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Abstract

The demand for energy storage devices is ever-growing, especially due to the
electrification of transport and increased use of clean but intermittent energy.
Sodium-ion batteries are a prospective sustainable alternative to ubiquitous lithium-ion
batteries due to the abundance of sodium, and their cobalt-free cathodes. High nickel
O3-type oxides show promising energy densities; however, their incorporation into
composite electrode slurries containing NMP and PVDF causes a time dependency in
the rheological properties, which leads to inhomogeneous coatings being produced. This
work aims to assess and engineer the manufacture of electrode slurries containing these
high nickel O3-type oxides by understanding the mechanisms behind the time dependent
rheological changes, developing tools capable of studying electrode slurries that exhibit
changes to their rheological properties over time, and by formulating electrode slurries
that have a stable coating window using additives into the slurry mix.

To understand the reasons behind the time dependant rheological changes in the slurry,
first a combination of SEM, EDS, and FTIR was used to investigate how the O3-oxide
surface changes with exposure to air, demonstrating formation of NaOH on the active
material. From the presence of XPS peaks due to NaF it was established that the
subsequent gelation of the slurry was initiated by the NaOH, causing
dehydrofluorination and crosslinking of PVDF. The electrode slurry gelation,
investigated using the novel rheological technique developed for this research,
demonstrated three stages likely limited by the concentration of saturated structures.

Secondly, to monitor and map rheological changes with time, a novel oscillatory
rheological characterisation method, utilising multiple rapid frequency sweeps and a
subsequent fitting to a 2 mode Maxwell model, was developed for this application.
Evolution of this technique proceeded through characterisation trials, initially utilising
and incrementally adapting rotational rheological methods and, subsequently, advancing
through a range of oscillatory methods.

Finally, to stabilise the rheological changes of the slurry, two sets of additives were
investigated. The first set, a collection of organic acids, assumed to inhibit the
formation of NaOH, were incorporated into the electrode slurries during mixing.
Additives of acetic acid and maleic acid led the electrode slurry stabilisation,
hypothesised due to the formation of inverse micelles. The final set of additives, which
were sodium salts of the first, aimed to increase the electrochemical performance, while
maintaining the stabilisation to the electrode slurries. These were assumed to be
sacrificially coated onto the active materials using a facile ball milling technique.

The most successful additive was sodium maleate, due to a suppression of the electrode
slurry gelation with simultaneous enhancement of the electrochemical performance.
These methods and tools developed for sodium ion could also be relevant for other
battery types.



Chapter 1

Introduction

With the ever increasing global energy consumption, [1, 2] there has become an urgent

demand for energy storage devices. [2–4] Rechargeable alkali batteries, in particular,

lithium ion batteries (LIBs), are commonly used in portable electronic devices, such as

phones and laptops, and, more recently, electric vehicles [5,6]. They have dominated the

battery industry since their conception in the early 1970s [7–9]. Whilst these LIBs are

ubiquitously recognised as a panacea for energy storage, having high voltage, long cycle

life, and a high specific energy, [10, 11] their high cost [12] and the reliance upon critical

materials such as graphite, cobalt, and lithium, [13] have caused alternatives to be

sought. [14]

Sodium-ion batteries (NIBs) are appealing alternatives to LIBs due to their higher

natural abundance over lithium, and potential for lower cost cells. [2,15,16] This potential

for lower cost cells comes from the lower cost of sodium materials [2] and the reduced

restrictions of cell materials. For sodium ion batteries, aluminium can be used as a current

collector for both the anode and the cathode. In comparison, lithium has an alloying

tendency with aluminium at voltages less than 0.3 V vs Li/Li+, meaning that aluminium

cannot be used as the anode-side current collector. [17, 18] Instead another metal has to

be used, such as copper – resulting in a higher cost and weight of the cells (copper has

a density of 8.96 g cm–3, whereas aluminium has a density of 2.70 g cm–3) [2, 16, 18] - a
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study by Vaalma et al., 2018, established that, on average, a reduction of 3.0% of the

total battery cost could be achieved by this material exchange. [19]

As an emerging technology, NIBs have a large range of suitable cathode materials

available, including transition metal oxides, polyanionic, prussian blue analogues, and

organic cathodes. [2, 15, 20–29] A important group among these suitable materials are

transition metal oxides (TMOs), [30] with the general formula NaxMO2 (0 < x ≤ 1, and

M refers to a combination of transition metals). TMOs can be categorised further, into P2,

P3, O2, O3, based on the coordination of sodium and the stacking pattern (investigated

further in Chapter 2). Out of these, O3 oxides have the highest sodium content, relating

to higher potential capacities, which gives them commercial potential as sodium cathode

materials. [30–32]

The sodium cathode material used in this study, NaNi1/2Mn1/4Sn1/8Ti1/8O2, is a

promising NIB material with a high volumetric energy density and low cost, as reported

in a full cell arrangement. [14] However, for this material and many other layered O3

oxide materials, especially those with a high nickel content, significant processing

challenges exist. These active materials experience both surface and bulk phase

reactions when exposed to air, [33] resulting in the formation of sodium residues such as

Na2CO3 [34] or NaOH. [35] Furthermore, exposure to air of electrode slurries containing

these layered O3 oxide materials, along with n-methyl-2-pyrrolidone (NMP) and

poly(vinylidene fluoride) (PVDF) causes them to gel, [36, 37] which renders the slurries

uncoatable and therefore unusable. As a result, careful cathode slurry preparation is

required.

Therefore, the objective of this work is to improve and investigate the manufacturing

method of NIBs, in particular, the manufacture of a span of sodium ion cathode materials

that cause a gelling of the electrode slurry, leading to an uncoatable electrode slurry and

an unusable batch of material.
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1.1 Objective of the PhD

The specific objectives of this research are the:

• Elucidation and examination of the specific gelation mechanism that occurs in

sodium ion layered O3 oxide electrode slurries.

• Development of a non-destructive, non-interfering analysis technique to assess the

gelation and measured rheological properties of rechargeable battery electrode

slurries.

• Investigation of the prevention or reduction of this gelation mechanism.

• Exploration of the improvement to the electrochemical performance of the active

material, while maintaining the stability of electrode slurry.

1.2 Layout of the Thesis

The subsequent layout of this thesis is as follows.

Chapter 2 explores existing literature and begins by introducing and establishing the

core concepts in the operation of sodium ion batteries. The examination of existing

literature is then split between an investigation of sodium ion cathode materials and the

manufacture of sodium ion cathode electrodes. Part 1, the exploration of sodium ion

cathode materials, covers the main classes of sodium cathode active materials, the

rationale behind the chosen active material, and the problems associated with this

material. Part 2, the manufacture of sodium ion cathode electrodes, examines the key

electrode properties and structures, the characterisation of electrode slurries, and the

processes involved in electrode manufacture.

Detailed descriptions of the experimental procedures and methods, along with the

experimental apparatus and equipment, and material specifics can be found in Chapter

3.

3



Chapter 4 is the first of four results chapters, each focusing on one of the PhD

objectives. Here, the elucidation of the specific gelation mechanism that occurs in

sodium ion layered O3 oxide electrode slurries is explored.

Chapter 5 establishes the rheological method used to characterise the structure

development of the electrode slurries in this PhD, and explores the development of this

analysis method.

The investigation of the first set of additives used to stabilise the electrode slurry

gelation can be found in Chapter 6. The inclusion of these additives into the electrodes

was via the mixing process of the electrode slurries.

The final results chapter, the investigation of the second set of additives can be found

in Chapter 7. These additives were milled with the active material to form sacrificial

coatings on the active materials.

Finally, Chapter 8 summarises the work demonstrated in this thesis, presents the key

findings, and gives recommendations for future work.

1.3 Impact of the PhD

Two review papers have arisen from the literature exploration of this PhD, with the second

containing experimental research on the reactions of PVDF with different bases:

• Roberts, S. and Kendrick, E. (2018) The re-emergence of sodium ion

batteries: Testing, processing, and manufacturability, Nanotechnology, Science and

Applications, 11. doi:10.2147/NSA.S146365. [14]

• Marshall, J. E., Zhenova, A., Roberts, S., Petchey, T., Zhu, P., Dancer,

C.E.J., McElroy, C.R., Kendrick, E., Goodship, V. (2021) On the

solubility and stability of polyvinylidene fluoride, Polymers, 13(9), pp. 1–31.

doi:10.3390/polym13091354. [37]

Furthermore, an experimental paper based on the first and second results chapters

(Chapters 4 and 5), has been published in the Journal of Colloids and Interface Science:
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• Roberts, S., Chen, L., Kishore, B., Dancer, C.E.J., Simmons, M.J.H.,

Kendrick, E. (2022) Mechanism of gelation in high nickel content cathode slurries

for sodium-ion batteries, Journal of Colloid and Interface Science, 627, pp. 427-437.

doi:10.1016/j.jcis.2022.07.033. [38]

Additional experimental papers based on the results from Chapters 6 and 7 are

planned.
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Chapter 2

Literature Review

2.1 Introduction

As established in Chapter 1, the literature review for this PhD research has been split

into three main sections. Firstly, there is an introduction into the core operating concepts

of sodium ion batteries. This section establishes the fundamental theories and concepts

involved in the operation of sodium ion batteries, along with the processes involved and

the key comparative measures.

Secondly there is the exploration of the sodium ion cathode materials, which

investigates the main classes of sodium cathode active materials, the rationale behind

the chosen active material, and the problems associated with this material. This section

serves as identifying the main research gap in sodium layered O3 literature.

One of the main problems established in the first part of this literature review

(Section 2.2) drastically affects the manufacture of sodium layered O3 electrode slurries

and electrodes. Therefore the final part of the literature review covers the manufacture

of sodium ion cathode electrodes, beginning by establishing the key electrode properties

and demonstrating the importance of a rigorous electrode slurry mixing stage.

Subsequently, there is an investigation into the formation of electrode slurries, an

exploration into specific failure mechanisms in these slurries, and a characterisation of
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electrode slurries. Finally, the processes involved in manufacture of electrodes are

established, with potential problems originating from the electrode slurry mixing stage

being detailed.

2.1.1 Sodium-ion Battery Operating Concepts

Introduction of the core concepts in the operation of sodium ion batteries are useful for

understanding the motivation behind research decisions and to establish the range of

comparative measures.

2.1.1.1 Nernstian Electrochemical Thermodynamics

One of the downside of NIBs is the operating voltage. NIBs operate at a lower voltage

than LIBs, [39] which can be demonstrated by their standard electrode potentials, Eϕ.

The standard electrode potential is defined as a measure of the potential for a reaction

to occur at an electrode when all substances involved are in their standard states (2nd

Law of Thermodynamics). It is always relative to a reference electrode - a single electrode

potential cannot be measured by itself and can only be measured in comparison to another

electrode, such as a reference electrode, commonly a standard hydrogen electrode. [40,41]

It is synonymous with Gibbs free energy (∆G) and can be converted using Equation (1st

Law of Thermodynamics) 2.1

Eϕ = −∆G

nF
(2.1)

where n is the number of charge carriers transferred and F is the Faraday constant equal

to approximately 9.6485 x 10 4 Cmol–1. This equation can similarly be used to convert

the electrode potential from Equation 2.4, E, to Gibbs free energy.

For NIBs the associated half equation for the sodium reference electrode (sometimes

referred to as Na/Na+) is given by Equation 2.2, and comes to a value of -2.71 V, relative
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to the standard hydrogen electrode. [42, 43]

Na+
(aq) + e− −−⇀↽−− Na(s) (2.2)

(aq indicates a species in solution, and s indicates a solid material)

For lithium ion batteries, this reference electrode (Li/Li+) has a half equation given

by Equation 2.3, and comes to a value of -3.04 V, relative to the standard hydrogen

electrode. [42, 43]

Li+(aq) + e− −−⇀↽−− Li(s) (2.3)

As Li/Li+ has the more negative standard electrode potential when compared to

Na/Na+, lithium ion cells will have a high voltage. [39] This can be further expressed by

use of the Nernst equation (Equation 2.4).

The Nernst equation (Equation 2.4) [40,41] is a valuable tool in electrochemistry and

provides a link between the chemical equilibrium and electrical potentials.

E = Eϕ − RT

nF
lnQ (2.4)

where R is the universal gas constant equal to approximately 8.3145 JK–1mol–1, T is

the temperature in Kelvin, and Q is referred to as the reaction quotient for the cell

reaction [40]. This reaction quotient is a sum of the activities of the products and reactants

- an expansion of the Nernst equation including the activities of the products and reactants

can be found in Equation 2.8.

In a full cell configuration, the electrode potential, Eϕ, of the whole cell is the difference

between the standard electrode potentials of the cathode and the anode (providing they

have the same reference electrode). Similarly, the electrochemical reaction equation for
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the full cell can be formed from combining the half equations of the anode and cathode,

such as demonstrated by the example below.

The general half equation for a sodium TMO cathode material is given by Equation

2.5:

Na1−xMO2(s) + xNa+
(aq) + xe− Sodiation−−−−−−⇀↽−−−−−−−Desodiation

NaMO2(s) (2.5)

where M represents the transition metals. And for a sodium hard carbon anode material,

the half equation is given by Equation 2.6:

C6(s) + xNa+
(aq) + xe− Sodiation−−−−−−⇀↽−−−−−−−Desodiation

NaxC6(s) (2.6)

By combining equations 2.5 and 2.6 the full cell equation can be formed: [44]

NaMO2(s,c′) + C6(s,a′)
Charging−−−−−−⇀↽−−−−−−−Discharging

Na1−xMO2(s,c′) + NaxC6(s,a′) (2.7)

Reactants and products have been marked with a′ denoting the anode, and c′ denoting

the cathode.

The equilibrium between the chemical and electrical potentials in this full cell

configuration can be described using an expanded version of the Nernst equation, which

includes the activities of the reactants and products (Equation 2.8). [45]

E = Eϕ − RT

nF
ln

[Na1−xMO2(s,c′)][NaxC6(s,a′)]
[NaMO2(s,c′)][C6(s,a′)]

(2.8)

Square brackets, [], represent the activities of the counterpart. As a note, activities are

brought to the power of the stoichiometric coefficients - in the example given, the
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stoichiometries are 1. [45] As the cell is charged, there is a transfer of sodium from the

cathode to the anode relating to greater values of [NaxC6(s,a’)] and [Na1-xMO2(s,c’)].

Computing Equation 2.8, will give a negative value of E, and a positive Gibbs free

energy (Equation 2.1). Hence the reaction is non-spontaneous and requires the input of

energy - charging the cell.

In the reverse process, sodium is transferred from the anode back to the cathode -

larger values of [NaMO2(s,c’)] and [C6(s,a’)]. Therefore, E will be positive and the Gibbs

free energy will be negative. Hence the reaction is spontaneous, and the stored energy is

released. This transfer of sodium is via the reversible process known as intercalation, which

occurs at both the cathode and the anode. An exploration of this mechanism can be found

in Section 2.1.1.2, and Figure 2.1. In general, as demonstrated, the thermodynamics in

these rechargeable alkali metal cells is dictated by the cell potential, driving the individual

half cell reactions occurring at the anode and cathode.

2.1.1.2 Intercalation

Intercalation is one of the fundamental mechanisms that occurs in alkali metal batteries

and it is the mechanism that enables the storage of energy.

Intercalation involves an “intercalant” species undergoing a reversible insertion into

the structure of a “host”, commonly a crystalline-like lattice [48], without drastically

changing the structure of the “host”. During the intercalation process, as demonstrated by

Figure 2.1, there is a transfer of ions across the cell, through the electrolyte and separator,

while electrons are transferred through any connected devices. Typically, the intercalating

ion inserts more readily into the cathode structure than the anode and problems more

commonly arise at the anode side. [48–56]

Due to the larger ionic radius of sodium over lithium, intercalation and de-intercalation

into sodium ion electrodes show slower kinetics, especially at high current densities. [57]

However, ultimately the intercalation chemistry is very similar for sodium and lithium

ion batteries, and so similar materials can be used for each. [58]
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Figure 2.1: General charging process in a Na-ion battery. [Adapted] [46,47].

2.1.1.3 Butler-Volmer Kinetics

A thermodynamic equilibrium is reached when the cell is is not under a current load (not

charged or discharged). The voltage this cell is at is known as the open circuit voltage

(OCV).

Measurement of the OCV is useful for ensuring reproducible results. By measuring the

OCV before cycling and allowing the cell to reach a thermodynamic equilibrium (plateau

in an OCV vs time plot), cell conditions that would alter the electrochemical behaviour,

such as the penetration of the electrolyte into the electrodes, can be ensured. [59]

The overpotential, η, is a difference between the nominal potential, E, and the

equilibrium potential, Eeq, as shown in Equation 2.9. The equilibrium potential is the

OCV (Eeq=OCV).
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η = E − Eeq (2.9)

This overpotential drives the return of any perturbations from the equilibrium

potential, [60] and the resulting current can be described by the Butler-Volmer

equation. [61]

j = j0

e
−αcnF η

RT − e
αanF η

RT

 (2.10)

where j is the electrode current density, j0 is the exchange current density, and αc and

αa are the charge transfer coefficients between the electrode and the electrolyte at the

cathode and anode, respectively. [61]

The Butler-Volmer equation can be further used to calculate the current density during

the cell charge and discharge. It is evident, from Equation 2.10, that the current density

across the electrodes is heavily influenced by the charge transfer coefficients. As the charge

transfer resistances change during cell cycling, such as due to the formation of the SEI

layer (see Chapter 2), the localised current density, and therefore the kinetics, in the cell

will change. Electrode kinetics are influenced by the electric conductivity and the ionic

conductivity through the electrode. [62] Therefore, in general, the kinetics in the cell are

dictated and influenced by the current applied.

2.1.1.4 Fundamental Battery Properties

One of the main measures for the characterisation and comparison of electrode materials

is the specific capacity. Primarily measured in mAh/g, the capacity of an electrode is

a measure of the duration of continuously discharge (or charge) at a given current. For

example, for an electrode that has a capacity of 2.5 mAh, discharging at 2.5 mA will last

1 hour. [63]
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The theoretical specific capacity of an electrode is calculated using Faraday’s Law of

Electrolysis (Equation 2.11), which states that for 1 mole of reactants, where n moles of

electrons are released, the amount of electrical charge, q, can be calculated using Equation

2.11 (n is often referred to as the number of charge carriers). [63]

q = nF (2.11)

where F is Faraday’s constant, equal to 2.6801x10 4 mAh/mol (9.6485x 10 4 C mol–1/3.6).

The specific theoretical capacity of the active material, qAM , is usually given by a

gravimetric basis and so the specific electrical charge, q, needs to be divided by the

molecular weight of the active material (Equation 2.12). [63]

qAM = nF

M
(2.12)

where M is the molecular weight of the active material, in g/mol. For the theoretical

capacity of an electrode qE, as they are made up of an active material, a binder, and a

conductive additive (as demonstrated in Chapter 2), Equation 2.13 is required. [63]

qE = qAM · xAM (2.13)

where xAM is the fraction of the active material in the electrode.

Measurements of specific energy (also referred to as the energy density of a cell) are

similarly useful points of comparison. Calculations of the specific energy of a cell can be

made using Equation 2.14:

Specific energy = Vn · qE (2.14)
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where Vn is the nominal voltage of the cell. This nominal cell voltage refers to the average

voltage the cell is at during cycling, and is affected by the positions of the charge transfer

plateaus. Typically values of specific energy are given in Wh/kg. [14]

For practical applications, such as for electric vehicles, where space or weight is limited,

cell properties are often compared on a volumetric basis or a gravimetric basis, and so

the value calculated using Equation 2.14 may require additional processing, such as by

division of the cell density.

2.2 Exploration of Sodium ion Cathode Materials

2.2.1 Sodium Cathode Materials

2.2.1.1 Polyanionic Compounds

Polyanionic compounds refer to the class of materials that contain multiple anion

moieties; the negatively charged part of the material is made up of multiple elements.

These structures include phosphates, fluorophosphates, pyrophosphates, as well as

NASICON structures [64]. For LIBs, an example of a polyanionic compound is the ever

popular LFP, or LiFePO4. This has an olivine structure with the phosphorous

occupying tetrahedral sites and the iron (or in the general olivine form, the transition

metal) forming an octahedral environment [65, 66]. It is well known for its excellent

cycling stability as some iron ions can occupy the lithium ion gaps to maintain charge

neutrality and preserve the structure of the material during intercalation and

de-intercalation [67–69].

The NASICON structure – sodium (Na) super ionic conductor – refers to a family

of materials with the general structure of NaxBy(PO4)3. There are some exceptions such

as Na2Fe2(SO4)3 or Na2MnP2O7 that are still classed as a NASICON material due to

the similarities of the structures. [70] Since the theoretical capacity is proportional to the

14



number of potential charge carriers and inversely proportional to the molecular weight of

the cathode material (as established in Chapter 1), NASICON materials, with their large

polyanionic group tend to have low capacities when just one charge carrier is utilised.

In many NASICON structures, however the number of sodium ions can be two or three,

resulting in a higher capacity. This can complicate the electrochemistry and create several

charge transfer plateaus [26,70]. NASICON structures have been used as both cathode [26]

and anode materials [26], as well as for an electrolyte material [71, 72].

2.2.1.2 Prussian Blue Analogues

Prussian blue (PB) battery materials [28,29,73,74] are based on the paint colour Prussian

blue. The typical structure of PB is Fe[Fe(CN)6], where CN is bonded by a triple bond. In

this structure, iron can be coordinated by either the carbon or the nitrogen and, as such,

results in two separate and reversible redox pairs. PB materials are extremely attractive as

battery materials as these two redox pairs fall within the electrochemically stable window

of water. For most lithium and sodium materials, the electrochemical region is either too

high, leading to the electrochemically breakdown of water, or use of water is unsuitable

for the cathode or anode material. [74]

2.2.1.3 Organic Cathodes

Organic materials have potential as cathode materials as they have a flexible molecular

structure which allows fast kinetics during the intercalation of sodium ions as the ion

insertion causes little special hindrance. However, they tend to have poor conductivity,

resulting in poor electrochemical performance and are, overall, poorly understood as an

electrode material [70]. Specific examples of organic cathodes include DSR, Disodium

Rhodizonate Salt (C6O6Na2) [75] or the mixed NASICON and organic (SiO4) cathode

structure of Na3.1V2(PO4)2.9(SiO4)0.1 [76]. Wang et al., 2020, studied varying effects of

SiO4 content in the mixed structure – between 0.05 < x < 0.15, where

Na3+xV2(PO4)3-x(SiO4)x, and established that substitution of SiO4 enhanced the
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electrochemical performance of the NASICON material. [76]

2.2.1.4 Sodium Transition Metal Oxides

Layered transition metal oxides, or TMOs, refer to a class of cathode material with a

general formula of NaxMO2, where x is typically between 0.5 and 1 (however some studies

have been carried out on sodium rich transition metal oxides - x > 1, [77] and other have

been performed on extremely sodium deficient transition metal oxides - x < 0.5 [72, 78].

M refers to a mixture of transition metals, chosen for its role in stabilising the structure,

improvements to the cycling stability, and improvements to the overall electrochemical

performance. Due to the nature of these intercalating materials, M should have an overall

oxidation state that will balance the x+ from the sodium and the 4– from the oxygen.

Additionally, as the sodium is intercalated in and out of material the redox couple of

the transition metals should be able to reflect this change [79]. Studies have also been

performed on TMOs with an altered anion structure that will allow for an increased

or decreased overall oxidation state of the transition metal group, M, i.e. additions of

fluorine to the structure. [80] Some examples of these TMO structures can be found in

table 2.1. These NaxMO2 transition metal oxides have a layered structure that allows for

easy intercalation of sodium ions. Layers are made up of edge-sharing octahedral MO6

with sodium ions in-between these MO6 sheets. Conventionally, most NaxMO2 (for x <=

1) fall into two groups, P2 and O3-type sodium metal oxides. The environment of the

sodium ions dictates the naming of the compound; in a sodium deficient structure (x <

1) the sodium ions are in a prismatic (P) arrangement with oxygen and where x = 1, the

sodium ions are in an octahedral (O) arrangement. The number associated with these

structures refers to the layer stacking of the oxygen; 2 refers to ABBAABBA. . . and 3

refers to an ABCABC. . . arrangement [78, 79, 81, 82]. This can be clearly seen in Figure

2.2.

During cycling, P2 materials tend to be good at maintaining their structure and,

hence, do not experience much structural change during intercalation and de-intercalation.
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The stability largely depends on the average oxidation state of transition metals, M. For

most P2 materials, the oxidation state of M is around 3.3 + (higher than the 3 + for O3

structures) and allows for a stable structure across the majority of the cycling range – for

a sodium content between 0.3-0.7 [78].

In comparison, the O3 structures are stable where x is 1 (no sodium has been removed

from the structure), due to the balance from the oxidation state of the mixture of transition

metal oxides (3 +), but when sodium is removed from the structure, x < 1, the structure

will transform to a P3 phase due to a deficiency of sodium in the structure, which can

cause low kinetics [78,83].

Figure 2.2: Naming System and Structure of Layered TMOs [81].
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Table 2.1: Literature Sodium-Ion Cathode Materials and Slurry Compositions.

Author(s) and Year Active
Material
Structure

Active Material - wt%, of
solids

Conductive
Additive(s) - wt%,
of solids

Binder(s)
[wt%, of
solids]

Solvent Capacity
(mAh/g)
[Retention]

Cycles

Aragon et al., 2017 [20] TMOs - Na2/3Fe1/3Mn2/3O2 - 80 Carbon Black - 10 PVDF - 10 NMP 130 [42.3%] 40
Abouimrane et al., 2012 [21] P-Type Na0.75Mn0.7Ni0.23O2 - 80 Super P- 10 PVDF - 10 NMP 101 [90.1%] 50
Martinez..1 et al., 2017 [84] Na0.67[Fe0.5Mn0.5]O2 - 75 Carbon Black - 15 PVDF - 10 NMP 50 [98%] 40
Wu et al., 2016 [85] Na0.46Ni0.22Co0.11Mn0.66O2 - 85 Conductive C - 10 PVDF - 5 NMP 106 [80.3%] 200
Hasa et al., 2015 [22] Na0.6Ni0.22Fe0.11Mn0.66O2 - 80 Super P - 10 PVDF - 10 NMP 168 [84%] 10
Zhao et al., 2020 [86] Na2/3Ni1/3Mn2/3O2 - 80 Acetylene Black - 10 PVDF - 10 - 83 [97.5%] 10

Zheng et al., 2017 [10] TMOs - Na[Cu1/9Ni2/9Fe1/3Mn1/3]O2 70 Super P - 20 PVDF - 10 NMP 260 [19.2%] 100
Wang et al., 2021 [87] O-Type NaLi1/3Mn2/3O2 - 76 Super P - 20 PTFE - 4 - 190 [94.7%] 40
Yeon et al., 2020 Na[Ni0.5Mn0.5]O2 - 85 Carbon Black - 10 PVDF - 5 NMP 147.5 [75.5%] 100
Wang et al., 2016 [15] NaNi0.5Mn0.3Ti0.2O2 - 80 Acetylene Black - 10 PVDF - 10 NMP 138 [95%] 50
Kouthaman et al., 2020 [23] NaFe0.45Co0.45Ti0.1O2 - 80 Super P - 10 PVDF -10 NMP 142 [70.4%] 50
Moeez et al., 2020 [24] NaFe0.5Ni0.5O2 - 70 Carbon Black - 20 PVDF - 10 - 137 [86%] 50
Zhou et al., 2020 [88] NaMn1/3Fe1/3Ni1/3O2 - 80 Super P - 10 PVDF - 10 NMP 131 [21%] 150
Hwang et al., 2017 [34] Na[Ni0.6Co0.2Mn0.2]O2 - 85 Super P - 10 PVDF - 5 - 151 [75%] 300

Demirel et al., 2015 [25] TMO Na0.44MnO2 - 80 Acetylene Black - 10 PVDF - 10 NMP 105 [50%] 60

Jian et al., 2012 [26] NASICON Na3V2(PO4)3 - 70 Acetylene Black - 20 PVDF - 10 NMP 98.6 [99%] 10

Wang et al., 2020 MPO2 Na3.1V2(PO4)2.9(SiO4)0.1 - 70 Acetylene Black - 20 CMC - 10 Water 106.5 [98%] 500

Wang et al., 2016 [75] Organic DSR3 (C6O6Na2) - 70 Super P - 20 CMC - 10 Water 264.7 [55.7%] 100
Tang et al., 2019 [27] Na2AQ26DS4 - 60 Ketjen, CNTs - 20, 10 PAN5 - 10 - 137 [86.8%] 300

Liu et al., 2017 [28] PBAs Na2FeFe(CN)6 - 70 Conductive C - 20 Alginate -10 Water 107 [74 %] 500
Ye et al., 2016 [29] Na2FeFe(CN)6 - 70 Super P - 20 PVDF - 10 NMP 103 [70.9 %] 400

1 - Martinez de Ilarduya 2 - Mixed Polyanionic and Organic 3 - Disodium rhodizonate
4 - Polyanionic Anthraquinone 5 - Polyacrylonitrile Copolymer
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This class of TMOs can be characterised as having a two dimensional layered

structure, however, TMOs can form other two dimensional structures, as well as three

dimensional structures. Some structures can be formed that are extremely deficient in

sodium or completely sodium free that have an open structure that allows for sodium

insertion and removal, and is therefore suitable for intercalation and electrochemical

cycling [78]. Research into these materials can be beneficial as it enables sodium

electrochemical compounds where synthesis is impossible if they contain sodium.

Table 2.1 shows literature examples of sodium ion cathode materials. Some of the most

widely researched cathode materials include TMOs, polyanionic, prussian blue analogues,

and organic cathodes.

2.2.2 Motivation for Layered O3 Oxides

As evident in table 2.1, layered O3 oxides have several benefits over some of the other

sodium ion cathode materials, especially in terms of the electrochemical performance [58].

Examining the capacities exhibited by the layered O3 oxides across different

publications, the lowest is 131 mAh/g for NaMn1/3Fe1/3Ni1/3O2, and the average of the

capacities is higher than that of other materials, giving these materials the potential to

rival lithium cathode materials in capacity stored. However, by observation of table 2.1

it can be simiarly noted that, while there is a lot of variation in the capacity retention

over a number of cycles, typically the O3 oxides have a lower capacity retention than

P-type materials due to a poorer cycling stability. Further benefits of layered O3 oxides

are their facile synthesis [81] and their ease of doping [82].

Furthermore, sodium layered O3 oxides share many structural similarities to some of

the popularly lithium ion cathode materials. These similarities have suggested the notion

of a "drop-in" technology, with researchers transferring their extensive knowledge from

lithium ion cathodes to sodium ion cathodes. [14] Additionally, as stated in Chapter 1,

the sodium cathode material used in this study, NaNi1/2Mn1/4Sn1/8Ti1/8O2, in a full cell

arrangement, has been compared other promising sodium full cells and has been shown
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to have the highest volumetric and gravimetric energy densities. [14]

Ultimately, this makes these sodium layered O3 oxides potential as commercial battery

materials but a challenge to work with and research into these materials can be extremely

benefical to the industry.

2.2.3 Current Problems with Layered O3 Oxides

Exploration into the literature of sodium layered O3 oxides has identified two main

gaps, regarding research into the issues of these materials. The cycling stability and

electrochemical performance of different layered O3 oxides cathode materials for sodium

ion batteries has been extensively studied. [10,88]

However, there have been very few studies made on the stability of these materials in

air, and even fewer studies have been made on the stabilities of these materials in electrode

slurries. For analogous lithium materials, some studies have explored the material storage

and stability in air.

Therefore, this section will begin by exploring the current knowledge contributions

regarding the stability of these materials in air. It will continue by examining the

viability of comparing these sodium layered O3 materials to lithium analogues. Finally,

an investigation into the current research regarding stability of analogous lithium

materials will be made.

2.2.3.1 Instability in Air

2.2.3.1.1 Sodium Ion Cathode Materials

Layered O3 oxide materials, in general, are unstable in air and degrade upon exposure [14].

However, particularly for sodium layered O3 cathode materials, there has not been much

evidence of research into the degradation mechanisms.

Few studies, especially experimental papers, can be found in literature. One review

paper by Hwang et al., 2017, demonstrated that one of the major challenges is the

formation of NaOH and Na2CO3 on the surface of active cathode materials [64].
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However, comparisons with other review papers demonstrates inconsistencies regarding

the formation of sodium residues, with some sources suggesting that Na2CO3 [34, 89]

forms and others suggesting NaOH. [35,90]

Hwang et al., 2017, further states that this is of a particular challenge in (pre)sodiated

cathode materials - the increase in sodium content of the cathode materials increases the

reactivity of the material [64]. However, as stated, this was written in a review paper

and, experimentally, little has been done to demonstrate this.

2.2.3.1.2 Analogies to High Nickel Content Lithium Cathode Materials

In comparison, some research into the degradation of high nickel content lithium ion

cathode materials has been performed. This is useful for this research into sodium

transition metal (TM) layered oxides as there has been demonstrated similarities

between high nickel content lithium TM oxides, particularly NMC811

(LiNi0.8Mn0.1Co0.1O2) and, to some extent NMC 622 (LiNi0.6Mn0.2Co0.2O2), with sodium

layered O3 oxides [14, 91].

Due to structural similarities, it is possible that the O3 layered oxides of lithium and

sodium cathode materials can be compared [58,91,92], and insights can be transferred to

these sodium materials. Structurally, these materials are very similar - octahedrally (O)

arranged sodium ions and the layer stacking of these materials (3) denotes that a layered

O3 oxide material have an octahedral coordinated sodium with 3 stacking layers, which

is the same structure as present in lithium 811 NMC materials [78, 79,81,82].

Furthermore, studies have been made directly comparing the structures and chemical

similarities between sodium and lithium oxides. A review by Nayak et al., 2018, directly

compared lithium and sodium ion battery materials [91]. A primary point of comparison

of layered oxides used was LiCoO2 and NaCoO2, which both have similar structures.

However, there are some differences between the materials, namely, the different redox

potentials and cycling evolutions. For the lithium cathodes the material mostly maintains

an O3 structure during cycling, whereas the sodium cathodes transition from an O3
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structure to a P3 structure [91].

A similar comparison was made by De La Llave et al., 2016, wherein the materials

under comparison were LiMn0.5Ni0.5O2 and NaMn0.5Ni0.5O2. De La Llave et al., 2016,

concluded that the sodium material undergoes a transition during cycling from O3 to P3

(and back), whereas the lithium material does not. The conclusion of the authors was

that the larger size of the sodium ion puts strain on the host material [92]. De La Llave et

al., 2016, additionally suggested that these materials shared similar surface phenomena,

although this statement was not really expanded on [92].

While the shared chemical properties of lithium and sodium themselves suggests a

comparison between these two [91], these differences demonstrate that care should be

taken when comparing material properties.

2.2.3.1.3 Insights from Analogous Lithium Cathode Materials

As stated, due to the material similarities between sodium TM layered oxides and high

nickel content lithium TM oxides, it is possible to translate some of the conclusions drawn

from studies on similar lithium based materials.

A study by Jung et al., 2018, examined the effect of ambient storage on lithium NMC

811. For ambient storage of 1 year the active material was found to develop a new

surface composed of mostly a nickel carbonate and lesser quantities of nickel hydroxide,

to a thickness of 10 nm. The quantities of these were surface species was calculated

using gas chromatography to quantify the amount of carbon dioxide released when the

ambiently stored lithium NMC 811 was reacted with hydrochloric acid. While these

changes were detected on lithium NMC 811, they did not occur when lithium NMC 111

was exposed to similar conditions [93]. Notably, the drastic increase in nickel between

the NMC 811 and the NMC 111, causes the surface reactivity to increase, and enables

surface reactions between air and the NMC 811 to occur. At higher storage temperatures

these surface reactions are able to occur for NMC materials with less nickel - NMC

622 (LiNi0.6Mn0.2Co0.2O2) [94], and NMC 532 (LiNi0.5Mn0.3Co0.2O2) [95] - and similar
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surface reactions have been documented for higher temperature storage of LiNiO2. In

literature, these reacted compounds, that form on the surface on these materials have

been collectively referred to as "Residual Lithium Compounds", or RLCs (although most

of the literature RLCs are lithium hydroxides and lithium carbonates, rather than nickel

based compounds).

The reactions of H2O and CO2 were similarly investigated by Su et al., 2020. In the

study by Su et al., 2020, lithium NMC 811 was stored in a controlled airflow reactor for 24

hours, with varying gases passed over it, including dry CO2, wet CO2, and wet inert gas.

It was found that for the material stored in wet CO2 the quantities of RLCs increased

greatly, whereas for the materials stored in the other two environments the quantities of

RLCs increased "finitely" [96]. The conclusion by Su et al., 2020, was that both H2O and

CO2 are crucial to the formation of RLCs. However, purely based on the results presented

it seems likely that this is not the only conclusion that can be reached; Su et al., 2020,

did not examine the quantities of RLCs at different times and the creation of RLCs in

these different environments could be rate limited [96].

These results are contradicted by the study performed by Zou et al., 2020. In their

investigation, lithium NMC 811 was tested with air, N2, O2, CO2, and water vapour.

It was found that water vapour readily reacts with the surface of the NMC, forming

LiOH. Whereas exposure of N2, O2, and CO2 do not react with the surface of the NMC.

However, air exposure was found to form LiOH and Li2CO3 upon the surface (all after

30 minutes). Furthermore, after water vapour was exposed to the surface, pre-forming

the LiOH, this could react with CO2 in as little as 10 minutes, forming Li2CO3 [97]. This

is a clear contradiction to the findings of Su et al., 2020; Zou et al., 2020, found that

NMC 811 was able could react with water to form LiOH, whereas Su et al., 2020, found

the opposite [96, 97]. Another interesting finding by Zou et al., 2020, was the formation

route of LiOH. By use of in situ ETEM, it was found that LiOH forms via a two-step

reaction. Firstly the lithium ions diffuse to the surface of the material, which is followed

by a surface reaction with H2O that forms the LiOH [97].
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Further investigation of these RLCs have been performed by Busa et al., 2020 [98].

In their research, Busa et al., 2020, discovered similar findings to these previous studies

[93, 96, 97]; Li2CO3 and LiOH could build up on the surface on lithium NMC 811 upon

exposure to ambient conditions. Additionally, electrochemical investigation of the as

synthesised and the exposed material was compared, showing a significantly poorer cycling

performed for the exposed material. Furthermore, differential capacity plots highlighted

a large decline in the performance, as well as a shift towards lower voltages for the first

large capacity transfer of the material [98]. As comparison, long-term general cycling of

NMC 811 has been characterised in detail, such as by Li et al., 2020 [99].

Ultimately, while research on analogous lithium cathodes, has demonstrated the

formation of LiOH and Li2CO3, contradictions lie between these studies and the exact

surface reactions are difficult to define. Therefore, experimental research into this

literature gap of air sensitivity of sodium layered oxides will likely be beneficial to

analogous lithium cathodes.

2.2.3.2 Gelation of the Electrode Slurry

These layered O3 instabilities in ambient conditions are not limited to the material phase

and can affect the electrode slurries and electrode formation. During the manufacture

of these sodium ion layered O3 cathode materials (and high nickel content lithium metal

oxides), electrode slurries containing NMP and PVDF can gel, a phenomenon that has

been historically poorly researched. The physical effect of this gelation can be clearly

seen in Figure 2.3. This electrode slurry gelation has been observed at a lab scale and

for industrial scale mixing and coating. It is this gelation mechanism and reactions of

the electrode slurries in ambient conditions that has very little documented research,

especially for layered O3 sodium ion cathode materials. No experimental research was

found in this direct area, however, a few mechanisms have been suggested in review papers

and patents.

In a patent by Paulsen et al., 2009, a gelation mechanism was suggested wherein the
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Figure 2.3: Photograph of Gelled Electrode Slurry (taken by author).

deterioration of the electrode slurries was said to be caused by the polymerisation of

the NMP-PVDF slurry [100]. However, there was no experimental evidence to support

this and there was no indication of the mechanism of this suggested polymerisation.

Furthermore, it seems unlikely that PVDF, or any other vinyl fluoride polymers, (or

any polymers for that matter) are able to re-polymerise with NMP. A co-polymerisation

reaction is more likely, however, a review of PVDF literature suggests that this is not

possible, as in their existing forms, neither PVDF or NMP has any C=C double bonds

for polymerisation or co-polymerisation to occur from [100].

An alternate degradation and gelation mechanism was suggested by a review from

Teichert et al., 2020, but very little experimental research has been done to investigate or

confirm this mechanism, and there have not been any such studies performed on sodium

cathode materials. This suggested mechanism involved the dehydrofluorination of PVDF

followed by a subsequent cross-linking of neighbouring chains, causing the gelation of the

electrode slurry. [101]

A review by Seong et al., 2020, further highlighted the lack of research in this area

and proposed the same gelation mechanism as Teichert et al., 2020. [101,102] The review
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by Seong et al., 2020, suggested two alternative mechanisms that have been researched in

other industries. The first mechanism for this gelation is that of a colloidal glass or gel

based on the high solids content of conductive carbon and active material in the electrode

slurries [102] (see Section 2.3.2.2.1). The other degradation route that was suggested by

Seong et al., 2020, was the depolymerisation of PVDF, which was similarly investigated

by Loginova et al., 1983 (albeit the aim of the research by Loginova et al., 1983, was not

for batteries [103]). In the suggested depolymerisation of PVDF, the transformed PVDF

loses its normative adhesive properties and instead is able to adhere to active material

particles, enabling the sedimentation of these heavier particles and collasping the colloidal

suspension. [102,103]

2.2.4 Summary and Conclusions

Firstly, as clearly demonstrated, there is a lack of conclusive evidence and research into the

specific gelation mechanism of high nickel content layered lithium ion cathode materials,

and even less research into the mechanism of the similar sodium ion layered O3 oxides.

Research into this mechanism would be highly beneficial to the industry (as suggested

by Seong et al., 2020 [102]), not only for sodium ion layered O3 oxides but, due to the

structural and material similarities, this research would be beneficial to lithium ion layered

O3 oxides.

Secondly, as a direct result of this first point, there have been no investigations into the

direct countering of this gelation mechanism; whether it can be prevented and stopped,

and what would be the effect of this stabilisation on the electrochemical performance on

these materials.
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2.3 Manufacture of Sodium Ion Cathode Electrodes

2.3.1 Role of the Electrode Structure

The structure of an electrode plays a vital role in its electrochemical performance. [104]

Micro and nanostructures within the electrodes can influence the kinetics and

electrochemical properties within a cell. [105, 106] An ideal electrode needs to be

homogeneous, comprised of an even and well distributed pore network, and be

interlinked by a conductive carbon network. An ideal structure, comprising of these key

properties can be found detailed in Figure 2.4.

Transport across an electrode can be characterised between electrical transport and

ionic transport, with these properties and resistances ultimately controlling the kinetics

in the cell. [62, 107, 108] Current flows through the path of least-resistance, which may

mean transitions are made between the ionic and electrical transport modes. [62]

As introduced by Equation 2.10, the charge transport coefficients, determined by

localised resistances, dictate the current densities through an electrode. In a poor

electrode structure, channels of high localised current densities can form due to high

relative differences in resistances, leading to unfavourable defects, such as dendrite

growth. These properties significantly impact the battery performance. [108]

2.3.1.1 Electrical Transport

Electrical transport throughout an electrode is characterised by the conductivity of an

electrode. It dictates the path and ease of electron transport during the intercalation

process. [62] Sufficient electrical transport, due to good electrical pathways, have been

demonstrated to enhance the reaction rate at an active material surface. [109] A conductive

additive is required to create an electrically conductive network across the electrodes,

[104, 110] and decrease the internal resistance of electrodes. This is required to aid in

the transport of electrons across the electrode, in particular for cathode systems, which
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Figure 2.4: Comparison between an idealised electrode structure and a poorly prepared
electrode - Adapated from Kraytsberg et al., 2016 [104].

tend not to be as electrically conductive. [109] The physical interconnections between the

active material and conductive additive is important. Low binder amounts can decrease

the electrode conductivity due to reduced physical contact with the active material and

conductive nanoparticles. [111]

2.3.1.2 Ionic Transport

Ionic transport primary dictates the diffusion of ions in the liquid phase, the electrolyte,

distributed throughout the pores of the electrode. The classification of the ion diffusion

within a cell is important for cell comparisons, and for alterations and improvements with

one such drive being to shorten the diffusion path of the intercalating ion, demonstrated

by favourable kinetics. [112–115]

Diffusion can be characterised by the porosity, pore size, and tortuosity of the electrode

with additional classifications obtained from an estimation of the active surface area of
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the electrode. [116] These parameters primarily influence the transport of ions across an

electrode. [108]

Computation studies calculating the tortuosity and porosity of an electrode from cross-

sectional SEM images have demonstrated to be able to predict the ion transport over an

electrode, further highlighting the relationship between the electrode structure and its

transport properties. [117]

2.3.1.3 SEI/CEI Formation

The solid-electrolyte interface, SEI layer (sometimes referred to as the cathode-electrolyte

interface, CEI, specifically for cathodes) is formed in all alkali metal cells and occurs

when a cell is charged and discharged, hence, related to the first cycle capacity losses of a

cell. [8,12] However, further SEI formation will, undoubtedly occur at other points in the

life of a cell and, indeed, across a cell’s lifetime. [118–120] The SEI can have both positive

and negative effects on cells and so its formation should be carefully considered. An

ideal SEI, as proposed by Peled, should be: insoluble and homogeneous; a good electronic

insulator and is able to protects the electrode while still allowing cation transport [12].

Formation of an SEI layer changes the localised charge transfer coefficients, as

introduced in Equation 2.10. While the formation of an SEI layer can improve the

charge transfer coefficients, [121] it is important for the SEI to be a homogeneous

layer. [9] Otherwise, spots of high localised current densities can form, leading to

unfavourable defects, such as dendrite growth. Formation of a homogeneous SEI layer

can be promoted due to a homogeneous electrode surface, [122, 123] influenced by the

coating, drying, and calendaring processes.

It has been demonstrated that the SEI layer is made up of many compounds, and is

dependent on the environment within the battery, such as electrolyte composition, and

electrode compositions. [124] The SEI is formed by precipitation via the decomposition of

the electrolyte solvents, or the decomposition of co-intercalated ions [125]. For example,

when using a conventional electrolyte, containing carbonate solvents and PF6 based salts,
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the SEI layer may contain alkyl-carbonates, polymeric carbonates, and fluorides. [125] In

cell cycling the intercalating ions can irreversibly react, forming products that will add to

the SEI layer [126]. In many cases, where organic compounds are used in the electrolyte,

which is standard in industry, the SEI will contain solid organics [55,114,120].

It is thought that the SEI can be responsible for: electrode passivation [55, 114, 125,

126], reducing of cell capacity [114], increasing in the charge-discharge polarisation [114],

increasing the conductivity of an electrode [114], preventing degradation and buffering

the decomposition of the electrode through side reactions [55,126].

Careful consideration of these properties and property changes is useful when analysing

electrochemical performances of cells, and for the development of optimised electrodes.

2.3.1.4 Electrode Adhesion

The adhesion of an electrode can be similarly effected by its structure. Poor distribution

of components in an electrode, such as less binder near the current collector, can related

to reduced electrode adhesion. [127] Poorly optimised, and overly high, drying rates are

known to have a impact on the adhesion of electrodes due to the affect on the binder

distribution. [128] Adhesion strength has been shown to be promoted by roughing or

etching the current collector surface during coating. [129]

Ultimately, the coating adhesion strength is an important property in electrodes as it

can influence the electrochemical handling during cell construction and affect the life of

an electrode during cycling. [130]

2.3.2 Electrode Manufacture

Electrodes are formed through a multistep process that begins with manufacture of an

electrode slurry (or electrode ink). Figure 2.5 demonstrates the typical processing route

of an alkali metal ion battery: electrode slurries are mixed (stages 1, 2, 3), the slurry is

coated upon a current collector (4, with some possible methods of coating

demonstrated), coatings are dried (5), calendered (6), and vacuum dried ensuring
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maximum solvent removal (7), the electrodes are made into cells (8), cells undergo a

formation and conditioning stage (9), and the completed cells are formed (10).

Constructing the electrodes in this manner means that their thickness can be carefully

controlled so that particular specific capacities can be realised for high power or energy

applications.

Figure 2.5: Manufacture of Electrode Slurries, Electrodes, and Cells.

2.3.2.1 Electrode Slurry Formation

Electrode slurries are comprised of an active material, a conductive additive, a binder,

and a solvent (as demonstrated in Table 2.1).

These electrode slurries are, in essence, colloidal suspensions; particles of active
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material and conductive additives are suspended in the continuous phase of a binder (a

polymer) dissolved in a solvent. Rheologically, these electrode slurries behave as

viscoelastic materials, with the colloidal suspension producing both visco, liquid like,

and elastic, solid liquid, behaviours.

Therefore, to develop a greater understanding of the electrode manufacturing process,

it is important to consider the processes mechanisms and, hence, the physical structure

of the complex fluids used in slurry cast manufacturing.

2.3.2.1.1 Continuous Phase

The continuous phase, in the case of electrode slurries, is the solvated polymer. This

binder material makes up 5 - 10 wt% of the electrode slurry solids (as shown in Table 2.1)

These binder materials tend to be high molecular weight polymers, which can make their

dissolution difficult.

Polyvinylidene fluorine (PVDF), one of the most prevalent binders for sodium ion

cathodes (as evident in Table 2.1), is particularly difficult to dissolve due to its polarity.

In battery applications, the main solvent used to dissolve it is N-methyl-2-pyrrolidone

(NMP). [36]

The difficulties regarding the dissolution of high molecular weight polymers has been

explored by Billmeyer et al., 1984. [131] For most compounds, including low molecular

weight polymers, solvation happens very quickly, dissolution occurs and the solution is

formed. However, for polymers, especially the high molecular weight polymers, where

chains are tightly coiled and entangled due to the intra and intermolecular forces, an

initial step of loosening and unravelling is first required. This step, as noted by Billmeyer,

1984, is known as the swelling of the polymer; chains and segments of the polymer turn

from being “aggregated”, in their tightly coiled and entangled states, to “solvated”, where

they are loosened and less entangled, however the chains and segments are still group.

The second step is the dissolution of the polymer chains, where solvated molecules are

dispersed and the solution is formed. [131]
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Figure 2.6: Flory Huggins Model - 2D Representation (Adapted from Adeyinka et al.,
2014 [132]).

This process of swelling and dissolution is heavily dependent on the strengths of

polymer-polymer interactions and the polymer-solvent interactions. The comparisons of

these strengths will also dictate whether the polymer will actually dissolve. If the

polymer-solvent interaction is stronger, solvent molecules are able to adsorb onto

polymer chains, loosening and detangling the chains. These solvent molecules help to

force chains apart and swell the coiled polymers. Mixing has no effect on this swelling

process as it is entirely dictated by the polymer-solvent interactions. Once the entire

polymer chain is solvated and the swelling state has completed, the fully solvated

polymer with solvent molecule within the coil forms an ellipsoid shape, known as the

hydrodynamic volume and, the dissolution of the polymers can begin [131].

From a thermodynamics point of view, the determination of a polymer’s solubility can

be realised by the Gibbs free energy (∆G) and the solubility parameters.

The Gibbs free energy can be calculated using Equation 2.15:
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∆G = ∆H − T∆S (2.15)

where ∆H is the change in the enthalpy of mixing, T is the overall absolute temperature

of the solvent and solute, and ∆S is the change in entropy of mixing. Dissolution will only

occur if ∆G is negative. In general, as entropy tends to increase for particles when they

are in solution than when they are in a solid state, due to the more chaotic arrangement,

∆S will likely be positive. Similarly, by the nature of absolute temperature, T will be

positive and so the overall term will be positive. However, for polymers in solution, ∆S

is significantly smaller than for individual particles in solution. A simplified model was

developed separately by Flory and Huggins [133, 134] that demonstrated the differences

between ∆S for particles and for polymers, and encompasses the Boltzmann equation:

∆S = k ln W (2.16)

where W is the number of possible arrangements in the lattice and k is the Boltzmann

constant.

Assuming there is no overlap of molecules on any particular site, there is far fewer

possible arrangements for the polymer in the lattice, rather than separate particles – for

the same number of particles as “segments”, as can be seen from Figure 2.6. Relatively

speaking, this means ∆S will be small.

Therefore, from Equation 2.15, for ∆G to be negative, ∆H must be smaller than T∆S.

Small values of ∆H arise from specific interactions, such as hydrogen bonding, between

the polymer and solvent molecules. Larger values of ∆H describe situations where there

are no such interactions between the polymer and solvent and, as such, can be determined

by the Hildebrand Equation (Equation 2.17): [135]
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∆H = ϕsϕp(δs − δp)2 (2.17)

where ϕs and ϕp are the volume fractions of the solvent and the polymer, and δs and δp

are known as the solubility parameters for the solvent and polymer [136,137].

Data tables, specifically for Hansen Solubility Parameters, split these solubility

parameters for the solvent or the polymer (δs or δp) into a Disperson parameter (δD), a

Polar parameter (δP ), and a Hydrogen Bonding parameter (δH). [135]

Based on Equation 2.17, the small values of ∆H will result from similar values of

polymer and solvent solubility parameter, or higher value for the polymer than the solvent.

Table 2.2 shows the Hansen solubility parameters for NMP, water, and PVDF. It is

evident that for the dispersion solubility parameter, both, NMP and water have similar

values to PVDF. For the polar solubility parameter, while the values of NMP and PVDF

are similar, water has a much higher value. Finally, for hydrogen bonding solubility

parameter, it is clear that PVDF have similar values, but water has a much greater value.

Between these Hansen solubility parameters, presented in Table 2.2, and Equation

2.17, NMP is far more suitable as a solvent for PVDF than water, and will more likely

result in a negative Gibbs free energy.

Furthermore, it is evident that any changes to the chemical structure of PVDF or

NMP, will change their solubility parameters, and affect the dissolution.

Table 2.2: Hansen Solubility Parameters.

Dispersion, δD Polar, δP Hydrogen Bonding, δH Reference
NMP 18.0 12.3 7.2 [37,135]
Watera 15.5 - 18.1b 12.9 - 20.4 15.5 - 42.3 [135]
PVDF 17.0 12.1 10.2 [135]

aValues of solubility parameters for water tend not be particularly accurate as its behaviour often
depends on its local environment. [135]

bWater has a range of Hansen Solubility Parameters between derivations based on the
vaporisation of water and those calculated using SPHERE software. [135]
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Ultimately, the dissolution of high molecular weight polymers (which includes most

binder materials in electrode slurries) is a slow process and requires specific solvents to

dissolve them. Additionally, for the manufacture of electrode slurries, the solids content

of the binder solution is maximised, thereby allowing for more rheological control during

the mixing stage - additional solvent can be easily added to reduce the viscosity. This

further increases the time required for binder dissolution. Often, the PVDF binder is

pre-dissolved in the NMP as this process takes significantly more time that the electrode

slurry mixing.

2.3.2.1.2 Discrete Phase

Colloidal suspensions, as stated, consist of a continuous and a discrete phase. In the case

of an electrode slurries, the discrete phase covers the active material and any conductive

additives. It encompasses any particles that do not dissolve into the solution, and that are

instead suspended in the solution. On a gravimetric basis, the discrete phase comprises

of 40 - 50 wt% [125] of an electrode slurry, which corresponds to a volumetric basis of

approximately 20 - 30 vol%. [138] The active material makes up the bulk of the solids

in an electrode slurry, with quantities typically ranging from 70 - 90 wt% of the total

solids (as evident in Table 2.1). Often for cathode materials, a conductive additive is the

next greatest constituent, between 5 - 20 wt% of the total solids. Carbon black is the

commonly chosen as the conductive additive for electrode slurries, with several different

varieties available:

• Super P and C carbon blacks [13, 139–144]

• Ketjen black (KB) [109,140,145–147]

• Acetylene black (AB) [3, 109,145,147–150]

However, the differences in the electrochemical performance due to the choice of carbon

black seem to be marginal. [109] A study by Takamura et al., 2000, investigated the effects

of varying amounts KB and AB on the charge and discharge efficiencies of electrodes
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manufactured in the same manner. It was established that the quantity of conductive

additive plays a significantly larger part in the electrochemical performance than the

specific additive. [109]

Most conductive additives tend to have a much lower bulk density than particle density.

[151] Due to these high surface areas and electrostatic forces, many conductive additives

easily flocculate [152] and require additional energy to break up.

The mixing of the discrete phase with the continuous phase, forming the electrode

slurries, has been researched, with different mixing sequences [127, 153, 154], mixing

parameters [130,153–155] or mixers tested. [127,155,156]

As illustrated by Sawhney et al., 2022, specific sequences and parameters need to

be optimised for a new material, especially for new sodium ion battery materials. [155]

Similarly, as demonstrated in Table 2.1, there is a large range of formulation options for

these electrode slurries that need to be optimised on a materials basis.

While the different options for electrode slurry formulations and mixing parameters

have been widely investigated, there has been little investigation into the different failure

mechanisms of these electrode slurries. Therefore, failure mechanisms of colloidal systems

has been investigated.

2.3.2.2 Failure Mechanisms and Jamming Effects

These failure mechanisms, and poor mixing of electrode slurries, will effect the

properties of the electrodes. Some failure mechanisms of colloidal suspensions can be

referred to as jamming effects, whereby the inability for the suspension to flow and

behave conventionally can be due to a jamming of one of the phases.

2.3.2.2.1 Colloidal Glasses

In colloids, the “glassy” state is a system wherein the spatial arrangement of molecules

and particles is frozen in structural disorder. There are a few routes by which this can

occur, however, they mostly involve the discrete part of the suspension, and are different
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to the concept of glass transition in polymers.

2.3.2.2.2 Glass Transition due to Crowding

The glass transition due to crowding follows Bernal’s hard-sphere glass transition model

from the 1960s. The concept is that the flow of the polymeric solution is frozen due to the

crowding of hard molecules, such that any movement of particles is blocked by adjacent

particles caging it in place. Each adjacent particle is also caged by its neighbours and

hence movement is prevented.

The theory modelling states that this glass transition purely depends on the volume

fraction, and due to assuming perfect hard spheres of particles, the equation for calculating

the equilibrium phase behaviour is fairly simple.

ϕ = 4
3πR3(N/V) (2.18)

where R is the radius of the hard spheres, N is the number of spheres, and V is the volume.

From experimental calculations of Pusey and van Megen, in the late 1980s [157,158], the

system is said to be a fluid up to values of ϕ, the equilibrium phase behaviour = 0.494.

This is the lowest free-energy state where particles are still able to freely move. Between

ϕ = 0.494 and ϕ = 0.545, both fluid and crystal exist. Between ϕ = 0.545 and ϕ =

0.74, the system is said to be crystalline and, finally, above ϕ = 0.74 the colloidal system

defaults to close packing.

2.3.2.2.3 Glass Transition due to Depletion

The concept of this glass transition is due to the creation of depletion zones around

particles. These depletion zones can be generated via a few methods. [159] It is extremely

common in colloidal systems for particles to have an interaction range that is less than

their diameter, with low values of attraction, so typically, any energy input from mixing

or the Brownian movement of the particles, in short timescales, will likely have a higher
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strength that the particle-particle attraction and prevent agglomerations. However, in

a colloidal system with a non-adsorbing polymer (such as in the case in the electrode

slurries), collisions between particles and polymers, perhaps caused by Brownian motion,

as well as the interactions between them, can create an area devoid of polymers around

the particles, a depletion zone.

These depletion zones cause particles to pull neighbouring particles towards them by

use of a net osmotic force and, providing this osmotic force is stronger than particle-

polymer interactions, the system will act as a glass, and the system will jam [159].

2.3.2.2.4 Glass Transition due to Particle-Particle Interactions

As mentioned before, while it is ubiquitous in colloids for the particle-particle

interaction range to be less than the diameter of the particles, it is not uncommon for

larger range interactions, as well as higher strength interactions. Van der Waals forces

between particles, based on the distance, can affect whether particles are attracted or

repulsed from one another.

Higher strength interactions involve the electrostatic interactions between particles.

Particles in the dispersed phase can carry electric charges on their surfaces, which can

be attractive or repulsive, and will cause electric double layers to surround these

particles. In electrode slurries, especially the cathode slurries, active materials are

commonly negatively charged enabling the conductive additives, as well as positive ions,

to act as counter-ions. Immediate contact with the particle forms the Stern layer, which

is composed of oppositely charged ions, close to the surface of these particles. Past the

Stern layer is the diffuse layer that contains a ‘cloud’ of charged particles and ions, with

the part of the ‘cloud’ that moves with the particle known as the slipping plane. At each

of these layers, different potentials exist: the surface potential, the stern potential, and

the zeta potential (the potential at the slipping plane), and force between particles at

their instantaneous distance is controlled by the strengths of these potentials.

Ultimately, regardless of the origin of these forces, Van der Waals or electric double
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layer, an attractive force will cause particles to aggregate and repulsive forces can cause

a caging effect such as demonstrated in section 2.3.2.2.2 [160,161].

2.3.2.2.5 Gels

Gelation in colloidal system involves the “jamming” of polymers, typically the continuous

phase. It is realised by the formation of a giant macromolecule that percolates through the

entire solution. This can be a result of neighbouring chains forming crosslinks between

one another, until sufficient interconnection is reached and the macromolecule is large

enough to move as one. Similar results of polymer gelation can be as a result of high

conversions in step-growth polymerisations. The formation of this macromolecule results

in an abrupt increase in viscosity and a transition to an elastic response to deformation,

over a viscous response. At the specific gel point, the value of tan δ, the ratio between the

loss (the viscous component of a viscoelastic material) and the storage moduli (the elastic

component), becomes independent of the frequency used in an experimental test [162].

2.3.2.2.6 Sedimentation

A fairly common phenomenon in colloidal suspensions is the gravitation settling of

particles, especially for particles of greater than 100 nm [161]. It is possible for smaller

particles in high viscosity fluids where the gravitation force is less that the drag force, as

calculated by a derivation of Stoke’s Law [161].

Fg = (ρp − ρf)g
4
3πR3 (2.19)

Settling and sedimentation of particles can also be effected by the attractive and

repulsive forces in the colloidal suspension, and it is possible that the forces exerted by

smaller particles on larger particles can slow down their settling [161].

Ultimately, these failure mechanisms can cause issues during electrode coating, or can

result in poor electrode coatings. Therefore, the identification of these failure mechanisms
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within an electrode slurry is important for facile and effective coating.

2.3.3 Characterisation of Electrode Slurries

Electrode slurries are complex rheological fluids with high solids content (these can be

higher than 50 wt%) [125]. These slurries are difficult to characterise. Large particles

or agglomerations can give false readings, due to, both, the narrows gap obstructions in

rheometers, or from the settling of solid particles [163].

The main methods used to characterised electrode slurries are rheological techniques,

split between inline and offline, [127], with offline rheology being more commonly

employed. [127] These offline rheological techniques can be further characterised between

rotational rheology and oscillatory rheology. An introduction into these techniques will

be examined in this chapter, with a more detailed exploration found in Chapter 5.

Rotational rheology examines the apparent viscosity of material through

measurements of shear force at given shear rates, as demonstrated by Equation 2.20:

τ = F

A
(2.20)

where τ is the shear stress, F is the measured shear force, and A is the area of shear. For

a rheometer this is set by the geometry used. The apparent viscosity, η, is then calculated

through use of Equation 2.21:

η = τ

γ̇
(2.21)

where γ̇ is the shear rate.

Rotational rheological measurements are a commonly method used in the

characterisation of electrode slurries. [110, 164–167] Offline rotational rheology

measurements are generally taken at shear rates relating to the coating instrument, and,
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if the viscosity is low enough, it is assumed that an electrode coating can be made. [127]

However, use of rotational rheology can sometimes be inadequate in its characterisation

of electrode slurries, as explored in Chapter 5, and some of the electrode slurry jamming

processes, explored in Section 2.3.2.2, cannot be properly identified. Therefore,

oscillatory rheology techniques are used that can infer additional information about the

electrode slurry structure.

Oscillatory rheology measures the viscoelasticity of a material. It demonstrates that

fluids can be categorised by examination of the complex modulus (G), comprised of the

storage (G’) and loss (G”) moduli, which are measured by the phase shift (δ) between the

shear strain (γ) response of an applied shear stress (τ). The relationships between these

values can be found in Equations 2.22, 2.23, and 2.24. [168–170]

G = τ

γ
= G′ + iG′′ (2.22)

G′ = Gcos(δ) (2.23)

G′′ = Gsin(δ) (2.24)

The storage and loss moduli are indicative of the elastic response of the fluid and

viscous response of the fluid, respectively; a material that is entirely elastic (a solid)

will exhibit no phase shift (0°) between shear stress and shear strain, G’ » G”, and a

material that is entirely viscous (a fluid) will exhibit a 90° phase shift, G” » G’. [168–170]

Ultimately, the characterisation of an electrode slurry is an important step in the electrode

manufacturing process, [127] and will therefore, be a key point of investigation in this PhD.
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2.3.3.1 Electrode Coating

The process of electrode coating has been extensively optimised (both experimentally and

theoretically) [165,171], for existing coating methods [36,110,126,152,156,165,171–175],

but more coating and printing methods are being explored, such as spray coating [172,

176,177], ink jet [172], or 3D printing [178,179].

The most common methods of coating are: slot-die [156,165,171,180–182], and doctor

blade [177,180,183–187], with roll-to-roll coating [165,180,185] (used in reel-to-reel coating

[185]) used for larger scale applications.

In general, these methods of coating share the same general process: an electrode slurry

is applied to a current collector via some pump or slot, or manually. The coat is then

“spread” by movement of the coating blade (or slot) onto the current collector. A variable

gap is the primary contributor to the thickness of the electrode coating, with the solvent

quantity in the electrode slurry acting as a further control. [165, 186, 188, 189] Different

coating methods have been established to cover differing ranges of shear rate, [127] which

can enable the use of different electrode slurry viscosities. However, despite the choice of

coating method, a poorly mixed electrode slurry will still result in poor quality electrodes,

such as those demonstrated in Section 2.3.1, Figure 2.4.

One such example is due to the poor packing of conductive additive particles. The low

bulk density of these materials can allow the incorporation of air into the electrode slurry,

causing large voids during electrode coating, rendering the electrode useless. [151] Careful

mixing and, in some cases, degassing is required to remove these voids from the electrode

slurry. [190] Other can arise due to a lack of sufficient energy or time inputted during the

mixing stage, resulting in discrete phase agglomerates remaining in the electrode slurry.

Schmitt et al., 2013, examined the origins of different types of electrode coating defects.

[165] It was established that striped defects can arise from the presence of agglomerates

larger than the coating gap in the electrode slurry during coating. [165]

Furthermore, particularly for large scale coating operations, the electrode slurry

jamming mechanisms identified in Section 2.3.2.2 can cause unstable flow, creating
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undulations or ribbing defects in coating. [165]

2.3.3.2 Electrode Drying

The drying of the coated electrode slurry is similarly important in the process of electrode

formation [181]. Susarla et al., 2018, studied the effect of solvent removal during electrode

drying for NMP based electrode slurries. During the study, it was concluded that, for

a 150 µm electrode, initial solvent removal is very rapid. After the first 30 seconds of

drying, mass transfer limitations dominate and the drying rate decreases. Numerically,

for drying temperatures of 75 – 95°C, 90% of solvent removal occurs within the first half

of drying and removal of the final 10 % takes the same amount of time [181]. Jaiser et

al., 2016, highlighted the significance of electrode drying for the mechanical properties of

the electrodes. The study demonstrated that over the course of the drying process, the

adhesive force of the electrode evolves; capillary forces and solvent removal promote a

migration of binder to a film on the surface of the electrode. As top-down consolidation

of the film occurs, a concentration gradient of the binder in the electrode forms. At this

point it is vitally important to allow enough time to ensure that the distribution of binder

equilibrates throughout the electrode [191].

Ultimately, electrode drying can be split into two drying regimes, heat transfer limited,

which contributes to the first 90 % of solvent removal, and mass transfer limited, the final

10 % of solvent removal [181]. The high drying rate of the first regime has the potential

to form cracks, or stress related defects, in the electrodes [181], which can hinder the

electrochemical performance. The secondary, mass transfer limited regime can result in

poor distribution of binder in the electrodes [191], which hinders the electrochemical and

mechanical performance. However, while the drying stage is able to alter the structure of

the electrode [181, 191], it is unable to rectify the detrimental effects of a poorly mixed

electrode slurry.
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2.3.3.3 Electrode Calendering

Electrode calendering is similarly considered an important step in the production of

lithium or sodium ion batteries [186, 192, 193]. Zheng et al., 2012, studied the effects of

calendering upon a LiN1/3Co1/3Mn1/3O2 based cathode. It was concluded that

calendering improves the particle-to-particle contact and adhesion within an electrode.

However, the porosity and specific surface area of the electrode are both reduced, which

increases the tortuosity [186]. Calendering has been proven to increase the volumetric

energy density of the material. It decreases the distance between neighbouring

active-material particles via the compression of inactive-material composites – the active

material particles do not deform with calendering [186].

Contradictory to Zheng et al., 2012, Haselrieder et al., 2013, concluded that, especially

for anodes, active material particle deformation occurs, and increases proportionally with

compression rate. Furthermore, calendering decrease the surface roughness via the closing

of surface-open pores of the electrode [194]. In combination, the closing of surface-open

pores and the deformation of active materials, significantly reduces the specific capacity

of the electrode [194]. However, Haselrieder et al., 2013, and Zheng et al., 2012, both

conclude that over-calendering decreases the specific capacity due to a closing of pores

[186, 194]. Other studies have similarly analysed the calendering process, which concur

with the findings of Haselrieder et al., 2013 and Zheng et al., 2012 [139–141,186,195].

2.3.4 Summary and Conclusions

This exploration of literature has demonstrated that the rheology and homogeneity of the

electrode slurries, as well as the coating and subsequent processing of the electrodes, has

a significant influence on the final electrochemical performance of the cell. Therefore, any

inhomogeneity, or failings in the electrode slurry will have a considerable impact. Thus,

for facile and repeatable processing, it is important that these failings be characterised

and investigated.
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Similarly, as explored in Section 2.2, electrode slurries containing sodium ion layered

O3 oxides, such as those investigated in this thesis, have been shown to gel. Therefore,

the elucidation and countering of this gelation, shown to have a serious impact on the

electrode manufacture, will form the basis for this research.
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Chapter 3

Experimental Methods

The chapter outlines the materials and experimental methods used throughout this PhD

research. Experimental methods and materials that are specific to individual chapters

have been detailed therein.

3.1 Electrode Material Manufacture and Analysis

3.1.1 NaNMST Synthesis

NaNi1/2Mn1/2Sn1/8Ti1/8O2 (Na-NMST) was synthesised by a solid-state method.

Stoichiometric quantities (to produce 100 g of product) of Na2CO3, Ni(NO3)2 · 6 H2O,

MnCO3, SnO2, and TiO2, (all sourced from Alfa) were ball milled using a Glen Creston

roller mill in a 1000 mL HDPE Azlon roller pot, with 100 g of 5 mm zirconia balls and

100 g of 10 mm. Due to the volatility of sodium during the solid-state synthesis, an

extra 5 wt% of Na2CO3 was added.

The powders were wet milled with isopropanol. Over the first day of milling, 250 mL

of isopropanol was added and the pressure inside the pot was released every ca. 30-60

minutes. Afterwards an extra 200 mL of IPA was added to account for the volatility of

the IPA and the pot was milled for more than 48 hours to ensure complete homogeneity.

The IPA was removed and condensed under vacuum at approximately 50◦C. This dried
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precursor material was fired at 900◦C for 24 hours. The resulting as-synthesised Na-NMST

was transferred into an argon filled glove box at 200◦C.

3.1.2 Material Analysis

The synthesis of the Na-NMST material was verified using a Malvern PANalytical AERIS

X-ray Diffractometer. The Na-NMST material was first loaded onto the sample holder

inside a glovebox to minimise the air exposure before the measurement was obtained.

XRD measurements and analysis were performed by a colleague at the University of

Birmingham, who is familiar with this technique.

The tap density of the material was determined using a standard method [196]. The

active material was placed in a graduated cylindrical vessel and tapped until the volume

no longer reduced. The volume was then measured using the graduated cylindrical vessel

and the sample weight was determined using a balance. The tap density can then be

calculated as a normal density, such as with Equation 3.1:

ρtap = mmaterial

Vtap

(3.1)

3.1.2.1 SEM/EDS

Scanning Electron Microscope (SEM) characterisation of the powder was performed

using a Zeiss SUPRA 55-VP with elemental analysis performed using an Oxford

Instruments energy-dispersive X-ray (EDX) spectrometer. SEM and EDS analysis were

achieved using an acceleration voltage (EHT) of 5 kV and 15 kV, respectively. SEM

images and quantitative elemental analysis were obtained on the as-synthesised material

and on material that had been exposed to lab air for ca. 72 hours. To ease the material

transport, the material was exposed to lab air after it had been pre-placed on SEM

stubs.
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3.1.2.2 FTIR

Powders were chemically characterised using a Bruker Vertex 70v Fourier Transform

Infrared spectrometer (FTIR) with a diamond attenuated total reflectance accessory.

Measurements were taken every 10 minutes whilst the material was situated on the

diamond and exposed to lab air. Exactly the same method was employed for slurry

samples. Slurry samples were situated on the diamond and exposed to lab air with

measurements taken every 10 minutes. The slurry samples were transported to the

FTIR spectrometer in sealed vessels following their mixing in the dry room. For all the

measurements, data was recorded from 4500 to 100 cm−1, using 16 scans at a resolution

of 4 cm−1, with appropriate background measurements taken for each spectrum.

3.1.3 Additional Processing

In order to homogenise the particle size, the active material was milled in a Retsch PM100

Planetary Ball Mill. One third of the total conductive carbon black (IMERYS, Super C65)

was added to coat the particles and to aid in the conductive properties of the electrode.

45 g of 5 mm, and 15 g of 10 mm zirconia balls were added to the 50 mL mill pot. The

powders were milled at 300 rpm for 45 minutes, with a reversal of direction every 15

minutes.

3.2 Electrode Slurry Manufacture and Analysis

Electrode slurries were formed by mixing the carbon coated Na-NMST with the remaining

conductive carbon black, and an 8 wt% PVDF (polyvinylidene fluoride) (Solvey 5130)

binder in NMP (N-methyl-2-pyrrolidone) solution in a ratio of 89:6:5 by weight. This

changed to 89-X:6:5:X, in the cases where an additive was added. X represents the ratio

of the additive and was between 0.5-2. The cathode ink was mixed in sealed pots in a

Thinky ARE-250 Planetary Mixer, situated in a Munters dry room with a maximum dew

point of - 40◦C. Materials were measured out under a recirculator hood (also situated in
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a dry room) or in an argon filled glove box.

There were 3 stages of mixing: initially the active material and the extra NMP,

measured to give a final solids content of 40 wt%, followed by the addition of carbon

black, and, finally, the PVDF solution. Each mixing stage lasted 5 minutes with a speed

of 1300 rpm. For situations where additives were employed, each additive was mixed

with NMP, prior to the start of this mixing route.

3.2.1 Rheology

Physical measurements of the slurry rheology were obtained using a Malvern (now

Netzsch) Panalytical Pro+ rheometer. Frequency sweeps were performed, from 0.1 Hz to

100 Hz at an amplitude of 0.1 %, which resides in the linear viscoelastic region (LVER).

A minimum of three repeats per sample was used to confirm the measurements. A

second amplitude of 0.02 % (which also resides in the LVER) was used, where possible,

to further validate the measurements for many of the samples, however due to the lab

time restrictions, this was only performed for certain sample sets. A constant pre-shear

of 10 s−1 for 30 seconds was performed at the start of measurements to eliminate any

time dependence in the samples and ensure consistency between results. The frequency

sweeps were performed every 5 minutes on the electrode slurry, between 40 mm

roughened parallel plates. A solvent trap containing deionised water and a Peltier-plate

set to 25°C was used to maintain the temperature and humidity over the course of all

rheological measurements.

3.3 Electrode Manufacture and Analysis

Electrodes were formed by coating the electrode slurry onto an aluminium substrate using

a doctor blade set at 150 µm, aiming for a loading of 60-80 gsm. They were then dried

on a hotplate at 80◦C for 40 minutes, followed by overnight in a vacuum oven at 120◦C.

For additional characterisation of the slurry exposure, three different coatings were made
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from the electrode slurries, one on the just-mixed slurry (i.e. immediately after mixing),

one was coated 20 minutes after mixing and 40 minutes after mixing (at which point

the slurry gelation was noticeable). All coating was performed inside a recirculator hood

situated in a dry room.

3.3.1 Adhesion Testing

The adhesive strength of the electrodes was tested using Malvern (now Netzsch)

Panalytical Pro+ rheometer, in force measurement mode, via a 180° peel test. The setup

of these adhesion testing measurements can be seen in Figure 3.1. This method was

developed by a colleague at the University of Birmingham and can be found detailed in

the study by Zhang et al, 2022. [197]

The electrode coatings were cut to strips with the same width as the double-sided

tape (Ultratape - Double-Sided Tape 19 mm x 33 m). The electrode coatings were stuck

to the rheometer bottom plate, coating side down, using the same double-sided tape and

curved upwards, denoted as “a” in Figure 3.1. An additional piece of tape was attached

to the end of the coating (“b” in Figure 3.1), and then attached to the top rheometer

plate (“c”).

For consistency, the rheometer was always zeroed, and the top of the tape (“c”) was

attached to the top plate, when it was at a height of 20 mm. The top plate was then

raised at a speed of 10 mm/s to 186 mm. The coating and the tape were pulled apart

vertically, with a 180◦ angle between them. Adhesion measurements require clean removal

of coating from the current collector. In experiments where bottom layers of the electrode

coating remain on the current collector, these are measurements of cohesion, not adhesion,

and the experiment required repeating. Final adhesion values were calculated using 3

samples from each sample set. Errors were taken as the standard deviation between these

measurements.
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Figure 3.1: Diagram of the Adhesion Testing Setup using the Malvern Panalytical Pro+

rheometer.

3.3.2 Four Point Probe

The conductivity of the electrodes was measured using a Ossila Four-Point Probe. Ideally,

conductivity measurements should be performed on samples that have been coated (or

placed) onto a non-conductive substrate. However, due to the time limitations caused

by the COVID-19 pandemic, electrodes that had been coated onto aluminium foil were

used. This was deemed acceptable, as measurements were to be used on a comparative

basis and all samples were coated onto aluminium that had been cut from the same roll.

Electrodes were cut into a circular geometry with a diameter of 14.8 mm. The thickness
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of the electrodes was measured (using the same method as detailed in the Section 3.3.4.1)

before hand and entered into the software to allow for a thickness correction calculation.

For each additive (or sample set), the conductivity of three different electrodes were

examined cut from different points across multiple coatings. Each electrode then received

25 measurement repeats from the Ossila Four-Point Probe, with a target current of 1 mA

and a maximum voltage of 4.5 V. Averages and standard deviations were then calculated

from these three sets of 25 measurements to form a single average and standard deviation.

3.3.3 XPS

X-ray photoelectron spectroscopy (XPS) data on the as-manufactured electrodes was

acquired using a Kratos Axis Ultra DLD spectrometer. Samples were transferred to the

spectrometer using an airless transfer unit with an argon atmosphere. The surfaces of

the samples were found to charge slightly under the X-ray beam during the experiments

and to compensate for this, the surfaces were flooded with a beam of low-energy electrons

during data acquisition. This in turn required subsequent re-referencing of the data, using

the graphitic component of the C1s region at 284.3 eV as the reference point. The data

were analysed with the CasaXPS software package, using Shirley backgrounds, mixed

Gaussian–Lorentzian (Voigt) line shapes, and asymmetry parameters where appropriate.

3.3.4 Electrochemistry

3.3.4.1 Electrode Measurements

The electrodes were weighed out using a Sartorius SE2 ultra-micro balance, which allows

measurements to a precision of 0.1 µg. The sample stage includes a draft shield and cover

for high accuracy measurements. A stack of 3 foils were measured at the same time and

averaged for later calculation of active mass. Calculation of active mass (mA) was done

using Equation 3.2, where mT E is the total electrode mass, mF is the averaged foil mass,

and fA is the fraction of active material in the electrode (in this case between 0.89 and
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0.87).

mA−−(mT E − mF ) · fA (3.2)

The electrode thickness was measured using a Mitutoyo ABS Digital Depth Gauge,

mounted on a Mitutoyo Gauge Stand with Hardened Steel Anvil for measurement stability.

For each measurement, the spindle was carefully and slowly lowered onto the electrode

surface, so as to not depress the electrode and cause false readings. To allow for variations

across the electrode surface, 3 thickness were taken at different points and then averaged.

An approximation of the electrode porosity was calculated by first calculating a

theoretical coating density at 0 % porosity. This was achieved by using a weighted

average method, as seen in Equation 3.3, where ρx is the density of component x, fx is

the mass fraction of component x, and x represents the component in the slurry. Each

solid component is included in the equation. The electrodes are vacuum dried, so all the

NMP is evaporated off. Material densities were obtained from suppliers data sheets,

PVDF – 1.78 g/cm3 [198]

ρ0 = (ρA · fA) + (ρC65 · fC65) + (ρP V DF · fP V DF )
(fA + fC65 + fP V DF ) (3.3)

The true density of the electrode (ρE) was calculated by dividing the electrode mass

(mT E – mF ) by the volume of the electrode (VE), as seen in Equation 3.5. The calculation

of the volume of the electrode can be seen in Equation 3.4, where tT E is the thickness of

the whole electrode (including foil), tF is the thickness of the foil, and dE is the diameter

of the electrode, in this case 14.8 mm.

VE = (tT E + tF ) · π · dE
2

4 (3.4)
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ρE = mT E − mF

VE

(3.5)

The approximation of the electrode porosity (φE) can then be calculated using

Equation 3.6, which will give the value as a fraction. Electrode porosity is usually

expressed as a percentage, so this value needs to be multiplied by 100.

φE = 1
ρE

− 1
ρ0

(3.6)

3.3.4.2 Cell Construction

Half-cells were assembled in an argon filled glovebox, using sodium metal as the counter

(and reference) electrodes, Celgard 2325 and glass fibre (GF/A, Whatman) discs, both

cut to 16 mm as dual separators, and the cathode electrodes cut to 14.8 mm.

The GF/A separator was placed next to the electrode, and the Celgard 2325 next to

the metallic sodium to reduce dendrite growth. 70 µL of 1M NaPF6 in EC:DEC (1:1

V/V) with FEC additive (5.3 wt% FEC) (Flurochem) was used as the electrolyte. Cells

were made into CR2032 coin cells.

3.3.4.3 General Cycling

Cells were held at their open circuit voltage (OCV) for 24 hours directly after assembly to

allow for complete electrolyte saturation in the cell. This was used for all electrochemical

tests – general cycling, and EIS measurements.

For standard cycling, cells were subjected to an initial formation cycle with a low

current of 10 mA/g for first cycle. A “Battery Capacity Determination” (BCD) step was

then performed, allowing a C-rate to be used. All subsequent cycles were performed a

rate of C/10. Cells were charged between 2.0 V and 4.2 V, with measurements recorded
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every 35 mV or every 30 seconds.

3.3.4.4 Electrochemical Impedance Spectroscopy (EIS)

EIS measurements were performed on half cells that had undergone the same formation

cycles as the “General Cycling”. Each EIS measurement was take at 50 % “State of

Charge” (SoC). A BCD step was performed after formation, which would allow a C-rate

to be determined – based upon a rated capacity obtained at 10 mA/g, a rate of 1C means

the cell would charge to 100 % SoC in 1 hour, a rate of 0.5C means the cell would take 2

hours to fully charge. After the BCD, a 50 % SoC could be achieved by charging at C/10

for only 5 hours.

EIS measurements were taken between a frequency range of 10 kHz to 10 mHz, with

3 measurements taken per frequency and then averaged. EIS data has been fitted with

the software package, Z-view, using Non-Linear Least Squares (NLLS). The equivalent

circuit, and the motivation behind using it, has been detailed in Chapter 6. Fittings have

a maximum chi-squared value of 1x10 –4.
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Chapter 4

Mechanisms of Gelation in Electrode

Slurries for High Nickel Content

Sodium Ion Battery Cathode

Materials

4.1 Introduction

As established, many layered O3 oxide materials, especially those with a high nickel

content, undergo both surface and bulk phase transformations when exposed to air, [33]

resulting in the formation of sodium residues such as Na2CO3 [34] or NaOH. [35] As a

note, there are inconsistencies in the literature regarding the formation of sodium

residues with some sources suggesting Na2CO3 [34, 89] and others suggesting

NaOH. [35,90] Additionally, exposure to air of electrode slurries containing these layered

O3 oxide materials, along with NMP and PVDF causes them to gel, [36, 37] which

renders the slurries uncoatable and therefore unusable. As a result, careful cathode

slurry preparation is required.

The elucidation of the gelation mechanism has been approached in a methodical
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manner. Firstly, an in-depth literature review of the stability of the electrode slurry

components has been performed, with a particular focus on chemical stabilities of these

components. Secondly, a detailed analysis of the physical and chemical changes of the

electrode materials over time has been made. Subsequently, the electrode slurry, as a

whole, has been investigated, with observations made into the time dependent

alterations of the structural and chemical properties. Finally, the effect that these

electrode slurry alterations have upon the electrochemical properties of these materials

has been explored.

4.1.1 PVDF (Binder) Stability

PVDF, like other vinyl fluorides, is well known for its chemical stability [199] and high

hydrophobicity [200]. PVDF has be shown to be largely unreactive to acids [200, 201],

which is beneficial for sodium ion batteries as HF can form due to reactions of the

electrolyte salts (NaPF6) [34, 202].

However, alkaline degradation of PVDF with hydroxides has been widely explored

in literature [203–206]. A hydroxyl group can prompt a dehydrofluorination reaction,

causing a removal of HF from the PVDF structure [203–206]. This dehydrofluorination

reaction causes conjugated double bonds to form between neighbouring carbon atoms that

are then able to react with adjacent polymer chains, creating crosslinks. [199].

Xiao et al., 2014, detailed a colour change of PVDF membranes from white to brown

and then black during a treatment by a 15 wt% NaOH solution (initially colourless).

However, to note, this observation is unlikely to be of use in the analysis of electrode

slurries as, due to the presence of carbon black, immediately after mixing, the slurries are

black or dark brown in colour and opaque. An important finding by Xiao et al., 2014 was,

despite the usual inactivity of the C−−C bond in infrared spectroscopy, a low absorbance

intensity at 1600 cm–1 was found in dehydrofluorinated PVDF (after 22 hrs of NaOH

treatment) [206]. Similarly, an earlier examination of the surface modification of PVDF

by alkaline treatment performed by Ross et al., 2000, established a growth in intensity of
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Figure 4.1: Hydrolysis reaction of NMP, forming 4-(methylamino) butanoic acid.

this 1600 cm–1 C−−C bond in infrared spectroscopy. Over a 254 hour period this peak at

1600 cm–1 steadily increased, with initial observations appearing at 48 hours (although

it is unclear as to whether this was the first measurement after 0 hours, or whether this

was the first time that this peak appeared) [207].

Due to the suggested formations of basic sodium residuals (Na2CO3 [34] or NaOH [35])

due to reactions of sodium layered O3 oxide with air, it is possible that this alkaline

degradation of PVDF may play a role in the gelation of these electrode slurries.

4.1.2 NMP (Solvent) Stability

NMP, as discussed in chapter 2, is chosen due to its ability to dissolve PVDF. NMP, itself,

has excellent thermal and chemical stability [208]. It is well known as a co-solvent, due

to its complete miscibility with water and many other solvents [208–210]. However, its

affinity to water causes a hygroscopicity and it has been shown to degrade under aqueous

alkaline conditions. A study by Ou et al., 2017, detailed a hydrolysis reaction that occurs

between NMP and a hydroxyl group. [209, 211, 212]. During the hydrolysis of NMP, a

ring opening reaction occurs, and the lactam structure of NMP splits between the N and

the C=O, forming 4-(methylamino) butanoic acid, as shown in Figure 4.1.

It has been established that the degradation of NMP causes the colourless liquid to

change to a yellow – yellow/orange colour. [209] An investigation by Uno et al., 1968,

examined the colour reactions of different structural amines. It was found that for

aliphatic amines, primary and secondary amines had a yellow colour, while tertiary

amines were colourless. For aromatic amines, primary amines produce a reddish brown
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colour and secondary amines form a green colour. NMP is a tertiary aliphatic amine

which, after a ring-opening reaction, transforms into a secondary aliphatic amines, hence

the colour change [213].

NMP has also been suggested to degrade under sonication [214]. A study by Yau et

al., 2015, established that for dispersions of single walled carbon nanotubes in NMP, after

sonication, contained small particulates. [214]. Yau et al., 2015, concluded that NMP

degrades under sonication.

While sonication has not been used to disperse the electrode slurries in this study, the

phenomena of this particulate formation is important to consider, especially when high

energy mixers may be used for the formation of electrode slurries [214]. Similarly, with

the potential presence of hydroxyls, due to the reactions of sodium layered O3 oxides

with air, the hydrolysis of NMP should be considered in the investigation of the electrode

slurry gelation.

4.1.3 Carbon Black Stability

Carbon blacks (CB) have been established as having high chemical stabilities. [215, 216]

However, residuals, due to the high surface areas of CBs, are able to absorb onto the

surfaces of CBs. [215]

A study by Kim et al., 2007, compared the surface characteristics of CB materials

that had undergone an acid treatment, a base treatment, or a neutral treatment, which

consisted of a washing stage and a vacuum drying stage. Using FTIR analysis, it was

established, in the untreated materials, that several functional groups, including hydroxyl,

carboxyl, and ether groups could be identified in the surface species. [215] Base treated

CBs show increased intensities in the hydroxyl peak. Neutrally treated carbon blacks

demonstrated the lowest quantities of surface species. [215]

Ultimately, while the study by Kim et al., 2007, demonstrates that CBs are able to

surface absorb functional groups, they have chemical resistances to acids and bases. [215]

Furthermore, as the vacuum drying of CBs (the neutrally treated CB) is the most effective
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at removing surface residuals, any CBs used in this PhD have been vacuum dried for more

than 24 hrs and stored in a sealed container inside glove-box prior to their use.

4.1.4 Layered O3 Oxide

For the final electrode slurry component, the active material, existing studies regarding its

stability have been explored in Chapter 2. As established these materials undergo surface

and bulk phase transformations when exposed to air. However, there are inconsistencies in

the literature regarding the formation and nature of surface species. Therefore, a further

investigation into the stability of the NaNi1/2Mn1/4Ti1/8Sn1/8O2 active material in air is

made in this chapter.

This chapter describes the investigation of the gelation of electrode slurries containing

the cathode material, NaNi1/2Mn1/4Ti1/8Sn1/8O2, firstly through the analysis of the active

material in air, secondly, the analysis of the electrode slurry, and finally, the study of the

electrodes. This study and results are believed to be transferable to other sodium cathode

materials of a similar structure, as well as high (greater than 60 %) nickel content layered

materials for lithium ion cathodes - a comparison between high nickel content lithium

layered cathodes and high nickel content sodium layered cathodes was made in Chapter

2.

4.2 Aims and Objectives

The overall focus of this PhD research, as established in Chapter 1.1, is the investigation

and stabilisation of the sodium ion cathode slurries of high nickel content layered O3

materials. The first stage of this process is the elucidation of the gelation mechanism

through the following objectives:

• Establish the reactions of the active material in air and examine the surface species

that form as a result.
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• Investigate any chemical changes in the electrode slurry over the course of slurry

gelation.

• Observe how the measured rheological properties of the electrode slurry change.

• Establish a nominal processing window of these electrode slurries after which coating

becomes unfeasible.

• Determine the effect that electrode slurry gelation has upon the electrochemical

properties of these materials.

4.3 Experimental Setup

General methods used in this research can be found in Chapter 3. Experimental methods

specific to this chapter include XPS, and specific cell cycling parameters.

X-ray photoelectron spectroscopy (XPS) data on the as-manufactured electrodes was

acquired using a Kratos Axis Ultra DLD spectrometer. Samples were transferred to the

spectrometer using an airless transfer unit with an argon atmosphere. The surfaces of

the samples were found to charge slightly under the X-ray beam during the experiments

and to compensate for this, the surfaces were flooded with a beam of low-energy electrons

during data acquisition. This in turn required subsequent re-referencing of the data, using

the graphitic component of the C1s region at 284.3 eV as the reference point. The data

was analysed with the CasaXPS software package, using Shirley backgrounds and mixed

Gaussian–Lorentzian (Voigt) line shapes and asymmetry parameters where appropriate.

Electrodes had an average thickness of 50.3 µm (± 4.3 µm) and an average loading of

77.2 gsm (± 7.95 %). They were not calendared, and the porosity of the electrodes was

estimated to be 15 % (± 2.5 %). Cells were subjected to an initial formation cycle with

a lower current of 10 mA/g for first cycle, and 15 mA/g for all subsequent cycles.
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4.4 Results

The elucidation and investigation of the gelation mechanism in these high nickel content

sodium cathode electrode slurries will be explored in the following manner:

1. The changes to the active material as it reacts with air will be explored through the

use of FTIR analysis, and SEM/EDS analysis.

2. The effect on the stability of the electrode slurries will be chemically explored

through the use of FTIR, and, mechanically, through the use of oscillatory

rheology and fitting to a Maxwell model. The analysis will be split between the

measured storage and loss modulus and the phase angles from the oscillatory

rheology. This data will be fitted to a Maxwell model, in order to extract the

relaxation time of the electrode slurries. The development of these oscillatory

rheology techniques and analysis can be found in Chapter 5

3. Further chemical analysis will be established through the use of XPS analysis on

the formed electrodes.

4. Finally, electrochemical measurements will investigate the changes to the

electrochemical properties of electrodes that have been coated at various times

after mixing - exploring the effects of slurry gelation.

4.4.1 Active Material Characterisation

To understand the evolution of the active material in air, the active material powder was

examined by measuring FTIR spectra every 30 minutes for 360 minutes. The resultant

aging FTIR spectra shown in Figure 4.2a illustrates the chemical changes to the powder

sample as it is exposed to air.

The very broad peak at the high frequencies, between 2500 cm–1 and 3500 cm–1, in

Figure 4.2a, is indicative of H-bonds, from OH stretching in, both, hydroxyl groups and

63



absorbed surface water molecules. [217] At 2350 cm–1 there is an asymmetrical double

peak which is typical of CO2. [218] Interestingly, there does not appear to be much

change to the intensity over time, suggesting that the absorbed CO2 is at saturation, or

it is being used up in a reaction, such as in the formation of a carbonate (any adsorbed

CO2 consumed is likely immediately replaced from the air).

The peaks between 1423 cm–1 and 669 cm–1 are more difficult to assign to a compound

as both carbonates and hydroxides share these regions. Carbonates show a stretching at

1425 cm–1, typically asymmetrical [219] and hydroxides can show an OH bending at

around 1420 cm–1. [220] A comparison of these peaks with pure carbonate (Na2CO3 [221]

and NiCO3 [222]) and hydroxide compounds (NaOH [222]) is shown in Figure 4.2b. The

three highlighted regions in Figure 4.2b demonstrate the shared peaks, with the bands at

1423 cm–1 and 879 cm–1 being the most observable.

It is clear that NiCO3 is not being formed. There is no overlap with the peak at 820

cm–1, despite sharing the peak at 1434 cm–1. From the broad region of OH stretching

between 2500 cm–1 and 3500 cm–1, as well as peaks at 1422 cm–1, 879 cm–1 and 701

cm–1, it is likely that NaOH or Na2CO3 is present (Figure 4.2b). The spectrum for NaOH

shares the very broad region of OH stretching between 2500 cm–1 and 3500 cm–1, as

well as peaks at 1422 cm–1, 879 cm–1, and 701 cm–1. Na2CO3 similarly shares peaks at

1429 cm–1 and at 878 cm–1.

Further analysis with SEM and EDX (Figure 4.3) shows platelet-like particles existing

both singly and as agglomerates. Primary particles were found to be approximately 750

nm × 350 nm × 150 nm in size (as seen in Figure 4.3a) with agglomerates being far

larger, as seen in Figure 4.3b. After approximately 500 mg of the active material powder

was mounted onto a SEM stub and exposed to the air in an open vial for 3 days, acicular

(or needle-like) particles could be seen to emanate from the particle agglomerates (Figure

4.3b).
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Figure 4.2: Ex-situ aging spectra of the carbon-coated active material over 360 minutes
and b) Comparisons of the spectra with Na2CO3 [221], NiCO3 [222], NaOH [222] and

the NaNMST sample at time 0 and 360 minutes.

Figure 4.3: SEM image of the as synthesised NaNMST material a) Primary particles, b)
agglomerates, c) SEM image of the as synthesised NaNMST material after exposure for
3 days, (d) EDS layered spectrum and individual elements, labelled by their elemental

chemical.
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EDS was used to further analyse the composition of the crystals formed as shown in

Figure 4.3d. Based on the elemental line scan (Figure 4.3e), it is observed that the acicular

particles contain sodium and oxygen in a 1:1 ratio, with lower levels of the transition

metals and carbon. This indicates that these acicular particles are NaOH, supporting the

results of the FTIR analysis, and rules out the presence of Na2CO3. Na2CO3 would show

as a ratio of 2:1 sodium to carbon, or 2:3 sodium to oxygen.

4.4.2 Electrode Slurry Characterisation

Figure 4.4: Comparison between a pristine electrode slurry (a) and the gelled sample (b
and c).

Figure 4.4 shows the effects upon the electrode slurry once gelation has occurred, and

highlights the physical issues for coatability. Initially, just after the electrode slurry has

been mixed, it can flow very easily and freely (Figure 4.4a). Once the electrode slurry has

reached a gel-like state (Figure 4.4b and c) it becomes impossible to coat homogeneously

and reliably. If a physical gel is forming, this can be broken up with increased shear

or additional solvent, however if a chemical gel forms this is typically irreversible. The

point at which the ink or slurry becomes uncoatable is poorly defined, and this is often

done qualitatively in the laboratory through observation. In manufacturing this is often

determined through defect observations in the coatings and adhesion properties after or

during coating. [127,223–225] In this work, the gelation had a very significant effect upon
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the measured rheological properties. To predict the coatability from the rheological data

would save significant time and cost for electrode development.

There is a wide processing window for viscosity, however with the increase in viscosity,

a change in the viscoelastic properties can also be observed. However, there are several

challenges in the measurement of these changes. The high solids fraction of electrode

slurries (usually more than 40 wt%) brings a risk of confinement jamming, forming a

physical gel. Computational calculations and experimental measurements have shown

that this can begin to occur at a solids volume fraction of 54.5 v %. [226]

These properties have been studied further to monitor the onset of different physical

and chemical changes in the slurry.

4.4.2.1 Ex-situ Rheology studies of the Electrode Slurry

Oscillatory rheology was performed to determine the nature of the gelation and to analyse

the degree of gelation of the electrode material. Figure 4.5a shows the storage, G,’ and

loss, G”, moduli for the aging electrode slurry. It can be seen that both G’ and G”

increase over the course of the aging measurements, with a larger increase observed for

G’, consistent with the notion of a gelling slurry. Furthermore, as the aging increases,

both the rigidity and strength of the electrode slurry gels increase. [227–229]

As demonstrated, there are no studies investigating changes to the storage and loss

moduli in electrode slurries. However, studies of gels in different industries can establish

the applications of G’ and G” to gel properties. The research on laryngeal mucus by

Peters et al., 2021, demonstrated that absolute values of G’ and G” relate to the rigidity

of the gel. [228] Additionally, a study by Wildmoser et al., 2004, exploring the quality

aspects of ice cream using oscillatory rheology, determined that absolute values of G’

describe material rigidity. [227] Similar conclusions were made by Ahmad et al., 2015,

which examined the formation of gels in gellan and dextran blends. [229] The study

established that the ratio and difference between G’ and G” , including the phase angle,

demonstrates the strength of the gel formed. [170,228–230]
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Figure 4.5: a) Storage and Loss Moduli, and b) Phase Angle for the Aging Electrode
Slurry.

G’ and G” both demonstrate a convergence of measurements obtained at different

frequencies towards the end of the rheological measurements. The convergence is a

strong indication of a gel point, GP. [231] As this point of convergence occurs where the

viscoelasticity no longer depends on observation time, it is clear that this is not the

formation of a physical gel (such as a colloidal glass) but rather a reaction is occurring

to form a chemical gel.

There are several classical rheological indicators of a gel, with the convergence of G’

and G” in time at different frequencies being previously mentioned. Another rheology

indicator of a gel is the crossover point of G’ and G”, which occurs almost immediately,

although this seems to be more of a suggestion of a gel. [232] Due to the fact that ‘0

minutes’ refers to the start of the rheological measurements not the point at which the

slurry is mixed (and it does not take into account the transfer time of less than 5 minutes),

it seems logical that there is gelation occurring during the mixing of the electrode slurry.

The changes in the phase angle, Figure 4.5b, illustrates the balance between the
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viscous and elastic forces. Initially, the phase angle is at 40° with slight differences

depending on the frequency (or observation time). This indicates a system with a slight

dominance towards the storage modulus and the elastic behaviour. This phase angle

decreases as the electrode slurry aging progresses, until 65-70 minutes into the

experiment where the convergence occurs, and the phase angle reaches 1-2°. At this

point the gel is realised, and elastic behaviour is almost fully dominant. By the end of

the rheological measurements, the physical manifestation of the gel had reached a point

where it was completely uncoatable, with properties as shown in the photograph in

Figure 4.5b.

4.4.2.2 Maxwell Model and Electrode Slurry Relaxation Time

To further analyse these rheological properties and determine the coatability of the gel,

the data was fitted to a 2 mode Maxwell model using the Reptate software package. [233]

The Maxwell Model [233,234] postulates that oscillatory data can be fitted using a model

incorporating single or multiple modes, each comprised of an elastic, Hookean spring

element (E) and a viscous, Newtonian Fluid, dashpot element (η) in series. Multiple

modes can be used in parallel to increase the parameters of fitting and improve the

quality of fit, however it is recommended to only use one mode per decade of data as

shown in Figure 4.6. [233]

Figure 4.6: 2 Mode Maxwell Model (sometimes referred to as a Burgers Model).

A key property from this model is the relaxation time, τ, which is the ratio between

the viscous element and the elastic element, as shown in Equation 4.1.
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τ = η/E (4.1)

This is a theoretical property where times much shorter than the relaxation time will

behave as a solid (spring), and times longer than the relaxation time will behave as a fluid

(dashpot). As stress is equal across a mode and strain is the summed, a rearrangement

and differentiation of Hooke’s Law and a rearrangement of the Newtonian law of viscosity

allows the following equations (Equations 4.2 and 4.3) to be written:

G ′
a = Ea(ωτa)2/(1 + ωτa)2 (4.2)

G ′′
a = Ea(ωτa)/(1 + ωτa)2 (4.3)

where a denotes the mode and ω is the angular frequency of the oscillation.

From Figure 4.7, it can be seen that the primary relaxation time slowly increases for the

first 30 minutes. During this time, the secondary relaxation time is relatively unchanged

and upon deformation the electrode slurry will still revert to viscous behaviour relatively

quickly. Then, the primary relaxation time rapidly increases indicating that the gelation

is rapidly progressing. After 45 minutes, which is suggested as the maximum processing

window of this electrode slurry, the rate of primary relaxation time increase drops. The gel

structure is formed, with a macromolecule of connected chains throughout the electrode

slurry. After this point, the interconnections between chains strengthen slowly and the

gel strength increases.

In terms of the secondary relaxation time, values are much lower, and only change

slowly over the period of gelation. The secondary relaxation times denotes the

behaviour of the electrode slurry over very short time scales. Below approximately 0.2 s,

70



Figure 4.7: Primary and secondary mode relaxation times fitted from the Maxwell
Model.

the secondary relaxation time signifies that the electrode slurries exhibit a strong elastic

response, similar to that of a yield stress in a Herschel-Bulkley fluid. Above this

secondary relaxation time, the strong elasticity of the electrode slurry partially relaxes,

and the primary Maxwell mode elastic response dominates. It is only above the primary

relaxation time that the electrode slurry will act fully viscous and flow.

4.4.2.3 Ex-situ Fourier-transform Infrared Spectroscopy

Ex-situ FTIR analysis has been used to analyse the chemical changes during gelation. The

main groups relating to water, hydroxide, NMP, PVDF and carbonates are discussed, as

shown in Figure 4.8. Separate spectra of the individual compounds for comparison can

be found in Figure 4.9.

The ex-situ FTIR spectra of the electrode slurry are shown in Figure 4.8. The medium-

intensity broad peak at 3442 cm–1, indicative of an OH stretching vibration, can be

contributed to surface absorbed water in the electrode slurry and from hydrogen bonding
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Figure 4.8: Ex-situ FTIR Spectra of the Electrode Slurry.

throughout the slurry. The increase in the intensity of this peak over time demonstrates

that more water is being absorbed as the aging progresses and the amount of hydrogen

bonding is similarly increasing. During the course of the ex-situ measurements, the OH

stretching peak also experiences a broadening, which is consistent with the increased

effects of hydrogen bonding.

There is a slight bump at 3300 cm–1, suggestive of a very weak shoulder peak. This

peak could be attributed to the OH stretching of metal hydroxides, such as the designation

as discussed for the powder FTIR, in Figure 4.2.

The bands located at 3014 cm–1 and 2953 cm–1 can be assigned to the CH2 asymmetric

and symmetric vibration in NMP. [235] The peak at 2875 cm–1 can be attributed the CH
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Figure 4.9: FTIR Spectra comparisons of the electrode slurry, NMP, PVDF, and 8 %
PVDF in NMP solution.

stretching in sp3 hybridised carbons, likely belonging to those in the NMP. 2792 cm–1

shows a weak peak that could be assigned to the CH stretching in sp3 hybridised carbon

in NMP. The CH2 bonds in PVDF would similarly show at these points, however, due

to the quantities of NMP and PVDF in the electrode slurries, the contributions due to

PVDF would be far smaller.

In Figure 4.8 there are two peaks at 2361 and 2341 cm–1 which can be easily assigned

to asymmetrical peaks due to CO2. [218]

The highest intensity peak belongs to C=O stretching peak. γ-lactams, such as NMP,
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typically exhibit a stretching at 1750-1700 cm–1. [221] However, the effect of the methyl

group on the nitrogen, over a single hydrogen, causes a greater resonance effect that

causes the C=O stretching to shift to lower wavenumbers - 1670 cm–1, resulting in a

wavenumber that is as expected for NMP.

The remaining peaks that have been highlighted, at 1427 cm–1, 881 cm–1, 663 cm–1,

are the positions denoting NaOH from the powder FTIR (Figure 4.2). Across all these

spectra, from 0 – 360 minutes (Figure 4.2), it is very difficult to assign these to NaOH.

There is a lot of overlap in these positions with those peaks of NMP (as seen in Figure

4.9). However, a lack of NaOH could suggest that it is being used in a reaction (similar

to the lack of changes in the intensity of the CO2 for the active materials, discussed in

Section 4.4.1).

There are many peaks being obscured by the high intensity C=O stretching, and so

the peaks under this region have been fitted (Figure 4.10). The data shown in Figure 8

is for scans between 0 and 30 minutes. Fitted data for the later scans can be found in

Figure 4.11. The fitted peaks under this region include: a growing peak at 1617 cm–1,

a peak that shifts from 1647 cm–1 to 1637 cm–1, a large peak at 1665 cm–1, a second

growing peak at 1681 cm–1 and a final peak at 1691 cm–1.

The main peak can be assigned to the C=O bond in the NMP, initially at 1673 cm–1

and it shifts to lower wavenumbers over time, 1663 cm–1 at 30 minutes. This shift is

likely due to hydrogen bonding occurring as water is absorbed into the electrode slurry.

Additionally, there is a slight broadening of this peak due to the absorbance of water

creating a larger number of environments for this functional group.

Secondly, the broad, low intensity peak, initially at 1617 cm–1, can be assigned to

conjugated C=C stretching, as has been previously assigned to alkaline treated PVDF in

literature. [205–207] As the aging progresses, there appears to be a very slight shift in this

peak, along with a slight increase in the intensity, suggesting that there is an increase in

the number of these C=C structures within the PVDF as time progresses.

Finally, the peak initially lying at 1648 cm–1 can also be assigned to non-conjugated
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Figure 4.10: Fitted Ex-situ FTIR Spectra of the Aging Electrode Slurry between 1525
cm–1 and 1750 cm–1 fitted for spectra at 0, 10, 20, and 30 minutes.

C=C structures. [205,236] As the electrode slurry ages, there appears to be a slight shift

in this peak, likely due to the effects of hydrogen bonding. There is very little overall

change in the intensity of this peak, suggesting that while there may be incremental

changes to the amount of non-conjugated C=C structures in the electrode slurry, the

overall quantity remains constant, i.e. the rates of production and loss of C=C are equal.

Curiously, by comparison of the changes to these two peaks, the quantity of conjugated

C=C structures increases while the quantity of non-conjugated C=C structures remains

near constant. It can be inferred that the degree of conjugation in the PVDF structure is

slowly increasing as the dehydrofluorination reaction progresses. The peak at 1682 cm–1,
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Figure 4.11: Fitted Ex-situ FTIR Spectra of the Aging Electrode Slurry between 1525
cm–1 and 1750 cm–1 fitted for spectra at 60, 90, 120, 240, and 360 minutes.
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later at 1681 cm–1, indicates a second C=O stretching occurs, additional to the C=O

stretching of NMP. NMP has been previously reported to degrade under basic conditions,

causing a ring opening reaction to occur, forming 4-(methylamino) butanoic acid. [209] As

the electrode aging progresses, this initially sharp low intensity peak grows in intensity,

consistent with a formation of 4-(methylamino) butanoic acid.

Overall, due to the presence of the C=C structures, both conjugated and

non-conjugated, evident in the fitted FTIR data, it is most likely that a

dehydrofluorination reaction is occurring, creating these structures.

4.4.3 Electrode Characterisation

4.4.3.1 X-ray Photoelectron Spectroscopy - XPS

For further chemical analysis, the coated and dried electrodes were analysed using XPS.

These electrodes (for XPS analysis) were coated immediately after mixing of the electrode

slurry and then allowed to dry for 40 minutes while exposed to air. This allowed the

reaction to occur as the electrodes were drying and, hence, the chemical changes to be

observed without the gel network percolating the entire electrode slurry, rendering it

completely uncoatable.

Figure 4.12 shows the F1s XPS spectra, with three distinct components, two of which

relate to the PVDF, while the feature at 684.3 eV can only be assigned to NaF. The

presence of NaF is due to an expulsion of HF from the PVDF structure, followed by a

reaction with NaOH forming NaF and H2O, as shown by Figure 4.13 and Equation 4.4.

NaOH + HF −−→ NaF + H2O (4.4)

By comparison of the areas, an elemental quantification can be obtained, and an idea

of the degree and progression of the reaction can be noted – 81.3 % for CF2CH2, 3.0 %

for CF2CF2, and 15.7 % for NaF Assuming that all of the expelled HF reacts to form

77



Figure 4.12: F1s X-ray Photo-emission Spectroscopy of the as-coated Electrode

NaF, after the aging reaction has been allowed to progress, 15 % of the fluorine in the

PVDF was expelled from the polymer and so 15 % of the gelled PVDF binder contains

conjugated or cross-linked structures.

Figure 4.13: Dehydrofluorination of PVDF.
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4.4.4 Electrochemical Characterisation

The effect of the electrode slurry aging was further examined using electrochemical

analysis. Electrodes were coated at different intervals after the mixing was completed,

with electrode coating at 40 minutes being just possible. Beyond this time the electrode

slurry was too solid-like to coat.

Figure 4.14a shows the capacity curves for the material in a half cell setup for the first

and fifth cycles. It is evident that there is a charge transfer plateau at 2.8 V, which can

be clearly seen for the charge and discharge curves in the first cycle.

Figure 4.14: a) Half-cell capacity curves for the 1st and 5th cycles for the electrode
coated 0 minutes after mixing. b) Half-cell capacity vs cycle number for electrodes

coated at 0, 20, and 40 minutes after mixing.

There are, however, notable changes due to the electrode slurry aging, as seen in Figure

4.14b. Over 50 cycles, the capacity of the material reduces from 138 ± 1.5 mAh/g to 81

± 1.8 mAh/g (averages and standard deviations calculated from no less than 3 cells). The

formation of NaOH due to the surface reactions of the active material (Figures 4.2 and

4.3), causes a loss of sodium, the charge carrier, from the active material which leads to

a reduction in the capacity of the cells. By coating the electrode slurry 20 minutes after
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mixing, there appears to be very little change in the life of the cell; the chemical changes

due in the electrode slurry at this point are not enough to affect the life of the electrode.

Coating after 40 minutes of mixing means these chemical changes seem to have a more

sizeable effect and a steady reduction from 138 ± 1.7 mAh/g to 75 ± 1.8 mAh/g over

the 50 cycles is observed.

During electrode cycling, there is a reduction in capacity of the material, as evident in

electrodes coated 0 minutes after mixing. This active material is unstable when cycling

to 4.2V, regardless of any surface reactions prior to being assembled into a cell. However,

as stated, this reduction increases for the electrodes coated 40 minutes after mixing. It

seems evident that the formation of NaOH, with a loss of sodium from the active material,

causes a structural change that exacerbates the inherent instability of the material when

cycling.

4.5 Discussion

The FTIR and XPS results demonstrate that a dehydrofluorination reaction is occurring

during the aging of the electrode. This is a base catalysed reaction of PVDF in which a

carbon–carbon double bond is formed as a result of the elimination of hydrogen fluoride

(HF) units from the polymer, as shown in Figure 4.15, which has been widely reported

in PVDF literature. [199, 207, 237, 238] The formation of these C=C structures allows

a crosslinking between PVDF chains to occur, creating a gel network throughout the

electrode ink.

The presence of a base, NaOH, has been confirmed from FTIR and SEM analysis

(Figures 4.2 and 4.3). In similar lithium-ion battery systems, it has been shown that LiOH

is evolved first, followed by the formation of Li2CO3. [96] However, the analysis methods

used in this study were unable to detect the presence of Na2CO3 and it is possible that

the carbonate forms over larger timescales than those used in this research. Regardless,

as this study has shown that NaOH is responsible for the gelation of the electrode slurries,
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Figure 4.15: Dehydrofluorination of PVDF and subsequent crosslinking. Crosslinks
between PVDF chains have been highlighted in red

it is suggested that the formation of LiOH could be the cause of gelation in analogous

lithium cathode electrode slurries.

The dehydrofluorination and subsequent crosslinking has been verified through

interpretation of the phase angle rheology, Figure 4.5b, where the later trend towards

1-2 % phase angle, coupled with the convergence of moduli at all measured frequencies

with observation time depicts a chemical gel, as opposed to a physical gel.

If the assumption that the storage modulus, G’, is directly linked to the gel structure

is made (Figure 4.5a), it can be inferred that there are three stages of gel development.

These can be observed in the plot of the primary relaxation time as a function of time,

as seen in Figure 4.16. The first stage is an initially slow rate, whereby the quantities of

base are still increasing to the point of saturation and the dehydrofluorination is occurring,

but the crosslinking is still slow. The second stage occurs at a faster rate, whereby the
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highest concentration of C=C structures exists, and crosslinking can readily occur. As

this reaction progresses, the quantity of C=C structures decreases until, the third stage

where the remaining C=C structures are able to crosslink between chains at a slower rate.

Figure 4.16: Primary mode relaxation time, showing the 3 proposed stages of gel
development.

Another observation that is suggested by the FTIR data (Figures 4.8, 4.10, and 4.11)

is the hydrolysis and ring opening reaction of NMP, Figure 4.1, which has been detailed

in literature. [209,211]

This reaction occurs with a base present and, by examining the FTIR data in Figures

4.8, 4.10, and 4.11, there is a suggestion that this reaction is occurring. However, due

to the very low intensities of the peaks, the presence of 4-(methylamino) butanoic acid

either cannot be confirmed, or it exists in very small quantities. Thus, it likely does not

contribute significantly to the gelation of these electrode slurries.

In terms of the electrochemical behaviour, the loss of sodium from the active material

due to a reaction forming NaF has only a small effect on the electrode capacity and
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capacity decline during cycling (Figure 4.14). However, it is worth noting that these are

half cells, and an excess of sodium ions is present in the system. A greater effect of this

sodium loss might be displayed in full cells, and will be explored in future work.

In this system the major challenge with electrode aging remains the gelation and the

affect this has on the coatability. Suppression of this gelation would mean this material or

analogous materials (for both sodium and lithium ion batteries) may be more freely tested,

examined, and optimised. One potential solution to this problem is to coat the surface

of these electrode materials with a sacrificial or blocking material to prevent exposure to

air and so stop sodium surface species from forming. An alternative may be the use of an

additive in these electrode slurries that is able to absorb water or pacify the surface.

4.6 Conclusions

Gelation leading to difficulties in coating PVDF and NMP electrode slurries is widespread

and affects many materials, especially high nickel content layered O3 sodium-ion cathode

materials. Beginning with the instability of the powder materials, the source of this

gelation has been investigated along with its effect on the electrode slurry and subsequent

electrodes.

NaNi1/2Mn1/4Ti1/8Sn1/8O2, a O3-type layered oxide material, prepared by a solid

state method was investigated for its processability and stability in electrode

manufacturing. In order to satisfy the first objective, the effects of air on the active

material were characterized using FTIR and SEM, and sodium hydroxide was observed

over prolonged exposure.

Satisfying the second and third objectives, the stability of the slurries for electrode

coating, was further investigated using rheology, FTIR and XPS characterisation. Sodium

fluoride was observed through XPS in the electrode slurries after mixing and gelation.

This is formed due to the reaction of sodium from the layered oxide with fluorine from

the PVDF. It has therefore been established that, chemically, the dehydrofluorination
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reaction and subsequent crosslinking are the route cause of the electrode slurry gelation.

From the time dependent rheological studies a three stage structure development in the

electrode slurry was observed. First the PVDF is defluorinated, which causes cross-linking

of the chains, which in turn causes a non-reversible chemical gelation of the slurry. The

three stages of gelation are likely related to the concentrations of C=C bonds. Initially

there is the creation of saturated structures, via a dehydrofluorination stage. Secondly

there is a crosslinking stage, which results in the highest rate of gelation. Finally, a slow

crosslinking stage, whereby the rate of gelation is limited by the low quantity of saturated

structures.

Regarding the fourth objective, analysis of the relaxation time establishes a nominal

processing window of 20 minutes. 20 minutes after mixing demonstrates a point just

before the rapid increase of the electrode slurry relaxation time.

For the final objective, electrochemical testing in sodium-metal anode half-cells with

coatings produced 0, 20, and 40 minutes after mixing showed limited initial capacity

differences. However, after 50 cycles, an increased capacity decline was observed for

electrodes coated after 40 minutes of mixing. Electrodes coated 20 minutes after mixing

demonstrated a more consistent capacity decline to those coated immediately after mixing,

further reinforcing the nominal processing window of 20 minutes.

In summary the alkalinity of the sodium layered oxide, due to the sodium hydroxide

formation, causes defluorination and cross-linking of the PVDF binder material. These

cross-linking reactions cause a gelation of the electrode slurries. The increased insulating

inorganics (NaF), formed as a result of the liberated HF in the dehydrofluorination, cause

increased capacity fade during cycling. Therefore, in order to improve the stability and

cycling performance of these highly alkaline oxides, changes in the methodology for mixing

and coating are required.
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Chapter 5

Technique Development for the

Analysis of Gelation in Electrode

Slurries

5.1 Introduction

During electrode coating, a poorly mixed electrode slurry with many large agglomerates

will result in inhomogeneous electrodes, despite maintaining coating parameters. [239] A

poorly mixed or gelled electrode slurry may not even be coatable because it may possess an

apparent viscosity which is too high or too low to be processed in the coating equipment.

The slurry rheology, which is a function of its microstructure, is therefore critical; surface

and bulk rheological properties can dictate coating flow performances. [127] As a simple

example, a slurry with a large amount of carbon black agglomerates will exhibit higher

apparent viscosities. [239]

Chapter 2 outlined previously the importance of homogeneity in electrode coatings.

This can be defined in terms of the thickness, density distribution and particle and

material distribution, [240] as any defects in this uniformity can result in a poor rate

performance [241] and localised aging of the electrode. [109]
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Chapter 4 has demonstrated that sodium cathode electrode slurries undergo a gelation

that progresses with time. Should this be detectable by an on- or off-line method upstream

of the final coating step, this would enable interventions to be made in the process. This

chapter explores the use of rheological measurements in this capacity. An added benefit

is that rheological analysis can be used to infer electrode properties before coating has

been performed. For example, electrode slurries with elastic properties may demonstrate

shear memory, and certain alignments of slurry components can be retained, which can

influence the conductivity. [127]

As will be explored in this chapter, the standard rheological measurements initially

carried out to analyse electrode slurries were found to be unsuitable for the investigation of

this gelation. This chapter presents experimental work carried out to modify and optimise

rotational and oscillatory rheology measurements for examination of the gelation process.

The results of these measurements are discussed in the light of the expected and possible

electrode microstructures formed.

5.1.1 Rheological Analysis for Electrode Slurries

The academic literature describes the rheological analysis of electrode slurries via many

different methods. Rotational measurements are useful for understanding the flow

behaviour and shear dependant nature of the electrode slurries. [110, 165] Rotational

rheology utilising flow curves has been used to compare various slurry processing

methods, [110, 164–167] or to analyse the aging of an electrode slurry. [242] Similarly,

analysis has been performed to analyse the effect of additives on the electrode

slurries [139, 243] or the comparison of different binder systems. [138, 244] These flow

curves have also been used to fit the electrode slurries as generalised non-Newtonian

fluids, such as a power law fluid. [165]

While the flow curve measurement using rotational rheometers is effective, in many

cases, additional measurements, such as oscillatory measurements, have been

sought. [138, 139, 166, 167, 243, 244] Oscillatory measurements can differentiate between
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the elastic, (G’) solid, elements of the electrode slurry and the viscous, (G”) flow,

elements. [127, 244] By comparing the elastic and viscous elements it is possible to infer

the microstructural properties of the slurry, such as the settling behaviour of the

particles [244] or the formation of a gel structure. [243]

Despite these methods, a precise determination of the coatability of the electrode

slurry is still poorly researched. For other applications, such as ink-jet printers, the

relationship between the rheological properties and the printability has been

investigated. [245] Woo et al (2013), compared the plots of viscosity, and elastic and

viscous modulus with the drop formation accuracy of ink dispersions with the higher

viscosity inks demonstrating unstable printing performance. Additionally, for the

unstable dispersions, the elastic modulus dominated over the frequency range tested.

For the normal and stable dispersions, the viscous modulus was significantly higher for

the majority of frequencies. [245] However, as discussed by Reynolds et al., 2021, the

high weight percentage of solids in electrode slurries causes the elastic and viscous

moduli to be similar. Hence, this particular use of coatability testing is unfeasible. [127]

Similarly, understanding coatability using the rotational rheology in the method used

by Woo et al., 2013, is also unfeasible. Rotational rheology can be used to calculate a

processing range of feasible apparent viscosities for electrode slurries. [127, 138] This is

typically done by finding the viscosity of the electrode slurry at the lowest shear rate

of the coater, where it will suitably flow. [127] The electrode slurries tend to be shear

thinning [165] and so higher apparent viscosities can be handled by using higher shear

rates on the coater. However, this method does not always solve the problem, and defects

and inhomogeneous coats may still occur. [165]

The electrode slurries that are investigated as part of this work change over time,

and there is generally a ‘coatability window’ for which electrode coating is possible, past

this point the electrode slurry starts to become a solid and is unpourable. The precise

coatability window is difficult to define. Due to this time dependency, standard shear

rate rheology measurements do not work, as the electrode slurry has changed in structure
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by the time a full sweep has been performed. In this work, the current methods for

rheological analysis of the electrode slurries are described, with the time dependency of

the slurry structure explored. A methodology has been developed that illustrates the

changes in the slurry properties over time, so that a coatability window can be measured

5.1.2 Practical Shear Rates

As discussed, it is important to define and understand the shear rates experienced by the

electrode slurry during the coating stage. This is vital for both rheological testing and

comparison of electrode coating methods.

When an electrode slurry is deformed, as demonstrated by a velocity profile in a coating

device, Figure 5.1, shearing occurs. The severity of the velocity profile determines the

shear rate, a steeper velocity gradient will correspond to a higher shear rate, as shown in

Figure 5.1. By using infinitesimal layer thickness, local shear rates can be approximated,

such as with Equation 5.1. Bulk shear rates can be approximated taking the velocity

difference and layer thickness over the whole electrode slurry.

γ̇ = dv

dx
(5.1)

where γ̇ is the shear rate, v is the velocity, and x is the separation distance. [127]

It is important to define the shear rates of coating equipment, lab scale and commercial,

as due to the different geometries, and speeds, and coating gap size used, the rates can

vary greatly. For example, by considering a doctor blade coater, as used throughout

the course of this research, such as described in Figure 5.1, the shear rates can be simply

approximated. However, a few assumptions are required. Firstly, there is no slip condition

– the speed of the slurry in contact with the blade of the coater is equal to the speed of

the coater. Similarly, the speed of the slurry in contact with the current collector is equal

to zero (for a doctor blade coater the current collector is clipped down and motionless).
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Figure 5.1: Velocity profile and shear in a doctor blade coater.

Table 5.1: Calculated Shear Rates for the Lab Doctor Blade Coater.

Coating Gap (µm) Shear Rate (s−1)
50 167

100 83
150 56
200 42
250 33
300 28
350 24

Additionally, the shear rate of the coater occurs directly below the blade – slurry effects

on either side of the coater are not considered.

By using the slowest speed on the doctor blade coater, 0.5 m/min (or 8.33 x 10 –3

m/s), the shear rate can be approximated over a range of coating gaps, as seen in Table

5.1.

Clearly, from Table 5.1, it can be noted that there is a large range of possible shear

rate and highlights the issue with analysing the rheology of the electrode slurry at a single

shear rate.

Similarly, different coaters will have different shear rates. A large-scale electrode

coater, such as a reel-to-reel coater, where the current collector is moving in the same
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direction as the slurry, has a very small difference in speeds, as shown in Figure 5.1. It

will produce shear rates that are much lower. A shear rate of 10 s–1 is fairly easy to

produce for a reel-to-reel coater – for a doctor blade coater it would require a gap size of

more than 1 mm, which is excessively large for this application.

Additionally, the shear rates within a mixer will likely be far higher, creating an even

larger range of possible shear rates.

5.1.3 Oscillatory Rheology

Rotational measurements can measure the viscosity of the electrode slurry at specified

shear rates, making this method useful for pairing with particular coating instruments.

Oscillatory measurements, on the other hand, differ in a few ways. Where rotational

measurements tend to limit shear rate, and measure shear stress, oscillatory

measurements have additional variables that can be limited. Measurement frequency,

which can be defined as the rate of oscillations, can be thought of as an observation time

of measurements. A higher frequency relates to a smaller observation time, whereby

there is very little time between deformations and measurements.

The amplitude of measurements is the strain of measurements and can be defined as

how much deformation occurs. It can be calculated using the following equation,

Strain(γ) = r

h
θ (5.2)

where r is the radius of the plates, h is the separation distance between the plates, and θ

is the angle of the plate deformation (in radians).

By using oscillations as opposed to rotations, these measurements are able to

distinguish between the elastic and viscous contributions to the viscosity.
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5.1.4 Experimental Models

Valuable insights into the structure developed during the gelation of the electrode slurry

can be gained from experimental models.

5.1.4.1 Polymer Models

Several polymer models were considered for the modelling of these electrode slurries.

These included the: Rouse Model, [246, 247] Kremer-Grest Model, [248, 249] Arm

Retraction Model, [250] and the more generalised and expandable, Maxwell

Model. [250,251]

Out of the fundamental polymer models, the Rouse Model, which uses beads and

harmonic springs to model the polymer chains, [247] and the Kremer-Grest Model, which

utilises an entangled tube model, [249] are the simplest of those considered, and do not

consider solid particles. The Arm Retraction Model, which explores entangled monomer

units, that are retracted and pulled in by larger polymer arms, seems more suitable for

these electrode slurries. However, like the Rouse and Kremer-Grest models, this model is

specifically tailored to monodisperse systems, where only one molecular weight of polymer

is accounted for.

For electrode slurries, especially where PVDF is used, typically a polydisperse polymer

is used, that encompasses several molecular weights. Furthermore, the system in these

electrode slurries is far more complex, with a polydisperse polymer and solid particles

mixed in. It is far more suitable to utilise a generalise and tailorable model that can be

fitted to experimental data.

5.1.4.2 Generalised Maxwell Model

The Generalised Maxwell Model can capture the relaxation behaviour of polymers in

certain time ranges. [233, 234] It postulates that oscillatory data can be fitted using a

model incorporating single or multiple modes, each comprised of an elastic, Hookian
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“spring” element (E) and a viscous, Newtonian Fluid “dashpot” element (η) in series.

Multiple modes can be used in parallel to increase the parameters of fitting and improve

the quality of fit (as shown in Figure 5.2). [233] The initial elastic modulus, E∞ , is the

model’s elastic modulus at t = ∞. It is used to predict the model’s behaviour at large

timescales. The properties and uses of the Maxwell Model make it, or some variation of

it, ideal for this application.

Figure 5.2: Generalised Maxwell Model.

5.1.4.3 Expanded Maxwell Model

An initially proposed use of the Maxwell Model was an expansion and selection of the

generalised model. Based on the methodology used in Electrochemical Impendence

Spectroscopy (EIS), whereby intrinsic properties and mechanisms of electrochemical

cells can be fitting to equivalent circuit models, a similar methodology was hypothesised

for this application, as shown in Figure 5.3.

In one iteration of this Expanded Maxwell Model, it is proposed that the elastic

element, E1, and the viscous element, η1, are expanded and fitted to a distribution relating

to the polydisperse PVDF. This would be fitted to the molecular weight distribution of
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Figure 5.3: Proposed Expanded Maxwell Model.

the polymer binder, and it is assumed that this would remain fixed throughout the data.

Secondly, the next set of elements, E2 and η2, would relate to the entanglement of polymer

chains and contributions to the solid particles. This would be fitted from initial electrode

slurry data (i.e. at t = 0 minutes), and would, similarly, be fixed through the rest of

the data. The final set of elements, E3 and η3, would be free and fitted to each time set

of frequency data. It was thought that this would relate to the gelation of the electrode

slurry and the structural development in the electrode slurry could be traced through this

element.

Ultimately, however, this proposed model did not make it into practice. Information

of the molecular weight distribution is not easily available from the manufacturers,

Solvay. Instead, it is merely stated as a distribution being between 1,000,000 and

1,100,000 gmol–1. Furthermore, by fixing certain modes and allowing others to be freely

fitted, there is a danger that rheological changes can be attributed incorrectly. For

instance, any changes and development to the entanglement of polymer chains would be

attributed to the gelation and structural development of the electrode slurry.
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5.1.4.4 Reduced Maxwell Model

Ultimately, the Maxwell Model was fitted to fewer modes, such as the one seen in figure

5.4. In this model, the initial elastic modulus, E∞, which is used to predict the model’s

behaviour at large timescales, is removed. This is done as, due to the changing structure,

the initial elastic modulus is unable to track the gelation of the electrode and extrapolation

to larger timescales would be inaccurate.

An important variable that can be extracted from this model is the relaxation time,

which is the ratio between the viscous element and the elastic element.

The relaxation time (τ) can be calculated using Equation 5.3: [233]

τ = η

E
(5.3)

This relaxation time is a theoretical property that states times much shorter than the

relaxation time will behave as a solid (spring), and times longer than the relaxation time

will behave as a fluid (dashpot).

Figure 5.4: 2 Mode Maxwell Model (sometimes referred to as a Burgers Model).

Once the relaxation times have been extracted from the model, they can be plotted

against time and the development of the polymer structure can be observed.
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5.1.4.5 Akaike Information Criterion

The difficulty with using a Maxwell Model such as this is determination of the number

of modes to use. One method to compare the number of modes is by using a statistical

method such as Akaike Information Criterion. Akaike Information Criterion (AIC) is

a statistical method that can be used to analyse the quality of a fitted model and rank

competing models. [252–254] AIC uses a quality of fit, such as residual sum of squares, the

number of data points the model has been created from, and the number of parameters

in the model. A calculation of the value can be found in Equation 5.4:

AIC = n
[
ln

(
RSS

n

)]
+ 2k (5.4)

where n is the sample size, k is the number of parameters, and RSS is the value of

residual sum of squares. [252] For smaller data sets, typically where n/k is less than

40, a second-order bias correction is required, leading to a corrected Akaike Information

Criterion (AICc). [252–254] Calculation of AICc is performed using Equation 5.5:

AICc = AIC + 2k(k + 1)
n − k − 1 (5.5)

From Equation 5.5, it can be noted that for very large data sets, where n tends to

large numbers, the value of AICc approximates to AIC. As the values of AIC (or AICc)

are mostly arbitrary and completely dependent on sample size and number of parameters,

they need to be rescaled based on the minimum AIC, such as Equation 5.6:

∆i = AIC(c,i) − AICmin (5.6)

where ∆ represents the rescaled and weighted value, and i is the index for each model.
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By using this equation, the “best” model will have a score value of 0, as it will have the

minimum AIC. Complete comparison between models is conveniently done by calculating

weighting of their respective scores against one another, such as with Equation 5.7.

wi = e
−∆i

2

∑
e
−∆i

2
(5.7)

By using Equation 5.7, the Akaike Weights, wi, for each model can be calculated where

all values sum to 1.

5.2 Aims and Objectives

The aim of the work presented in this chapter was to develop a set of robust and reliable

experimental methods to enable rheological characterisation of the gelling electrode

slurries. This required the methods to be readily repeatable, non-destructive and

non-intrusive, to be able to probe the structural development of the electrode slurry over

time, and most importantly, to be able to identify when the electrode slurry becomes

uncoatable. It is important to note that, in this case, non-destructive refers to a

technique that can continuously obtain reliable measurements over its duration without

destroying the gel network and invalidating the results. This was achieved via the

following objectives:

• Determination of the apparent viscosity of electrode slurry as it changes over time

via rotational rheometry and thus establish the time taken for the gelation of the

electrode slurry to finalise.

• Assessment of the coatability of the electrode slurry and identification of when the

electrode slurry becomes uncoatable.

• Use of oscillatory rheometry to elucidate any trends and reaction rates in the

structural development of the electrode slurry and thus distinguish between a

96



chemical and physical gel.

5.3 Methods and Materials

Electrode slurries were produced using the standard method, as discussed in Chapter 3.

Carbon coated Na-NMST was mixed with the remaining conductive carbon black, and

an 8 wt% PVDF (polyvinylidene fluoride) (Solvey 5130) binder in NMP (n-methyl-2-

pyrrolidone) solution in a ratio of 89:6:5 by weight. The cathode slurry was mixed in

sealed pots in a Thinky ARE-250 Planetary Mixer, situated in a Munters dry room with

a maximum dew point of - 40° C. There were three stages of mixing, details of which can

be found in Chapter 3.

5.3.1 Rotational Rheology

Rotational rheology measurements were performed using an Anton Paar RheolabQC

rheometer, using a CC14 14 mm diameter bob geometry, and an EMB-Z4 measuring

cup.

Three different experiments were performed.

1. Constant shear rate time sweep. The slurry was held at a shear rate of 100 s–1 with

rheological measurements every 6 seconds.

2. Shear ramp with rest intervals. Shear ramp between 0.1 and 1000 s–1 performed

every 10 minutes, with complete rest between sets of measurements, as shown in

Figure B.1.

3. Constant shear rate with shear ramps. Shear ramp between 0.1 and 1000 s–1

performed every 60 minutes. Between shear ramps, the slurry was held at a shear

rate of 10 s–1 with rheological measurements every 30 seconds, as shown in Figure

B.2.
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5.3.2 Oscillatory Rheology

Oscillatory rheology measurements were obtained using a Malvern Panalytical Pro+

rheometer, equipped with a 40 mm diameter roughened parallel plate geometry to

minimise wall slip. A Peltier plate, set to 25°C, and a solvent trap, containing deionised

water was used to maintain the temperature and humidity respectively during sample

measurement.

An amplitude sweep at a frequency of 1.59 Hz, (10 radians s–1), was performed to

determine the linear viscoelastic region (LVER), to ensure the integrity of the sample

during gelation. Three different oscillatory measurements were attempted.

1. Oscillatory rheology measurement, analogous to the first experimental setup. A time

sweep was carried out at a constant amplitude and frequency within the LVER, (0.2

% in the presented data, at 1.59 Hz). Oscillatory measurements of G’ and G” were

taken every 5 minutes.

2. Gelation measurement. The sample was allowed to gel for 90 minutes and then an

amplitude sweep was performed on the sample until destruction. The sample was

loaded onto the rheometer and a constant pre-shear of 10 s–1 for 30 seconds was

performed. It was then rested for 1 hour, after which an amplitude sweep between

0.1 % and 1000 % at a frequency of 1.59 Hz was applied to the electrode slurry.

This amplitude sweep took around 45 minutes to complete.

3. Multiple frequency sweeps from 0.1 Hz to 100 Hz at two different amplitudes, 0.02 %

and 0.1 %, both of which reside in the linear viscoelastic region (LVER). A constant

pre-shear of 10 s–1 for 30 seconds was performed at the start of measurements

to eliminate any time dependence in the samples and ensure consistency between

results. The frequency sweeps were performed every 5 minutes on the electrode

slurry.
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5.3.3 Maxwell Model

The fitting of a Maxwell model was performed using the Reptate software package. [233]

Reptate uses a least-squares fitting procedure on a log basis.

Experimental data can be fitted by first generating equations of G’ and G” for the

model. In series, stress remains equal through spring and viscous elements. Strain is

calculated as the summation of strains in each element. By using a differentiation of

Hooke’s Law and Newtonian law of viscosity allows the following equations to be

constructed,

G′
a = Ea

(ωτa)2

(1 + ωτa)2 (5.8)

G′′
a = Ea

(ωτa)
(1 + ωτa)2 (5.9)

where a denotes the mode and ω is the angular frequency of the oscillation.

5.4 Results and Discussion

This results section will be structured in a different manner to the other results

chapters. Firstly, there will be an exploration of rotational rheological analysis, covering

three different methodologies (outlined in Section 5.3). Secondly, there will be an

investigation of the electrode slurries using oscillatory rheology, similarly covering three

different techniques. Finally, there will be an examination of model fitting to these

electrode slurries.
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5.4.1 Rotational Rheology

5.4.1.1 Constant Shear Rate Time Sweep

The first objective of this chapter, the determination of the apparent viscosity of

electrode slurry as it changes over time, and thus establishing the time taken for the

gelation to finalise, was approached through the use of rotation rheology, widespread in

the characterisation of electrode slurries. [115, 127, 139, 164, 174, 255] The most obvious

method to do this was through the use of a constant shear rate over time measurement,

as seen in Figure 5.5. A constant shear rate of 100 s–1 was chosen to mimic the shearing

during both coating and mixing.

Figure 5.5: Constant Shear Rate of 100 s–1 over time.

Figure 5.5 shows the changes to the electrode slurry viscosity over time. 4 key

regions can be noted from the measurements. Initially, there is a rapid increase lasting
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approximately 45 minutes, where the apparent viscosity rises from 2 Pa.s to around 26

Pa.s, a tenfold increase in apparent viscosity. Secondly, a plateau (or slight decline)

lasting approximately 1 hour at around 25 Pa.s. Subsequently there is a steady decline

to approximately 15 Pa.s, where the second plateau lasts for the remainder of the

measurements.

The initial rapid increase in viscosity is contrary to the thixotropic and shear thinning

nature of these electrode slurries [256] and suggests two things. Firstly, it can be inferred

that there is a gel or complex structure forming. [256] Secondly, as there is not a further

increases in viscosity, it can be suggested that the full extent of the gelation is reached

within the first 45 minutes. The decline to the second plateau, at approximately 15 Pa.s,

could suggest that there is a collapse in the structure formed, and the constant shearing

of the rheometer has caused any gel structures to align and flow more easily past one

another.

The present of this secondary plateau might suggest that the electrode slurry is still

coatable, due to the drop in the apparent viscosity. Similarly, as it has been demonstrated

in Section 5.1.2, the shear rate of a coating device can cover a large range, and by using a

coater with a shear rate that is higher than 100 s–1 further structure alignment and flow

within this electrode slurry seems possible. However, physical evidence of slurry gelation

demonstrates that this electrode slurry is no longer coating, reinforcing the notion that

it is difficult to determine the coatability, and a different technique is required to fully

probe the structure of these electrode slurries.

A further concern is the potential for shear induced gelation. Shear induced gelation

has been reported for colloidal dispersions, [257] albeit for different chemicals. In the

study by Cabane et al., 1997, a water based colloidal dispersion was able to gel after

being experienced to a critical shear rate of 1000 s–1. [257] It was concluded that the

constant shear rate time sweep was not appropriate for the testing as it interfered with

and, likely, destroyed the gel structure in the electrode slurry. Similarly, it was unable

to really probe and investigate the structural development of the gelation or determine
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when the electrode slurry was uncoatable .

Therefore, while this method has been able to identify the apparent viscosity of the

electrode slurry and demonstrate a gelation time (satisfying the first objective – Section

5.2), the use of a constant shear rate time sweep was deemed unsuitable. It was

proposed that rest periods would reduce the risk of a shear induced gelation, and that

shear ramps would facilitate further examination of the electrode slurry measured

rheological properties.

5.4.1.2 Shear Ramps with Rest Intervals

As examined, while the initial method of constant shear rate was able to demonstrate a

gelation time, the employment of shear ramps into the rheological characterisation hoped

to further elucidate the structural development in the electrode slurry. The shear rate

input over time for this method can be found in Section 5.3, Figure B.1. As Figure 5.5

demonstrates, the second, and final, plateau was reached after 2.5 hours, and so this

method utilising multiple shear ramps was performed up to this point.

While flow curves were taken every 10 minutes, the data shown in Figure 5.6, is that of

every 20 minutes. Figure 5.6 shows these flow curves, with two apparent viscosity curves

at individual shear rates of 10 s–1 and 40 s–1 plotted to the side. These two shear rates

have been highlighted as these relate to a doctor blade shear rate with a nominal gap

of 200 µm (40 s–1) and that of a reel-to-reel coater, to account and allow for large-scale

coating operations (10 s–1).

By observing the increases in apparent viscosity at single shear rates, the trends

become more evident. For the shear rate of 10 s–1, there is slight increase over 0.75

hours. Subsequently, the apparent viscosity increases from 2.2 to 2.9 Pa.s over around

1.25 hours. After 2 hours there is a slight decline to 2.7 Pa.s. At the shear rate of 40

s–1, there is a very similar story, a slight rise in the viscosity over 0.75 hours, followed by

a steady over 1.25 hours. Due to the shear thinning nature of these electrode slurries,

this increase is from lower apparent viscosities of 1.28 Pa.s to 1.42 Pa.s. After 2.25 hours
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Figure 5.6: Flow Curve and Time vs Apparent Viscosity curves for shear rates of 10 s–1

and 40s–1.

there is a decline to 1.38 Pa.s. The apparent viscosity remains relative constant over the

time period.

These apparent viscosities are very low, especially when compared to the results

depicted in Figure 5.5. The increases in apparent viscosity are similarly low and an

interpretation of Figure 5.6 alone would suggest that there is no gelation occurring,

contrary to Figure 5.5. However, due to the set-up of the shear ramps, where the

electrode slurry was sheared for 7 minutes and at rest for 3 minutes, the electrode slurry

frequently experiences shears rate up to 1000 s–1. It seems plausible to suggest that,

while the electrode slurry is able to gel under a shear rate of 100 s–1, this higher shear

rate could disrupt the formation of the gel.

Another possibility is due to the closed viscosity of the cup and bob geometry, as

demonstrated in Figure 5.7. In this geometry, only the top surface is exposed to lab air.

Therefore, the ratio of the exposed surface area to the unexposed volume is very low. Due
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Figure 5.7: Areas of exposure in cup and bob geometry.

to this, changes to the apparent viscosity of the electrode slurry as it gels become less

evident in the results. The fluid bulk obscures the effect of the electrode slurry gelation

on the apparent viscosity.

Comparing these two techniques, the utilisation of a constant shear rate of 100 s–1 has

demonstrated a large increase in the apparent viscosity, and the complete rest between

shear ramps has displayed very little increase over a similar time period. It can, hence,

be suggested that a shear-induced gelation is occurring in this system.

Therefore, based on these conclusions, modifications to this method have been

suggested. Firstly, by utilising longer gaps between the shear ramps, a reduction to the

effect of the high shear rates disrupting the development of the electrode slurry gel can

be expected. Secondly, to investigate the notion of shear induced gelation, between

shear ramps the electrode slurry will be subjected to a constant shear rate, which is a

lower shear rate of 10 s–1. Finally, rheological analysis will be run for an extended

period of time, primarily to establish the final gelation time.
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Figure 5.8: Flow Curve and Time vs Apparent Viscosity curves for shear rates of 10 s–1

and 40 s–1.

5.4.1.3 Constant Shear Rate with Shear Ramps

Figure 5.8 shows the changes to the flow curves taken every hour, with individual

apparent viscosities at 10 s–1 and 40 s–1 plotted to the side, in the same manner as

Figure 5.6. For the majority of shear rates in the flow curve in Figure 5.8, the apparent

viscosities are higher for subsequent measurements. However, for shear rates below

10 s–1 measurements between 0 and 2 hours show a decreased apparent viscosity for

subsequent measurements and it is only after 2 hours that subsequent measurements

demonstrate increasing apparent viscosities. It is unclear as to why this occurs, however

it could be a result of the shear thinning nature of these electrode slurries [256] - initial

measurements, which have lower apparent viscosities may be more susceptible to shear

thinning and therefore retain decreased apparent viscosities for subsequent

measurements.
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For the individual shear rates, the shear rate curve of 10 s–1, shows an initial slow

increase between 0 and 2 hours from a viscosity of approximately 4 to 6 Pa.s. Subsequently,

lasting 4 hours, there is a far steeper incline, and the apparent viscosity increases from 6

to 18 Pa.s, where a slight plateau, lasting 1 hour, resides. There is then a rapid decline in

viscosity, to approximately 12 Pa.s, which remains for the remainder of the measurements,

until 10 hours.

For the shear rate of 40 s–1, the pattern is very similar to 10 s–1, albeit with far lower

apparent viscosities. There is a slow increase from 2 to 3 Pa.s over 2 hours, after which

there is a more rapid increase from 3 to 8 Pa.s over 4 hours. There is a more distinct

plateau than the shear rate of 10 s–1, between 6 and 7 hours. There is then another

decline, and a plateau from 8 to 10 hours, at an apparent viscosity of 6 Pa.s.

From this measurement it seems evident that the electrode slurry gelation is realised

after approximately 5 to 6 hours, with a plateau reached after this point. Similarly, to

the constant shear measurement, Figure 5.5, a second lower plateau occurs, albeit at 8

hours.

However, it was noted that at high shear rates a portion of gelled material was expelled

from the geometry. This material run off thus invalidated the measurement.

By spreading out the shear ramps, this technique is able to probe slightly more into

the gelation development. In fact, the shape of the curve produced by this technique is

very similar to those produced by the final method. However, as mentioned, this is not a

very robust method. The material run-off, attributed to the cup and bob geometry means

the electrode slurry gelation is not properly analysed. Additionally, it can be noted that,

due to the large differences between these rotational rheology experiments (Figures 5.5,

5.6, and 5.8), the constant shearing of the electrode slurry interferes with the structure

development of the electrode slurry.

Therefore, it is clear that an optimal measurement set up has not been reached and

experimentation using oscillatory rheology is suggested.
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5.4.2 Oscillatory Rheology

5.4.2.1 Oscillatory Time Sweeps

As stated in Section 5.3, to rule out the effects of measurement shear and deformation

on the electrode slurry, an initial amplitude sweep is performed prior to the experimental

measurements. Figure 5.9 shows this initial amplitude sweep, performed on the ungelled

electrode slurry (an amplitude sweep on the gelled electrode slurry can be seen in Figure

5.11). It is evident that the linear viscoelastic region (LVER) is a long region between

0.01 Pa and 10 Pa, as the rapid drop-off of G’ and G” does not occur until an amplitude of

approximately 40 %. 3 amplitude points have been highlighted as potential amplitudes for

subsequent oscillatory characterisations. The largest amplitude, 0.2 %, was used for these

oscillatory time-sweep measurements. However, due to the slight increase and decrease

in G” from approximately 0.12 to 0.80 Pa, where the values do not remain linear, this

amplitude of 0.2 % was only used for these oscillatory time-sweep measurements. Instead,

amplitude values of 0.02 and 0.1 % were used.

One standard method for studying the cure or gelation of a fluid is the use of oscillatory

time sweeps, [258] where the intersection of G’ and G”, known as the gel point, is measured.

Using a constant amplitude and frequency, G’ and G” are recorded over time. [258]

Figure 5.10 shows the changes to G’ and G” over approximately a 14-hour window.

Over the first two hours of measurement G’ and G” increase from values of 120 and 17 Pa

to 16000 and 2000 Pa, respectively. This is an increase of more than 100-fold. A plateau

is reached after these two hours and remains for the remainder of the measurements. The

final values of G’ and G” are 1300 and 15000 Pa, respectively, a slight decrease on those

at the start of the plateau.

It should be acknowledged that this value of gelation time (approximately 2 hours) is

around the same order of magnitude as the very initial rotational rheology measurements

(gelation time is approximately 1 hour). However, the analysis of the LVER guarantees

that there is no deformation of the electrode slurry sample in this measurement, and
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Figure 5.9: Initial amplitude sweep, showing the LVER and chosen amplitudes.

the effect of shear on the electrode slurry can be noted. Therefore, it can be noted that

actively shearing the electrode slurry seems to speed up the gelation time and reduce the

time of final gelation formation.

Furthermore, due to the fact that G’ is higher than G” for the entirety of the

measurements, it is evident that the cross-point of G’ and G”, i.e. the electrode slurry

gel point, has been reached and passed, or does not exist for these electrode slurries. It

should be noted that these measurements directly follow the amplitude sweep, checking

that oscillatory measurements lie in the LVER, so measurements are than 30 minutes

after the mixing of the electrode slurry was completed. Therefore, the gel point has

occurred in either, the mixing of the electrode, the transportation between the mixing

equipment and the rheometer, or during the measurement of the amplitude sweep.

By continuing measurements after the plateau was reached, it ensures that the gel
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Figure 5.10: Oscillatory rheology time sweep.

does not form as an initial intermediary structure and then continue to develop at a later

stage.

Ultimately, due to the length of time of the measurement setup and initial amplitude

sweep, this method is unable to probe a gel point time for this electrode slurry. A

suggested change is to use the initial amplitude sweep as a standard for all future

measurements and use amplitudes within this LVER without performing the same

amplitude sweep on every set of measurements. By removing this timely procedure,

measurements closer to the gel point can be obtained. It is worth noting that using the

same parameters as performed in this test, without performing the amplitude sweep, G’

was still higher than G” at the start of measurements.

Furthermore, this technique of an oscillatory time sweep is unable to distinguish

between a physical and chemical gel. However, it is worth noting that due to the relative

109



magnitudes of both G’ and G”, and the large increases that G’ and G” experience, it

seems likely that there is a chemical gel forming. A physical gel, such as a confinement

jamming effect would likely have lower values of G’ and G”.

A possible method of distinguishing between a physical and chemical gel is by

performing an amplitude sweep when a gel has formed. By ramping up the amplitude, a

physical gel is able to flow again. A chemical gel would not flow and instead would be

broken apart.

Ultimately, this method runs into some of the same issues as the rotational rheology

constant shear rate time sweeps. Namely that only a single frequency and amplitude of

deformation are being used in the measurement. It is, therefore, difficult to extrapolate

and realise different frequencies and amplitudes. Similarly, this method does not probe

into the coatability of the electrode slurries. It would be more beneficial to use a range

of amplitudes, or frequencies, or both in measurements.

5.4.2.2 Amplitude Sweeps

Figure 5.11 shows the amplitude sweep of the electrode slurry gel formed after 90

minutes, until destruction. It can be seen that initially there is a very slow increase in

G’ and G” between 0.1 and approximately 30 %. This steady incline can be attributed

to the continuation of the gel structure within the sample. Furthermore, it is useful in

demonstrating the extent of the LVER. It shows that the chosen amplitudes of 0.02 and

0.1 % remain in the LVER after the gel structure has formed.

After the amplitude of 30 %, there is a noisy decline in G’ and G” and then after

120 % there is further decline, along with complete noise and heavily distorted data.

As previously mentioned, if this gel formed was a physical gel, increasing the amplitude

would show a definitive cross point between G’ and G”. After that cross point, G” would

dominate over G’ and the material would easily flow. However, in this case, as seen in

Figure 5.11, there is no conclusive cross point. Instead, as the data becomes very noisy

and distorted, it suggests that the sample is being ripped apart and fragmented, strongly
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Figure 5.11: Amplitude sweep on gelled electrode slurry.

suggestive of a chemical gel.

While this distinction between a chemical and physical gel is useful, and aids in

answering the final objective, these distortions in the data are clearly not useful in

determining the coatability of the material or probing the nature of the sample gelation.

Furthermore, due to the nature of these amplitude sweeps, samples experience

amplitudes of shear that are higher than the linear viscoelastic. This means that this

measurement technique is a destructive technique that will interfere with the electrode

slurry gelation. Similarly, both oscillatory techniques covered are unable to assess the

coatability of the electrode slurry and infer any trends and reaction rates in the

structural development of the electrode slurry. Therefore, analysis using the frequency

domain, and a non-destructive amplitude is suggested for the analysis of these electrode

slurries.
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Figure 5.12: Gelled electrode slurry sample.

5.4.2.3 Frequency Sweeps

The examined rheological method involves the taking of multiple frequency sweeps, as

seen in Figure 5.13. It was decided that these measurements would be taken over a time

of 90 minutes. While the initial oscillation measurements (Figure 5.10) demonstrate that

the gelation and structural development continues for approximately two hours, physical

observations have shown that the electrode slurry has become completely gelatinous and

uncoatable, as seen in Figure 5.12, after far less time.

A collection of frequency sweeps can be seen in Figure 5.13. Data was recorded every

5 minutes for a total of 90 minutes. In the interest of brevity, frequency sweeps every 15

minutes, up to 75 minutes have been shown in Figure 5.13. Detailed analysis of this data

can be found in (Chapter 4) and so only the benefits of this method and a summary of

the analysis will be, subsequently, explored. By performing these frequency sweeps every

5 minutes, it reduces the risk that the time of measurements are greater than the time of

structural development. A further benefit of this experimental setup comes as a result of

removing the amplitude sweep at the start of measurements.

In the frequency sweep at 0 minutes, in Figure 5.13, a cross-point between G’ and
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Figure 5.13: Frequency sweeps taken at 0, 15, 30, 45, 60, and 75 minutes.

G” can be seen at approximately 10 Hz. Before this cross-point, G” dominates and the

electrode slurry behaves like a viscous media, flowing easily. The observation of this

cross-point has not been observed in previous experimental methods, and it highlights

the benefits of rheological analysis across a range of measurement frequencies.

Additionally, when analysing these frequency sweeps, relating frequency to

observation time becomes useful. From Figure 5.13, it can be observed that, until 30

minutes, the values of G’ and G” increase as the frequency increases. At higher

frequencies, corresponding to smaller observation times, the strength of the response to

deformation increases. Furthermore, as the time progresses, the difference between the

elastic and the viscous components increases at higher frequencies. This implies that

over small timescales the electrode slurry responds elastically, similar to that of a yield

stress material, and over larger timescales, the elasticity in the slurry relaxes, and the
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slurry is able to flow viscously. This notion of a relaxation time can be calculated and

analysed further through use of a Maxwell model, as explored in Section 5.4.3.

Furthermore, these measurements can be used to determine between a chemical and

physical gel. Confinement jamming in this system is identified by a point where G’

becomes frequency independent, while G” remains frequency dependent. [259, 260]

Consequently, identification of gel formation is shown at a point where G’ »

G”, [261–263] and, both, G’ and G” have a sufficient degree of frequency convergence.

This method is very useful as the results can be processed in different ways with either

frequency or time as the x axis domain as can be observed in Figure 5.13 or Figure 4.5,

Chapter 4, respectively. Furthermore, the phase angle, which describes the relationship

between G’ and G”, can be extracted and plotted against time for different frequencies

(as observed in Figure 4.5, Chapter 4).

5.4.3 Maxwell Model

The oscillatory rheological technique of multiple frequency sweeps (Figure 5.13) is very

useful as the frequency data reveals structural insights into the progression of the electrode

slurry gelation. Furthermore, as stated, this data can be easily fitted to a Maxwell model.

As demonstrated in Chapter 4, by fitting the data to a Maxwell Model and extracting

the relaxation times (calculated by the use of Equations 5.3, 5.8, and 5.9), changes to the

relaxation behaviour of the electrode slurry over time can be observed. As introduced in

Section 5.1.4.4, the observation time is a theoretical property that states that for times

much shorter than this relaxation time the electrode slurry will behave as a solid (spring),

and for times longer than the relaxation time the electrode slurry will behave as a fluid

(dashpot).

These relaxation times can be observed in the plot of the primary relaxation time, as

seen in Figure 5.14. A detailed analysis of the fitted relaxation time is explored in Chapter

4, where it is demonstrated that the relaxation time shows 3 stages of gel development.

These three stages of gelation are likely related to the concentrations of C=C bonds.
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Figure 5.14: Primary mode relaxation time, showing the 3 proposed stages of gel
development.

Initially there is the creation of saturated structures, via a dehydrofluorination stage.

Secondly there is a crosslinking stage, which results in the highest rate of gelation. Finally,

a slow crosslinking stage, whereby the rate of gelation is limited by the low quantity of

saturated structures.

As introduced in Section 5.1.4.4, the number of modes in the Maxwell Model can be

varied, altering the quality of fitting and proposing new theoretical behaviour. For a 2

mode Maxwell mode, the secondary relaxation time signifies that the electrode slurries

exhibit a strong elastic response, similar to that of a yield stress in a Herschel-Bulkley

fluid. Additional modes can suggest additional yield points.

While these additional modes can improve the quality of data fit, as shown in Figure

5.15, it is important to analyse these models to avoid over-fitting. It is evident in Figure

5.15 that by using 1 mode the quality of the fit is very poor and should not be considered.

Models of 2 or 3 modes produces fits that are much closer to the experimental data. The
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Figure 5.15: Storage and loss moduli recorded 0 minutes and 90 minutes after mixing,
fitted to Maxwell models with 1, 2, and 3 modes.
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Figure 5.16: R-squared values for the fitted Maxwell models containing 1, 2, and 3
modes.
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Table 5.2: Akaike Weights (wi) for the electrode slurry relaxation times fitted to 1, 2,
and 3 Modes.

Time (minutes after mixing) 1 Mode 2 Modes 3 Modes
0 1.81 × 10−13 5.57 × 10−3 1.02 × 10−4

5 1.04 × 10−13 5.10 × 10−4 3.30 × 10−5

10 5.52 × 10−14 2.47 × 10−4 8.99 × 10−2

15 4.36 × 10−14 6.76 × 10−4 3.04 × 10−1

20 3.74 × 10−14 5.28 × 10−4 6.74 × 10−2

25 2.91 × 10−14 4.94 × 10−4 7.27 × 10−3

30 2.12 × 10−14 1.89 × 10−3 4.86 × 10−3

35 1.57 × 10−14 2.17 × 10−3 5.80 × 10−4

40 1.36 × 10−14 1.99 × 10−3 2.13 × 10−3

45 1.35 × 10−14 2.19 × 10−3 2.04 × 10−2

50 1.56 × 10−14 1.74 × 10−3 3.26 × 10−2

55 1.89 × 10−14 1.66 × 10−3 1.01 × 10−1

60 2.16 × 10−14 1.57 × 10−3 3.37 × 10−1

65 2.96 × 10−14 7.58 × 10−4 1.45 × 10−3

70 3.22 × 10−14 8.09 × 10−4 4.26 × 10−4

75 4.03 × 10−14 5.96 × 10−4 3.90 × 10−4

80 4.41 × 10−14 2.03 × 10−3 9.29 × 10−4

85 4.36 × 10−14 2.80 × 10−3 7.42 × 10−4

90 5.77 × 10−14 3.28 × 10−4 1.82 × 10−4

Averages 3.33 × 10−14 1.11 × 10−3 3.92 × 10−3

R-squared values for these models can be seen in Figure 5.16. The quality of the fits using

models containing 1, 2 and 3 modes can be further examined in these R-squared values

(Figure 5.16). It can be noted that as the electrode slurries ages the quality of the fit

decreases, this can be similarly observed in Figure 5.15. Additionally, it can be seen, in

Figure 5.16, that fitting to 3 modes gives the highest R-squared values. However, it is

still difficult to determine if over-fitting is occurring.

Another method to compared the quality of fit of different models is through the use of

AIC. Akaike weights for 3 different models, for each time interval, can be found in Table

5.2. It can be clearly seen that 1 mode fitting is very inappropriate for this application. It

produces models with very low Akaike scores, indicating a poor fitting to the experimental

data. Between 2 modes and 3 modes, the scores are a lot closer. 3 modes clearly have

some time values that have very high quality of fits, such as 10, 15, 20, 55, and 60 minutes.

Additionally, the fitting at 60 minutes is the overall best fitting. However, the fitting of 3
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modes also demonstrate values with very poor Akaike weights, with some being an order

of magnitude lower than 2 modes. In comparison, the fitting of 2 modes has far more

even Akaike weights. Literature examples of Maxwell fittings also state that only 1 mode

should be used per decade of data. [233] Based on these factors, 2 modes are chosen for

all subsequent Maxwell Models.

5.5 Discussion

A summary of the rheological methods explored in this chapter, can be seen in Table 5.3.

Each of the aims and objectives established in Section 5.2 have been split into individual

objectives a − f . The methods have been further characterised by the general method

objective of being non-destructive and non-intrusive. Cells marked with 1/2 and a check-

mark represent partial satisfaction of the objectives.

As established and made evident in Table 5.3, one of the major issues concerning

the rotational rheology studies is the intrusion into the electrode slurry characterisation.

Across the methods illustrated by Figures 5.5, 5.6, and 5.8, it has been demonstrate that

a shear induced gelation effect is occurring, which makes an objective characterisation of

the electrode slurry gelation impossible.

The destruction of the electrode slurry sample has been labelled as a further general

differentiating measure between techniques. While the second rotational rheology

technique has been labelled as being non-destructive in Table 5.3, this is dependent on

the shear rates tested and very high shear rates will likely disrupt and destroy the

electrode slurry gel sample, as exhibited in method 3, the constant shear rate with shear

ramps.

This table has been useful in the identification of the optimal rheological method for

the analysis of electrode slurries.
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Table 5.3: Summary of Rheological Methods Tested.

Method Objectives General Objectives

a b c d e f Non-
Destructive

Non-
Intrusive

Rotational
Rheology

1 ✓ ✓ 1/2✓ 1/2✓ 1/2✓
2 1/2✓
3 1/2✓ 1/2✓

Oscillatory
Rheology

4 ✓ ✓ ✓
5 ✓
6 ✓ ✓ ✓ ✓ 1/2✓ ✓ ✓

Rheological Methods - Lines show the split between rotational and oscillatory
(Section 5.3)

1 Constant shear rate time sweep
2 Shear ramps with rest intervals
3 Constant shear rate with shear ramps
4 Oscillatory time sweep
5 Amplitude sweep
6 Frequency sweeps

Objectives - Lines show the split between the individual aims and objectives (Section
5.2)

a Determines Apparent Viscosity
b Establishes Gelation Time
c Assesses the coatability
d Identifies a point of uncoatability
e Elucidates trends in the structural development
f Distinguishes between a chemical and physical gel

5.6 Conclusions

The objective of this work was to develop a rheological characterisation method capable

of establishing a processing window for the electrode slurry, identifying a point when

the electrode slurry becomes uncoatable, and probing the structural developing of the

electrode slurry gelation.
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This was approached initially through the use of rotational rheological methods, and

subsequently using oscillatory methods. The first objective was the determination of the

apparent viscosity of electrode slurry as it changes over time via rotational rheometry and

thus establish the time taken for the gelation of the electrode slurry to finalise. Utilisation

of a constant shear rate time sweep, a gelation time of 45 minutes was established, with

an electrode slurry apparent viscosity of 2 Pa.s that increases to 26 Pa.s for the gelled

electrode slurry sample.

The second objective, assessing the coatability of the electrode slurry and identifying

when the electrode slurry becomes uncoatable, was only partially possible using the

constant shear rate time sweep, that has been demonstrated to satisfy objective one, as

made evident in Table 5.3. Therefore, two further rotational rheological methods were

examined, one consisting of shear ramps with rest intervals and another of a constant

shear rate with shear ramps. The method of a constant shear rate with shear ramps was

able to partially assess the coatability and identify a point of uncoatability, prompting a

progression to oscillatory rheology techniques. Furthermore, comparisons between the

three rotational rheology methods establishes a process of shear induced gelation due to

these measurements, and demonstrates that these measurements affect the gelation

mechanism. Oscillatory measurements began through a characterisation using an

oscillatory time sweep, which was able to establish a gelation time but was unable to

assess the coatability of the electrode slurry or identify a point of uncoatability. The

finalised method of multiple rapid frequency sweeps with subsequent Maxwell model

fitting was able to fully satisfy this second objective.

The final objective was to elucidate any trends and reaction rates in the structural

development of the electrode slurry and thus distinguish between a chemical and

physical gel. It has been demonstrated that the relaxation time, fitted from of method

of multiple frequency sweeps is able to elucidate trends in the structural development of

the electrode slurry. Additionally this method is able to partially distinguish between a

chemical and physical gel due to the behaviour of the storage and loss moduli across the
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measured frequencies. This method has been suggested as a partial satisfaction to this

objective as typically amplitude sweeps are required to distinguish between these gel

types. Furthermore, due to the identification of the LVER, it can be established that

this developed method was both non-destructive and non-instrusive to the electrode

slurry gelation.

Ultimately, the finalised method of the multiple rapid frequency sweeps with

subsequent Maxwell model fitting, is able to satisfy the all objectives (aside from the

determination of the apparent viscosity, oscillatory rheology instead can establish a

complex viscosity).
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Chapter 6

Stabilising Additives for High Nickel

Content Cathode Electrode Slurries

6.1 Introduction

It has been established in Chapter 4 that the primary gelation mechanism of high nickel

content sodium cathode electrode slurries is the dehydrofluorination and cross-linking of

PVDF. This gelation process initiates from the formation of NaOH on the surface of the

active materials. Therefore, a suitable method to reduce this undesired gelation, is to

reduce or eliminate the presence of this NaOH as it is formed.

One possible method is through the addition of acids into the electrode slurry. This

has the aim of neutralising the NaOH before the dehydrofluorination of PVDF is able to

occur. Additionally, by delaying the addition of PVDF into the electrode slurry mixing

process (i.e. through addition of the acid additive at the start of the current electrode

slurry mixing process), it allows the NaOH to be neutralised before reaction with PVDF

can occur.

Organic acids with carboxylic acid groups were ultimately decided as the class of

acid additives to test in the stabilisation of the gelation process. It has been widely

reported that polyacrylic acid (PAA) produces greater adhesion strengths than PVDF
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Figure 6.1: Acid additive chemical structures.

[264]. The general assumption is that the carboxylic acid groups play a vital role, through

their hydrogen bonding and amorphous nature, in producing this high adhesion strength

[64,264–266].

Carboxylic acid groups have been shown to electrochemically reduce under cycling for

silicon anodes in lithium ion batteries [267, 268]. The electrochemical reduction forms

carboxylates that act as a protective SEI layer. These carboxylic acid groups favourably

reduce over the electrolyte, and the decomposition of the electrolyte can be lessened

[267, 268]. Despite the different chemistries (lithium-ion vs sodium-ion batteries), the

use of carboxylic acids, over inorganic or other organic acids, could prove beneficial to

electrode cycling.

124



Table 6.1: Properties of acid additives used in this study.

Acid Carbon Backbone
Length COOH Groups Molecular

Mass Saturated

Acetic 2 1 60.05 N
Maleic 4 2 116.07 N
Oxalic 2 2 90.03 N
Stearic 18 1 284.48 Y

Succinic 4 2 118.09 N

Table 6.2: pKa Values of the acid additives used in this study.

Dissociation Steps
Acid 1 2 Reference
Acetic 4.76 - [269]
Maleic 1.92 6.23 [270]
Oxalic 1.23 4.19 [270]
Succinic 4.19 5.48 [270]
Stearic 9.5 - [271]

5 organic acids, as shown in Figure 6.1, have been chosen because of their varied

structures, and different strengths and properties. The 5 chosen acid additives are acetic

acid, maleic acid, oxalic acid, stearic acid, and succinic acid.

Acids with a single carboxylic group (acetic and stearic), and those containing two

carboxylic groups (also known as dicarboxylic acids) (maleic, oxalic, and succinic) have

been chosen to observe the effect of increasing the number of groups. Furthermore, by

using acetic acid and stearic acid as additives, a comparison between the chain length of

the additive can be considered, see Figure 6.1 (Table 6.1 outlines these properties as well).

Similarly, by considering oxalic acid and succinic acid, a comparison of chain length in

the dicarboxylic acids can be made. Maleic acid has the same carbon backbone length

as succinic, albeit with as an unsaturated structure, containing a carbon-carbon double

bond.

The properties of the acids can be seen in Table 6.1. It should be noted that the

quantities of acids were added on a weight percentage basis and so electrode slurries

containing acetic acid would contain the highest number of moles of additive. However,

as some of the acids are dicarboxylic acids, electrode slurries with the additives of oxalic,
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maleic, and succinic would actually contain more moles of carboxylic groups. Although,

the degree of acid protonation, the pKa values, should also be considered in evaluating

the likely differences between the acids.

The pKa values, or the strengths, of the acid additives can be found in table 6.2.

It is clear that oxalic acid is the strongest acid of the chosen additives, with a primary

dissociation pKa of 1.23. Maleic acid is the next strongest acid with a primary pKa of

1.92. However, as the secondary pKa of maleic acid, 6.23, is above that of acetic acid,

4.76, for the same weight of additive, acetic acid may prove to be stronger. Succinic acid,

has a primary dissociation pKa, 4.19, that is equal to the secondary dissociation pKa of

oxalic acid, and so can be considered a weaker acid. Stearic acid, is by far the weakest

acid, with a pKa of 9.5 [269–271].

There are other properties and interactions of these acids that should be noted for

this investigation. Oxalic acid has been shown to corrode aluminium and aluminium

alloys. This corrosion could etch into the aluminium current collector which could help

to improve the contact and adhesion strength of the electrode [272,273].

In some studies, acetic acid has been shown to have a mild corrosive effect on

aluminium [274]. However, this corrosion was over a 24 hour period [274], the effect on

the aluminium as the electrode slurries dry over a 1 hour period is likely to be minimum.

Otherwise, corrosion of aluminium by acetic acid has been shown to require 95 % acetic

acid at boiling point [273]. Aluminium, in general, is resistant organic acids at room

temperature, however, higher molecular weight acids, at high temperatures, are able to

corrode the aluminium [273]. It is therefore suggested that, due to the low quantity of

acid additives, 2 wt%, and the temperatures below 30° (the mixing equipment does heat

up over the course of the mixing), it can be assumed that there is little, to no, corrosion

of the aluminium current collector by all of the acid additives, bar oxalic acid.

It is worth noting that aluminium is very rapidly attacked by alkalis and readily

complexes with hydroxyl ions [273], such as those formed due to the instability of the

active material. Once an acid additive has been reacted away, it is possible for the further
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Figure 6.2: Simplified ionic micelle formation due to the charged heads on the acid
additives.

production of hydroxides to corrode the aluminium current collector.

Along with these properties, these acids have the potential to colloidally stabilise

the electrode slurry. The presence of a disassociating acid in the electrode slurry will

increase the concentration of ions and, hence, decrease the thickness of the diffuse part

of the electric double layer around carbon and active material particles [275]. This effect

has the potential to reduce the extent of colloidal jamming on charged particles in the

electrode slurry.

The removal of sodium from the active material, forming NaOH, will create a negative

charge across the surface. The disassociation of the carboxylic acid group in the acid

additives can create a charged head and, hence, the acid additives have the potential to

form ionic micelles (based on charge distributions), as shown in Figure 6.2 [276–279].
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Figure 6.3: Micelle shape factors as explored by Lombardo et al., 2015 [276].

128



Figure 6.3 shows possible ionic micelle formations. In this application, the green circles

that denote the charged ionic head groups, represent a carboxylic group connected to an

active material. Therefore, for the micelle configurations of spherical micelles, cylindrical

micelles, bilayer vesicles, and lamellar phases the active material will be around the outside

of the micelle, and thereby exposed to the atmosphere. For the final structure, inverse

micelles, the active material is situated within the aggregate, and therefore shielded from

the atmosphere.

As demonstrated in Figure 6.3, calculations of the micelle critical packing parameter,

CP P can be used to predict the aggregate morphology, the structure of the micelles that

are formed. This critical packing parameter can be calculated by use of Equation 6.1.

CP P = V

a0lc
(6.1)

where V is the effective volume of the charged chains, a0 is the effective charged

head-group surface area, and lc is the effective chain length. In the case of the additives

explored in this chapter, as the charged head-group is a carboxylic group, a0 will be the

same for all monoacids, and doubled for the diacids (assuming both carboxylic groups

can be used).

This chapter covers the analysis of the effect of these acid additives (acetic, maleic,

oxalic, stearic, and succinic) on the physical and chemical properties of the electrode

slurries, through the use of FTIR and rheological analysis. It explores the changes these

additives have on the physical properties of the electrodes, through adhesion testing and

conductivity measurements, and it explores the changes to the electrochemical properties.

6.2 Aims and Objectives

Through the additions of the aforementioned acid additives, the major goal of the work

presented in this chapter was to extend the processing window of high nickel content
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sodium cathode electrode slurries. Consequently, to benefit any potential future research

studies, it was important to investigate the mechanisms that enabled an extension to this

processing window. This was achieved through the following objectives:

• Achieve a stabilisation of the electrode slurry gelation past the 20 minute processing

window established for the reference electrode slurry (Chapter 4).

• Observe how the measured rheological properties of the electrode slurry change over

this time.

• Assess how the measured rheological properties of the electrode slurry change after

this nominal processing window to examine if the processing window can be

extended.

• Measure the effect that these stabilising additives have on the properties of the

electrodes.

6.3 Materials and Methods

Electrode slurries were produced using an alteration of the standard method, discussed

in Chapter 3. Carbon coated Na-NMST (NaNi1/2Mn1/4Sn1/8Ti1/8O2) was mixed with the

remaining conductive carbon black, an 8 wt% PVDF (polyvinylidene fluoride) (Solvay

5130) binder in NMP (n-methyl-2-pyrrolidone) solution, and an acid additive in a ratio

of 87:6:5:2 by weight. The cathode ink was mixed in sealed pots in a Thinky ARE-250

Planetary Mixer, situated in a Munters dry room with a maximum dew point of - 40°C.

Acid additives used were HPLC grade with a purity ≥ 99%, acetic acid (Acros

Organics), maleic acid (Sigma-Aldrich), oxalic acid (Sigma-Aldrich), stearic acid (VWR

Chemicals), and succinic acid (Acros Organics).

There were four stages of mixing, with one additional stage before the normal method

outlined in the experimental methods chapter (Chapter 3). Initially, the acid additive and

the extra NMP, measured to give a final solids content of 40 wt%, were mixed together.
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The nominal mixing time of 5 minutes and speed of 1300 rpm were sufficient for each of

the organic acids to dissolve in NMP. The main electrode slurry manufacturing method

was then used. 3 separate mixing stages began with the addition of carbon coated active

material. This was followed by the addition of carbon black, and, finally, the PVDF

solution. Each mixing stage lasted 5 minutes with a speed of 1300 rpm.

All other analysis methods can be found detailed in Chapter 3.

6.4 Results and Discussion

The analysis of these acid additives (Figure 6.1) will be explored in the following manner.

1. The impact of the acid additives on the chemical stability of the electrode slurry

will be investigated through the use of FTIR analysis.

2. The effect these acid additives have on the physical stability of the electrode slurries

will be explored through the use of oscillatory rheology and the fitting of a Maxwell

model. The analysis will be split between the measured storage and loss modulus

and the phase angles from the oscillatory rheology, and the fitted relaxation times

from the Maxwell models.

3. The changes to the electrode properties will be analysed through the use of adhesion

measurements and conductivity measurements.

4. The effects of the acid additives on the electrochemical properties will be measured

using cycling analysis and electrochemical impedance spectroscopy evaluations.

5. Finally, a summary table that highlights the most and least optimal additives at

each stage of characterisation will be given.

6.4.1 Stabilisation of the Electrode Inks

The effect of the stabilising additives on the electrode slurries was characterised using

two methods, a chemical analysis using FTIR and a physical analysis using oscillatory
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rheology.

6.4.1.1 Ex-situ FTIR studies of Electrode Slurries

The chemical progression of the electrode slurry was characterised by use of FTIR, as seen

in Figure 6.4. The reference electrode slurry, analysed in Chapter 4, has been included in

Figure 6.4 for comparison purposes.

In general, the major points of comparison between the spectra can be split between

the degree of reaction and the speed of reaction. The degree of reaction can be noted by

the growth in the spectra peaks (i.e., the reference electrode slurry has more peak growth

than the oxalic acid spectra, therefore the reference electrode slurry has a greater degree

of reaction that the oxalic acid electrode slurry). The degree of reaction can also be noted

in the inset of each spectra (denoting the C=O stretching), where the shift in the peak

shows the extent of reaction. For each inset, the final point of reaction for the reference

electrode slurry has been added with a dotted line.

The speed of reaction is a comparison point that can be observed by how close the

spectra lines are (similar to contour lines). Closer lines denote a slower reaction speed,

and further apart spectra shows a faster reaction.
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Figure 6.4: Fourier transform infrared spectra for the reference electrode slurry and all
the electrode slurries containing 2.0 wt% of the acid additives.
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The major functional groups of note have been annotated on Figure 6.4. There is a

medium-intensity broad peak with a peak centre at approximately 3500 cm–1, attributable

to the OH stretching of surface absorbed water in the electrode slurry, and to hydrogen

bonding throughout the electrode slurry.

The weak shoulder peak at approximately 3300 cm–1 can be attributed to the OH

stretching of metal hydroxides. The progression of this shoulder peak can be used as an

indicator of NaOH formed due to the reactions of the active material. As established in

Chapter 4, the following peaks, between approximately 3000 cm–1 and 2700 cm–1 relate

to the CH stretching in NMP. Peaks at 3014 cm–1 and 2953 cm–1 can be assigned to the

CH2 asymmetric and symmetric vibrations in NMP. Peaks at 2875 cm–1 and 2792 cm–1

can be assigned to the CH stretching in sp3 hybridised carbons in NMP. The asymmetrical

peaks at 2361 and 2341 cm–1 can be attributed to the stretching of CO2.

The high intensity peak at approximately 1670 cm–1 can be attributed to the C=O

stretching, primarily in NMP. However, with the addition of 2 wt% of each acid additives

into the electrode slurries, the C=O stretching in the carboxylic acid groups would appear

in this region. Demonstrated in Chapter 4, the hydrogen bonding and resonance effect in

NMP causes the C=O stretching of γ-lactams, typically between 1750 and 1700 cm–1 [280],

to shift to lower wavenumbers. This effect of hydrogen bonding can similarly shift the

wavenumbers, depicted in table 6.3 of the acid additives. Subsequently, as demonstrated

in Chapter 4, there is a region of IR peaks belonging to NMP and PVDF. For comparison

purposes, the annotated peaks at approximately 1427, 880, and 655 (or 700) cm–1 are

the peaks that are closest to those found in NaOH. However, many of these share an

overlap with peaks belonging to NMP and PVDF, hence it is impossible to confirm the

present and formation of NaOH in this region of the spectra. Interestingly, in the spectra

for the electrode slurries containing stearic acid and succinic acid, there is a weak peak

at approximately 700 cm–1 that forms over the 360 minute measurement duration. It is

possible that this peak can be attributed to NaOH.

Overall, from Figure 6.4, it is clear that comparing the spectra of the reference
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Table 6.3: FTIR functional groups of acid additives.
Acetic Acid Maleic Acid Oxalic Acid Stearic Acid Succinic Acid Assignment

3400 (s) 3412 (s) 3404 (s) 3505 (w) 3360 (w) νOH
2935 (w) - - 2963 (w) 3030 (s) νCH(CH3)

- - - 2916 (s) 2932 (s) νCH(CH2)
- - - 2810 (s) 2744 (s) νCH(CH2)
- 2583 (s) - - - νCH(CH)

1770 (w) 1711 (s) 1762 (s) 1710 (s) 1683 (s) νC−−O
- - 1742 (w) - - νC−−O

1413 (s) 1456 (s) 1354 (w) 1470 (s) 1414 (s) βOH
1295 (s) 1430 (s) - - 1306 (s) βOH

- 1253 (s) 1260 (s) 1119 (s) 1196 (s) νC−O
- 1206 (s) - - - νC−O

[281] [282,283] [280,284] [280,285] [280,286]

electrode slurry to those containing the acid additives shows only very slight changes.

The large presence of NMP in the electrode slurries and the small quantity of 2.0 wt% of

acid additive is unlikely to cause major differences between the IR spectra, however,

over time some changes do appear.

The two main areas of alterations lie at approximately 3400 cm–1, relating to

ν(OH−−H2O), the OH stretching of surface absorbed water and hydrogen bonding in

the electrode slurry, and at 1675 cm–1, relating to ν(C−−O), C=O stretching. Coupled

with the ν(OH−−H2O) at approximately 3400 cm–1 is the weak shoulder peak at

approximately 3300 cm–1, which can be used as an indicator of NaOH formed.

As previously outlined, from these areas of alterations, there are two main indicators

for the degree of reaction. Namely, the speed of reaction progression, and the degree of

reaction progression.

The extent of reaction progression is most evident in the inset of each spectra, in

Figure 6.4, relating to the ν(C−−O). The spectra of the reference electrode slurry after

360 minutes, can be seen indicated by the dotted line. It can be clearly noted that for

electrode slurries containing either oxalic acid, or maleic acid, the final spectra contains

a C=O peak at a higher wavenumber. For electrode slurries containing additives of

acetic acid, stearic acid, or succinic acid, the C=O peak in the final spectra is at a lower
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wavenumber.

In Chapter 4, it has been suggested that the ring opening reaction of NMP caused

by the reaction with hydroxyl ions can shift and broaden the C=O peak to lower

wavenumbers. This ring opening reaction forms 4-(methylamino) butanoic acid.

Therefore, the greater the shift in this C=O peak, the larger the quantity of

4-(methylamino) butanoic acid, indicating that more free hydroxyl ions have been able

to react with NMP. Additionally this peak can indirectly indicate a greater presence of

NaOH in the electrode slurry.

The electrode slurries that resulted in a reduced shift in this C=O peak are namely

oxalic acid and maleic acid. Therefore, it can be concluded that the stronger acids cause

less free hydroxyl acids and a lower extent of reaction.

Furthermore, the weak shoulder peak at 3300 cm–1, the indicator of NaOH formed,

shows smaller magnitudes for the acids with lower pKa values, oxalic and maleic acid.

Similarly, these stronger acids cause a slower shift in the ν(C−−O) peak and a slower

increase in the ν(OH−−H2O) peak. It can thus be concluded that the strength of the

acid is the primary contributor to the chemical changes in the electrode slurries.

6.4.1.2 Ex-situ Rheology studies of Electrode Slurries

Discussed in Chapter 5, the results from performing multiple frequency sweeps can be

processed and observed in several different ways. It is important to review the different

data sets of the storage and loss moduli, the phase angle, and the relaxation time

calculated from the Maxwell modelling of this data.

6.4.1.2.1 Storage and Loss Moduli

The storage and loss moduli for electrode slurries containing the acid additives can be

found in Figure 6.5. While the results were recorded every 5 minutes over a frequency

sweep, as demonstrated in 5, frequency data sets have been separated out and shown over

time.
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Figure 6.5: Storage and Loss Modulus for the reference electrode slurry and all the
electrode slurries containing 2.0 wt% of the acid additives.
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For comparison purposes, the reference electrode slurry has been included. Initially,

for the reference electrode slurry, the values of G’ and G” are very similar. For the highest

frequency of 10 Hz, G’ and G” are approximately 100 Pa and for the lowest frequency of

0.2154 Hz the values of G’ and G” are 10 Pa.

G’ increases more rapidly than G” for all frequencies with a gradual increase for

approximately 20 minutes and a more rapid increase until approximately 40 minutes,

whereby the rate slows. Finally G’ reaches a value of 2000 Pa, a 20 fold increase for the

highest frequencies and a 200 fold for the lowest. This massive increase in the storage

modulus is consistent with the formation of a chemical gel.

In terms of G”, the higher frequencies remain steady throughout the measurement

window, and the lower frequencies experience a slow increase after 40 minutes. Frequency

convergence is reached after 60 minutes for G’ and around 90 minutes for G”.

The large difference between the values of G’ and G” rapidly increases after

approximately 40 minutes, whereby a divergence between these values progresses,

denoting the progression of the electrode slurry gelation.

By comparing the results of the electrode slurry found in Chapter 4, it can be concluded

that the divergence between G’ and G” is related to the relaxation time of the electrode

slurry gel, i.e the progression of the electrode slurry gelation. The magnitude of G’ and

G”, primarily the storage modulus, G’, relates to the strength of the network in the

electrode slurry. A higher value of G’ infers that more energy is required to breakup the

network. It is the combination of these two factors, as well as the results exhibited in the

phase angle and relaxation time data, that demonstrate the most effective acid additive.

The final property demonstrated in the storage and loss modulus data is the frequency

convergence. Once full convergence is reached, this dictates that particle sedimentation

is unable to occur and the gel network is sufficient to entrap particles.

For the electrode slurries that contain acetic acid, it is evident that both G’ and G”

start at higher values than the reference electrode slurry.

G’ starts between a value of 70 and 250 Pa for the lowest and highest frequencies,
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respectively, and G” starts between 20 and 200 Pa. Over the time range, this is very little

frequency convergence, evidence of a low degree of dynamic arrest. Small convergence

can be noted in G’, suggestive of slight structural development. Both G’ and G” increase

over a time of 45 minutes, whereby a plateau is reached. Final values of G’ and G” are

averaged to 1000 and 200 Pa, respectively. This final value of G’ reached is significantly

lower than that of the reference electrode slurry, suggesting a reduction in the degree

of gelation. Similarly, the smaller magnitude of disparity between G’ and G” over the

reference electrode slurry indicates that a much weaker and less developed gel network has

formed. The disparity between G’ and G” seems to initiate after 40 minutes and increases

slowly thereafter, indicating that the gelation network becomes physically evident after

40 minutes, albeit as a weaker gel.

From the results of the storage and loss modulus for the electrode slurries that contain

maleic acid, Figure 6.5, it is evident that it shares similar behaviour with acetic acid.

Values of G’ and G” start at approximately 100 and 30 Pa, respectively, slightly higher

than the reference electrode slurry. These values increase over the time duration to

approximately 6000 and 900 Pa for G’ and G”, respectively, with a decrease in the growth

of G’ and G” occurring after 30 minutes. There is a convergence in G’ after approximately

80 minutes, and a very slight convergence in G”. Contrary to the reference electrode

slurry and the electrode slurries that contain acetic acid, the divergence between G’ and

G” begins at the earlier point of approximately 30 minutes. The final magnitude of the

divergence between G’ and G” is less than that of the reference electrode slurry and

greater than that of the electrode slurries that contain acetic acid. It can be concluded

that the gel network becomes more evident at an earlier time but the final strength is

weaker than the reference electrode slurry.

For the electrode slurries that contain oxalic acid, the behaviour of G’ and G” is very

different from the other measured electrode slurries. A large divergence between G’ and

G” is evident at the onset of measurements. G’ exhibits a slow rate of increase until

approximately 55 minutes from 1000 Pa to 3000 Pa. After 55 minutes, the rate of growth
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in G’ increases and the divergence between G’ and G” rapidly rises. G’ finalises at value

of approximately 10,000 Pa. G” initiates at a value of 200 Pa and progresses with a

very slight increase until the final measurement point of approximately 300 Pa. There

is a slight dip in G” after 55 minutes. Before 55 minutes, it can be suggested that the

physical structure of the gel remains fairly consistent and constant, with large physical

effects occurring thereafter.

Stearic acid-containing electrode slurries exhibit very different trends. A steep increase

in both G’ and G” occurs from the onset of measurements. G’ increases from a value of 150

Pa to 30,000 Pa over approximately 25 minutes with a region of slow logarithmic growth

following. The final value of G’ is approximately 400,000 Pa. G” displays similar trends

to G’, there is an increase from 60 Pa to 10,000 Pa over a 25 minute period with a slow

growth to a value of 20,000 Pa occurring thereafter. There is a large degree of frequency

convergence across the entire timescale with almost complete convergence occurring after

approximately 25 minutes. After approximately 25 minutes, the difference between G’

and G” remains fairly constant. It can be inferred that, while the gel network does not

develop much past 25 minutes, the initial formation creates a very strong gel with a very

high apparent viscosity.

Electrode slurries containing succinic acid demonstrate trends that are similar to the

reference electrode slurry. There is an initial slow slow increase in both G’ and G” until

50 minutes with an approximate plateau forming thereafter. G’ increases from a value of

100 Pa to 2000 Pa after 50 minutes and then to a final value of 3000 Pa at the conclusion

of measurements. G” increases from a value of 30 Pa to 100 Pa after 50 minutes and then

plateaus and remains at this value for the remainder of the measurements. These electrode

slurries that contain succinic acid see a large divergence between G’ and G” initiating after

approximately 30 minutes and finalised by approximately 70 minutes. After 70 minutes

there appears to be very little increase in the structural development.

The variations in the storage and loss modulus could be explained by the

hypothesised formation of different micelle structures, as outlined in Section 6.1 and
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Figure 6.6: Approximated disassociated acid dimensions - dimensions were calculated
using Chem3D, PerkinElmer.
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Table 6.4: Approximated micelle critical packing parameters (from Figure 6.6) and
predicted structures.

Acetic Maleic Oxalic Stearic Succinic
Acid Acid Acid Acid Acid

Approximate
Volume, V (Å3) 8.39 18.70 8.50 86.49 19.63

Length, lc (Å) 2.51 4.30 2.58 23.20 4.99

Polar Area,
aO (Å2) 3.30 3.30 3.30 3.30 3.30

6.60 6.60 6.60

Critical
Packing Parameter,

V/lcaO

1.01 1.32 1.00 1.13 1.19

0.66 0.50 0.60

Acid Additive Predicted Micelle
Structure

Acetic acid,
Maleic acid,
Stearic acid

Inverse Micelle

Oxalic acid,
Succinic acid

Bilayer Vesicles,
Lamellar Phases
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Figure 6.2. The micelle structures formed can be predicted using values of the critical

packing parameter. A summary of these approximated values, along with the

corresponding predicted structures can be observed in Table 6.4. As demonstrated in

Figure 6.3, critical packing parameters between 0.50 and 1.00 would form bilayer

vesicles, values of approximately 1.00 would form lamellar phases, and values above 1.00

would form inverse micelles.

For the electrode slurries containing acetic acid, which seems to be the "best"

performing additive, rheologically, approximations of the dimensions of acetic acid

(Figure 6.6) and a calculation of the critical packing parameter (Table 6.4) produces a

value of 1.01, relating to inverse micelles. These inverse ionic micelles formed would end

in a neutrally charged tail that surrounds active material particles (see Figures 6.2 and

6.3). [276] The neutrally charged tail is important as it can reduce the electric double

layer and reduce colloidal jamming.

For electrode slurries containing stearic acid as an additive, calculations of the critical

packing parameters, give a value of 1.13, suggesting that there would be inverse micelles

formed (Table 6.4). However, it is suggested that the long chain length of stearic acid

would create very large micelles that would likely exhibit entangling effects and jamming

between each other, thereby increasing the elastic rheological properties.

Conversely, for the dicarboxylic acids, oxalic, maleic, and succinic, any ionic micelles

formed would contain a charged tail, as shown in Figure 6.2. Therefore, either, the

jamming effect of an electric double layer would still be present, or, due to both head-

groups interacting, bilayer vesicles or lamellar phases [276] would form instead of the

inverse micelles. These bilayer vesciles and lamellar phases (as shown in Table 6.4) would

therefore provide little shielding to the active material, and hence still allow a gelation of

the electrode slurry. The critical packing parameters come to a value of 0.50 and 0.60,

for oxalic acid and succinic acid, respectively (providing that both head-groups are able

to interact). However, it is likely that some inverse micelles would form due to only one

head-group interacting and some stabilisation would occur.

143



For maleic acid, as it performs better than succinic acid in stabilising the electrode

slurry, it is prudent to suggest that the unsaturated structure plays a key role in the

formation of these micelles. With no rotation across the double bond structure, the

stearic hindrance could prevent the bilayer vesciles and lamellar phases forming and the

micelles are forced to be inverse micelles, like acetic acid. In the calculations of the critical

packing parameter (Table 6.4), this would be demonstrated by the value of 1.32, rather

than 0.66.

6.4.1.2.2 Phase Angle

The phase angle between G’ and G” for the electrode slurries containing the acid

additives can be seen in Figure 6.7. Observations of the phase angle are useful as they

can demonstrate the point at which the storage modulus begins to dominate over the

loss modulus, and elasticity dominates. A value of 0° describes an elastic like

deformation of the electrode slurry. 90° demonstrates a completely fluid like response to

deformation and 45° describes mixed behaviour.

From Figure 6.7, the reference electrode slurry, which has been included for

comparative purposes, experiences a decline from a phase angle of 60° to an angle of 3°

over approximately 60 minutes. After 60 minutes there is a frequency convergence and

the phase angle plateaus at a value of 3°. This is demonstrative of a high degree of

structural elasticity forming in the electrode slurry. [287] Furthermore, this point of

frequency convergence suggests a retention of particles in the electrode slurry with

sedimentation unlikely to occur, as would be expected for a physical gel network.

By comparison, both the electrode slurries containing acetic or maleic acid show very

different structural development and final values of the phase angle. For the electrode

slurries containing acetic acid, the phase angle begins at approximately 30° (depending on

the frequency) and steadily decreases over a 60 minute period until the frequencies (apart

from 10 Hz) converge at a phase angle of 15°. Similarly, the phase angle for electrode

slurries containing maleic acid starts at approximately 30° (depending on the frequency)
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Figure 6.7: Phase Angle for the reference electrode slurry and all the electrode slurries
containing 2.0 wt% of the acid additives.

145



and more rapidly declines to a value of 15° over 30 minutes.

This higher value of 15°, for both electrode slurries containing acetic acid or maleic

acid, suggests that the gel formed is less elastic than the reference electrode slurry and

has a more fluid response to deformation.

For the electrode slurries containing oxalic acid, the phase angle begins at an average

value of 15° and remains constant for approximately 50 minutes. After 50 minutes, there

is a steady decline to a value of approximately 5° where the lower frequencies converge.

The value of 5° demonstrates a point where the gel network has developed sufficiently for

the electrode slurry to be uncoatable. The initial value of 15° is more difficult to interpret.

Physically, the electrode slurry appears completely fluid and flows under deformation. A

suggestion is that the inclusion of the oxalic acid into the electrode slurry has altered

the charge distribution causing an increase in the effect of particle confinement. For

colloidal solutions, such as these electrode slurries, where the high solids content pushes

the deformation behaviour towards elasticity [127], any change to the electric double layers

can easily disrupt the flow and elasticity.

In the case of the electrode slurries that contain stearic acid, the phase angle starts

at an average value of 30° and experiences a rapid decline over 20 minutes to the final

plateaued value of approximately 5°. Frequency convergence is reached after

approximately 60 minutes. This final value of 5° suggest the final gel form is similar in

strength and structure to that of the reference electrode slurry.

The final acid additive examined, succinic acid, exhibits similar phase angle

behaviour to those electrode slurries containing maleic acid, albeit with lower final

values of phase angle. There is a gradual and steady decrease in the phase angle,

coupled with a convergence of frequencies, to a final value of approximately 5°. Initial

values of phase angle, similar to the other acid additives, are far lower than those of the

reference electrode slurry, starting between 20° and 40° across the frequency range.

Table 6.5 demonstrates a summary of the oscillatory rheology data, and presents a

comparison of the key values after 40 and 90 minutes.

146



Table 6.5: Summary of storage and loss values, phase angle values and the loss factor
(G’/G”) after 40 minutes and 90 minutes.

After 40 minutes After 90 Minutes

G’ G” Loss
Factor

Phase
Angle (°) G’ G” Loss

Factor
Phase

Angle (°)
Reference

. 218.3 50.1 4.4 16.4 2043.3 124.2 16.5 3.5

Acetic
Acid 888.0 275.6 3.2 18.1 1735.7 363.3 4.8 11.8

Maleic
Acid 845.7 214.8 3.9 14.2 3776.7 736.7 5.1 11.0

Oxalic
Acid 2406.7 494.0 4.9 11.7 6620.0 464.7 14.2 4.1

Stearic
Acid 86433.3 8516.7 10.1 5.6 330000.0 25233.3 13.1 4.4

Succinic
Acid 1406.7 258.1 5.4 10.5 4820.0 405.5 11.9 5.1

Based on Table 6.5, it can be noted that after 40 minutes, the reference electrode

slurries demonstrate the lowest rigidities, with electrode slurries containing acetic and

maleic acid showing the next lowest rigidities. This can be observed in the values of

G’ and G”. However, the most viscous electrode slurry, with the weakest gel strength is

acetic acid. The reference electrode slurry, and electrode slurries containing maleic acid

demonstrate the next lowest gel strengths. These strengths can be noted in the loss factor

and phase angle columns.

After 90 minutes, it is clear, from Table 6.5, that electrode slurries containing acetic

acid show the lowest gel rigidities and strengths. Furthermore, electrode slurries

containing acetic acid, values of G’ and G” show only a two-fold increase between 40

and 90 minutes, whereas the reference electrode slurry increases ten-fold. Electrode

slurries containing maleic acid demonstrate similar strengths to those containing acetic

acid, however, the rigidities are far higher.

Based on these values in Table 6.5 and the data displayed in Figures 6.5 and 6.7, the

milled additive with the best improvements to the electrode slurry is acetic acid.
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6.4.1.2.3 Relaxation Time

It has been established in the literature of the glass jamming in repulsive systems that

the presence of strong dynamic arresting suggests two distinct stress relaxation processes

[287, 288]. These two stress relaxation processes can be found observed and explored

through the use of Maxwell Model calculations, Figure 6.8.

The storage and loss moduli have been fitted to a 2 mode Maxwell Model, as explored

in chapters 4 and 5. The relaxation times extracted from these modes can be found in

Figure 6.8. The relaxation time, a ratio between the viscous and elastic elements, denotes

the timescales of the material’s response to deformation. Below the relaxation time the

material will act elastically and above it, as a viscous material.

These two stress relaxations can be seen in Figure 6.8 via the primary and secondary

relaxation times. Through the Maxwell Model, separate relaxation times occur through

the use of multiple modes, but relate physically to different properties and timescales.

The secondary relaxation time denotes the behaviour of the electrode slurry over very

short times scales. Below approximately 0.15, depending on the acid additive (see Figure

6.8), the secondary relaxation time signifies that the electrode slurries exhibit a strong

elastic response, similar to that of a yield stress in a Herschel-Bulkley fluid. Yield stresses

have been previously observed in electrode slurries [289, 290] and for high solids content

fine-particles suspensions [291,292] analogous to electrode slurries.

Above this secondary relaxation time, the strong elasticity of the electrode slurry

partially relaxes, and the primary Maxwell mode elastic response dominates. It is only

above the primary relaxation time that the electrode slurry will act fully viscous and fluid.

As demonstrated by Figure 6.8 and expanded in Chapter 4 the reference material

follows a three stage gelation process and takes approximately 45 minutes for the final

gelation plateau to be reached. It is clear from Figure 6.8 that for all of the acids, despite

starting with higher relaxation times, exhibit lower primary relaxation times after 45

minutes. Furthermore, these primary relaxation times for the electrode slurries containing

the acid additives are lower than the reference electrode slurry after 90 minutes.
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Figure 6.8: Maxwell Mode - Primary and Secondary Relaxation Times for the reference
electrode slurry and all the electrode slurries containing 2.0 wt% of acid additives.
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For the additives of acetic and maleic acid, the primary relaxation time has been

greatly stabilised, with a near constant apparent relaxation time lasting the entire duration

of measurements, demonstrating the greatest stabilisation of the acid additives.

Electrode slurries containing oxalic acid show a similar improvement to the

stabilisation of the relaxation time over a 50 minute window. However, these electrode

slurries exhibit a drastic increase in the relaxation time after 50 minutes and reach a

final relaxation time that equals the reference electrode slurry.

For electrode slurries containing stearic acid and succinic acid, the primary relaxation

time follows a steady increase over the entire time duration.

For all electrode slurries, the secondary relaxation times slowly increases over the

time duration, with electrode slurries containing oxalic acid demonstrating the smallest

increase. Electrode slurries containing stearic acid demonstrate a rapid increase over the

first 20 minutes, however, this could be due to the fitting, as the primary relaxation times

show a decrease over this time period.

It should be noted that these relaxation times purely denote the balance between the

viscous and elastic behaviours of the electrode slurries. The final strengths and degrees

of elasticity should be primarily observed in the storage and loss modulus, Figure 6.5.

6.4.2 Effect of the Stabilising Additives on the Electrodes

These electrode slurries containing the acid additives have been coated onto an aluminium

current collector so measurements on the electrodes can be obtained. This has been

performed using the method outlined in Chapter 3. It should be noted that, unless

stated, these electrodes were coated immediately after mixing has been concluded, and

will relate to the time zero measurements demonstrated in Section 6.4.1.

6.4.2.1 Physical Electrode Measurements

Electrode measurements have been split into physical measurements and electrochemical

measurements. Physical measurements will cover the adhesion of the electrodes, and the
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conductivities of the electrode.

6.4.2.1.1 Electrode Adhesion Measurements

The importance of the coating adhesion strength has been demonstrated in Chapter 2,

and as such the effect of the acid additives on the adhesion strength has been measured.

Figure 6.9 shows the adhesion strengths for electrodes made from the reference

electrode slurry and electrode slurries containing the acid additives. It is clear from

observations of Figure 6.9 that the additives cause large changes to the adhesion

between the electrode and the aluminium current collector. It can be noted that all

additives, except oxalic acid, cause a decrease to the adhesion strength over the

reference coating. Electrode coatings containing stearic acid demonstrate very poor

adhesive strength at 7.9 Nm–1. Those containing acetic acid and maleic acid exhibit

similarly poor adhesive strengths at 29.1 Nm–1 and 15.7 m–1, respectively. Succinic acid

as an additive seems to marginally reduce the adhesion strength to 77.9 m–1 from the

reference coating, 91.0 Nm–1. Oxalic acid increases the adhesion strength up to 122

Nm–1.

The reference electrode has a high adhesion strength due to two main reasons.

Firstly, due to the cross-linking of the PVDF (immediately after mixing, the reference

electrode slurry will contain some crosslinks and NaOH), the adhesion strength is

increased. Analogous fluoroelastomers have been shown to have great adhesion to metal

when cross-linked [199], and for many polymers, an increase to the molecular weight and

crosslinking increases the adhesion strength [293]. Secondly, the etching and corrosion of

NaOH onto the aluminium current collector, allowing the electrode to bind more

strongly. The effect of this can be seen in Figure 6.10.

As discussed in Section 6.1, the increased adhesion strength of PAA over PVDF can

be attributed to the carboxylic groups. For oxalic acid, and succinic acid, where the

carboxylic groups on either end the hydrogen bonding effect over the carboxylic groups

can will relate to an increased bonding strength. The higher adhesion strength of oxalic
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Figure 6.9: Adhesion strength for electrodes made from the reference electrode slurry
and all the electrode slurries containing 2.0 wt% of the acid additives. Electrode slurries

were coated immediately after mixing was completed.

acid comes from the lower molecular weight, resulting in a greater number of carboxylic

groups, and the corrosion and etching effect introduced in Section 6.1.

For maleic acid, while it has two carboxylic groups, there is no rotation in the double

bond and so this stearic hindrance will mean it cannot give higher adhesion strengths than

succinic acid (the acid additive with the same carbon backbone chain length). Instead,

due to the presence of the acid, the degree of cross-linking has been reduced and the

concentration of NaOH is reduced. These combined effects, ultimately, will give rise to a

weaker adhesion strength than the reference electrodes.

For acetic acid, and stearic acid, where there is only a single carboxylic group, there will

be no improvement to the adhesion strength. Instead, as with maleic acid, the present
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Figure 6.10: Comparison adhesion strength for electrodes made from the reference
electrode slurry and all the electrode slurries containing 2.0 wt% of the acid additives.

Bars show coatings made from electrode slurries coated immediately after, and 40
minutes after mixing was completed.

of the acid additive, will reduce the amount of cross-linking and concentration NaOH,

producing a lower adhesion strength. Furthermore, stearic acid is a long chain fatty acid,

and will likely form an oil barrier that can reduce the adhesion strength.

Figure 6.10 shows the adhesion strengths for sets of electrodes that were coated

immediately after mixing and electrodes that were coated 40 minutes after mixing. It is

evident from Figure 6.10 that by coating the electrode slurry 40 minutes after mixing

there is a very large increase to the adhesion strength of the reference electrode. This is

due to the increased quantities of cross-linking in the polymer chains, ensuring strong

adhesion to the metal current collector, and through the increase concentration of
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NaOH, etching and corroding the aluminium current collector. This large increase of the

adhesion strength between coating immediately after mixing and 40 minutes after

mixing is the expected result for these electrode slurries.

All the acid additives, apart from stearic acid and succinic acid, after 40 minutes cause

a slight decrease to their electrode’s adhesion strength. However, these very slight changes

to the adhesion strength do fall within the margin of error between the adhesion strength

of coating immediately after mixing and the coating 40 minutes after mixing. Therefore,

it can be suggested that for the electrode slurries containing the acid additives, the lack of

a large increase in the adhesion strength suggests that after 40 minutes all acid additives

have reduced the cross-linking development in the electrode slurries.

6.4.2.1.2 Electrode Conductivity

Figure 6.11 shows the conductivity measurements for electrodes made from the electrode

slurries containing 2.0 wt% of the acid additives. Electrodes made from the reference

electrode slurry have been included for ease of comparison. It is important to note that

these measurements are not the actual conductivities of the electrodes as these have not

been measured using a non-conductive substrate. However, as all measurements were

performed on aluminium current collector from the same reel it is thought that they can

be used for comparative purposes.

It is clear from Figure 6.11, that only the electrodes containing oxalic acid and stearic

acid as additives cause increases to the conductivity, at values of 273 and 229 Sm–1,

respectively. It is therefore suggested that the resistance of these electrodes will be lower,

and higher cycling capacities can be realised. Electrodes containing oxalic acid have very

large standard deviations associated with the average values. It is suggested that these

large errors may arise from the oxalic acid corrosion of the aluminium substrate and, hence

altering both the thickness of the aluminium and the contact between the aluminium and

the electrode.

Electrodes containing succininc acid slightly lower the conductivity over reference
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Figure 6.11: Comparison electrode conductivity for electrodes made from the reference
electrode slurry and all the electrode slurries containing 2.0 wt% of the acid additives.

electrodes, with conductivity values of 141 and 163 Sm–1 for succinic acid-containing

electrodes and reference electrodes, respectively.

The final electrode slurry additives, acetic acid (122 Sm–1) and maleic acid (78.8

Sm–1), cause significant reductions to the conductivity of the electrodes. These far lower

conductivities will likely cause increased electrode resistances and poorer cycling

performances.
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6.4.3 Effect of the Stabilising Additives on the Electrochemical

Performance

6.4.3.1 Electrochemistry Cycling Performance

Electrodes were made into half cells and cycled according to the cycling settings outlined

in Chapter 3. The first cycle of each cell is a formation cycle at a current rate of 15mAg–1,

with subsequent cycles at a cycling rate of C/10 - a battery capacity determination was

performed after the formation cycle.

These discharge capacities over the cycling of the electrodes can be found in Figure

6.12.

Figure 6.12: Cycling capacity vs cycle number for electrodes made from the reference
electrode slurry and all the electrode slurries containing 2.0 wt% of the acid additives.

Based on the observed conductivities, demonstrated in Figure 6.11, it is clear that

electrodes formed from electrode slurries containing acetic acid demonstrate the lowest
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capacities, lower than the reference electrode. These electrodes have a first cycle capacity

of 98.0 ± 9.1 mAh/g that falls to 83.5 ± 11.7 mAh/g after the second cycle and 62.9

± 11.3 mAh/g after 20 cycles. Acetic acid-containing electrodes have similarly exhibited

lower conductivity and adhesion strength than the reference electrodes, suggesting how

valuable these properties are for electrode performance.

All other electrodes containing acid additives demonstrate higher capacities vs

Na/Na+ than the reference electrodes. Maleic acid- and stearic acid-containing

electrodes demonstrate capacities that are only marginally higher than the reference

material. Maleic acid-containing electrodes have a first cycle capacity of 107.4 ± 1.2

mAh/g, which falls to 82.5 ± 4.0 mAh/g after the second cycle and 68.3 ± 2.7 mAh/g

after 20 cycles. Maleic acid electrodes exhibit conductivities and adhesion strengths that

are lower than acetic acid. Therefore, it can be suggested that the acid chemistries play

a role in the electrochemical performance.

Stearic acid-containing electrodes, which also demonstrate low adhesion strengths,

show similar performance to maleic acid. Electrodes have a first cycle capacity of 98.7 ±

2.5 mAh/g, which falls to 81.2 ± 2.7 mAh/g and 71.4 ± 1.1 mAh/g, after the second and

20th cycles, respectively.

The remaining electrodes, those containing succinic acid or oxalic acid, demonstrate

the highest capacities. Succinic acid-containing electrodes demonstrate the highest

capacities, however, the data fluctuates greatly and the standard deviations are high.

Electrodes have a first cycle capacity of 110.8 ± 5.2 mAh/g, which falls to 87.7 ± 8.8

mAh/g and 80.4 ± 5.6 mAh/g, after the second and 20th cycles, respectively. Data

values at the 3rd and 5th cycles show standard deviations of 18.9 and 22.1 mAh/g,

respectively.

Electrodes containing oxalic acid, which show the largest conductivity and adhesion

strength, demonstrate the most stable electrochemical cycling and the second highest

capacities. Electrodes containing oxalic acid exhibit a first cycle capacity of 112.7 ± 0.3

mAh/g that falls to 80.9 ± 7.5 mAh/g after the second cycle and 77.8 ± 6.6 mAh/g after
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20 cycles. This demonstrates a capacity retention of 96.1 % after the formation cycle, the

first cycle.

Notably, the errors and standard deviations for these discharge capacities demonstrate

an overlap between the average capacities. Additionally, it should be noted that electrodes

containing succinic acid as an additive show the largest error values.

The poor electrochemical performances of the electrodes tested in this chapter can

be suggested as a result of reactions of the active materials with air. Section 7.4.1.2.1

has established that, despite the inclusions of the acid additives, a full stabilisation of

the electrode slurry has not been possible and reactions of the active materials with air

still occurs. Furthermore, it is suggested that these reactions are able to occur during

the coating and drying stages of electrode manufacture. As the NaNMST active material

reacts with air, forming NaOH, demonstrated in Chapter 4, sodium is withdrawn from

its structure, ultimately decreasing its capacity. Similarly, reactions of NaOH with the

PVDF binder material forms resistive in-organics such as NaF.

6.4.3.2 Electrochemical Impedance Spectroscopy

To further investigate the electrochemical behaviour, electrochemical impedance

spectroscopy, EIS, and equivalent circuit models were employed. EIS measurements can

be seen in Figure 6.13. These measurements were performed on cells after the formation

cycle and after 10 cycles. Measurements were taken at 50 % state of charge (SoC) to

avoid large polarisation effects.

From Figure 6.13 it is evident that the impedance of these electrodes is different for

each acid additive, both in the magnitude and shape of the impedance spectra.

Immediately after formation, the reference electrode demonstrate a large initial semi

circle, followed by a second smaller semi circle before the 45° line of the Warburg

diffusion begins.

For the spectra after 10 cycles there appears to be only one semi circle feature.

However, due to the frequency mapping of these measurements, it becomes clear that
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Figure 6.13: Electrochemical Impedance Spectroscopy for electrodes made from the
reference electrode slurry and all the electrode slurries containing 2.0 wt% of the acid

additives.
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Figure 6.14: Equivalent circuit used for the electrochemical impedance spectroscopy.

there are two semi circle features that are overlapping. After formation, the

measurement frequency for the midpoint between the two semi circle features is at 50

Hz. Similarly, for the measurements after 10 cycles, the frequency lies around the

midpoint of the one visible semi circle.

The measurements at 50 Hz have been similarly annotated on the other,

acid-containing electrodes in Figure 6.13. These two semi circles remains prevalent for

all acid-containing electrodes. However, the distinction between these two features

seems to have shifted to lower frequencies. It is possible that by shifting this midpoint

to lower frequencies it suggests that the transfer of ions through this first semi circle

feature, attributable to a CEI, takes longer than the reference electrode.

The attribution of these features has been performed in conjunction with the fitting

of an equivalent circuit model, Figures 6.14, 6.15, and 6.16.
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EIS measurements were fitted to a modified Randles circuit [294,295] as seen in Figure

6.14. Constant phase elements (CPE) have been used to replace the double-layer capacitor

elements for the ease of fitting to the ellipsoidal semi-circles. As a note, the unmodified

Randles circuit [41,294,296] does not contain the resistor in parallel with a constant phase

element. However, as the taken impedance spectra (Figure 6.13) contains two distinct

semi-circles, the extra resistor and CPE elements were included.

This equivalent circuit (Figure 6.14) contains a resistor that denotes the series, or bulk,

resistance of the cell. This covers all linear resistances such as the separator resistance,

the electrolyte resistance, and the current collector resistances [295,297].

The first semi-circle feature has been attributed to a thin cathodic film, or cathode

electrolyte interphase (CEI), that can form after electrode cycling due to the

decomposition of the electrolyte and reactions of the electrode with the electrolyte [295].

Discussed in Section 6.1, the electrochemical reduction of carboxylic acid groups has

been shown to help stabilise and improve the SEI of silicon anodes [267, 268]. This

stabilisation (or lack of stabilisation) would, primarily, be exhibited in changes to this

first semi-circle feature over cycling.

The second semi-circle feature has been attributed to the charge transfer resistance.

The charge transfer is linked to the kinetics of the electrochemical reaction [295]. Larger

values of this charge transfer resistance could suggest slower kinetics of the electrochemical

reaction, which could result in lower capacities or less potential power for the cells. In

the Randles circuit, the Warburg impedance is included into the circuit with the charge

transfer elements as the diffusion will occur with the transfer into the material matrix.

From Figure 6.15, it is clear that the resistance due to the CEI layer changes greatly

over the course of electrode cycling. The reference electrode, which has been included for

comparison purposes, sees an increase in the CEI resistance from a value of 118.5 ± 12.1

Ω to a value of 340.3 ± 97.4 Ω.

Electrodes containing acetic acid and maleic acid see a decrease in this CEI resistance

after 10 cycles. The values of the CEI resistance decrease from 385.2 ± 113.8 Ω to 36.4 ±
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Figure 6.15: Cathode solid electrolyte interphase layer resistance fitted from the
electrochemical impedance spectroscopy in figure 6.13 after the formation cycle and

after 10 cycles.

13.5 Ω for acetic acid, and 767.1 ± 155.0 Ω to 593.1 ± 116.2 Ω for maleic acid-containing

electrodes.

The remaining electrodes containing acid additives all follow the trend of the reference

electrode, and the CEI resistance increases after 10 cycles. Electrodes containing oxalic

acid see an increase in the CEI resistance from 374.8 ± 12.5 Ω to 605.6 ± 24.0 Ω. Those

containing stearic acid increase from 97.7 ± 9.6 Ω to 312.3 ± 30.9 Ω. Electrodes containing

succinic acid increase from 62.7 ± 15.7 Ω to 371.3 ± 36.4 Ω.

For the electrodes that see an increase in this CEI resistance, it is suggestive of two

possibilities. Firstly, that the film has not fully developed after the formation cycle and,

therefore, further develops and increases over subsequent cycles. Secondly, that these

particular acid additives (oxalic, stearic, and succinic acid) do not stabilise in the same
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Figure 6.16: Charge transfer resistance fitted from the electrochemical impedance
spectroscopy in figure 6.13 after the formation cycle and after 10 cycles.

manner as suggested by Nguyen et al., 2017 [267,268] and explored in the Section 6.1. It

was suggested by Nguyen et al., 2017, that the electrochemical reduction of the carboxylic

acid group in citric acid stabilises the active material (silicon) surface and suppresses

further electrolyte reduction. [268] As these acids do not demonstrate a stabilised CEI, it

can be suggested that, either, this surface stabilisation does not occur for these cathode

active materials, or that particular acid additives do not electrochemically reduce to form

carboxylates. The magnitude of the increase in this CEI resistance for these acid additive-

containing electrodes is similar to the reference electrode, suggesting that this increase is

due to the nominal increase of the material.

Similarly, for the electrodes containing acetic acid or maleic acid, where the resistance

decreases, it could be suggested that this layer has been stabilised. The carboxylic groups

have been electrochemically reduced to form carboxylates. Therefore, whether the acid
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groups are reduced or not, could be a result of access. Where inverse micelles can form,

the carboxylic acid groups can be reduced, For micelles structures, such as bilayer vesicles,

or lamellar phases (see Figure 6.3), where the acid groups are surrounded by the active

material, they are unable to be electrochemically reduced.

For the charge transfer resistance, the reference electrode increase from 20.4 ± 1.8 Ω

to a value of 136.8 ± 83.0 Ω. Electrodes containing stearic acid show a similar increase,

from 10.4 ± 0.7 Ω to 163.6 ± 32.6 Ω.

Electrodes containing acetic acid, maleic acid, and succinic acid, all demonstrate a

drastic increase in the charge transfer resistance. The charge transfer resistance for acetic

acid sees an increase from 162.3 ± 57.2 Ω to 1062.5 ± 134.5 Ω. Electrodes containing

maleic acid see an increase from 176.8 ± 38.5 Ω to 829.4 ± 133.3 Ω. Lastly, succinic

acid-containing electrodes see an increase in the charge transfer resistance from 257.0 ±

20.3 Ω to 1025.7 ± 245.3 Ω.

Only electrodes containing oxalic acid exhibit a decrease in the charge transfer

resistance after cycling. The resistance decreases from 65.0 ± 2.8 Ω to 17.9 ± 14.3 Ω.

These changes in the charge transfer resistance are consistent with the

electrochemical cycling data as shown in Figure 6.12. Electrodes where the charge

transfer resistance has increased as the cells are cycled (reference electrodes, and

electrodes containing acetic, maleic, succinic, or stearic acid), also experience a capacity

loss. Only electrodes containing oxalic acid experience a decrease in the charge transfer

resistance, which demonstrates a steady cycling capacity with little decline.

6.4.4 Summary

Table 6.6 shows a summary of the results collected during this chapter. In the case of

summary of the FTIR analysis, where no quantified values have been extracted, additives

have been ranked based on observed chemical changes to the ν(OH−−H2O) peak, and the

degree of changes to the ν(C−−O) peak (the inset of Figure 6.4) over a 20 minute period

(based on objective 1). For these FTIR ratings, electrode slurries have been ranked
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Table 6.6: Summary of effects to the electrode slurry and electrodes due to the acid
additives.
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between 1, demonstrating the least chemical changes, to 6 demonstrating the greatest

chemical changes. This table should primarily be used as a point of comparison for these

acid additives.

6.5 Conclusions

The research presented in this chapter sought to extend the processing window of sodium

layered O3 cathode slurries and investigate the stabilisation mechanism of these electrode

slurries.

The first objective, achieving a stabilisation of the electrode slurry gelation past the 20

minute processing window of the reference electrode slurry was analysed both physically

and chemically. Chemical analysis (Figure 6.4) of the electrode slurry gelation over a

20 minute processing window demonstrates favourable improvements with all additives,

apart from stearic acid. These additives show improvement to the quantities of the OH

stretching shoulder peak in this short window.

Over longer timescale, i.e. after the 360 minute testing window, additives of oxalic

acid and maleic acid showed the smallest amount of shifting in the C=O peak. As the

peak shifting is related to hydrogen bonding and water absorbed into the sample, these

electrode slurries demonstrated a small amount of water formed between the reaction

of acid and base. Hence, less base was formed on the surface of the active material.

Similarly, electrode slurries containing these acid additives of maleic acid and oxalic acid

show reduced quantities of OH stretching shoulder peak at approximately 3300 cm–1.

These chemical stabilisations seem to be most attributable to strength of the acid, as

found in Table 6.2, with oxalic acid showing the lowest overall changes.

Physically, however, oxalic acid does not prove to be the best electrode slurry

stabilising additive. Based on the oscillatory rheology measurements, in Figures 6.5, 6.7,

and 6.8, over the entire 90 minute measurement window, additives of acetic acid and

maleic acid, show the most stabilisation. Furthermore these two additives, show an
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almost complete stabilisation of the electrode slurry relaxation time. This physical

stabilisation of the electrode slurry seems to be associated with the shape of micelles

formed, with acetic and maleic acid predicted to form inverse micelles.

In the observation of the electrode slurry measured rheological properties over time,

the second objective, (Figure 6.5 and shown Table 6.6), it can be noted that for all

electrode slurries despite the inclusion of the additives there is an increase in both G’ and

G”, suggesting that none of the attempted acid additives have fully stabilised the gelation.

This conclusion can be similarly observed in the chemical analysis of the electrode slurries,

the FTIR results, Figure 6.4. As, despite inclusions of any of the acid additives, the

electrode slurries still demonstrate chemical changes over time.

Based on the third objective, which examines if the processing window can be

extended, the analysis of the relaxation time establishes that for electrode slurries

containing acetic acid, maleic acid, and oxalic acid, this processing window can be

increased to 45 minutes. Unfortunately, due to time constraints, additional analysis of

electrodes, containing these additives and coated at various times after mixing, to

further establish a new processing window, could not be completed.

The final objective, measuring the effect that these stabilising additives have on the

properties of the electrodes can further establish the most effective additives. These can

be clearly noted in Table 6.6. In the adhesion (Figures 6.9 and 6.10) and conductivity

(Figure 6.11) properties of the electrodes it is most evident that oxalic acid proves to be

the most effective additive. Electrodes formed from slurries containing oxalic acid cause

an improvement to the adhesion strength to the aluminium current collector over the

reference electrodes. Electrodes made from slurries containing maleic or acetic acid

demonstrate very poor adhesion. This same effect can be noted in the electrode

conductivity. Electrodes containing oxalic acid show improvements over the reference

electrode slurry whereas those containing maleic acid or acetic acid show reductions.

In terms of the electrochemical performance, it is evident from Table 6.6 that electrodes

containing oxalic acid and succinic acid show the greatest benefits to the long term cycling
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stability, likely due to their high adhesion properties over the other additives. Electrodes

containing oxalic acid similarly show favourable improvements to their charge transfer

resistance during cycling.

Overall, it has been shown that some stabilisation can be achieved using acid additives

of oxalic acid, maleic acid, and acetic acid. However, none of the examined acid additives

fully stabilise the electrode slurry gelation, and sodium is still removed from the active

material to form NaOH. For lab scale testing, the partial stabilisation of the electrode

slurries is sufficient to enable electrodes to be produced within the stability window,

furthering the research into these materials. For industry use, the stabilisation is not

sufficient and there is still a loss of sodium from the active material, lowering the capacity

of the electrodes. Hence, other methods of extending the stability window should be

sought. One such method would be to use additives that contain sodium, such as sodium

salts of these acid additives.
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Chapter 7

Sacrificial Stabilising Additives for

High Nickel Content Cathode

Materials

7.1 Introduction

As established in Chapter 6, the gelation of the electrode slurries can be effectively

stabilised through the use of organic acid additives. Additives of acetic or maleic acid

have been shown to greatly improve the processing window of the cathode electrode

slurries.

However, electrodes formed using these additives see significant capacity fade during

cycling. Similarly, reactions of the active material, forming NaOH, cause losses of sodium

that can considerably reduce the capacity of cells. As demonstrated in Chapter 6, while

some additives improve this chemical stability, this loss of sodium persists regardless of

the additive used.

Therefore reducing this sodium loss while maintaining the stabilisation of the slurry

gelation becomes the next priority. A suggested method is the sacrificial coating of the

active materials with sodium salts of acid additives, as shown in Figure 7.1. Furthermore,
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Figure 7.1: Acid additive chemical structures.

by utilising salts of the carboxylic acids from Chapter 6, it is hypothesised that the

stabilisation of the electrode slurry gelation will be retained. The method of surface

coating will be by ball milling together with the conductive additive.

The surface coating of the active materials has been utilised in both lithium and

sodium-ion batteries [9, 298–304]. The function of these coatings can take several forms.

Protective coatings, such as studied by Ahaliabadeh et al., 2021, can reinforce the

electrode structure and protect the active material from surface and degradation

reactions. Ni’mah et al., 2018, has demonstrated that the protective coating can

additionally enhance the electron transport during cycling. [298,305–307]

Sacrificial coatings are another potential method of active material surface coating.

These coatings can preferentially react instead of the active material or can provide a

source of sodium ions to compensate for those irreversibly consumed. [9, 300,303,304]

Furthermore, sodium oxalate has been used as a sacrificial additive and has been

proven to significantly increase the capacity retention [303, 304]. These studies paired
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sodium oxalate with P2-layered oxide materials [303] or anode materials [304] and focused

on the improvements to the electrochemical performance. Therefore, the use of sacrificial

coatings, utilising the sodium salts of the acid additives studied in Chapter 6 was chosen

for this research. No studies have been found utilising the sodium salts of the other acid

additives as sacrificial coatings.

Ball milling has been shown to be an effective method of coating the active material

particles either with a protective or sacrificial coating [298–302], or with conductive

compounds [308–314]. Furthermore, the use of ball milling can decrease the particle size

and increase the active surface area. Similarly, modifications to the morphology and

texture of the active materials can be adjusted by altering the milling

parameters. [309–312,315–317]

It was intended for these sodium salts to be sacrificially coated onto the active material

through the use of ball milling. However, while the sodium salts were milled with the

active material, no detailed study was made into whether coatings actually been achieved,

henceforth these sacrificial coatings will be referred to as sacrificial additives.

7.2 Aims and Objectives

The main focus of the research presented in this chapter was the enhancement of the

electrochemical performance of the Na-NMST active material through sacrificial additive

using the sodium salts of the acids explored in Chapter 6. However, by using sodium salts

of the previously tested acid additives, a reduction to the gelation of the electrode slurry

and an improvement to the processing window of the electrode slurry is a secondary goal.

The aims of this chapter are therefore to:

• Assess the stabilisation of the electrode slurry gelation,

• Observe how the measured rheological properties of the electrode slurry change in

this time,
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• Measure the effect these sacrificial additives have on the properties of the electrodes,

• Assess the improvement to the electrochemical performance of the active material.

7.3 Experimental Setup

Na-NMST (NaNi1/2Mn1/4Sn1/8Ti1/8O2) was coated with the sacrificial additives of the

acid salts using in a Retsch PM100 Planetary Ball Mill. The acid salts used were HPLC

grade with a purity ≥ 99%: sodium acetate (Fisher Scientific), disodium maleate

(MERCK), disodium oxalate (MERCK), sodium stearate (VWR), disodium succinate

(MERCK). Quantities of acid salts were added to form a quantity in the electrode slurry

solids of 2.0 wt%. One third of the total conductive carbon black (IMERYS, Super C65)

was added to further coat the particles and to aid in the conductive properties of the

electrode. The conductive carbon black and acid salt were added at the same time. 45g

of 5 mm, and 15g of 10 mm zirconia balls were added to the 50 mL mill pot. The

powders were milled at 300 rpm for 45 minutes, with a reversal of direction every 15

minutes.

Electrode slurries were formed using the standard method outlined in Chapter 3. The

sacrificially coated Na-NMST was mixed with the remaining conductive carbon black,

and an 8 wt% PVDF (polyvinylidene fluoride) (Solvey 5130) binder in NMP (n-methyl-2-

pyrrolidone) solution. Quantities were measured to give a final ratio of the solids content of

87:2:6:5 by weight (Active Material:Sacrifical additive:Conductive Additive:Binder). The

cathode ink was mixed in sealed pots in a Thinky ARE-250 Planetary Mixer, situated in

a Munters dry room with a maximum dew point of - 40◦C. Materials were measured out

under a recirculator hood (also situated in a dry room) or in an argon filled glove box.

There were three stages of mixing: initially the active material and the extra NMP,

measured to give a final solids content of 40 wt%, followed by the addition of carbon

black, and, finally, the PVDF solution. Each mixing stage lasted 5 minutes with a speed

of 1300 rpm. For situations where additives were employed, they were mixed with the
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NMP, prior to the start of this mixing route.

Dissolution tests were performed by mixing the sodium salts in NMP in the quantities

expected in the electrode slurries. Approximately 2.7 g of NMP with 57.0 mg of the

sodium salts were added to vials and mixed using a magnetic stirrer bar on a stirrer-plate

set to 1500 rpm. The dissolution was checked and photographed after 15 minutes - to

mimic the mixing time of the electrode slurries - and after 24 hours - to observe the

extended dissolution properties.

All other analysis methods can be found detailed in Chapter 3.

7.4 Results and Discussion

The analysis of these sodium salt additives (Figure 7.1) will be explored in a similar

manner as the acid additives of Chapter 6.

1. The effect these sodium salts have on the stability of the electrode slurries will be

explored through the use of oscillatory rheology and the fitting of a Maxwell model.

The analysis will be split between the measured storage and loss modulus and the

phase angles from the oscillatory rheology, and the fitted relaxation times from the

Maxwell models. Additional analysis will come from dissolution tests of the sodium

salts in NMP.

2. The changes to the electrode properties will be analysed through the use adhesion

measurements and conductivity measurements.

3. Finally, the effects of the sodium salts on the electrochemical properties will be

measured using cycling analysis and electrochemical impedance spectroscopy

evaluations.
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7.4.1 Stabilisation of the Electrode Slurries

7.4.1.1 Dissolution of Milled Materials in NMP

The dissolution of the sacrificial sodium salts in NMP was characterised using a simple

lab dissolution test. These dissolution tests of the sodium salts in NMP can be found

in Figure 7.2. The images in Figure 7.2 show the dissolution after 15 minutes, however,

after 24 hours the results were largely unchanged.

Figure 7.2: Dissolution of sodium acid salts in NMP.

From these images it can be noted that none of the sodium salts have full dissolution

in NMP. There are clearly particulates on the sides of the vials, and in the solution of

liquid. The reduction in the volume of visible particles does suggest partial dissolution.

This lack of full dissolution has the potential to cause problems in the stabilisation

of the electrode slurries. The volume fraction of particles will remain high and so the

possibility of colloidal jamming, as established in chapters 4 and 5, is increased.
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However, the lack of immediate dissolution will prove to be beneficial to the protection

of the active material. If the sacrificial additive were to immediately dissolve into solution

then the protection of the active material would not exist as the electrode slurries are

mixed.

7.4.1.2 Ex-situ Rheology studies of Electrode Slurries

Rheological analysis of the electrode slurries has been performed in the same manner as

in chapters 4 and 6.

It is been established in Chapter 4, that the absolute values of G’ and, to some extent,

G” relate to the rigidity of the gel. [227–229] This is a measure of the electrode slurry’s

inability to be deformed. The ratio between G’ and G”, and the phase angle, demonstrates

the strength of the gel formed. [229] A summary of these values can be found after Section

7.4.1.2.2.

7.4.1.2.1 Storage and Loss Modulus

The storage and loss modulus changes for electrode slurries containing the acid additives

can be found in Figure 7.3.

The storage and loss modulus for electrode slurries formed from the sacrificially coated

active material can be found in Figure 7.2. It should be noted that the maximum frequency

for these results is 4.642 Hz. Results were recorded for frequencies of 10 Hz and above,

however, these data points were erroneous due to the dominance of inertia.

The storage and loss modulus for the reference electrode slurry has been included for

comparative purposes. The analysis for the reference electrode slurry has been covered in

chapters 4 and 6. For easy reference, the storage and loss moduli are initially very similar,

with values between 10 Pa and 100 Pa across the frequencies. A divergence between G’

and G” begins after 40 minutes with final values of 2000 Pa and 100 Pa for G’ and G”,

respectively.

For the electrode slurries containing the active material coated with sodium acetate,

175



Figure 7.3: Storage and Loss Modulus for the reference electrode slurry and all the
electrode slurries containing the active material milled with 2.0 wt% of the sodium salts.
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values of G’ start at approximately 10 Pa and increase to 100 Pa over a 40-minute period.

After 40 minutes, there is a plateau in G’ at 100 Pa for 50 minutes, until an increase

at 90 minutes to a value of approximately 300 Pa. From the onset of the rheological

measurements there is a tight grouping of G’ values across all measured frequencies and

then after 40 minutes there is almost complete convergence. G’ becomes independent

of frequency. This pattern of increases and plateaus follows the same 3 phase gelation,

established for the reference electrode material in Chapter 4. However, in contrast to the

reference electrode slurry the changes are more extreme.

The loss modulus begins with values between approximately 3 and 20 Pa, over the

frequency range, and experiences an initial decrease, before returning to the initial values,

albeit with a slight convergence of values. From 40 to 90 minutes, G” plateaus, with values

between 90 and 160 Pa, over the frequency range.

After 20 minutes, the electrode slurry begins to exhibit typical gel-like behaviour,

where G’ > G”, irrespective of frequency. [261–263] Similar to the previously tested

electrode slurries in chapters 4 and 6, there is no discernible gel point where G’ = G”,

independent of frequency. [318] However, as G’ > G”, and the pattern of G’ is consistent

with previously studied electrode slurries, it is clear that there is cross-linking and

gel-like behaviour occurring. [319]

The values of G” see a slight frequency convergence after 50 minutes, which then fully

converges after 90 minutes. Pellet and Cloitre, 2016, explored the glass and jamming

transitions in suspensions and established that for jammed suspensions, G’ > G” across

the frequency range with G’ being independent of frequency, and G” dependent. [259]

This finding was similarly observed by Franco et al., 2021. [260]

Compared to the reference electrode slurry where G’ only reaches a convergence after

70 minutes, G’ converges after 40 minutes for those electrode slurries containing sodium

acetate. As the sodium acetate material does not disassociate and dissolve in NMP, Figure

7.2, it can be suggested that after 40 minutes there is a strong jamming effect occurring

due to the high particle concentration.
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Therefore, despite the dominance of G’ over G” after 20 minutes depicting gel-like

behaviour, there is a physical colloidal jamming effect that is manifesting itself as gel-

like behaviour. Only after the values of G” converge can it be established that chemical

gelation has occurred and not colloidal jamming.

Sodium maleate-based electrode slurries demonstrate similar behaviour to those

containing sodium acetate. Values of G’ are initially between 3 and 15 Pa and increase

over a 40-minute period to approximately 100 Pa. After this time, there is a frequency

convergence and the value of G’ plateaus at approximately 100 Pa.

The loss modulus, demonstrates behaviour similar to the reference electrode slurry.

Values of G” start at between approximately 4 and 30 Pa. There is a slight frequency

convergence that initiates after approximately 20 minutes. However, the values of G”

never fully converge and G” remains frequency dependent across the full measurement

window. The final values are between approximately 10 and 20 Pa.

Similar to the sodium acetate-based electrode slurries, it can be inferred that there is

colloidal jamming occurring after 20 minutes. The sodium maleate does not disassociate

and dissolve in NMP, Figure 7.2 and G’ becomes frequency independent while G” remains

frequency dependent. [259,260] An electrode slurry gel is, however, indeed forming, where

G’ » G”, [261–263] and G” has a sufficient degree of frequency convergence. Furthermore,

the pattern in G’ and G” is consistent with the gelation established in Chapter 4.

Sodium oxalate- and sodium stearate-based electrode slurries share similar behaviour.

Over the first 15 to 20 minutes, the values of G’ and G” see a slight increase. At this

point the elastic behaviour dominates (G’ > G”) and G’ becomes frequency independent

while G” remains frequency dependent, suggesting colloidal jamming. [259, 260] After 40

minutes, the frequency dependence of G” lessens for both sodium oxalate- and sodium

stearate-based electrode slurries. At this point, it can be suggested that the jamming

effects have been reduced, and the gel behaviour has become more prevalent. The final

values of G’ and G”, 1000 Pa and 150 Pa, and 5300 Pa and 340 Pa, for sodium oxalate-

and sodium stearate-based electrode slurries suggests that the inclusion of sodium stearate
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form gels with a higher rigidity. [227–229] Compared to the other sacrificial additives,

sodium stearate based electrode slurries show the highest final values of G’ and G”,

denoting the highest gel rigidity.

Electrode slurries containing the sodium succinate coated active material exhibit

behaviour that is very similar to the reference electrode slurry. The values of the storage

and loss moduli initially begin at similar values, between approximately 8 and 50 Pa

across the frequency range. A divergence between G’ and G” begins after 40 minutes,

where G’ > G”. Full frequency convergence occurs after 80 minutes for the storage

modulus, and after approximately 80 minutes for the loss modulus. The final values of

G’ and G” are approximately 2000 Pa and 100 Pa, respectively. Based on the

similarities between the storage and loss behaviour for sodium succinate-based electrode

slurries and the reference electrode slurries, it can be suggested that there is no colloidal

jamming occurring, and that sodium succinate does not interfere in the gelation

reaction. [259, 260] Furthermore, as G’ and G” become frequency independent at the

same time, while G’ » G”, the formation of a gel can be confirmed. [261–263]

7.4.1.2.2 Phase Angle

The phase angle can be examined to determine the degree of viscoelasticity of the

electrode slurry. Values of 0° describe fully elastic behaviour, 90° demonstrates fully

viscous behaviour, and 45°, equal contribution of both.

The changes to the phase angle over time for the reference electrode slurry and those

containing the active material milled with the sacrificial salts can be found in Figure 7.4.

It is evident from Figure 7.4 that the behaviour of the electrode slurries containing

the sacrificial salts is different from the reference electrode slurry.

At the start of the phase angle measurements, t = 0 minutes, for all sacrificial additives,

the values of the phase angle are widely spread across the different frequencies. For the

reference electrode slurry, the initial phase angle is frequency independent. As discussed in

Section 7.4.1.2.1, the effects of colloidal jamming will appear in the oscillatory rheology as
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Figure 7.4: Phase angle changes for the reference electrode slurry and all the electrode
slurries containing the active material milled with 2.0 wt% of the sodium salts.
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a frequency independent G’ and a frequency dependent G”, and where G’ > G”. [259,260]

Chu et al., 2020, and Noirez et al., 2012, have explored different jamming effects.

[320, 321] Chu et al., 2020, established that at high frequencies, a colloidal glass will

exhibit more solid-like behaviour (< 45°), and at the lower frequencies equal or viscous

behaviour (≥ 45°). [320]. Noirez et al., 2012, ascertained that a low frequency shear

elasticity (< 45°) will arise from a compression and confinement effect. [321–323]

In these electrode slurries, it can be noted that the elastic behaviour exists, at least

initially, for the low frequencies. For the higher frequencies, more viscous behaviour of the

electrode slurries prevails. It can therefore be suggested that this elastic behaviour arises

from a confinement and jamming effect of the discrete phase in the electrode slurry. [321–

323] It could be suggested that this is a repulsive effect due to presence of these sacrificial

additives. These confinements could similarly arise from the larger coated particles.

Initial phase angle values for sodium acetate-based electrode slurries range between

71° and 22°, demonstrating the largest spread of all electrode slurries, 49°.

Sodium maleate-, sodium oxalate-, and sodium succinate-based electrode slurries all

demonstrate a spread of approximately 22°, between 60° and 38°. Finally, sodium stearate

based electrode slurries show a phase angle range between 42° and 31°. This frequency

dependence in the phase angle values demonstrate strong elastic behaviour of confined

and jammed colloids. [321–323].

The decline of these confinement effects suggests that some dissolution or a breakup

of the sacrificial additives is occurring.

For sodium acetate, the frequency dependence of the phase angle remains for

approximately 25 minutes, after which the phase angle reduces to approximately 9°,

denoting strong elastic behaviour. By this point, as the frequency dependence has

decreased significantly and the colloidal jamming effects have been halted.

Sodium maleate based electrode slurries demonstrate similar behaviour. The

frequency dependence predominately exists in the electrode slurry until 20 minutes.

After 20 minutes, there is a slow frequency convergence until approximately 40 minutes,
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whereby the phase angle reaches 10°. This phase angle further declines towards the end

of oscillatory measurements to a value of approximately 8°.

For sodium oxalate, the frequencies rapidly converge after 20 minutes. However, the

values between 15 and 25 minutes can be considered erroneous. Inertial effects are

dominant in many of these repeats and the error values are very large. Therefore it is

difficult to analyse the sodium oxalate based electrode slurry. These inertial effects

would persist throughout repeats. It is suggested that the colloidal confinement and

jamming effects caused inertial effects to hinder the rheological measurements.

Following this erroneous data region, the confinement effects reduce (the phase angle

become frequency independent) and elastic behaviour (a phase angle of approximately

6°) persists until 90 minutes.

Electrode slurries containing sodium stearate or sodium succinate exhibit a smoother

transition between the initial spread of phase angles to the frequency convergence. This

suggests a more gradual breaking of the discrete phase confinement effects. Electrode

slurries containing sodium stearate demonstrate a phase angle frequency convergence

after 40 minutes. At this point the phase angle plateaus at a value of approximately 9°.

As suggested in Section 7.4.1.2.1, sodium succinate electrode slurries demonstrate

behaviour that is similar to the reference electrode slurry. The sacrificial additive has

very little influence on the gelation of the electrode slurry . After 40 minutes, the phase

angle averages to a value of 17.8° (16.4° for the reference electrode slurry). Full frequency

convergence is reached after approximately 75 minutes, and the final value of the phase

angle is 2.5° (3.5° for the reference electrode slurry). The main difference is the frequency

dependence at 0 minutes, suggesting the same confinement effects introduced by the other

sacrificial additives.

Table 7.1 demonstrates a summary of the oscillatory rheology data, and presents a

comparison of the key values after 40 and 90 minutes.

Based on table 7.1, it can be noted that after 40 minutes, sodium acetate, sodium

maleate, and sodium succinate based electrode slurries show the lowest rigidities. This
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Table 7.1: Summary of storage and loss values, phase angle values and the loss factor
(G’/G”) after 40 minutes and 90 minutes.

After 40 minutes After 90 Minutes

G’ G” Loss
Factor

Phase
Angle (°) G’ G” Loss

Factor
Phase

Angle (°)

Reference
. 218.3 50.1 4.4 16.4 2043.3 124.2 16.5 3.5

Sodium
Acetate 78.5 11.7 6.7 8.6 427.7 71.5 6.0 8.2

Sodium
Maleate 84.3 13.5 6.2 10.0 140.3 18.6 7.5 7.6

Sodium
Oxalate 153.3 15.7 9.7 5.5 1030.3 144.6 7.1 5.5

Sodium
Stearate 304.2 48.4 6.3 9.5 5280.0 336.3 15.7 3.6

Sodium
Succinate 66.7 20.9 3.2 17.8 2006.7 84.6 23.7 2.5

can be observed in the values of G’ and G”. However, at this time the most viscous

electrode slurries and those with the weakest gel strength are the reference electrode

slurry and the sodium succinate based electrode slurry. These strengths can be noted in

the loss factor and phase angle columns.

After 90 minutes, the electrode slurries containing the active material milled with

either sodium acetate or sodium maleate clearly show the lowest rigidities, with the lowest

absolute values of both G’ and G”. Additionally these two electrode slurries, with sodium

acetate or sodium maleate, show the weakest gel strengths and the most viscous slurries.

Based on these values in Table 7.1 and the data displayed in Figures 7.3 and 7.4, the

milled additive with the best improvements to the electrode slurry is sodium maleate,

with sodium acetate as a close second.

It is worth noting that sodium oxalate as a milled additive shows improvements over

the reference electrode slurry after 90 minutes, however, its stabilising performance after

40 minutes is very poor compared to sodium acetate or sodium maleate, with a greater

jamming effect.
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Ultimately, in most cases (apart from sodium succinate) additions of the sacrificial

additives has caused a confinement jamming effect for at least the first 20 minutes of

electrode slurry processing. This means that coating at a low frequency, which loosely

translates as a slow coating speed, will be very difficult. The particles in the electrode

slurries will jam and the high elastic behaviour could render homogeneous coating

impossible. As demonstrated in Figure 7.4, high frequencies causes the electrode slurries

to exhibit more viscous behaviour. It is therefore suggested that the use of these

sacrificial additives will require a change to the coating procedure to accommodate this

viscous behaviour.

7.4.1.2.3 Relaxation Time

The changes to the relaxation time of the electrode slurries, fitted from the 2 mode

Maxwell model, as covered in Chapter 5, can be found in Figure 7.5.

As established in Chapter 4, the reference material follows a three stage gelation

process and takes approximately 45 minutes for the final gelation plateau to be reached.

Instead, when the sacrificial additives are used, this three stage gelation process is

less detectable in the relaxation time. Electrode slurries containing sodium maleate

demonstrate a pattern that could be interpreted as an accelerated three stage gelation

process. However, the decline in relaxation time after 60 minutes suggests that a

chemical gel had not been formed, and instead confinement jamming effects were

dominant.

Furthermore, it can be observed in the primary relaxation time (Figure 7.5) that, for

the first 40 minutes, all the sacrificial additives increase the primary relaxation time of

the electrode slurry. As established, this increase in elastic properties is primarily a result

of the confinement jamming in the electrode slurries.

Sodium acetate- and sodium oxalate-based electrode slurries demonstrate a reduction

in the relaxation time after 40-45 minutes, after the effects of the confinement jamming

appear to reduce.
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Figure 7.5: Maxwell Mode - Primary and Secondary Relaxation Times for the reference
electrode slurry and all the electrode slurries containing the active material milled with

2.0 wt% of the sodium salts.

185



Electrodes containing sodium succinate, up to 45 minutes, follow a similar gelation

pattern to the reference, further reinforcing the notion that the sodium succinate does

not influence the electrode slurry gelation.

Finally, electrode slurries containing sodium stearate do demonstrate a distorted three

stage gelation progress, although there is a slight dip at 40 minutes, the point at which

the confinement jamming effects reduce for the other electrode slurries.

As alluded to in Chapter 6, the secondary relaxation time signifies that the electrode

slurries exhibit a strong elastic response. [289–292] For the majority of measurements,

electrode slurries containing the sacrificial additives demonstrate a higher secondary

relaxation time than the reference slurry. This higher secondary relaxation time further

suggests the notion of high volume fraction confinement jamming of solid particles -

high solids content fine-particles suspensions have been shown to demonstrate yield

stresses. [291,292]

7.4.2 Effect on the Electrode Properties

7.4.2.1 Electrode Adhesion Strength

The importance of electrode adhesion has been highlighted in Chapter 2.

The adhesion strength of electrodes made from the reference electrode slurry and

those containing the active material milled with the sacrificial additives can be observed

in Figure 7.6.

The sacrificial additive of the active material particles can be seen to significantly

decrease the adhesion strength when compared to the reference electrode. Sodium

acetate-based electrodes have an adhesion strength of 24.5 Nm–1, the lowest adhesion

strength of all those additives tested. Sodium oxalate-based electrodes have the highest

adhesion strength of 89.9 Nm–1, marginally lower than the adhesion strength of the

reference electrode, 91.0 Nm–1. The next highest adhesion strengths belong to sodium

stearate, with an adhesion strength of 73.6 Nm–1, sodium maleate, 63.0 Nm–1, and
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.
Figure 7.6: Adhesion strength for electrodes made from the reference electrode slurry
and all the electrode slurries containing the active material milled with 2.0 wt% of the
sodium salts. Electrode slurries were coated immediately after mixing was completed.

sodium succinate, 50.0 Nm–1.

These reductions to the adhesion strength of the electrodes, as established in Chapter

2, could cause issues due to decreased mechanical strengths in the handling of electrodes

during cell construction, and so extra care needs to be employed during this stage of

manufacture. Additionally, reductions to the adhesion strength have the potential to

decrease the long term cycling stability of these electrodes. Further analysis of this can

be observed in the electrochemical behaviour of these cells.

As established in Chapter 6, the high adhesion strength of the reference electrode is

due to the cross-linking of the PVDF binder, [199, 293] and the etching and corrosion of
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the NaOH on the aluminium current collector [273].

The reduction of the adhesion strength due to the sacrificial additive of the active

material, therefore, suggests two inferences. These sacrificial additives have successfully

reduced the quantities of NaOH formed. NaOH is normally formed through the surface

reactions of the active material in air, as explored in Chapter 4. Secondly, it can be

suggested that the cross-linking of PVDF chains has been similarly reduced, further

corroborating the results determined by the oscillatory rheology, Section 7.4.1.2.

The adhesion strength of electrodes made from the reference electrode slurry and those

containing the active material milled with the sacrificial additives coated after 40 minutes

can be observed in Figure 7.7.

From Figure 7.7 it can be seen that by coating the reference electrode slurry 40 minutes

after mixing, the adhesion strength increases to a value of 292.0 Nm–1. Sacrificial active

material additives of sodium acetate (35.5 Nm–1) and sodium maleate (66.5 Nm–1) see a

relatively smaller increase in the adhesion strength by coating after 40 minutes.

All the remaining sacrificial additives see a decrease in the adhesion strength by coating

40 minutes after mixing. Sodium oxalate-based electrodes see a decrease to 64.5 Nm–1,

sodium stearate-based electrodes, 44.0 Nm–1, and sodium succinate-based electrodes drop

to 45.1 Nm–1.

As established, the high adhesion strength in the reference electrodes coated 40 minutes

after mixing is a result of the increased cross-linking in the PVDF binder, [199, 293] and

the etching and corrosion of the NaOH on the aluminium current collector [273]. The

extra time of air exposure allows more NaOH to form and additional cross-links to form

throughout the dissolved PVDF binder.

The slight changes to the adhesion strengths of electrodes containing the sacrificial

additives further reinforces the notion of electrode slurry stabilisation. Furthermore,

these slight changes suggests that consistent electrode properties can still be achieved

throughout the 40 minute coating window.
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Figure 7.7: Comparison adhesion strength for electrodes made from the reference
electrode slurry and all the electrode slurries containing the active material milled with
2.0 wt% of the sodium salts. Bars show coatings made from electrode slurries coated

immediately after, and 40 minutes after mixing was completed.

7.4.2.2 Electrode Conductivity

To further characterise the electrode properties, conductivity measurements were

performed. Figure 7.8 shows the conductivity measurements for electrodes made from

the electrode slurries containing the active material milled with 2.0 wt% of the sodium

salts. Electrodes made from the reference electrode slurry has been included from ease

of comparison. As explored in Chapter 6, these electrode conductivities have been

measured using an aluminium current collector.

Figure 7.8 shows that by milling the active material with the sodium salt additives
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Figure 7.8: Comparison electrode conductivity for electrodes made from the reference
electrode slurry and all the electrode slurries containing the active material milled with
2.0 wt% of the sodium salts. The inset graph shows conductivities between 0 and 400

Sm–1, for a clearer comparison between all electrodes, other than those containing
sodium stearate.

increases the conductivity of the electrode. Additionally, this increase in conductivity

occurs regardless of sodium salt used. The electrodes with the highest conductivity by

far are those containing sodium stearate, with a conductivity of 2920 ± 1850 Sm–1.

Despite the high error in these measurements, these values still range from more than 4

times to more than 20 times the conductivity of the reference electrode, 163 ± 33.2

Sm–1. It has been established that in ion-containing polymer systems, such as these

electrodes, amorphous materials are required to give the highest ionic

conductivities. [324, 325] Although this strictly applies for fully amorphous or fully
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crystalline polymers, it can still be used to infer the structure of these

electrodes. [324, 325] It can be suggested that the use of sodium stearate, with its long

chain fatty acid group and flexible structure, disrupts the structured electrode formation

and produces amorphous structures. However, as the importance of electrode

homogeneity has been established in Chapter 2, these amorphous structures can produce

numerous environments, making electrochemical testing difficult. Furthermore, these

amorphous and unstructured electrodes could produce more inaccessible and blocked

pores.

The other sodium salt additives, as stated, all demonstrate favourable improvements

to the electrode conductivity over the reference electrode, which could be a result of

two things. Firstly, the addition of these sacrificial additives themselves has increased

the conductivity of the electrodes. Secondly, the sacrificial additives have influenced the

structure of the electrodes, altering the conductive carbon black network or forming an

amorphous structures. [324,325]

Electrodes containing sodium acetate, sodium maleate, or sodium oxalate, all fall

within the same threshold of conductivity (if the standard deviations and errors are

taken into account), and it can be suggested that their electrode structures are fairly

similar to one another. Sodium acetate based electrodes have a conductivity that is

marginally greater than the reference electrode, 202 ± 78.2 Sm–1. Sodium maleate

based electrodes have a conductivity of 237 ± 50.1 Sm–1. Sodium oxalate based

electrodes have a conductivity of 292 ± 93.8 Sm–1.

Finally, electrodes containing sodium succinate have a conductivity of 387 ± 50.1

Sm–1. However, as the conductivity of these sodium succinate based electrodes is more

comparable to those of sodium oxalate than sodium stearate, it prudent to suggest that

the structure of electrodes containing sodium succinate is close to that of sodium oxalate.
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7.4.3 Effect on the Electrochemical Performance

The reference electrodes and electrodes containing the milled active material with 2.0

wt% of the sodium salts have been electrochemically assessed in the same manner as

in Chapter 6. The electrochemical performance of these electrodes will be explored,

firstly via a standard cycling procedure, outlined in Chapter 3, and secondly through EIS

measurements performed after the first cycle and after the tenth cycle.

7.4.3.1 Electrochemical Cycling Performance

A comparison of the cycling performance of the electrodes containing the sodium salt

additives and the reference electrodes can be found in Figure 7.9.

From Figure 7.9, the benefit of the sacrificial additive is immediately obvious,

especially in the reduction of the first to second cycle discharge capacity loss.

For comparison purposes, the reference electrodes have a first cycle discharge capacity

(vs Na/Na+) of 120.4 ± 3.1 mAh/g which falls to 80.2 ± 4.0 mAh/g for the second cycle.

This is a first cycle loss of 40.2 ± 7.1 mAh/g. By the 20th cycle the electrodes have a

discharge capacity of 65.1 ± 3.3 mAh/g.

The best performing sacrificial additives are sodium succinate and sodium maleate,

with sodium succinate performing marginally better that sodium maleate. Electrodes

containing the sacrificial additive of sodium succinate have a first cycle discharge capacity

of 123.3 ± 2.3 mAh/g, which falls to 121.5 ± 1.7 mAh/g for the second cycle, resulting in

a loss of 1.8 ± 4.0 mAh/g between these cycles. By the 20th cycle the discharge capacity

of the electrodes had fallen to 104.1 ± 2.9 mAh/g, a capacity retention of 84.4 %.

Sodium maleate-based electrodes has a similarly high first cycle discharge capacity of

122.4 ± 1.8 mAh/g, which falls to 120.1 ± 1.6 mAh/g. This loss of 2.3 ± 3.4 mAh/g

is comparably to the sodium succinate-based electrodes. The final measured discharge

capacity, for the 20th cycle is 100.5 ± 1.8 mAh/g. This is a capacity retention of 83.7 %.

For sodium maleate- and sodium succinate-based electrodes, despite having a
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Figure 7.9: Cycling capacity vs cycle number for electrodes made from the reference
electrode slurry and all the electrode slurries containing the active material milled with
2.0 wt% of the sodium salts. The shaded areas denote the standard deviations of the

measurements.

formation discharge capacity that is similar to the reference electrode, the subsequent

discharge capacity reductions are far less. It is clear that the reservoir of sodium ions

provided by the sacrificial additives have enabled a greater capacity retention. It is

likely that these sacrificial additives have preferentially reacted over the active material

when forming the CEI layers.

Electrodes containing sodium stearate as the sacrificial additive exhibit a cycling

performance that is only marginally better that the reference electrode, and is the worst

of the sacrificial additives. The first cycle has a discharge capacity of 101.2 ± 20.4

mAh/g, which falls to 87.8 ± 23.0 mAh/g for the second cycle. This is a loss of 13.4 ±

43.4 mAh/g. By the 20th cycle the electrodes have a discharge capacity of 88.1 ± 6.3
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mAh/g

Electrodes containing sodium acetate and sodium oxalate have similar performances,

although sodium oxalate-based electrodes do demonstrate a lower discharge capacity loss

between the formation and second cycles. The first cycle discharge capacity for sodium

oxalate-based electrodes is 108.8 ± 12.2 mAh/g. This falls to 107.4 ± 10.1 mAh/g for the

second cycle, resulting in a first cycle loss of 1.4 ± 22.3 mAh/g. By the 20th cycle the

discharge capacity has fallen to 83.7 ± 3.3 mAh/g.

Sodium acetate-based electrodes have a first cycle discharge capacity of 117.2 ± 0.8

mAh/g, which falls to 100.2 ± 13.6 mAh/g, resulting in a loss of 17.0 ± 14.4 mAh/g. The

final measured cycle, 20th, has a discharge capacity of 84.9 ± 7.1 mAh/g.

7.4.3.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy, EIS measurements were taken after the

formation cycle and after the tenth cycle, and can be found in Figure 7.10.

Measurements were performed at 50 % SoC to avoid large polarisation effects. 50 % SoC

was reached via charging from a state of discharge. Out of all the insertion sites, the

most kinetically favourable will be filled, leaving 50 % of the least kinetically favourable

sites empty.

As explored in Chapter 6, the reference electrode EIS after the formation cycle depicts

two semi circles features followed by a 45° line, relating to the CEI impedance, the charge

transfer impedance, and the Warburg diffusion. The midpoint of the two semi circles is

taken at a frequency of 50 Hz. The reference EIS after the tenth cycle shows an elongated

semi circle followed by a 45° line. The frequency mapping shows that the point taken

at 50 Hz lays approximately two thirds along the elongated semi circle, suggesting that

there is two features. The frequency mapping for the electrodes containing the sacrificial

additive demonstrates two semi circle features obscured by a single ellipsoidal semi circle

in the same way.

Further analysis on these electrodes, and the remaining sacrificial additives, has been
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Figure 7.10: Electrochemical Impedance Spectroscopy for the reference electrodes and
electrode containing the sacrificial additives. Performed after the formation (first cycle)

and after the tenth cycle.
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Figure 7.11: Cathode solid electrolyte interphase layer resistance and charge transfer
resistance - fitted from the electrochemical impedance spectroscopy in Figure 7.10 after
the formation cycle and after 10 cycles. Samples have been incremented along the x-axis

for clearer distinction between them.
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accomplished through the fitting of these EIS measurements to an equivalent circuit

model. Fitted values to the CEI resistance and the charge transfer resistance can be

found in Figure 7.11. For ease of comparison, the reference electrodes have a CEI

resistance of 118.5 ± 12.1 Ω that increases to 340.3 ± 97.4 Ω over 10 cycles. The charge

transfer resistance of the reference electrodes is 20.4 ± 1.8 Ω after formation, which

increases to 136.8 ± 83.0 Ω.

It can be noted that while the reference electrodes sees an almost two fold increase in

the cathode solid electrolyte interface resistance after 10 cycles, those electrodes containing

the sacrificial additives see only marginal increases, or decreases. Electrodes containing

sodium stearate show one of the higher fitted CEI resistances of 98.7 ± 94.1 Ω. Over the

course of cycling, this SEI resistance decreases to a value of 42.0 ± 29.6 Ω, suggesting

that a thick SEI layer had initially formed with poor stability, and is then dissolved or

destroyed during cycling. [295]

Furthermore, electrodes containing sodium stearate, shown to have the highest

electrical conductivity in Figure 7.8, demonstrates the highest charge transfer resistance

67.6 ± 40.2 Ω. As the high electrical conductivity should facilitate the transfer of charge

throughout the electrode, [305] it can be suggested that the addition of sodium stearate

creates an electrode structure that has poor kinetics when cycled.

The charge transfer resistance increases to a value of 154 ± 27.7 Ω after 10 cycles.

Coupled with the large decreases in discharge capacity over cycling, it can be suggested

that the most kinetically favourable insertion sites become inaccessible as cycling

progresses. This could be a result of SEI growth causing a reduction in the pore

network, blocking sites. [108] Hence the increase in the charge transfer resistance as the

more kinetically unfavourable sites are filled at 50 % SoC.

The remaining electrodes (those containing sodium acetate, sodium maleate, sodium

oxalate, and sodium succinate) all demonstrate increases to both the CEI resistance and

the charge transfer resistance with cycling, as can be observed in Figure 7.11.

Electrodes containing sodium oxalate see an increase in the CEI resistance from 121.0
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± 13.5 Ω to 180.0 ± 4.3 Ω over cycling. A rise in the CEI resistance indicates the cathode

interface layer has not fully formed after the formation cycle, and requires additional

cycling. The degree of change in this resistance is far less than that of the reference

electrodes, which could imply that the carboxylic groups in the sacrificial additive have

helped to form a more stable CEI (as suggested in Chapter 6). [267, 268] The formation

of these stable CEI films could similarly be suggested for all the sacrificial additives

(excluding sodium stearate).

Sodium oxalate based electrodes also demonstrate an increase to charge transfer

resistance after cycling. After formation, the charge transfer resistance is 10.3 ± 4.0 ω,

which rises to 191.7 ± 43.2 ω after 10 cycles. These charge transfer resistances are

within the same margin of error as the reference electrodes, hence it can be assumed

that the sodium oxalate sacrificial additive has not influenced the electrode kinetics.

This change to the charge transfer resistance is the nominal increase of the material

when subjected to these cycling parameters.

Electrodes containing the sacrificial coatings of sodium maleate and sodium succinate

exhibit greater growth in the charge transfer resistance than the reference electrodes.

Sodium maleate based electrodes demonstrate a value of 64.6 ± 8.2 Ω, which increases

to 325.4 ± 99.0 Ω. For sodium succinate based electrodes the charge transfer resistance

starts at a value of 43.7 ± 5.2 Ω, which rises to a value of 279.5 ± 87.1 Ω after 10

cycles. These electrodes containing sodium succinate and sodium maleate similarly see

increases in the values of their CEI resistances - 29.0 ± 8.4 Ω to 94.7 ± 20.4 Ω for sodium

succinate and 45.6 ± 18.4 Ω to 157.2 ± 76.7 Ω for sodium maleate. This growth in

the CEI resistance and gradual decline in the capacity of these cycles, despite being the

most promising in terms of electrochemical performances, suggests a gradual blocking of

pores and insertion sites. [108] While these electrodes have demonstrated a lower decline

between the first to second cycle discharge capacities (Figure 7.9) than the reference

electrodes, their capacity decline between the 2nd cycle and the 10th cycle (the cycles

between the EIS measurements) is marginally larger than the reference electrode, despite
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the additional sodium reservoir. For sodium maleate there is a discharge capacity loss

between the 2nd and 10th cycle of 8.4 ± 3.2 mAh/g. This is a value of 8.3 ± 4.1 mAh/g for

sodium succinate, and 8.1 ± 8.2 mAh/g. The larger increase of charge transfer resistance

suggests a greater reduction in the electrode transfer kinetics after the 10th cycle.

The final electrodes, those containing sodium acetate, out of all the additives, show

the smallest deviations to both their CEI and charge transfer resistances after 10 cycles.

After formation the CEI resistance is 88.9 ± 17.1 Ω, which increases to 109.7 ± 12.7 Ω

after 10 cycles. For the charge transfer resistance, this increases from 5.2 ± 2.7 Ω to 26.9

± 8.0 Ω after 10 cycles. It can therefore be suggested that the carboxylic groups of sodium

acetate in the sacrificial additive have aided in the formation a very stable CEI, [267,268].

Similarly, it can be suggested that the sacrificial additive has reduced the increase of the

charge transfer resistance, and hence stabilised the electrode kinetics over 10 cycles.

7.4.4 Summary

Table 7.2 shows a summary of the results collected during this chapter. This table should

primarily be used as a reference table for comparisons of the sacrificial additives.

7.5 Conclusions

This research presented in this chapter sought to investigate the effects that sodium

salts, forming sacrificial additives, had upon the properties of the electrode slurry and

subsequently manufactured electrodes. The sacrificial additives studied were sodium salts

of the organic acids tested in Chapter 6. Coatings were intended to be achieved through

the milling of the active materials with the sodium salts, however no evidence was found

to verify the presence of a coating.

The first objective and second objectives, the assessment and observation of the

stabilisation of the electrode slurry gelation, were accomplished through the use of

dissolution tests, oscillatory rheology, and fitting to Maxwell models. It was established
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Table 7.2: Summary of effects to the electrode slurry and electrodes due to the sacrificial
additives.
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that confinement jamming was a consistent issue for all electrode slurries containing

sacrificial additives. These electrode slurries showed a fast frequency convergence in G’

and a slower convergence in G” and high secondary relaxation times. Out of the

sacrificial additives, sodium maleate proved to be the most beneficial to the stabilisation

of the electrode slurries as it retained low slurry rigidity and strengths over the course of

oscillatory measurements. However, changes to the coater speed and stress applied are

suggested to overcome the solid particle confinement for facile electrode manufacture.

The third objective, the measurement of the effect of the sacrificial additives on the

properties of the electrodes, was achieved through the use of adhesion and conductivity

measurements. The addition of the sacrificial additives proved to cause a marginal

reduction in the adhesion strength of the electrode over the reference electrode, with

only slight difference between the sodium salts. Similarly, only marginal differences in

the electrode conductivity were established for the different sodium salts, with the

exception of sodium stearate. For electrodes coated after 40 minutes, unlike the

reference electrodes, there was very little change in the adhesion strength for those that

contain the sacrificial additives, reinforcing the notion of gelation stabilisation.

The fourth and final objective of this research chapter, the assessment of the

improvement to the electrochemical performance of the active material, was

accomplished through the use of electrochemical cycling and EIS measurements. Of the

different sacrificial additives, sodium maleate and sodium succinate proved to be the

most beneficial to the electrochemical performance.

Ultimately, due to the electrochemical performance and the reductions to the electrode

slurry gelation, facilitating electrode manufacture, sodium maleate is suggested as the

most optimal of those sacrificial additives tested. However, further testing is required to

optimise the quantity of sodium maleate whereby the electrochemical benefits are ensured

and the confinement jamming is minimised.
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Chapter 8

Conclusions and Future Work

Gelation leading to difficulties in coating PVDF and NMP electrode slurries is widespread

and affects many materials, especially high nickel content layered O3 sodium-ion cathode

materials. A review of established literature before this PhD, demonstrated a significant

lack of research into the specific gelation mechanism of high nickel content layered lithium

ion cathode materials, and even less research into the mechanism of the similar sodium

ion layered O3 oxides. This PhD sought to investigate the gelation mechanism, partially

through the development of a novel characterisation technique, and then to examine

methods of stabilising this mechanism.

The first research objective, explored in Chapter 4, was the elucidation and

examination of the specific gelation mechanism that occurs in sodium ion layered O3

oxide electrode slurries, and was tackled through a material, electrode slurry, and

electrode analysis approach. Through the formation of NaOH on the active material,

the three-stage gelation process and presence of C=C in the electrode slurry, and

presence of NaF on the uncycled electrodes, it has been established that a

dehydrofluorination reaction of the PVDF, followed by a cross-linking causes a

non-reversible chemical gelation of the slurry. Electrochemical testing in sodium-metal

anode half-cells with coatings produced 0, 20, and 40 minutes after mixing showed

limited initial capacity differences, however, after 50 cycles, an increased capacity
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decline was observed for electrodes coated after 40 minutes of mixing. Due to the

rheological characterisation of the electrode slurry and the electrochemical analysis, a

maximum processing window of 20 minutes has been established for electrode slurries

containing these materials and analogous materials.

As explored in the literature review, research into this mechanism would be highly

beneficial to the industry (as stated by Seong et al., 2020 [102]), not only for sodium ion

layered O3 oxides but, due to the structural and material similarities, this research

would also be beneficial to lithium ion high nickelate based cathodes. The identification

and demonstration of the dehydrofluorination reaction due to the formation of

hydroxides enables researchers and manufacturers to develop counter measures to these

issues. These counter measures could be classified between a materials stabilisation,

preventing or removing the formation of hydroxides, or through an electrode slurry

stabilisation. As these problems have been highlighted for both sodium ion electrode

slurries and lithium ion electrode slurries, this PhD presents a highly beneficial study to

a large range of analogous materials.

The identification of the three-stage gelation process, and the recognition of a

maximum processing window was made possible through the development of the novel

oscillatory rheological characterisation method. The second objective of this research,

examined in Chapter 5, was the development of a non-destructive, non-interfering

analysis technique to assess the gelation and structure of rechargeable battery electrode

slurries. The development of this method explored trial characterisation techniques of

both rotational and oscillatory rheology methods, before the final method of multiple

rapid frequency sweeps and Maxwell mode fitting was established.

Many of the analysis benefits of this method follow as a direct result of the range of

data that can be quantified in rapid increments over a nominal characterisation window.

The use of rapid scans enables the characterisation of processes that occur in an electrode

slurry over timescales of as little as 5 minutes. Although, depending on the frequency

range required by researchers this minimum timescale can be reduced. Furthermore, as
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this technique scans across different frequencies, the analysis of multiple electrode slurry

jamming mechanisms can be made, many of these have been observed across this PhD.

As a demonstration, using this method, confinement jamming has been characterised in

Chapter 7, a retention of particles in the electrode slurry (no sedimentation occurring)

was demonstrated in Chapter 6, and the gelling of electrode slurries was monitored and

analysed throughout.

Chapters 6 and 7 have utilised the findings of Chapters 4 and 5 to explore ways of

stabilising the electrode slurry gelation. Chapter 6 had the objective of investigating the

prevention or reduction of this gelation mechanism. The stabilisation of the electrode

slurry gelation mechanism was approached through the addition of organic acids to the

electrode slurry. Additives of acetic and maleic acid were demonstrated to be the most

effective. These additives showed very little change in the relaxation time over the entire

characterisation window of 90 minutes, although the increases to the rigidities of the

electrode slurry gels demonstrated that a full stabilisation had not been reached. It is

likely that the shape of the micelles formed greatly affects the stabilisation performance.

Through an approximation of the micelle critical packing parameters, acetic acid (1.01)

and maleic acid (1.32) are predicted to produce inverse micelles due to CPP values

greater than 1. However, electrodes formed with these additives had poor

electrochemical performance, likely due to reactions of the active materials with air,

removing sodium and forming resistive inorganics. Therefore, replacing these additives

with ones that can preferentially react over the NaNMST active material is suggested,

hence the motivation for Chapter 7.

Chapter 7 aimed to explore the improvement to the electrochemical performance of

the active material, while maintaining the stability of electrode slurry. Sodium salts of

the acids tested in Chapter 6 were were intended to be sacrificially coated onto the

active materials. Continuing the trend of Chapter 6, sacrificial additives of sodium

maleate and sodium acetate demonstrated the greatest stabilisation to the electrode

slurry gelation. Sodium maleate was overall the most beneficial additive as it
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additionally showed significant improvements to the electrochemical performance of

these cells.

Ultimately, the most substantial contributions from this work are: the identification

of the electrode slurry gelation mechanism (Chapter 4), the development of the method

used to characterise and analyse these electrode slurries (Chapter 5), and the

identification of the additive sodium maleate (Chapter 7), due to its combined

improvements to the electrode slurry stabilisation and electrochemical performance.

From an industry standpoint, the findings in these first two contributions (Chapters 4

and 5) are extremely useful and can be utilised in many ways. The other main

contribution, however, is less relevant to industry use, as sodium maleate does not fully

stabilise the electrode slurry gelation, and, therefore, would not be sufficient for large

scale manufacturing. At a lab scale, however, the research benefits of the stabilisation

studies of Chapters 6 and 7, along with the findings in Chapters 4 and 5, should be

evident, and these partially stabilising additives will unquestionably enable research and

exploration into electrode materials that are more air sensitive and would otherwise be

unfeasible.

8.1 Future Work

However, there have been some issues and limitations in this PhD. For all the sacrificial

coatings explored in Chapter 7, despite demonstrating stabilisations to the electrode

slurry, additions of these materials have introduced a new electrode slurry processing

problem, confinement jamming. This confinement jamming, explored in Chapter 2, is a

physical gel effect whereby the movement of particles is prevented due to the

confinement of surrounding particles. It has been theorised that a reduction to the

quantity of sacrificial coating (2.0 wt% was tested) could reduce the jamming effects of

these additives. Therefore, a future optimisation between the electrode slurry

stabilisation and the electrochemical performance, and the confinement jamming effects
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is recommended, with an optimal quantity, x, expected to be 0.0 wt% < x < 2.0 wt%.

Another limitation was introduced due to the loss of samples and the time restrictions

created by the COVID-19 pandemic. Across the additives tested in Chapters 6 and 7,

the electrochemical testing of electrodes coated 20 and 40 minutes after mixing would

be of particular interest and would further aid in the conclusive identification of the

optimal additive. Furthermore, all the electrochemical testing was performed in half-cell

configurations, where there is an excess of sodium ions present. Electrochemical testing

in full cells, where the sodium quantities are limited, would allow a further differentiation

between additives, especially in situations where sodium is extracted from the active

material. These areas create valuable future work in this area.

Ultimately, this work has developed methods to understand the origins of the

instability of high nickel content sodium cathode materials, and has developed

rheological tools to study the time dependency and stability of the slurries for coating

electrodes. Different methods to stabilise the electrode slurries have been proposed using

organic acids or their sodium salts, and the effect upon the electrochemical properties

discussed. These methods and tools, although developed for sodium ion will, no doubt,

be relevant for other battery types, such as lithium-ion, and will serve as a valuable

resource for any future research pertaining to electrode slurry manufacture and

processing.
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Appendix A

FTIR Peak Fitting Procedure

FTIR peak fitting was performed using the Fityk software. A linear baseline and Voigt

curved profile were used to fit under the C=O peaks.

The choice between the fitting profiles falls between Gaussian, Lorentzian, Gaussian-

Lorentzian (G-L), and Voigt. The Gaussian profile works well for solid samples, powders,

gels or resins. The Lorentzian profile works best for gases, but can also fit liquids in many

cases. The best functions for liquids are the combined G-L function or the Voigt profile.

The Voigt profile is similar to the G-L, where it is comprised of Gaussian profiles and

Lorentzian profiles. However, in the Voigt profile the line width, ∆x, of the Gaussian and

Lorentzian components are able to be independently varied. Ultimately the Voigt profile

was chosen, to enable the flexibility between the gel fitting of Gaussian, and the liquid

fitting of Lorentzian (required for the electrode slurries, which transform from a liquid to

a gel). [326,327]

Several different baseline were investigated for this fitting procedure, including: two

types of linear baselines (one consisting of two points and one with extra points, forming

edges), a cubic spline, a convex hull, and no baseline at all.

Fitting the FTIR data without a baseline, as demonstrated in Figure A.1 was

considered unsatisfactory as the resultant fit, regardless of the number of peaks,

produced a prioritised peak with an unfeasible FWHM for this region of IR, Figure A.1.
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Furthermore, due to peaks on either side of the target region, more notably on the lower

frequency side – several peaks lie at 1500 cm–1, this has caused the data to appear

increased on one side, hence the need for a baseline.

A curved baseline – cubic spline (expand) - Figure A.2 - initially appeared as the most

appropriate, as at the extremities of the region, where data was not expected, the data

seemed to adhere well to this structure of baseline. However, there was a strong risk

that this cubic spline baseline was fitting potential peaks, or hiding peaks, especially at

approximately 1725 cm–1, whereby there is evidence of a small peak, as can be seen in

figure A.2.

An alternative method of baseline fitting would be to use a convex hull, Figure A.3,

able to be simply fit based on the extremities of the region, and as such, enabled the

removal of human bias, however, this method of baseline fitting shares similarities with

the curved baseline, and, hence, has the risk of hiding or obscuring peaks. Hence, it

proved sensible to examine linear baselines as well.

Using a linear baseline, with extra points to fit better to the edge cases, as seen in

Figure A.4, allows sensible peaks to be fitted in the targeted area. However, similar to

using a cubic spline, it proved difficult to remove bias when fitting a baseline to this data.

Ultimately it was decided to use a straight linear baseline, consisting of two points, at

1750 cm–1 and 1550 cm–1, as can be seen in Figure A.5.

Four Voigt peaks were then fitted using the Fityk software, as this number of peaks

gave the fitting with the lowest error, without necessary repeated wavenumbers or

unfeasible full-width-half-maximums (FWHMs).
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Figure A.1: FTIR Peak Fitting with No Baseline

Figure A.2: FTIR Peak Fitting - Cubic Spline Baseline
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Figure A.3: FTIR Peak Fitting - Convex Hull Baseline

Figure A.4: FTIR Peak Fitting - Linear Baseline with additional edge points
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Figure A.5: FTIR Peak Fitting - Straight, Linear Baseline
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Appendix B

Rotational Rheology

B.1 Shear ramp with rest intervals

Figure B.1: Shear ramp with rest intervals.
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B.2 Constant shear rate with shear ramps

Figure B.2: Constant shear rate with shear ramps.
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