation of an electrical double layer caused by the presence of a high
excess positive charge. The double layer reduces the overall potential gradient, decreasing the
likelihood of electrons flowing towards the interface and participating in the charge transfer reaction.

Ultimately, this results in increased charge transfer resistance.
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6.3.3  Slurry Conductivity

The ohmic resistance, representing the overall resistance of the slurry, can be determined from the
intersection of the Nyquist plot with the real Z’ axis. The slurry conductivity is then calculated using
Equation 3.7. Figures 6.3 to 6.6 show that as the slurry height decreases, the intersection point on the
real Z’ axis also decreases, causing the overall impedance response to shift to the left. This shift
indicates that as the slurry height decreases, the distance over which the current must travel through
the slurry is reduced. According to Ohm’s law and as demonstrated in Equation 3.7, a decrease in

distance (L) results in a corresponding decrease in resistance (R), as expressed in Equation 6.1:

Ryr = lé (6.1)
cgA
The conductivity of slurries is presented in Table 6.3. Overall, the slurry conductivity increases with
the addition of carbon black in wet mixing, as the free carbon content within the slurry increases. This
results in an increase in the theoretical long-range electronic pathways, where higher free carbon
content promotes the formation of CB-PVDF clusters that establish an interconnected conductive
network within slurries. For slurry samples containing NMC particles dry mixed with C65, those dry
mixed for 60 min exhibited higher conductivity compared to those mixed for only 2 min. This finding
contrasts with the trend observed in binary powder mixtures of NMC and CB, where powder
conductivity for samples dry mixed for 60 min is lower than those mixed for 2 min. This difference is
largely due to the absence of large carbon black structures essential for long-range conduction. The
discrepancy suggests for a slurry system, large carbon black structures are less critical to forming
conduction pathways, and the presence of carbon coatings on NMC particles enhances electron

transfer.

Table 6.3: Electronic conductivity of slurries containing 2 wt% C65 with varying distributions of short and long-
range pathways.

sllrry Formulation Mechanofusml_w Mixing Time Slurry Cond_lljctlwty
(min) (mS m™)
Short-range dominated 2 5.36+0.35
(100% mechanofusion) 60 6.16 + 0.25
Equal distribution of 2 9.35 + 0.35
short and long-range

(50% mechanofusion, 50% slurry) 60 10.94 £0.06
Long-range dominated 2 10.23+0.61
(25% mechanofusion, 75% slurry) 60 10.38 + 1.09
Conventional wet mixing ) 1726+ 0.75

(100% slurry)
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For powders, the formation of conductive pathways is influenced by the spatial arrangement of
particles and the interparticle contact within the binary powder mixture. The higher conductivity
observed in slurries containing samples dry mixed for 60 min indicates that conductivity is not solely
dependent on the interparticle contact between NMC and CB. PVDF adsorbs to NMC and also carbon
black to form CB-PVDF clusters. However, these clusters may not significantly enhance electronic
conduction unless they are in close proximity to NMC particles or make contact with other clusters
within the slurry. Thus, in a slurry system, conductive pathways rely not only on NMC particle-
particle contact but also on the interaction between CB-PVDF clusters and NMC particles.
Furthermore, the deposition of PVDF on NMC particles, or on the carbon coating on NMC, creates an

insulating polymer shell, which can impede electronic conduction.

The slurry conductivity for a conventional wet mixing formulation is 17.26 mS m™ This value
assumes a non-uniform distribution of carbon black in the slurry, with a smaller fraction of carbon
black deposited on the NMC surface, similar to that demonstrated in Section 4.3. A higher fraction of
carbon black is suspended in the slurry as CB-PVDF clusters, which enhances long-range electronic
conduction. Since PVDF has high preferential adsorption to NMC, it promotes closer proximity
between these clusters and the NMC surface. Consequently, the overall slurry conductivity is
primarily dictated by these clusters, analogous to bridge structures dictating the conductivity of
electrodes. These clusters form a more interconnected conduction network within the slurry system
compared to the carbon black directly deposited on the NMC surface, which requires a high degree of

particle-particle contact for electronic conduction.

As the fraction of carbon black dry mixed with NMC prior to slurry mixing increases, the free carbon
content within the slurry decreases. For long-range pathway dominated formulations, both slurries
with samples dry mixed for 2 and 60 min showed a similar conductivity of 10.23 and 10.38 mS m
respectively. The comparable values suggest that the free carbon within the slurry remains the
dominant factor controlling overall conductivity, as the free carbon content is significantly higher than
that for dry mixing. Therefore, the variations in the carbon coating resulting from different dry mixing
times are not apparent, and the overall conductivity is largely unaffected. For a long-range pathway
dominated formulation, the relatively high free carbon content results allow for more PVDF
adsorption to form CB-PVDF clusters. The low coating coverage of carbon black on the NMC surface
facilitates increased PVDF adsorption onto the NMC surface. Adsorption onto the uncoated NMC
surface can partially displace carbon black that was deposited during wet mixing, redistributing it

back into the slurry.

For formulations with equal distribution of short and long-range pathways, the total carbon loading of
2 wt% was divided equally between dry and wet mixing. The slurry conductivity with samples dry

mixed for 2 min is 9.35 mS m* whereas that of samples dry mixed for 60 min is 10.94 mS m™. The
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discrepancy in conductivity values suggests that an increase in the fraction of carbon black in dry
mixing enhances the impact of short-range electrical contacts. It is known that for a binary powder
mixture of NMC and C65, mixing for a longer period of time results in a higher degree of
deagglomeration, which reduces the free carbon after mixing and produces smaller free carbon black
structures. However, this also leads to an increase in the amount of carbon black adhering to the NMC
surface as a conductive carbon coating. The higher slurry conductivity for the 60 min samples
suggests that the carbon coating around NMC particles is beneficial to establishing electronic
pathways within a slurry system. This is due to the decrease in free carbon content in wet mixing,
which reduces the formation of long-range pathways, making the carbon coating more efficient in
facilitating electronic conduction. This increased ease in establishing conductive pathways contrasts
with the 2 min samples, where larger carbon black structures and more free carbon are retained after
dry mixing but with a lower degree of coating of carbon black on the NMC surface. While the free
carbon after dry mixing can contribute to cluster formation, their small structures limit the cluster

sizes and their ability to form extensive conduction pathways.

For formulations designed to have an equal distribution of short and long-range pathways, PVDF can
adsorb to both the free carbon black within the slurry and the carbon coating on the NMC surface.
Since a higher degree of coating is achieved for samples mixed for 60 min compared to 2 min, more
carbon black is coated onto NMC. This may increase the probability of PVDF adsorption onto the
surface of these carbon-coated NMC particles. However, the higher conductivity for 60 min samples
shows that a higher coating coverage enhances electron transfer even though there is an increased
probability of forming the insulating layer on the carbon coating surface. The competition for PVDF
between the carbon coating and the free carbon black can help limit the formation of the insulating
barrier. Therefore, the combination of a conductive carbon coating on NMC particles and the
competition for PVDF resulting in less adsorption on carbon coating overall enhances conduction.
The presence of the CB-PVDF clusters formed from the free carbon can also contribute to the overall

conductivity.

For short-range pathway-dominated formulations, the difference in slurry conductivity between
samples dry mixed for 2 min and 60 min becomes more pronounced. The slurry conductivity with
samples dry mixed for 2 and 60 min is 5.36 mS m™ and 6.16 mS m™ respectively. This lower
conductivity compared to other formulations is due to the substantial reduction in free carbon within
the slurry. A large fraction of the carbon black is coated onto the NMC surface as all carbon black is
added in dry mixing. Without any additional free carbon added during wet mixing, PVDF
predominantly adsorbs onto the carbon coating on NMC particles. This results in an insulating
polymer shell that impedes electron transfer and thus reduces the slurry conductivity. The effective
formation of conductive pathways in this system depends on both NMC particle-particle contact and

the presence of the small CB-PVDF clusters near the NMC surface. The low free carbon content after
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dry mixing and smaller carbon black structures result in fewer clusters and smaller cluster sizes,
further limiting conductivity. Conversely, for samples mixed for 60 min, the high carbon coating
coverage enhances electronic conduction. Although the number of clusters available is low, the
increased probability of NMC particle-particle contact through the conductive coating is higher,
which facilitates better conduction and results in higher conductivity.

6.4 Electronic Conduction Within Electrodes
6.4.1 Implications of Coated Particles on Electrode Formation

From the previous section, it is evident that the formation of a carbon coating on NMC particles
significantly influences both the mixing interactions and resulting slurry microstructure, thereby
affecting the slurry conductivity. Consequently, this alteration impacts the final electrode
microstructure and associated CBD structures. The high surface area of carbon black relative to NMC
particles leads to increased adsorption of PVDF onto carbon black particles. When PVDF adsorbs
onto carbon black particles that are immobilized as coatings on the NMC, there is a reduction in the
PVDF available for adsorption onto the free carbon in the slurry. This change in PVDF availability
affects the slurry viscosity, as evidenced by the requirement for different solid concentrations to
achieve stable viscosity in samples with varying carbon black structures and free carbon content, as
discussed in Section 6.2.

The drying process of slurries also plays a crucial role in shaping the final electrode microstructure,
particularly in the formation of the CBD, which can significantly impact electronic conductivity. A
primary concern during drying is the occurrence of carbon binder migration. NMP is removed from
the slurries through solvent evaporation to form a solid electrode film. PVDF binder molecules that
are dissolved within the solvent migrate upwards, along the direction of solvent flow, and accumulate
in the upper region of the electrode. Since PVDF binder molecules are adsorbed to the free carbon to
form CB-PVDF clusters within the slurry, solvent drag can also result in the migration of carbon black
particles. In an initially homogenous slurry, this can introduce homogeneity into the final electrode
microstructure, potentially leading to a carbon-poor region at the bottom of the electrode as the carbon
black migrates upwards. This uneven distribution of the slurry components can further destabilise the
slurry suspension and lead to sedimentation of the heavier NMC particles, further contributing to

electrode homogeneity.

During drying, the slurry undergoes aggregation, where the particles, binder and solvent coalesce to
form a semi-solid state [39]. As solvent evaporation progresses, a solid layer forms at the top of the
coated slurry film. This consolidation layer continues to grow as solvent evaporation continues,
during which carbon binder migration takes place. Eventually, the film shrinks further, and any
remaining solvent in the pores is removed. The final solid electrode is formed as all the components,

originally within the wet film, come into contact. During solvent evaporation, capillary effects can
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occur where surface tension draws the remaining solvent, along with the CB-PVDF clusters, into the
small voids between the NMC particles. Upon the completion of the drying process, the presence of
these clusters is essential to the formation of bridge structures between the voids of NMC particles.
Variations in PVDF adsorption behaviour and the final location where PVDF is adsorbed can
influence the drying process, affecting the overall conductivity of the electrode film. This
phenomenon is explored in subsequent sections, where the influence of coated particles on PVDF

adsorption and the final electrode conductivity is investigated.
6.4.1 Four-Point Method for Electrode Film Conductivity

The four-point method measures the in-plane conductivity of the electrode film. The in-plane
conductivity refers to the current that travels parallel to the surface of the electrode film, providing
insights into the distribution of the conductive pathways across the plane [49]. However, this method
was originally developed to investigate the conductivities of thin films with thicknesses of less than 1
um [162]. For electrode films with a thickness significantly greater than 1 um, the measured

conductivity represents the conductivity of the upper region of the electrode.

The four-point method is more sensitive to the compositional changes in conductive additives along
the parallel direction of the electrode. The measured conductivity can vary based on the electrode area
in contact with the contact probes. Although this technique does not fully capture the through-plane
conductivity of the electrodes, it still provides a useful comparative analysis between electrodes of
different formulations to study the CBD structures and conductive pathways formed within the
electrodes. Such comparative analysis can provide insights into the formation and distribution of the

CBD structures within the electrode and their influence on the overall conductivity.

Since the CBD distribution can vary across the plane parallel to the film, measurements were taken at
five different positions on a single electrode film. The probes are typically in contact with the centre
of the electrode film. The electrode film was then rotated to ensure that the probes were in contact
with different areas of the electrode. The respective film conductivities determined using the four-

point method are shown in Table 6.4.

For comparison purposes, the film conductivity of a conventional long-range dominated electrode
with 1 wt% C65 was also provided as 1.0 S m* (measured by Dr Xuesong Lu, University of
Sheffield). Additionally, to discuss the electrode and CBD structures formed, an SEM micrograph of a
conventional 2 wt% C65 electrode is also provided in Figure 6.8 (supplementary SEM micrographs
provided in Appendix A.5). This approach allows for a more detailed understanding of how the
conductive additives and the corresponding CBD structures are distributed within the electrode and is

crucial for optimising the electrode design and performance with these coated active materials.
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Table 6.4: Electronic conductivity of electrodes containing 2 wt% C65 with varying distributions of short and long-
range pathways.

Electrode Formulation Mechanofusmr_l Mixing Time Film Cond_llJctlwty
(min) (Sm)
Short-range dominated 2 0.050 + 0.008
(100 % mechanofusion) 60 0.010 + 0.001
Equal distribution of 2 0.289 + 0.054
short and long-range
(50 % mechanofusion, 50 % slurry) 60 0.356 + 0.056
Long-range dominated 2 1.168 £0.150
(25 % mechanofusion, 75 % slurry) 60 1 653 + 0.309
Conventional wet mixing ] 5206 4 0.350

(100 % slurry)
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Figure 6.8: SEM micrograph (top view) of a conventional wet slurry mixed electrode with 2 wt% C65.
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6.4.3 Short-Range Pathway Dominated Electrodes

The film conductivities for electrodes with short-range pathway dominated structures reveal a poor
electronic conduction network within electrodes. Electrodes containing samples dry mixed for 2 min
and 60 min showed film conductivities of 0.05 and 0.01 S m? respectively. These values are
significantly lower compared to a conventional wet slurry mixed electrode with an identical carbon
loading of 2 wt% C65, which exhibits a conductivity of 2.206 S m™. For both these samples, all 2
wt% of C65 was dry mixed, leading to deagglomeration and a fraction of carbon black participates in
coating formation onto NMC to form the film structure. The remaining free carbon black after wet

mixing exists as smaller structures and is further dispersed during wet mixing.

The immobilised carbon black on the NMC surface does not contribute to gel formation, as
demonstrated in Section 4.7.2 and supported by several studies where carbon-coated NMC particles
exhibit behaviour similar to pristine NMC particles [42], [133]. SEM micrographs (Figure 6.9) reveal
that most of the NMC particles exhibit a similar surface morphology, characterised by a rough coating
with small carbon black structures. In contrast to conventional electrodes, the typical framboidal
texture of the NMC particle surface is no longer visible. This may indicate that the film structures on
NMC particles established by mechanofusion have better coverage and distribution. However, this
carbon coating may not be entirely beneficial as PVDF adsorption can result in an insulating polymer
shell around the carbon coating [42]. This insulating layer blocks electron transfer between the

surrounding electronic networks and other coated NMC particles.

The low conductivity of short-range pathway dominated electrodes indicates that conduction is still
possible, but there is a lack of an interconnected electronic network within the electrode structure. The
unbound carbon from mechanofusion acts as the free carbon during wet mixing, which may facilitate
the formation of bridge structures to a certain degree. There are two mechanisms for electronic
conduction within the short-range pathway dominated electrode structures. Firstly, the bridge
structures formed from the low free carbon content can contribute to electron movement. These bridge
structures are less effective as they only appear in certain regions of the electrodes to connect NMC
particles. In addition, electron movement can also be facilitated by the carbon black on the NMC
surface (i.e. film structures), where the carbon coating is not fully covered by the insulating binder
layer. For film structures, NMC particles must be in contact with each other for electron conduction or
in close proximity for electron hopping to occur. SEM micrographs of these electrodes further confirm
that there are very few bridge structures present compared to a conventional electrode. The bridge
structures are also relatively small and span across one or two NMC particles (Figure 6.9a). This is in
contrast with conventional electrodes, where the bridge structures are much more complex and span

across several NMC particles with a high coverage on the particle surfaces (Figure 6.7).

135



When NMC and C65 are subjected to prolonged mechanofusion mixing at 60 min, a higher degree of
deagglomeration is achieved, resulting in free carbon with small structures. The lower number and
smaller size of CB-PVDF clusters formed in the slurry results in a lower probability of forming bridge
structures for long-range conduction. Even though some bridge structures might be present, they do
not significantly improve electronic conductivity due to their inability to connect NMC particles to
form an efficient conduction network. This explains the variation of conductivity where samples
mixed for 60 min exhibit lower conductivity than those mixed for 2 min. This is also supported by the
lack of visible bridge structures in these electrodes in the SEM micrograph shown in Figure 6.9b.

Supplementary SEM micrographs can be found in Appendix A.6.
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Figure 6.9: SEM micrograph (top view) of short-range pathway dominated electrodes containing NMC particles dry
mixed with 2 wt% C65 for (a) 2 min and (b) 60 min.
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6.4.4 Equal Distribution of Short and Long-Range Pathway Electrodes

As the fraction of carbon black added to wet mixing increases to 50%, a slight increase in the
electronic conductivity of electrode films is observed. Electrode films with samples dry mixed for 2
and 60 min showed conductivities of 0.29 and 0.36 S m* respectively. Within this formulation, a
decrease in carbon content for mechanofusion (1 wt% C65) likely leads to relatively lower coverage
and smaller free carbon structures compared to that in short-range dominated formulations. This is
due to the increased specific energy input experienced by the lower number of carbon black particles
during mechanofusion. Additionally, the increase in free carbon content in wet mixing increases the
ability to form bridge structures. Therefore, it is expected that the conductivity of the NMC particles
will be enhanced with carbon coatings, and the increase in bridge structures will improve the overall
electrode conductivity.

For samples dry mixed for 2 min, the coating is expected to be less distributed, while free carbon
structures are relatively large due to less deagglomeration. Free carbon can, therefore, attach to the
uncoated NMC surface during wet mixing. Since PVDF has higher preferential adsorption for NMC,
it can adsorb to the NMC surface to displace these carbon black back into the slurry to increase the
total free carbon available for CB-PVDF cluster formation. The PVDF can also interact with the
carbon black coating on the NMC surface but does not affect the total free carbon content in the
slurry. The carbon black displacement by PVDF on the NMC surface should theoretically result in a
higher probability of forming bridge structures and, eventually, an interconnected electronic network.

However, this is not entirely the case, as indicated by the low electrode film conductivities.

SEM micrographs of samples dry mixed for 2 and 60 min show that when 1 wt% C65 is added during
wet mixing, the resulting electrodes begin to exhibit an increase in bridge structures (Figure 6.10).
However, these bridge structures are only found in certain regions, indicating an uneven distribution
or insufficient bridge structures established for an interconnected network. These SEM micrographs
also highlight the substantial difference in the size and distribution of the bridge structures. For
samples dry mixed for 2 min, bridge structures are relatively large and concentrated in specific
regions, rather than spread across the entire field of view (Figure 6.10a). Conversely, Figure 6.10b
shows that smaller bridge structures are obtained with samples dry mixed for 60 min, with a better
distribution of bridge structures across the whole field of view. This is likely the reason why a slightly
higher conductivity was obtained for these samples. The improved distribution of bridge structures
can better facilitate electronic conduction across the entire electrode structure. The difference in size
and distribution of these bridge structures is also related to the degree of deagglomeration of carbon
black particles caused by mechanofusion, as discussed in Section 6.4.3. Smaller carbon black
structures from prolonged dry mixing, followed by further dispersion in wet mixing can result in the

formation of small CB-PVDF clusters but in higher numbers. This then results in small bridge
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structures with better distribution across the electrode structure upon drying. Supplementary SEM

micrographs can be found in Appendix A.7.

Although these electrode films show an increase in conductivity compared to the short-range pathway
dominated electrode films, their conductivities are still very low. The total carbon content of these
electrode films is 2 wt%, with an equal loading of 1 wt% C65 added during both dry and wet mixing.
For a similar conventional wet slurry mixed electrode, where the total carbon content of 1 wt% is
added during wet mixing as free carbon, the conductivity is 1.0 S mL. This shows that these electrode
films still have a significantly lower conductivity compared to a conventional electrode. This
difference in conductivity further confirms that the carbon-coated NMC particles influence the
interactions between the components in wet mixing and the subsequent CBD formation. It also shows
that the bridge structures formed are not as efficient as those in conventional electrodes.

The competition for PVDF between the carbon coating and free carbon within the slurry may result in
a more localised distribution of the PVDF, which is mainly concentrated either on the carbon coating
on the surface of NMC particles or with the free carbon within the slurry to form carbon black-PVDF
clusters. With increased coating coverage, the inability of PVDF to adsorb onto the NMC surface also
results in the decreased proximity of the CB-PVDF clusters with NMC particles. Since there is less
PVDF available to adsorb to the free carbon, the extent of carbon migration is also affected. Although
this may be beneficial to the homogeneity of the electrodes, the bridge structures present within the

electrode, formed from these clusters, are likely not localised next to the NMC surface.

Solvent evaporation does not affect these immobilised carbon black particles on the NMC surface.
Only the free carbon migrates together with the adsorbed PVDF dissolved within the solvent. As such,
the decreased availability of PVDF to form CB-PVDF clusters may result in a decreased amount of
these clusters available to be drawn towards the voids between NMC particles by capillary action.
Consequently, this results in fewer bridge structures within the voids to connect NMC particles upon
drying. Ultimately, the lack of sufficient bridge structures between NMC particles and the insulating
layer on the coated NMC particles limits the ability for electron movement and overall results in low

electrode conductivity.
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Figure 6.10: SEM micrographs (top view) of equal distribution of short and long-range pathway electrodes where 1
wt% C65 was dry mixed with NMC622 for (a) 2 min and (b) 60 min. The remaining 1 wt% of C65 was added during
wet mixing.
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6.4.5 Long-Range Pathway Dominated Electrodes

The electrode conductivity and structural characteristics observed from the previous two formulations
with designed conductive pathways suggest that while a conductive carbon coating may be beneficial
to electron conduction, the presence of free carbon during wet mixing is crucial for establishing long-
range electronic conduction. For electrodes with a long-range pathway dominated formulation, a large
increase in the film conductivity was observed when the free carbon content was increased to 1.5
wt%. Specifically, electrodes with samples dry mixed for 2 min exhibited a conductivity of 1.168 S m"
1 whereas electrodes with samples dry mixed for 60 min showed a substantial increase in conductivity
t0 1.653 Sm™,

SEM micrographs of these electrodes reveal a significant increase in the characteristic “fluffy, sponge-
like” CBD structure observed in a conventional wet slurry mixed electrode (Figure 6.11). The typical
framboidal texture of the NMC surface is also more apparent in these electrodes, indicating a reduced
carbon coating coverage on the NMC surface due to the lower carbon loading for dry mixing. Based
on the SEM micrographs, there are no substantial differences in the distribution and size of the bridge
structures that can be identified by visual inspection compared to a conventional electrode. However,
the higher electrode conductivity with samples mixed for 60 min can be attributed to a similar
rationale where a higher coating coverage can enhance the electronic network. Supplementary SEM

micrographs can be found in Appendix A.8.

As the coating coverage increases, the likelihood of contact with the conductive coating is also higher,
leading to an increase in conductivity. This improvement is due to an increased probability of bridge
structures establishing contact with the conductive coating instead of the uncoated NMC surface,
which exhibits lower conductivity. Similarly, with a rough coating, PVDF has a higher probability of
interaction with the NMC surface during wet mixing due to less coating coverage. This allows a

higher fraction of free carbon attached to the NMC to be displaced back into the slurry.

Despite observed improvements in the electronic conductivity with increased free carbon content, the
conductivities of these electrodes remain lower than that of a conventional electrode, which exhibits a
conductivity of 2.206 S m* This discrepancy can be attributed to the availability of free carbon
influencing the adsorption behaviour of PVDF during slurry mixing and subsequent drying behaviour,
as discussed previously. Thus, even a small fraction of carbon coating on NMC particles can result in
this effect.

While the increase in bridge structures does enhance the electronic conductivity, the benefits of short-
range contacts are not fully realised due to the non-uniform distribution of carbon black on the rough
coating. This non-uniform distribution might impede the establishment of an interconnected network,
as the bridge structures need to be in contact with regions where the rough carbon coating is present to

benefit from enhanced short-range conduction. Given the lower free carbon content compared to
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conventional electrodes, the bridge structures must therefore be in direct contact with the film
structures to maintain the electronic network. However, the probability of achieving optimal contact
between the bridge and film structures is currently uncontrolled, leading to suboptimal conductivity.
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Figure 6.11: SEM micrographs (top view) of long-range dominated pathway electrodes where 0.5 wt% C65 was dry
mixed with NMC622 for (a) 2 min and (b) 60 min. The remaining 1.5 wt% of C65 was added during wet mixing.
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6.4.6 Summary

This study demonstrates that both the presence and spatial distribution of carbon black, along with the
interactions with PVDF in wet mixing, critically affect the electrode properties. In conventional
slurries, PVDF preferentially adsorbs to NMC particles while also adsorbing significantly to carbon
black due to their high surface area (Figure 6.12a). The displacement of carbon black by PVDF on
NMC surface enhances the free carbon content to promote the formation of CB-PVDF clusters,

forming bridge structures in the voids between NMC particles for long-range conduction.

Figure 6.12b illustrates the slurry film microstructure during drying with coated particles in the slurry.
When NMC particles are coated with carbon black, PVDF adsorption behaviour changes. The coating
competes with free carbon for PVDF and reduces the amount of PVDF available for CB-PVDF
cluster formation. Increased coating coverage, typically achieved by higher carbon loading for dry
mixing, further contributes to this issue by lowering the free carbon content within the slurry.
Additionally, prolonged dry mixing produces small free carbon structures, combined with PVDF
competition, leading to fewer and smaller CB-PVDF clusters formed. This reduction results in fewer
clusters available to be drawn into the voids between NMC via capillary action during drying. The
increased coating coverage can also promote the formation of a complete insulating layer and further
impede electronic conduction (Figure 6.12c). As a result, the final electrode lacks sufficient bridge
structures and the presence of the insulating layer disrupts the conductive network between NMC

particles.

‘!6'./
g
- =A%,
%
i Y
té‘ ‘.g.'. . n -;
‘e k] D U= $ v )

‘D Active material Carbon black . Polymer binder D Solvent ‘

Figure 6.12: Schematic depicting the microstructure of the semi-solid slurry film during drying and the variation in
the distribution of PVVDF, and CB-PVDF clusters within the slurry and in the voids between NMC due to capillary
action. (a) Conventional wet mixed slurry, (b) slurry with low coating coverage particles, (c) slurry with high coating
coverage particles.
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6.5

Conclusions

By systematically adjusting the carbon loading during both dry and wet mixing, it is possible to

control the theoretical ratio of short and long-range pathways within electrodes. This chapter

demonstrated the practicality of producing electrodes with various ratios of the two electronic

conductive pathway lengths and their impact on slurry and electrode conductivity. From the findings

of this chapter, the following conclusions are drawn:

1.

The variation in the degree of carbon coating on NMC particles greatly influences both slurry
and electrode microstructures, leading to substantial differences in electronic conductivities.
All formulations with designed conductive pathways exhibit lower conductivities compared

to conventional wet mixing.

Increased carbon content in dry mixing increases the coverage of the coating on NMC
particles, which introduces additional resistance to ionic conduction due to the increased
tortuosity of the pathways. However, electronic conduction remains largely unaffected due to

the conductive nature of the carbon coating.

Slurry and electrode conductivity decreases as the ratio of short-range pathways increases due
to lower free carbon content within the slurry formulation. Electronic conductivity in both
systems is dominated by long-range conduction, facilitated by CB-PVDF clusters in slurries
and bridge structures in electrodes. Higher coating coverage improves conductivity in the
absence of CB-PVDF clusters by promoting better particle-particle contact in regions with

enhanced conductivity.

The presence of the carbon coating on NMC alters the PVDF adsorption and drying
behaviour. The competition for PVDF between the carbon coating and free carbon affects CB-
PVDF cluster formation. As the ratio of short-range pathways increases, the number and size

of these clusters formed within the slurry decreases due to the reduced availability of PVDF.

A decrease in CB-PVDF cluster formation limits the number of clusters available to migrate
into voids between NMC particles via capillary action during drying. This leads to fewer
bridge structures formed upon drying, resulting in an inefficient conduction network and the

disruption in electronic conductivity within the small voids between NMC particles.
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Chapter 7 Conclusions and Outlook

7.1 Conclusions

This thesis introduces a novel manufacturing and design-led approach to address the critical gap of
controlling conductive additive distribution for electrode microstructure design in battery research.
For the first time, particle engineering approaches through coating formation on NMC particles were
used to facilitate the engineering of conductive pathways within electrodes. By adapting a high-shear
dry mixing technique, mechanofusion, from the pharmaceutical industry, this work demonstrates a
method to control the formation of CBD structures within electrodes. Through this approach, the
objectives achieved include controlling the formation of CBD film structures, developing powder
metrics to evaluate conductive additive dispersion and evaluating the resulting slurry and electrode
microstructures and conductivity. These findings expand on the current understanding of electronic

conduction pathways and enable the design of advanced 3D electrode architectures.

Mechanofusion was demonstrated as an effective technique for controlling film structure formation on
NMC particles, a task that is challenging to achieve in conventional wet slurry mixing. Various
coating characteristics such as rough or smooth morphologies, coating coverage and thickness and the
carbon black structures on the coating were explored. Rough coatings are likely to be preferable for
electrolyte infiltration, although a smooth coating with appropriate porosity may also facilitate this
process. Particle analysis suggests that carbon black deagglomeration and coating formation on NMC
are impacted by mixing parameters and carbon black loading in mechanofusion. However, precise
guantification of the free carbon content still remains a challenge due to the interplay of free carbon

content and changes in carbon black structures in characterisation methods.

A common two-point resistivity method was adapted to assess carbon black deagglomeration
behaviour in mechanofusion, departing from traditional analysis methods such as slurry and electrode
properties that require significant experimental effort. The study revealed that for a system with
micron-sized NMC622 and nano-sized carbon black C65, carbon black deagglomeration is highly
dependent on the energy input. This is primarily controlled by the mixing time and speed and
influenced by the carbon loading. Only a short mixing time is required to yield powder mixtures with
low bulk resistivity, indicating that a low degree of deagglomeration is favourable. This further
implies that only a small portion of deagglomerated carbon black structures is needed, with the
remaining carbon black predominantly retaining its large structure for long-range electronic
conduction. Resistivity is also affected by carbon black properties (i.e. surface area, structure level
and graphitic character) and is dependent on the mixing. The complex interplay of these properties

requires further investigation. For non-conventional additives such as carbon nanotubes, their
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deagglomeration mechanism under high shear mixing must first be understood before this technique

can be applied to study their deagglomeration behaviour.

Lastly, the use of carbon-coated NMC particles to produce designed conductive pathways within
electrodes was investigated. By systematically varying the carbon content for mechanofusion dry
mixing and wet slurry mixing, formulations with different theoretical ratios of short and long-range
pathways were designed. This approach effectively manipulated the slurry and electrode
microstructure. Increased coverage of carbon coating introduces additional charge transfer resistance
due to increased tortuosity of ionic pathways within the coating layer, while electronic conduction is
maintained due to the conductive nature of the coating. The characteristics of the CBD structures
within electrodes also differed, including the distribution and size of bridge structures and the
distribution and coverage of film structures on NMC particles. The findings reinforce the dominance
of long-range conduction in both slurries and electrodes, facilitated by CB-PVDF clusters and bridge
structures respectively. Additionally, the coated particles significantly impact slurry mixing
interactions and drying behaviour. Specifically, carbon migration resulting from PVDF competition
between free carbon and the carbon coating results in differences in the size and distribution of bridge
structures due to decreased CB-PVDF clusters available for capillary action. Although these designed
pathways currently exhibit lower electronic conductivity compared to conventional methods, they
hold the potential to enhance short-range contacts at the nanoscale on the NMC surface. Further
optimisation of the downstream processes, through a comprehensive understanding of changes in

mixing interactions and drying behaviours, is needed to fully realise to unlock the potential benefits.

This thesis underscores the potential for controlling the spatial distribution of conductive additives
within lithium-ion battery electrodes. Although the initial electronic conductivity of the designed
electrode architectures has yet to surpass conventional methods, this research highlights the
significant impact of active material pre-processing on downstream processes. By manipulating the
distribution of conductive additives, coated particles can alter slurry properties such as rheology and
homogeneity, ultimately affecting electrode structures and conduction networks. The findings present
a practical investigation into theoretical electronic pathway design, emphasising the increased control
of carbon black distribution via coating formation. This work lays the groundwork for developing

more efficient and effective use of conductive additives at various length scales within electrodes.
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7.2 Future Work

This work presents a wide scope for future research to investigate the interconnection of the process
parameters and product properties at individual manufacturing stages. One key recommendation is to
increase the use of in-line metrology to provide valuable insights into these relationships. Establishing
a comprehensive process-structure-performance relationship is crucial to unlock the potential of next-
generation electrode manufacturing. To fully realise the potential of designed conductive pathways

and 3D architecture within electrodes, future research should also prioritise several key areas.

With the growing traction of dry processing, another recommendation is to address the unique
challenges of carbon black dispersion, which differs substantially from wet mixing. Optimising
mechanofusion process parameters through a mechanistic understanding is crucial for achieving fine
control over carbon coating characteristics. Additional parameters, such as the blade geometry and
blade gap, where particle interactions occur, should be studied. Different blade configurations may
have an influence on coating uniformity and the blade gap may produce different shear gradients and
mixing profiles. Here, the development of dimensionless relationships, such as the Froude tool
number described in Chapter 5, using the Buckingham-Pi Theorem, would be useful to describe dry
mixing flow behaviours. This understanding could enable the prediction of optimal mixing conditions
through energy input based on desired particle properties. Such relationships can also be used to
develop regime maps to guide the selection of parameters that yield desired properties for coated
particles. The prerequisite is that two relevant dimensionless numbers that capture the material,
product and mixing characteristics must be identified. Currently, to the best of our knowledge, this is
still absent in literature for such systems, i.e. micron-sized NMC and nano-sized carbon black, with
simultaneous deagglomeration and coating formation. As deagglomeration and coating are the main
aims of the mechanofusion process, dimensionless relationships revolving around these two processes
may be useful. For deagglomeration, one could design a dimensionless number relating carbon black
particles' cohesive strength to the shear forces generated during mechanofusion to predict if
deagglomeration may occur and to what extent. As for coating formation, it might be useful to relate
the compression forces induced by mechanofusion and interparticle forces that may act against it to

inhibit coating formation.

A further recommendation is the development of methods for precise quantitative analysis of free
carbon content can serve as an indicator of mixing efficiency. Separation of unbound, free carbon,
potentially using size-based separation techniques, followed by characterisation through rheometry or
thermogravimetric analysis (TGA) may be useful (as shown in Chapter 4). However, the range in
sizes of free carbon particles may pose difficulties in the selection of appropriate separation
techniques. The difference in density between free carbon particles and carbon-coated NMC particles

could potentially enable density-based separation techniques such as cyclones. Care must be taken to
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ensure free carbon structures are not significantly modified during the separation process if free

carbon structures are also a focus of the study.

Another important recommendation is to refine downstream processes to ensure compatibility with
dry or low-solvent processing. Advanced characterisation techniques are essential for understanding
the complex relationship between coated particles, slurry properties, drying behaviour and final
electrode structures. Rheology provides information on the flow properties of slurries and provides
insights into how viscosity and shear response may impact coating uniformity. Spectroscopy
techniques such as Fourier-Transform Infrared Spectroscopy (FTIR) or X-ray photoelectron
spectroscopy (XPS) can provide insights into slurry homogeneity. By analysing the surface chemistry
and bonding interactions between materials, these techniques may be useful to investigate particle
dispersion and stability within the slurry. Such techniques may be useful to study the competition for
PVDF between free and immobilised carbon black, leading to variations in CB-PVDF clusters
available for carbon migration during drying, as discussed in Chapter 6. 3D tomography allows non-
destructive visualisation of the internal particle or electrode structures and can reveal the subtle
differences in the distribution of conductive additives within coatings on particles or CBD structures
in electrodes. Cross-sectional analysis may be useful to offer high-resolution images of coating layers
and particle interfaces. This is usually carried out through cross-sectioning techniques such as focused
ion beam (FIB) milling or microtoming coupled with SEM or TEM analysis. Mercury intrusion
porosimetry (MIP) can also quantify pore size distributions within the electrode, highlighting the

differences caused by the designed conductive pathways to study ionic conductivity.

The exploration of innovative electrode architectures and conductive additives is also strongly
recommended. Research should focus on the use of different carbon blacks that are more suited to dry
mixing, or even unconventional conductive carbon allotropes (e.g. carbon nanotubes, graphene,
carbon nanofibers etc.) that may have synergistic effects and enhance conductive pathways.
Ultimately, electrochemical performance is the key metric for real-world applications. High-rate
cycling tests will reveal the extent to which these electrodes with designed architecture offer any
performance enhancements compared to conventional electrodes. EIS can also be used to study the
underlying mechanisms (i.e. electronic, ionic and charge transfer behaviours) to complement the

electrochemical results.

Scalability is another critical area of focus for advancing dry processing from lab-scale research to
industrial production. Mechanofusion as a dry process offers significant advantages, including
improved control over coating uniformity due to smaller interaction spaces and reduced dependence
on bulk flow dynamics. These features simplify scale-up, making the transition more predictable and
reducing variability. Commercially available large-scale mixers, such as those by Hosokawa Micron

and Eirich, further support scalability with well-established scale-up studies. Additionally, dry
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processing can improve energy efficiency by eliminating the need for solvent evaporation and
recovery, though challenges like heat management, cooling demands, consistent energy input and
effective material handling must be addressed. Maintaining electrode mechanical stability, particularly
to prevent cracking during calendering, is also critical to achieving consistent quality and efficiency at
industrial scales. Cost constraints associated with retrofitting existing systems or implementing new

technologies, as well as maintaining process stability, also pose significant barriers.

To conclude, achieving a comprehensive process-structure-performance relationship through rigorous
experimental characterisation is essential for addressing key challenges in dry processing.
Additionally, scalability and efficiency are fundamental to advancing dry processing for next-
generation lithium-ion battery electrode manufacturing. Computational approaches such as discrete
element method (DEM) modelling can further support optimisation by enabling precise control over
mixing parameters to achieve desired electrode microstructures (e.g. porosity, tortuosity etc.). These
models can also predict critical electrochemical metrics, including rate capability and capacity fade,
facilitating the design of robust and high-performing electrodes. These investigations will not only
validate the practicality of the proposed electrode designs while providing a benchmark for further

optimisation to provide advancements for next-generation lithium-ion battery electrodes.
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Figure A.1: SEM micrographs of electrodes with formulations of 94:4:2, 95:3:2, 96:2:2 and 97:1:2

(NMC622:C65:PVDF wt%0).
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A.2 Differences in Carbon Black Structures
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Figure A.2: SEM micrographs of NMC622 particle surface coated with carbon black with 2 wt% C65 and mixing
time of 2 min.
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Figure A.3: SEM micrographs of NMC622 particle surface coated with carbon black with 2 wt% C65 and mixing
time of 60 min.
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Figure A.4: SEM micrographs of NMC622 particle surface coated with carbon black with 10 wt% C65 and mixing
time of 2 min.
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Figure A.5: SEM micrographs of NMC622 particle surface coated with carbon black with 10 wt% C65 and mixing
time of 60 min.
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A3 CNT1015-Coated NMC Particles
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Figure A.6: SEM micrographs of CNT1015-coated NMC surface with visible CNT strands.
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A4 CNT3080-Coated NMC Particles
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Figure A.7: SEM micrographs of CNT3080-coated NMC surface with visible CNT strands and aggregates.
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A5  Conventional Wet Slurry Mixed Electrodes
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Figure A.8: SEM micrograph (top view) of a conventional wet slurry mixed electrode with 2 wt% C65.
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A.6  Short-Range Pathway Dominated Electrodes
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Figure A.9: SEM micrograph (top view) of short-range pathway dominated electrodes containing NMC particles dry
mixed with 2 wt% C65 for 2 min.
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Figure A.10: SEM micrograph (top view) of short-range pathway dominated electrodes containing NMC particles
dry mixed with 2 wt% C65 for 60 min.
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A.7  Equal Distribution of Short and Long-Range Pathway Electrodes

50 pm

Figure A.11: SEM micrographs (top view) of equal distribution of short and long-range pathway electrodes where 1
wt% C65 was dry mixed with NMC622 for 2 min. The remaining 1 wt% of C65 was added during wet mixing.
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Figure A.12: SEM micrographs (top view) of equal distribution of short and long-range pathway electrodes where 1
wt% C65 was dry mixed with NMC622 for 60 min. The remaining 1 wt% of C65 was added during wet mixing.
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A.8  Long-Range Pathway Dominated Electrodes

50 pm

Figure A.13: SEM micrographs (top view) of long-range dominated pathway electrodes where 0.5 wt% C65 was dry
mixed with NMC622 for 2 min. The remaining 1.5 wt% of C65 was added during wet mixing.
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Figure A.14: SEM micrographs (top view) of long-range dominated pathway electrodes where 0.5 wt% C65 was dry
mixed with NMC622 for 60 min. The remaining 1.5 wt% of C65 was added during wet mixing.
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Appendix B Carbon Black Properties
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Figure B.1: Change in resistivity of powder mixtures of NMC with 2 wt% of carbon black against the BET surface
area of different carbon blacks.
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Figure B.2: Change in resistivity of powder mixtures of NMC with 2 wt% of carbon black against the OAN of
different carbon blacks.
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Figure B.3: Change in resistivity of powder mixtures of NMC with 2 wt% of carbon black against the Ip/lc of
different carbon blacks.
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