UNIVERSITY OF
Southampton

University of Southampton Research Repository

Copyright © and Moral Rights for this thesis and, where applicable, any accompanying
data are retained by the author and/or other copyright owners. A copy can be
downloaded for personal non-commercial research or study, without prior permission or
charge. This thesis and the accompanying data cannot be reproduced or quoted
extensively from without first obtaining permission in writing from the copyright holder/s.
The content of the thesis and accompanying research data (where applicable) must not
be changed in any way or sold commercially in any format or medium without the formal
permission of the copyright holder/s.

When referring to this thesis and any accompanying data, full bibliographic details must
be given, e.g.

Thesis: Author (Year of Submission) "Full thesis title", University of Southampton, name
of the University Faculty or School or Department, PhD Thesis, pagination.

Data: Author (Year) Title. URI [dataset]






UNIVERSITY OF SOUTHAMPTON

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Chemistry

Volume 1 of 1

Electrophoretic deposition of binder free electrodes for

lithium ion batteries

by

Rebecca Ruth Mangham

Thesis for the degree of Master of Philosophy

September 2017






UNIVERSITY OF SOUTHAMPTON

ABSTRACT

FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

Chemistry

Thesis for the degree of Master of Philosophy

Electrophoretic deposition of binder free electrodes for lithium ion

batteries

Rebecca Ruth Mangham

Current batteries for soldier systems rely on many different standard power
source sizes, shapes and weights. The integration of power sources into space-
limited platforms and to fit to a soldier correctly is difficult. Conventional layer by
layer manufacturing approaches are still relied on for battery production. 3D
battery systems offer the potential to produce batteries that are bespoke to
equipment size and shape whilst maintaining the advantages of the thin film
battery manufacturing techniques. There are several techniques available to
produce these 3D battery systems and this thesis will look at the application of
on one such technique, electrophoretic deposition to lithium iron phosphate
(LFP) battery positive electrode materials. Electrophoretic deposition is a
technique where an electric field is used to deposit particles from a colloidal

suspension onto a conducting surface.

This thesis will present the development of the electrophoresis technique for flat
plate samples of the LFP through deposition from a suspension of LFP patrticles
in iso propyl alcohol with a metal salt. The results of studies using cyclic
voltammetry and impedance spectroscopy will then be presented and discussed
in relation to deposition parameters and to gain a greater understanding of the
resistances present between the LFP patrticles in the binder and carbon

additive-free electrodes.
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1 Introduction

Throughout military and civilian applications, there is an increasing reliance on
portable electronics. In the past 10 years portable electronic devices have not
only seen a decrease in size but also an increase in the number of functions
that devices such as mobile phones etc. are required to perform. This increase
in performance requirements and decrease in size has led to a greater demand

on the energy storage systems that power these devices.

In developing and selecting any electrical energy storage system the following

key factors must be considered:

. Specific energy / Wh Kg* — The Energy in Wh (power multiplied by time)
produced per Kg of a battery system

. Energy Density / Wh m3 — The Energy in Wh produced per m? of a battery
system

. Power density / W m= — The power in W produced per m3in a system

. Cycle life — The number of charging and discharge cycles a system can
undergo before it drops below a critical energy density

. Safety

Energy storage system development is a careful balance of each factor to
produce the best system for the specification requirements.

Current batteries for soldier systems rely on many different standard power
source sizes, shapes and weights. The integration of power sources into space-
limited platforms and to fit to a soldier correctly is difficult and still relies on the
layer by layer manufacturing approaches used in conventional battery
production. There is therefore a need to develop alternative methods of
producing batteries that can enable small batches of power sources to be
produced on demand to fit bespoke missions and systems. This thesis will focus
on the application of alternative methods of producing lithium ion batteries to
enable increased automation in coating technigues and the potential for

manufacture of bespoke batteries in 3D formats based on military requirements.
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2 A theoretical background to Lithium lon Batteries

Batteries, including lithium ion batteries, are electrochemical systems which
enable the conversion of the energy liberated in a chemical reaction into
electricity.! The loss of an electron from a chemical substance is described as
its oxidation, the gain of an electron is described as reduction. Reactions where
electrons transfer between species are referred to as redox reactions. Most
chemical substances are able to donate or accept electrons from other

substances in a redox reaction leading to different oxidation states.

In reality any system that involves oxidation or reduction can be termed as

electrochemical but the term is usually used to refer to the following systems:

. where an electrical current is applied to promote electron transfer leading
to a chemical reaction e.g. electroplating
. where a chemical reaction involving electron transfer is used to produce

an electrical current e.g. batteries

The first type of electrochemical system will be discussed later on in this thesis
when electrophoresis, an electrodeposition technique, is introduced. However
this introductory section will focus on the latter type, highlighting the 5 key
concepts that are important in determining and describing the behaviour of a

battery system.?

2.1 Cell potential

A battery is an electrochemical system where the electron transfer resulting
from a chemical reaction is used to produce current. When considering the
thermodynamics of an electrochemical cell reaction in a battery it is useful to
begin by considering the system at equilibrium. At chemical equilibrium the rate
of reaction in the forwards and reverse direction are the same so the system
gives the appearance of having a static composition. The equilibrium potential is

the potential difference at this point.

The standard equilibrium potential of a cell, Eg is the potential when all the
reactants and products in the electrochemical system are in their standard
states. It is common in an electrochemical redox reaction to consider the

Page 12



oxidation and reduction reactions separately with each electrode undergoing a
half cell reaction with its own standard potential. For example, in a simple
Daniel cell in which copper and zinc metal rods are suspended in an aqueous

suspension, the overall reaction in the system is:
Cu?*@ag) + Zne) = Cugs) + Zn%*(ag)

This can be considered as two half-cell reactions with the following reaction

occurring at the zinc electrode:?
Zn%*(ag) + 2e° = Zns) EC=-0.76 V
And the copper electrode undergoing the following reaction:?
Cu?*(ag) + 2e ~ = Cug) EC=+0.34V

The standard potential for the cell can then be calculated from the difference

between the two electrode half-cell potentials:
EC = +0.34-(-0.76) = +1.10 V

The cell electrode potential can be used to calculate the standard Gibbs free

energy change of the electrochemical reaction using the equation:
AG’ =-nFEZ |

Equation 1
Where:
AG = Gibbs free energy

n = number of electrons transferred
F = Faraday constant

E%ELL: equilibrium potential of the cell.

For the redox reaction:
Ox + ne" = Red

The Gibbs free energy of the reaction can be found from the standard Gibbs

free energy using the following equation:
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RT
AG=AG% ——In2e
nF a;

Equation 2

Where:

R = gas constant (8.314 J K’ mol?)

T =temperature

n = number of electrons transferred

F = Faraday constant (96,485 C mol1)

ao and ar = activities of the oxidised and reduced species respectively

By substituting equation 1 into this equation, the equilibrium potential of the
system can be found, giving the following equation:3
8

_po RT3
E=E"+ In
nF a;

Equation 3
Where:

ao and ar = activities of the oxidised and reduced species respectively
ES = standard potential which is the equilibrium potential under standard conditions

The activity is the effective concentration of the species in the mixture and
accounts for non-ideality in the system. It is typical however, to only consider
the concentrations of the species in an electrochemical system and apply the
first equation to the system. For most electrochemical systems this is a good
approximation as the excess of electrolyte used means that there are relatively
low concentrations of Ox and Red in the solution. This means that the activity
coefficients for Ox and Red are almost the same and the equation cancels to

the Nernst equation:
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o RT ¢,
E=E"+—In—
nF c,

Equation 4

Where:
Co and cr = concentration of oxidised and reduced species respectively

E'° = formal potential which is the equilibrium potential when co = cr

2.2 Rate Capability

As well as the total energy stored by a battery and its voltage, the rate that it
undergoes charge and discharge is important as it ultimately determines the
current of the battery. Several factors are of importance in determining the rate
capability of a battery. The first factor we will consider here is the effect of

electron transfer during the electrochemical reaction.

Applying the equilibrium potential to a cell would not mean the reaction would
proceed at a significant rate. Instead an overpotential, n must be applied to
drive the electron transfer reaction in the battery. The overpotential is the
difference between the experimental potential and the equilibrium potential of a
cell. A positive overpotential will drive an oxidation reaction (positive current)

and a negative overpotential will drive a reduction reaction (negative current).

The current density of the reaction generated by the overpotential can be

described using the Butler-Volmer equation:

1=io[omo (5 n)-orp (22 )
Equation 5

Where:

j = current density

jo = exchange current density

a, = electron transfer coefficients of the anode reaction
-a, = electron transfer coefficients of cathode reaction
n = number of electrons.
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The exchange current density can be found using the following equation:?

jO = ans(CO)zio(CR)gio

Equation 6

Where:
ks = Standard rate constant

The Butler-Volmer equation therefore means that the electron transfer current at

a battery electrode is dependent on the following parameters:

. Electrode area, A

. Overpotential, n

. Kinetic parameters, jo and o
. Reactant concentration

. Temperature

However, this only takes into account the kinetics of electron transfer in a
reaction. An electrochemical reaction is considered to proceed through three

steps:

Mass transport
Oxbuk — > OXelectrode

Electron transfer
OXelectrode + €& — > Redelectrode

Mass transport
Redelectrode — > Redbuik

This means that in addition to the kinetics of electron transfer we must also
consider mass transport, the movement of electrons to and from the point of the
electron transfer reaction. Mass transport is essential to the electrochemical
reaction as it provides the reactants and removes the products of the reaction.

There are three forms of mass transport:

o Migration - the movement of charged species due to a potential gradient.
When a current is passed between the two electrodes an electric field is
generated which is the gradient of electric potential across the solution. In
many applications migration control can be avoided by using a highly

conductive electrolyte, so migration is fast.
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. Convection - the movement of species due to stirring or hydrodynamic
control, it can generally be quite fast. Natural convection, the natural
movement of samples due to equipment vibrations etc. can be particularly
difficult to control.

. Diffusion - the movement of species in a concentration gradient. Species
move from an area of solution with a higher concentration to a lower
concentration. Diffusion can often be slow and so can have a significant

impact on electrochemical reactions.

Many battery systems are diffusion limited, diffusion can be described by Fick’s

second law which states that for a reduction reaction:

2 2
HCO _ 0 Co aCR _ 17 Cr
ot Do ox2 and ot Dr ax2
Equation 7

Where:

D = diffusion coefficient

¢ = concentration

x = distance from the electrode.

Initially there is only oxidant present in the solution so that Do =Dr. This can be

used to determine the peak current, Ip using the following equation:

s. 3 . 11
Ip = -(2.69 x 10°) n2 ¢, D2 v2
Equation 8
Where:
Ip = Peak current
v = potential

As this function is valid for reversible reactions, a quick test for reversibility can
be obtained by plotting Ip against v¥2. A straight line will suggest that the
reaction is reversible. The gradient of this plot can be used to determine the

diffusion constant for the system.*

2.3 Capacity of an electrochemical cell

The capacity is a measure of the amount of species reduced or oxidised within

the cell. This can also be described as the total charge transferred during
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charge or discharge of the cell. If a current, | flows for time, &t then Idt charge
passes through the circuit. Considering the reaction:

(x+n)+

X+
Miaq) - ne =M

Each M** ion gives up n electrons to the external circuit to form M®*M* The
number of moles of reactant consumed by current, I, passing through the circuit

is therefore given by:

1 t
Ny=— f idt
nF J,
Equation 9

If Nm is a representation of all the moles available in the system we can
calculate the total charge that can be applied to the circuit using the following

equation:

t
Qr =J idt= nFNy,
0

Equation 10

When considering a two electrode cell the second electrode reaction must also
be considered:

y+ ' (Y'n)+
Plag) * n'e =P

By substituting n’ with n in the equation for Nm we get the equation for Np. The
total charge available in a cell, the maximum capacity, is determined by the

lower of the two values, Nm or Np.

By using the molar mass of the electrode compound of interest, the theoretical
capacity in mAh/g can be determined. Theoretical capacity is a good
determination of how a material will perform as an electrode material. Due to
practical issues such as capacity fade, material properties and IR drop, there
can be a substantial difference between theoretical capacity and the achievable

capacity of a cell.t
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2.4 Phase change and the Gibbs Phase Rule

This chapter has mainly discussed the kinetics of electron transfer but in lithium
ion batteries electron transfer is performed through lithium intercalation and so
there is a change in the material with the insertion or removal of lithium. When
considering the thermodynamics of lithium intercalation it is useful to consider
the Gibbs phase rule. The Gibbs phase rule is used to determine the number of
degrees of freedom within a reaction which can be determined by the following

relationship:
F=C+n-P

Equation 11

Where:

F = degrees of freedom

C = number of components

n = number of intensive variables (except component mole fractions) used to describe the
system

P = number of phases present.

For electrochemical systems temperature and pressure are considered as the
only intensive variables so n = 2. By assuming the temperature and pressure
are constant during the reaction, the terms for the intensive variables cancel.
The reaction at the cathode is considered binary so C = 2. This means the

number of degrees of freedom can be calculated as: >
F=2+2-P)-2=2-P

Equation 12

Lithium insertion in lithium ion batteries can proceed in two main mechanisms
depending on the level of interaction between the lithium ions in the electrode.

Considering the LiCoO: electrode reaction:
LiCoO2 — Li1-xCoOz2 + xLi* + xe-

Lithium insertion proceeds through a solid solution model where interactions
between lithium ions within the lattice are minimal. This means it is favourable
for the lithium ion to locate anywhere within the lattice. This means any phase
change is homogeneous and it can be considered as a single phase containing
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LixCoOz2. Applying the Gibbs phase rule to this system we can see that the
number of degrees of freedom for the single phase LiCoO2 system is 1, so that
as the amount of lithium (x) varies we observe a linear relationship shown in

figure 3. 57
The lithium iron phosphate (LFP) reaction:
LiFePO4 — LiixFePOa4 + XLi* + xe-

has attractive reactions occurring between the lithium ions as they intercalate.
This means that the lithium ions will preferentially locate near to other lithium
ions so the intercalation proceeds heterogeneously as shown in figure 1. The
attractive interactions of lithium ions in LiFePO4 means it has regions of FePOa
and regions with LiFePOQu. It therefore exists as a two phase material.® For
materials such as LiFePOa4 there are two phases present so the number of
degrees of freedom are zero leading to a constant potential during lithium

intercalation. 7

Homogeneous phase change e.g. LiCoO:2

0000 0000 0000 O
0000 _, 0000 _,0000_,0
0000 0000 0000 0O
0000 0000 0000 O

Heterogeneous phase change e.g. LiFePOa4

0000 0000 0000 000
0000 _,0000_,0000_,0000
0000 0000 0000 0000
0000 0000 0000 0000

Figure 1. Diagram to show the differences between heterogeneous and homogeneous phase
change materials

0000
0000
0000

O

When considering the intercalation of lithium ions into a solid electrode as the
potential changes, two features can be observed as part of the process. Firstly
the lithium ions are occupying unoccupied sites within the host structure and as
such there are a limited number of sites to be occupied. Secondly the lithium

ions are able to move between sites within the structure as the battery is
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charged/discharged. This definition of the intercalation led comparisons to be

drawn with adsorption isotherms such as the Langmuir and Frumkin isotherms.®

The Langmuir isotherm assumes that different adsorbates have no lateral
interactions and each adsorbate that approaches the surface is treated the

same. This leads to following equation:

6 _ “AGYs
16 °®P\7RT

Equation 13

Where:
6 = extent of adsorption as a fraction of the surface covered
c = a constant

Angs = the free energy of adsorption under standard conditions.

This can be applied to lithium ion intercalation through the Gibbs equation,
giving:

FE
= Kc exp (—)

X
1-x RT,

Equation 14

Where:
X = extent of lithium intercalation into electrode material

This leads to the potential-composition relationship:
- RTn (X
E=Eo-Tn (1-x)

Equation 15

As figure 2 shows, this can then be used to plot a simulated cyclic voltammetry
experiment. Figure 2 also demonstrates the concept of IR drop and its effect on
the electrode potential. For example, in a non-ideal electrochemical cell there
are resistances due to electrical contacts. The effect of these resistances is
found through V=IR and as such they are commonly referred to as the IR drop.
This can be seen in figure 2 as an increasing separation of the peaks giving the
distinctive shape of cyclic voltammetry measurements discussed later on in this

thesis.
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Figure 2. Graph showing a simulated Langmuir isotherm. The graph shows the effect of an
increasing IR drop on the separation of the peaks.

The Frumkin isotherm is similar to the Langmuir isotherm but takes into account
interactions between the adsorbed and adsorbing species. The Gibbs energy of

adsorption is given a linear relationship with coverage of a monolayer:

Equation 16

For lithium intercalation the potential composition relationship becomes:

E:EO-R?TIn(%()+kx

Equation 17

For lithium intercalation k corresponds to the level of attraction between
adsorbing lithium ions and as figure 3 shows this leads to a change in shape of
the plot. At high values of k, the plot corresponds to the two phase behaviour
observed in LiFePOa. At low values of k the plot corresponds to the single

phase behaviour observed in LiCoO2 and the lithium ion interactions are low.
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Figure 3. A plot of the composition-potential relationship of three species with different degrees
of attraction.

2.5 The electric double layer

Most electrochemical systems consist of a solid electrode with a liquid
electrolyte. When a potential is applied to an electrode a charge will build on the
electrode surface based on the potential applied, the electrode material and the
electrolyte composition. This in turn affects the charged ions and dipoles of
molecules within the liquid electrolyte. The opposite charged particles will
arrange on the surface creating an effect called the electrical double layer.

@
0]
@

@

@
®

®

®

Figure 4. Diagram to demonstrate the electrical double layer on a negatively charged electrode

The electric double layer can be considered to behave as a capacitor. In the
example in Error! Reference source not found. when the potential of the

electrode is changed to be more negative, the negative charge on the surface
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will increase and more positive ions will be attracted to balance the charges. A
change in the electrode potential changes the amount of charge stored at the
interface. There is therefore a charging current applied to charge the surface.

The surface can be modelled using an equivalent circuit:

——

u

Where:
Ry = Uncompensated solution resistance
Ca = double layer capacitance

This means that when a potential change is applied to the electrode the current
must first flow through the equivalent circuit, above, before there is a change in
potential at the electrode. The current can be quantified using the following

equation:

| = §exp( : )
Ry RuCq

Equation 18

Four main models exist to describe the potential at the double layer. The
Helmholtz model is the simplest model and assumes that all charge is balanced
at the surface by ions of the opposite charge from the solution forming a layer.
This means that the double layer is very thin and the capacitance of the double

layer is independent of the electrode potential.1®

The Gouy-Chapman model assumes ions are in random thermal motion and
are on average more likely to be found at the electrode surface with the
opposite charge to their own. This is referred to as an ion atmosphere near the
electrode surface and its extent depends on the concentration of the electrolyte.

In this case the capacitance will vary with potential and capacitance is given by:
11-13
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Equation 19

Where:

£ = permittivity

£ = vacuum permittivity

®, = standard potential, E-E,
E., = potential of zero charge

The Stern model is used to describe more concentrated solutions and takes
both of the two models, assuming most charge is balanced by the compact
Helmholtz layer and the rest of the charge is balanced by a more diffuse Gouy-

Chapman layer with both their capacitances in series.*

The fourth model is the triple layer model which recognises that the adsorption
of the opposite charged ions on the electrode surface (the inner Helmholtz
plane) will be balanced by a third layer of the same charge as the electrode

(outer Helmholtz plane), creating a triple layer model.? 1°
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3 Lithium ion batteries

A simple electrochemical cell consists of two electrodes with a potential
difference between them. A positive and a negative electrode are shown in
figure 5. In all electrochemical cells positively charged ions dissolve into solution
and move to the anode where they react, gaining electrons. If the anode and
cathode are connected this creates a flow of electrons (a current). Two main
types of batteries are used: primary and secondary batteries.

Primary batteries were the first to be developed and can be dated back to Volta
in the 1800s. They are single use systems which are thrown away once the
electrical energy has been depleted. In rechargeable secondary batteries, such
as lithium ion batteries, the process can be reversed by applying a current to

the battery, allowing the battery to be used again.®

Although several different rechargeable lithium metal batteries were proposed
and developed, problems with their safe operation meant that they were not
widely used. It was not until the development of Lithium ion batteries by Sony in
1991 that a safe way to harness the high energy densities of lithium

intercalation compounds was achieved. 7
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Figure 5. Diagram to demonstrate charging and discharging in a lithium ion battery.
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All lithium ion batteries are based on the same principal as the first Sony
battery, often called the “rocking chair” battery. The battery consists of two
lithium insertion electrodes which act as the positive or negative electrode. The
first lithium ion battery is demonstrated in figure 5 with layers of carbon
(graphite) acting as the negative electrode and the layered intercalation
compound LiCo0O:z2 acting as the positive electrode material. The cell reaction
equation for this and subsequent lithium ion battery systems is shown below:* 7

discharge
LixCnDm(S) + AzBy(s) ——=  CnDm(S) + LixAzBy(S)

~
charge

Since the initial development of lithium ion batteries, scientists have sought to
improve the materials for batteries and many different positive and negative

electrodes have been produced.

In general, six strategies have been employed to enhance the performance of
lithium ion batteries across a range of chemistries and cell designs:

e Reducing patrticle size

e Composite electrode formation

e Doping electrode materials with other elements

e Electrode morphology control

e Coating and encapsulation

e Electrolyte modification

Through research into these strategies, a huge number of different battery
systems have been developed. This introduction will discuss the key materials
by structure type used for positive and negative electrodes and some of the
benefits and challenges of each material as well as discussing the role of the

electrolyte in lithium ion batteries.'®

3.1 The positive electrode

When developing or selecting a positive electrode material there are several

criteria that a material must conform to. In their review article Whittingham et. al.
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discuss the 8 key properties that must be considered when choosing a positive

electrode material for a rechargeable lithium ion battery:*°

1.  The electrode material must contain an ion that is easy to reduce or

oxidise.

2.  The reaction of the electrode material with lithium must be reversible so
that the battery can be charged and discharged without a significant

reduction in capacity.

3.  The reaction with lithium must have a high free energy of reaction, a high

capacity and a high voltage, leading to a large amount of energy stored.

4.  The reaction with lithium must proceed rapidly for both charging and

discharging in order to give a high power density.

5. The electrode must also be a good electronic conductor to enable

electrons to be added or removed easily.
6. The electrode material should be stable throughout charge and discharge.
7.  The electrode material should not be prohibitively expensive.
8. The material should not be environmentally hazardous.

This extensive criteria list for positive electrodes has led to a large range of
different positive electrodes available. This section will discuss the different
types of positive electrode by structure type, highlighting the most commonly
used materials and the challenges of developing lithium ion batteries using

these materials.

3.1.1 Layered-type

Since the development of the Sony rocking chair battery using LiCoO2z in 1991,
the layered transition metal oxides have been the most successful positive
electrode material for lithium ion batteries. Their popularity is mainly due to their
relatively high voltage operation, up to 4 V and high theoretical capacities.

The structure of the different layered transition metal oxides is similar and is

based on a rock-salt structure with lithium and transition metal cations

Page 28



occupying alternate layers of octahedral sites in a distorted cubic close-packed

octahedral lattice.l 20

3.1.1.1 LiCoO2

LiCoO2 was the first lithium ion positive electrode material to be developed
commercially. However, there are issues with the application of LixCoOz2.
Despite offering the potential to reach capacities greater than 200 mAh/g, in
practical cells LixCoOz is only known to reach a capacity of around 140 mAh/g.
This is because only half of the lithium can be removed without changing the
structure of the LixCoOx. This irreversibility below x = 0.5 is thought to be due to
a topotactic phase transition at lower values of x from a monoclinic structure to
a hexagonal phase.?1"?2 This phase change is thought to impact the
electrochemistry of the electrode in two ways. The phase change, like any
change in structure, can destabilise the electrode so it no longer functions as
expected. Secondly, the lithium depleted phase is less conductive and has a

slower reaction rate than at higher values of x.1°

The increasing cost of cobalt in LiCoO2 and concerns over safety and thermal
stability led to the study of other transition metal oxides within the group and the
materials can be considered as LiMO2 where M=Ni, Co, Mn, Al. 2223

3.1.1.2 LiNiOzand LiMnO2

LixNiO2 was an early contender to replace LixCoOz2 since the cost of Ni was
considerably lower than the expensive cobalt metal. LixNiO2 also demonstrated
a similar structure to LixCoO2 and demonstrated a greater stability on lithium

removal. 2224

Extraction of lithium from LixNiOz2 follows four stages of structural change.
Initially when x >0.75 the LixNiO2 has a rhombohedral structure. As more lithium
is removed and 0.45 < x < 0.75 there is a phase change to a monoclinic phase.
When 0.25 < x < 0.45 the structure returns to the rhombohedral phase again.
When x is below 0.25 the LixNiOz interlayer distance increases to such a point

that there is a significant capacity fade. In practical cells using LixNiOz lithium
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discharge can occur when 0.25 < x < 1 which still gives a greater practical

capacity than LixCoOs2.

However, LixNiOz2 is not widely used because it is difficult to synthesise a phase-
pure material. During synthesis the Nickel ions can migrate to a location in
between the layers, replacing the lithium ions and adversely affecting the

performance of the electrode material.?4-26

LiMnOz2 also offers the potential to lower cost and has a lower toxicity, however,
it is not generally used in commercial cells due to its more complex structure
and poor rate capability. This is mainly due to the phase change to a spinel
structure during cycling and around 25% of the Mn ions have been observed to
migrate to the lithium occupied sites on cycling.?’-28

3.1.2 LiNixMnyCo:02 (NMC)

As discussed, there were several issues with the LiIMO2 materials including
phase change behaviour, thermal stability and cost. Some of these problems
have been solved by intercalating elements within the structures leading to
mixed transition metal oxide materials. This has been very successful in
tweaking the properties of the materials to gain the best properties at the best
cost. One of the most successful combinations was to use LiNi1sMn13C01/302.
The different transition metal cations have a different susceptibility to move to
the Lithium ion site and form a spinel structure which leads to capacity fade. It is
thought the high cycle life and structural stability of LiNi1zsMn13C01302 is due to
the change in structure as lithium is removed from the sample. When lithium is
removed the unit cell expands in the c direction and contracts in the a
dimension, keeping the unit cell volume the same. This is different to LCO
electrode materials in which there is a change in the unit cell volume during
discharge. In macroporous samples of LiNisMn13C01/302 the capacity is as
high as 234 mAh g-1.18. 22, 29-30

Another commercially available material is LiNixCoyAlzO2 (NCA). In these

materials the Cobalt acts to stabilise the structure of the electrode and prevents
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the Ni from moving to sites between the layers giving a high usable capacity
(~200 mAh g-1).18 The aluminium is not redox active and is thought to prevent
the complete removal of lithium from the structure. This prevents some of the

phase changes discussed previously that can lead to poor cycling behaviour.®
31-32

3.14 Spinel-type

Unlike the layered transition metal oxides in which the lithium ions are located
between the layers, in the spinel structure the lithium ions and transition metal
ions occupy different sites within a framework. LiMn204 has a cubic close-
packed structure with manganese ions occupying half the octahedral sites and
lithium occupying one eighth of the tetrahedral sites. This structure gives a three

dimensional pathway for lithium diffusion through the structure. 1-20.33-35

Two issues exist with the lithium insertion and de-insertion process for spinel
electrodes. The first is that the charge discharge has two plateaus each
corresponding to a two phase process. This is due to ordering of the lithium ions
in the tetrahedral sites. A large activation energy is required to move the lithium
from one site to another creating ordering in the material so that instead of
forming a solid solution, where lithium ions can be anywhere, two phases of
material exist with a lithium rich and lithium poor structure. Another issue is the
Jahn-Teller distortion at low lithium ion compositions which leads to strain and
rapid capacity loss. This means the spinel materials, like other lithium ion
electrodes are not cycled to full lithium discharge, limiting the capacity to lower
than the theoretical capacity. The manganese ions can also dissolve in the
electrolyte reducing the structural stability and causing capacity fade in the

electrode33-35

As with other materials for lithium ion positive electrodes, success has been
achieved by doping the LiMn204 structure with other transition metal ions. The
most successful of these compounds studied was LiNio.sMn1.5s04 which
demonstrates a high stability. It is thought the high stability is due to the nickel

suppressing the dissolution of Mn into the electrolyte as well as reducing the
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Jahn-Teller distortion by increasing the average oxidation state of manganese

jons.3536

3.1.5 Olivine-type electrodes

The relatively low cost and low toxicity of iron led to the proposition that positive
electrodes made out of iron may offer a good alternative to the layered Cobalt
and manganese containing materials. Initial studies looked at using LiFeO2 but
the relative stability of the FeO: layered structure and the instability of the
LixFeO2 meant these materials did not produce a satisfactory positive electrode
material. In addition the Fe**/Fe3* redox energy was too far below the Fermi
energy of a lithium anode and the Fe?*Fe3* couple was too close to it. Other
iron compounds were considered but Goodenough et. al. found that PO4 and
S04 stabilised the structure and lowered the energy of the Fe?*'Fe3* redox

reaction to a level that made the electrode practical. 20 37-40

Like the spinel materials, Olivine electrodes have a 3D structure. Lithium iron
phosphate (LFP) has a slightly distorted hexagonal close-packed (HCP) oxygen
array with lithium ions and iron (1) ions occupying octahedral sites and
phosphorus occupying tetrahedral sites.'® 4! The voltage of LFP as a positive
electrode was found to be 3.4 V which is within the 3-4 VV window required for
high capacities without affecting electrolyte performance. The Olivine materials

also offer a high theoretical capacity at 170 mAh/g.3": 40

Unfortunately, LFP suffered from a poor conductivity and low power densities.
Padhi et. al. stated that this low conductivity is solely due to the separation of
the FeOs octahedra by PO4 polyanions, which reduces the conductivity, and
they determined that lithium diffusion is fast.%? This is not in agreement with later

research which has found that the lithium diffusion rate is also low.42

Several methods have been used to improve the conductivity of LFP cathode
materials focusing on the two aspects of the poor conductivity; the poor
electronic conductivity and poor lithium diffusion through the material. Two
common techniques are used to improve the rate capability of LFP. The first
method used was to reduce the size of the particles. This in turn reduces the
diffusion pathways within the sample and increases lithium ion diffusion.*344 In
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addition to reducing their size, the main approach to improve electrical
conductivity of LFP particles has been to coat them with carbon.*%-46 Electronic
conductivity has also been improved by coating with other materials such as
silver 47 but the relatively low cost has made carbon coating the preferred
technigue.*® Kang et. al. found that coating the LFP particles with an amorphous
LFP layer improved lithium ion diffusion through the material by aligning the
entrance position of the iron phosphate lattice with the lithium ion direction of

motion.4°

As with the other positive electrode materials, doping has also been used to
improve the properties of the material. Doping with supervalent cations such as
Mg, Al, Ti, Nb or W has been shown to improve the electrical conductivity of the
samples.*® Meethong et. al. found that the addition of Niobium to the LFP
compound reduced strain in the material, increasing the lithium diffusion rate

and enhancing rate capability.>°

LFP is a two phase material. As discussed earlier on in this chapter, this means
that instead of lithium intercalation occurring in a random way, there are
interactions between the lithium ions as they intercalate which leads to a two
phase state with regions of LiFePO4 and FePOa4. As shown in Figure 6 this
leads to a flat discharge profile as lithium intercalates into the material. Figure 6
also demonstrates the core shell model for LFP discharge which proposes that
the LiFePO4 phase forms from the outside of the LFP particle into the centre,

until the particle is a single phase of material.*? 52
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Figure 6. Galvanostatic discharge of LFP to demonstrate the two phase behaviour of LFP and
the core-shell model for discharging.42 51
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3.1.6 Summary of lithium ion cathodes

Material ~ Structure Specific Midpoint Comments
type capacity Vvs. Li
mAhg-1 at C/20

LiCoOz2 Layered 155 3.9 Co is expensive. Specific
capacity is lower than theoretical

to avoid phase transition.

LiNixMnx Layered  140-180 =3.8 Safer and less expensive than

CoyO2 LiCoO2.

(NMC)

LiNixCoyA Layered 200 3.73 About as safe as LiCoO2, high

1202 capacity.

(NCA)

LiMn204  Spinel 100-120 4.05 Inexpensive, safer than LICoO2,
poor high temperature stability.

LiNio.sMn1  Spinel 130 4.6 Requires an electrolyte that is

504 stable at the high voltage.

LiFePOs4  Olivine 170 3.45 Very safe. Low volumetric

energy. Poor conductivity.

Figure 7 A summary of the properties of the main types of lithium ion positive electrodes.%?
3.2 The negative electrode

Although lithium ion positive electrode materials are often tested against lithium
as a negative electrode, safety concerns mean lithium metal is not routinely
used in commercial lithium ion cells. Instead lithium intercalation compounds
are used.! The requirements for a negative electrode material are similar to
those for a positive electrode material: reversible capacity, good conductivity,
high lithium diffusion rate whilst maintaining a low cost, low environmental

impact and producing safe batteries.>?

3.21 Carbon

Carbon-based materials are the most commonly used as negative electrodes.
Within this group is graphite, which is used in the majority of commercial lithium
ion batteries. Graphite, along with the other positive electrode materials, is a
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lithium insertion/deinsertion material.>® Graphite undergoes the following
reaction during charging or discharging with the lithium ions intercalating
between the layers within graphite:

Li*f+e + Ce = LIiCs

This means that each lithium ion is accommodated by 6 carbon atoms, limiting
the capacity of graphite. The issues with the low capacity of graphite have led to
the investigation of other forms of carbon as negative electrode materials
including carbon nanotubes and graphene which have demonstrated much
higher capacities due to a greater availability of sites for lithium ions to
intercalate. Theoretically, single wall carbon nanotubes offer intercalation as
LiC2 which could potentially lead to a much higher capacity than graphite which

is LiCe.5*>7

3.2.2 Lithium titanate

Lithium titanate (LisTisO12) is another intercalation material which has been
studied as a negative electrode material for lithium ion batteries. The lithium
titanate structure remains relatively stable during insertion/deinsertion of lithium
ions, giving it a good cycle life and improving its safety. Lithium titanate does
however have a relatively low capacity, limiting its practical application in lithium

ion batteries.18. 53. 58

3.2.3 Silicon

Unlike the previous negative electrode materials, silicon does not react using a
lithium intercalation reaction. Instead the lithium ions are electrochemically
alloyed into the silicon structure, reacting with the silicon. This is different to the
intercalation reactions because it involves the breaking of chemical bonds and
the formation of new chemical bonds with the lithium. These alloying reactions
are known for having a very high theoretical capacity (>4000 mAh/g for silicon)
but they see very large expansion of the material (300-400%) on lithium
insertion. As well as affecting the volumetric capacity of the material, this
structural change can also cause the material particles to disintegrate and lose

electrical contact. To mitigate this, the silicon is often used as a hanocomposite
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with carbon and a binder. This provides the material with mechanical stability as

well as the carbon enabling shorter lithium ion diffusion paths.'8: 53,59

3.3 Electrolytes

The electrolyte is an important part of a lithium ion battery, forming the basis for
transport of lithium ions within the battery. In selecting an electrolyte for a
lithium ion battery, a key factor is the rate of diffusion of the lithium ions
between the electrode and the electrolyte. It is important that the electrolyte
conductivity is ionic and not electronic to avoid shorting out the cell whilst

allowing ions to diffuse through the structure.!

The second key factor is the stability of the electrolyte under the conditions of
operation of the cell. In rechargeable systems the battery is expected to be
stable under a wide range of voltages through charge and discharge. The
electrolyte should also be stable under the full expected temperature range of
the cell. Most electrolytes are designed for room temperature operation and
high and low temperatures can cause the electrolyte to degrade or stop
working. Sometimes additional safety features are added to the electrolyte
including flame retardant materials and materials that limit the negative effects
of electrolyte degredation.2 60

An excess of electrolyte is often used in electrochemical systems and studies.
The electrolyte is important in the development of the electrical double layer on
the surface of the electrode. The formation of an interface between the solid
and electrolyte is important to enable diffusion of ions and the size of the double
layer has an enormous impact on the performance of the electrode. Too thick

and it will limit diffusion, too thin and the electrode may degrade during cycling.?
61

3.3.1 Solvent electrolytes

The most common electrolytes for lithium ion batteries are lithium salts
dissolved in organic solvents. These salts are designed around the standard
operating potential of a standard LiCoOz — graphite battery system, 4 V.
Typically LiPFs salt is used as a compromise in properties since it is more
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stable than other salts in the group. There are, however, still issues with LiPFs
as it decomposes to form LiF and PFs. PFs can then hydrolyse to form HF and
PF30 which react with both the negative and positive electrodes, degrading

their performance. 60-62

Solvents for electrolyte solutions are selected primarily on their stability at the
required voltage and typically alkyl carbonates are used. Often solvents are a
mix of these carbonates to achieve the desired properties. To enable lithium ion
transport, the solvents used require a high dielectric constant and a low
viscosity. Cyclic materials such as ethylene carbonate (EC) shown in figure 8
are used to stabilise the negative electrode through the formation of a
passivation film on the electrode surface. They offer a high dielectric constant
but a low viscosity. The linear carbonates such as dimethyl carbonates (DMC)
are less viscous but offer a lower dielectric constant. This means solvents are
typically a mixture of different types. A 1:1 ratio of EC:DMC is an example of

such a solvent commonly used for lithium ion batteries. €0 63
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Ethylene Propylene Dimethyl carbonate
carbonate (EC) carbonate (PC) (DMC)
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A N S
Diethyl carbonate (DEC) Ethyl methyl carbonate (EMC)

Figure 8. The structure of alkyl carbonate solvents for lithium ion batteries
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3.3.2 Solid electrolytes

The practicalities and safety concerns of liquid electrolytes has led to the
development of solid state electrolytes. These electrolytes, when combined with
solid electrodes, give the potential to develop an all solid state battery system.
Two types of solid state electrolytes are typically considered, the first is polymer
electrolytes where polymers replace the solvents used with lithium ion salts.

The polymer electrolytes can be further grouped into two types:

. Solid polymer electrolytes dissolve the lithium salt in a high molecular
weight polymer host.

. Gel polymer electrolytes incorporate the solvents discussed in the
previous section into a gelled polymer matrix.

The solid polymer electrolytes are typically lower conductivity than the gelled

materials but offer a higher mechanical stability. Both types typically use

polyethylene oxide (PEO) as a host material but PVDF can also be used.%

The second type of solid state electrolytes are inorganic intercalation-type
inorganic solid state materials that use the properties of these solid state
compounds to transport lithium ions between the electrodes. A range of
materials and structures have been investigated to be used as electrolytes
including LISICON and NASICON -type structures, spinels and garnets. %
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4 Approaches to producing battery electrodes

In order to produce working electrodes for a lithium ion battery the materials for
positive or negative electrodes are combined with conductive additives and
binders as an ink and applied to a current collector material. The electrode is
then typically rolled and assembled into a battery as shown in figure 9. In
developing a battery system there is an increasing drive to maximise energy
density and reduce cost. To get the greatest energy density in an ideal battery
system the amount of active material (anode and cathode) should be
maximised and the other aspects of the battery (separator, electrolyte, casing,
binder etc.) would be minimised. The search for cheaper and lower cost
batteries has led to several methods of manufacturing electrodes.

-

Positive terminal
Pressure plate
Outer casing

Positive electrode

Negative electrode
(Woven with
current collector)

Separator

Negative terminal

Figure 9. Diagram to demonstrate construction of a “jelly roll” type battery construction.®¢

Generally, commercial electrodes are manufactured using roll to roll processing
and so are considered 2D. Even cylindrical battery forms are manufactured
using this method before rolling up the thin films into a cylindrical shape. One
way to maximise energy density would be to make the films of active material
thicker, putting more material in each battery layer. In reality this is not practical
as the thicker films suffer from poor diffusion through the electrode, poor

Page 40



conductivity and poor mechanical stability. A solution to this issue is the
potential of moving away from the electrode layered systems to develop 3D
battery systems. 3D battery systems seek to use 3D structured current
collectors to get the maximum capacity from a volume whilst maintaining the
advantages of thin film processing techniques. Figure 10 shows a simple
example of a pseudo-3D structure where the ink is patterned on a substrate and
a 3D structure where the layers have been built up or applied to a 3D current
collector to produce a 3D battery. More complex 3D structures have been
investigated with metal foams and meshes used as current collectors before

coating by the active material.®”

1]

Figure 10. Left Pseudo — 3D battery structure. Right 3D structure®’

This review will outline technigues to manufacture both positive and negative
electrode materials. In developing a new method of battery manufacture other
aspects of the battery would need to be considered including the electrolyte,
separator and packaging. It is outside the scope of this thesis to consider these
aspects so they will only be discussed in relation to their interface with the

electrode rather than their manufacture.

4.1 Printing techniques

Printing technigues are the most common commercial methods used to produce
battery electrodes. They start from an ink which is then applied to a surface and
post-processed depending on the method of printing. Typically an ink used in a
battery material is a mixture of the active electrode material, a conductive

additive such as carbon black, a binder material and a solvent. For all inks, a
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key element of their development is the dispersion and mixing of the solid
powders in the printing media. It is important that the particles remain dispersed
during the printing process and sometimes milling is required to reduce the

particle size and aid with dispersion.

The main difference between the inks for the different printing techniques is
their viscosity. Some techniques such as inkjet printing systems require inks
with very low viscosities and other systems such as dispersion 3D printing
systems accept inks with both low and high viscosities. How the dispersion
flows, the rheology, is also important as it determines how the material will flow

during the printing process which ultimately affects the quality of the deposit.

For this review the printing techniques can be split into different categories
based on the level of dimensional control during printing. Techniques such as
blade coating can only coat an entire surface so there is no control over the
dimensions of the print. Screen printing and spray coating techniques enable
some degree of control of the print in two dimensions. Digital techniques enable

even greater control of the print in three dimensions.

41.1 Conventional printing techniques

The typical method of constructing electrodes both in the lab and on a
commercial scale is to use a doctor blade. In this, a blade is passed over the
current collector with the ink on it. The blade is at the same height as the layer
required and enables an even layer of ink to be deposited on the electrode. In
commercial systems this is carried out using reel to reel processing which
spreads the material in an even coating on a continuous roll of current

collector.%871

4.1.2 Two dimensional printing systems

Several different two dimensional printing techniques exist. These enable a
greater control over the material deposition in two dimensions than conventional
techniques, giving the opportunity to produce pseudo-3D battery structures with

interdigitated patterns shown in figure 10.
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Stencil printing is the simplest form of two dimensional printing system used for
batteries and is a modification of the blade coating process with a stencil to
achieve the desired pattern. The blade is replaced by a squeegee which
absorbs the ink and reduces bleeding of the ink into areas covered by the
stencil. It has been used to produce Zn—MnO: batteries.”? A key advantage of
this printing technique is its use with a wide range of ink viscosities and its
ability to produce thicker films required for batteries. It cannot however be used

for reel to reel printing as the stencil must be rinsed in between uses. 273

Screen printing is another technique that uses a stencil. In this, the ink is
pushed through a mesh with a stencil blocking areas of pattern. The mesh is
then placed onto the required surface transferring the pattern. Screen printing
has been used widely to produce batteries with a range of materials and like the
previous technique is capable of printing thicker films but with less definition

than other techniques. 7476

Flexographic printing is another technique used to deposit materials onto a
surface. This uses a patterned roll similar to a rubber stamp onto which the
material to be printed is applied. The surface to be printed is then passed over
the roll and the ink will be applied to the material. MnOz2 inks have been
developed to deposit battery materials using this technique but the thin layers
produced and narrow viscosity range have limited the practical application of

this technique for lithium ion batteries. 77

Spray painting techniques have also been used to apply battery materials to
current collectors. Singh et. al. were able to produce full cells using the
technique. Spray painting is quick drying which means electrodes can be
quickly deposited in multiple layers. Spray painting does however offer low

dimensional control which could limit its use for smaller battery systems. 78

4.1.3 Three dimensional printing systems

The recent research interest into digital printing technologies and 3D printing
has led to a large amount of interest in applying these techniques to develop 3D
batteries. Two printing techniques have been used to produce 3D battery
electrodes. Both 3D techniques can be used to deposit free standing electrodes
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and so do not necessarily require a 3D current collector. The dispenser
technique in its crudest form can be considered as a pipette which is controlled
to drop material, when required, creating a pattern. The material is usually
deposited as a continuous stream generating a layer of material. These layers
of material can be built on top of each other to generate a 3D electrode. This
has been successfully used to develop 3D interdigitated micro structures for
batteries. An advantage of this technique over the inkjet method is that delivery
systems can be developed bespoke to the ink to be deposited so a wide range

of viscosities can be deposited.’9-8!

Inkjet printing is a technique that uses computer controlled deposition of inks to
produce high detail deposits onto the surface. Inkjet printing deposits droplets of
material that when combined together produce a film of material. Research has
focussed on the development of inks for inkjet printing and a wide range of
battery electrode materials have been considered. Although it can be
considered a 2D process, by printing multiple layers of ink 3D structures can be
produced. One of the main issues with the use of inkjet printing is the difficulty
of producing inks for the process as the viscosity range is very low. There is
also an issue with sedimentation of material during deposition which can block
up the deposition head.8?-83

4.2 Electroplating

Electrodeposition techniques use a potential difference and an applied electrical
current to deposit materials onto a metallic substrate. Battery materials are well
suited to be produced using electrodeposition techniques as they will usually
require a conducting substrate which is also needed for electrodeposition.
Electrodeposition techniques also enable material to be coated onto a wider
range of structures than printing techniques as the material to be coated is
suspended in solution and does not need to be accessed by a printer head or
coater. This is particularly useful when considering deposition onto
nanostructured surfaces and foams to make 3D and pseudo 3D battery

systems.
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There are two key types of electrodeposition techniques: electroplating and
electrophoretic deposition. Electrophoretic deposition will be discussed later on
in this chapter. Electroplating is an electrodeposition technique commonly used
to deposit metals on a surface where metal ions are dissolved in a solution,
moved using an applied current and then reduced or oxidised onto the surface
to be plated onto. Several lithium ion battery materials have been produced
using electroplating. Generally, plating has been applied to the low voltage
positive electrodes such as V205,84 MnOz, & and MoS: 8 but the technique has

also been used to produce anodes such as Cu2Sh #.

Electroplating offers a similar level of control of the coating as electrophoretic
deposition but as the material to be deposited reacts as it is plated, it will only
work for a small number of lithium ion battery materials. In particular, carbon

coated materials such as LFP would not be able to be electroplated.

4.3 Vapour deposition techniques

The use of vapour deposition techniques such as chemical vapour deposition
(CVD), physical vapour deposition (PVD) and atomic layer deposition (ALD)
have also been suggested for producing lithium ion battery materials. Chemical
vapour deposition uses different techniques to generate a vapour containing
volatile chemicals and the material to be deposited. The material then reacts or
decomposes at the electrode which is heated. Atomic layer deposition is a sub
set of CVD in which sequential gases are added to the reaction chamber
allowing a much greater control over the surface structure. Physical vapour
deposition is similar to CVD but the atoms or ions are vaporised from the solid
form without volatile compounds. PVD is performed in the vacuum and gives a
high control over the structure of the film. The vapour deposition techniques
have shown some promise in producing lithium ion battery materials with a high
degree of control of the film deposited. The main barrier to their use in lithium
ion batteries has been the cost of CVD and PVD systems and the speed of

deposition which at the moment is not practical for commercial applications.88-0
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5 An introduction to Electrophoretic deposition

Electrophoretic deposition (EPD) is an electrodeposition technique in which
particles are deposited using Electrophoresis. Electrophoresis is defined as the
movement of charged colloidal particles in a liquid under the influence of an
external electric field.°* EPD has long been used to deposit thin ceramic
coatings onto metal surfaces and in more recent years has found further
application in the deposition of nanoparticles.% In this section we will begin by
discussing the theory of EPD before conducting a brief review on the application

of EPD to lithium ion batteries.

5.1 The theory of electrophoretic deposition

Electrophoretic deposition is a complex technique with many different variables
affecting the coating quality. Van der Biest et. al. refer to electrophoretic
deposition as a two phase process consisting of firstly the movement of
particles within the solution due to an applied potential and the charged patrticle
surface. In the second step the particles collect at an electrode and form a high
guality film on the surface of either the positive or negative electrode depending

on the surface charge.®

In developing an appropriate synthesis method using this technique there are a
large number of factors that can affect the quality of the coating. The factors can
be split into two main groups: those factors that relate to the colloidal
suspension and those factors that relate to the electrophoretic deposition

process.®*
Factors relating to the colloidal suspension:

. Particle size

. Concentration of particles in the suspension
. Dielectric constant of the liquid

o Conductivity of suspension

o Viscosity of suspension

. Zeta potential of the particles

. Stability of the suspension
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Factors relating to the electrophoretic deposition process:

. Deposition time
. Applied voltage
. Concentration profile of the particles during deposition

. The nature of the Substrate (electrode)

Several attempts have been made to determine the kinetics of how these
properties relate to the final quality of the coating. This section will discuss the
theories behind the three main aspects of electrophoretic deposition of particles:

surface charge development, migration and deposition.

5.1.1 The development of the surface charge

The relationship between the suspension and the particle is important in
ensuring the migration and deposition of the particles on the required surface. A
key factor of this relationship is the development of the charge onto the surface
of the particles. Surface charge is usually measured by a suspensions zeta
potential which is the potential at the point in the solvent where movement of
the particle will not affect the solvent molecules and is discussed later on in this
chapter. Four mechanisms have been identified in which the surface charge on
the particle develops:®*

1. Selective adsorption of ions from the liquid onto the surface of the
solid particle: When ions in solution move near the particle, their charge
repels or attracts electrons at the surface of the particle, depending on if
the ion is negative or positive respectively. This creates either a deficit or
an excess of electrons thus creating a positive or negative charge on the

surface.

2. lons dissociating from a particle into the liquid: If a particle contains
soluble ions they can dissolve or dissociate into the solution. The ions are
charged and so their removal leaves a residual charge on the particle. As
ions are more likely to dissolve from the surface of the particle, this leaves

a surface charge on the particle.
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3.  Adsorption or orientation of dipolar molecules at the particle surface:
This is similar to the adsorption of ions but instead of a charged ion it is
the negatively charged or positively charged part of a dipolar molecule that
repels or attracts electrons at the surface of the particle respectively. This
then also creates either a deficit or an excess of electrons thus creating a

positive or negative charge on the surface.

4.  Electron transfer between the particle and the liquid: If the particle and
the liquid have different work functions it may be energetically favourable

for an electron to transfer between them, creating a charge on the surface.

5.1.1.1 Surface charge modification

For most patrticles the surface charge developed by simply adding the particles
to the suspension media is not enough to produce a stable suspension. It is
therefore typical to include additives to the suspension to modify surface
charge. In some cases these additives modify the surface charge to an extent

that the deposit electrode can be changed from positive to negative.®®

The main method of surface modification is through the first mechanism of
surface charge development, which is through adsorption of ions onto the
surface of the particle. Acidic, alkali and metal ions are introduced to the
suspension and provide ions of the required charge to adsorb on the surface.
Acids and alkalis provide hydrogen or hydroxide ions to the suspension that
adsorb to the particle surface modifying its charge. lodine and acetone
suspensions have also been used, the iodine reacts with the acetone,
producing protons.®* % Metal ions are introduced in the suspension through
addition of salts such as Mg(NOs)2, La(NOs)s, Y(NO3)3, MgClz, or AICls. In
addition to charging the surface of the particle, the metal ions can lead to the
formation of hydroxides that can improve adhesion in the deposit.®3 %

Some organic solvents and acids such as carboxylic acid and acetone can also
enhance surface charge through the third surface charge mechanism by

orientating their dipole to produce a positive or negative charged surface. Large
surfactant molecules such as ammonium polymethacrylate (Darvan-C) also use
this mechanism to enhance surface charge by orientating their dipole to modify
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surface charge on the powder particle.®6-%’Recent studies have sought to look at
bio-inspired approaches to modifying surface charge for electrophoretic
deposition with successful EPD deposits produced by the addition of
biomolecules from catechol, salicylic acid, gallic acid and chromotropic acid

families.?®

5.1.2 Migration of particles between the electrodes

Descriptions of the migration of particles in EPD rely heavily on the concept of
the electric double layer. As discussed previously, the electric double layer is
derived from capacitor studies and is used to explain the distribution of charges
within a system that consists of an electrode and an electrolyte or solvent. In
this application the electrode is the particle which exhibits a surface charge. The

electrolyte is the suspension solution. 9394

The force provided to move the particle comes from the applied electric field
which can be quantified using the following equation:

Fe =q Es

Equation 20

Where:

Fe = electrophoretic force

g = charge carried by the body
E: = electric field

This is countered by the forces of friction acting against the particle
Ff = Vp fr

Equation 21

Where:

F: = friction forces

Vp = particle velocity

fr = frictional coefficient.

If we assume that there is a net force of zero on the particle, the particle is not
moving and the force due to friction is equal to the force provided by the electric

field. At this point we get the following equation:
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qu:Vfr

Equation 22

More frequently this is used to determine the coefficient of electrophoretic
mobility, e, which is a measure of the velocity of particle movement in a
suspension in a given electric field strength. °* Electrophoretic mobility can be

found from the following equation:

hQ

v
.Ue-Ef

Equation 23

However, this does not accurately consider the particle in suspension. The
particle is modelled as a point and the double layer of ions around the particle
are not considered. As figure 11 shows, in solution the solvent ions of the
opposite charge are arranged close to the charged particle surface. This
creates the electric double layer. At a certain distance from the electrode the
effect of the charged particle becomes more diffuse leading to a diffusion zone

where the solvent ions are less affected by the charged particle.

When the electric field is applied, the ions in the suspension and the particle
should move in opposite directions. However, the double layer means that ions
near the particle surface will move with the particle and ions in the bulk will
move in the opposite direction. This means that the movement of the particle is
not only due to the surface charge but the net charge enclosed in the sphere
around the particle including the ions close to the surface. The potential at
which the interface between these two occurs is the zeta potential and is shown

in figure 11. 9394
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Figure 11. Schematic representation of the double layer on the surface of a particle and
potential drop across the double layer®3%4

As it is difficult to calculate and observe the movement of individual particles in
an electric field, several models exist to equate the zeta potential to the
electrophoretic mobility. These models depend strongly on the model used to
define the double layer. The different models for the double layer are discussed
earlier on in this thesis. The following equation combines some of these models
to give an equation for electrophoretic mobility that takes into account the size

of the double layer:
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_2¢&e,C
M, = 37 f(ka)

Equation 24

Where:

¢ = dielectric constant of the liquid

& = permittivity of free space

{ = zeta potential

f(ka) is Henry’s function

ns is the viscosity of the suspension®

Henry’s function is a complex function that relates to the Debye length, k which
is the thickness of the double layer and the radius, a of the particle. Several
attempts have been made to approximate Henry’s function to ease the
calculation of zeta potential. If ka is very small, i.e. there is a thin double layer

f(ka) approaches 1 and the Huckel equation can be used:

2 ee,C
M. =
¢ 31
Equation 25

If the double layer is thicker so that ka is much greater than 1 the Smoluchowski
approximation sets a value for f(ka) of 1.5. At this point the electrophoretic

mobility, ue can be determined by the following equation:®8

X4
M, =
¢ s
Equation 26

As well as the radius of the particle and the suspension dielectric constant and
viscosity, this means the electrophoretic mobility and ultimately the amount of
material deposited is related to the electric double layer thickness. The
thickness of the double layer is in itself affected by a range of properties of the
suspension including ionic concentration and pH and surface conductivity of the

particle.%8

5.1.3 Deposition of the particle on a surface

Although the kinetics of the particle motion is relatively well understood, several

theories exist that explain how the particles adhere to the electrode surface.
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Hamaker and Verwey proposed a theory of flocculation by particle
accumulation. In this they model electrophoretic deposition by considering the
process as similar to the process of flocculation due to gravity in a colloidal
suspension. They consider that the primary role of the electric field is to move
the particles to the electrode surface where they can aggregate on the surface
due to the force of that movement and not due to the electric field itself. This
theory is also useful in explaining why membranes between electrodes can also
be deposited on. However, this theory does not take into account the effect of
polar and non-polar solvents at the surface of the electrode and how they

interact with the charged electrode.?’

Grillon proposed a theory based on particle charge neutralisation. This is based
on that when a charged particle touches the electrode it is neutralised. The first
layer of particles then acts as electric poles attracting the next layer of charged
particles. This distorts the electric field at the new electrode surface which
means the next layer of particles are deposited unevenly creating porosity
within the EPD layer. The concept of charge neutralisation suggests particles
will not move once they reach the surface and as such any porosity is locked
onto the deposited surface. This mechanism could also explain the role of salt
additives in the enhancement of deposition. The main disadvantage of this
mechanism is that it fails to explain the mechanism at longer deposition times

and is reliant on an inherent porosity that is not always seen in EPD samples. %°

Koelmans et. al. proposed a theory based on the electrochemical coagulation of
particles. When a potential is applied between the electrodes there is an
increase in electrolyte concentration near the electrode surface. Koelmans et.
al. calculated that the increase in electrolyte concentration is enough to
destabilise the colloidal suspension by decreasing the repulsion between the
particles. The main issue with this theory is that observations have shown that
there is not always a change in electrolyte concentration near the electrodes

and under these circumstances this mechanism is not valid.1%

The final mechanism was proposed by Sarkar and Nicholson and suggests the

application of the electric double layer to the mechanism for deposition. In this
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theory they consider that the charged ions surrounding the particle, the double
layer, will distort as the particle migrates between the electrodes forming a
shape with a tail and a region at the front of the particle that is depleted of ions.
When the particle reaches the electrode surface this distortion will lead to the
particle approaching close enough for Van der Waals attractions between the
particles to dominate. The tail on the now attached particle will then re-distribute
itself to allow other particles to adhere to the surface.%

5.2 Factors affecting the amount of material deposited

In 1931 Hamaker related the electrophoretic mobility to the amount of material
deposited during electrophoretic deposition using the following equation which

combines aspects of the migration and deposition of a particle:3*
m= Cs Me S Eft

Equation 27

Where:

m = mass of deposit

Cs = suspension concentration
Ue = electrophoretic mobility

S = deposition area

Es= electric field

t = deposition time,101-102

Although useful in giving an indication of the amount of material deposited,
there are several limitations to the Hamaker equation. The first is the
assumption that each particle that meets the deposited surface will attach to the
surface. In a real system particle adhesion to the surface may not occur when
every particle meets the surface. This has been accounted for by a “sticking
factor” f which is between 0 and 1 and takes into account the ability of the

deposit to adhere to the surface.101. 103

The Hamaker equation also does not take account of the variation of
suspension concentration with time. Initially the suspension concentration can
be considered constant but eventually the concentration may be reduced to an
extent that the rate of deposition is affected. Material may be lost from the
suspension through sedimentation which has an effect on concentration.

Biesheuvel modified the Hamaker equation by replacing the term for
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concentration of particles in the deposit, Cs with terms that take into account the
particle concentration in the deposit and the change in the ratio of volumetric
concentrations of patrticles in the suspension to the deposit over time.%* 104-105
The effects of concentration over time can be mitigated through stirring the
deposit suspension which moves patrticles from particle-rich areas of the

suspension to depleted regions, for example next to the electrode. 193 106

Another factor not considered by this equation is the electric field variations
during deposition. This is particularly important where the deposited material is
a non-conducting coating as this could increase the resistance of the coated
surface over time, affecting the ability of the electrodes to maintain the applied
electric field.1%3 197 The variation of the suspension resistivity over time has also

been considered in relation to the amount of material deposited.108-10°

More recently applied electric field variations have been used in electrophoretic
deposition. Pulsed fields where there is a short burst of applied potential have
been primarily used to limit water splitting in aqueous electrophoretic deposition
which can produce gas bubbles within the deposit. The short duration of the
pulse does not allow enough time for the water to react and the time between
the pulses allows for any gases formed to diffuse out of the deposit.1%°
Symmetric and asymmetric alternating current fields have also been applied to
electrophoretic deposition. In an alternating current electric field the particles
can form a more ordered deposit as the reverse current enables particles to re-

organise into a denser deposit.105 110-111

5.3 Electrophoretic deposition for lithium ion batteries

The application of electrophoretic deposition in producing lithium ion batteries
has been studied for some years. The advantage in the application of
electrophoretic deposition for electrode materials is that the material is
deposited as a particle instead of as ions. This enables nanostructured
electrodes to be made using coated precursor nanoparticles deposited onto
surfaces and structures. This is particularly important for LFP electrodes and

other electrode materials which use a carbon coating to enhance conductivity.
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In addition electrophoretic deposition is able to be used on a variety of substrate

structures giving the potential for 3D batteries to be produced.*?

Early studies focussed on placing electrodes in the conventional inks used for
battery manufacture and developing electrophoretically deposited battery
materials with carbon binder. Often a structured electrode was used as the
deposition surface to enhance the stability of the deposition.13-114 Later studies
have focussed on the application of electrophoretic deposition to produce binder
and carbon free electrodes and improve the active material content within a
battery. A key advantage of the EPD system is that as it is conduction controlled
it is thought to produce improved conductive pathways through the deposited

particles of the electrode material.>% 115-116

Another advantage is that unlike other coating techniques electrophoretic
deposition does not need to “see” the surface it is being deposited onto. This
means that as with other electrodeposition techniques, electrophoretic
deposition is capable of coating 3D surfaces and so research into
electrophoretic deposition has focussed on the potential of the technique to
deposit onto structures such as foams and porous media. Mazor et. al. used
micro pores drilled into a silicon substrate to develop semi-3D electrodes with
LFP electrophoretically deposited into the pores. Energy densities comparable
with conventionally produced cells were achieved when the LFP was deposited
with activated carbon and a PVDF binder from a suspension that also contained
surfactant. They also found that a coating of CuS onto the electrode improved
the power density of the cell.*' Electrophoretic deposition has also been used
to incorporate graphene and carbon nanotubes to improve conductivity and

reduce the amount of active carbon in binder-free positive electrodes.117-11°

Page 56



Page 57



Page 58



Chapter 2:
Experimental
technigues

gggggg



Page 60



1 Electrochemical analysis techniques
1.1 Galvanostatic charging

Galvanostatic charging is also known as chrono-potentiometry. In this technique
the current is initially stepped from zero to the value required and the voltage is
measured over time. Although the results of this can be shown as a voltage-
time graph, commonly the time axis is converted to capacity in mAh or as a
percentage of initial capacity as shown in figure 12. A key advantage of this test
method for measuring battery materials is that it enables the battery to be tested
under more realistic conditions of charge or discharge. Another advantage is
that because this technique applies a constant current, any effects of an ohmic

drop in the electrode set up can be overcome.* 120
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Figure 12. Left A typical current against time plot for a galvanostatic charging experiment. Right
A typical galvanostatic charging experiment where the charge (red) and discharge (blue)
profiles are plotted on the same diagram.

Batteries are often rated by their capacity in mAh, the amount of current flows
during per hour of cell discharge. The C-rate is another way of expressing the
applied current during galvanostatic charging. The C-rate expresses the current
applied as a multiple of the theoretical capacity (in mAh) of the cell. For
example, a battery rated at 300 mAh discharging with a C-rate of 1 would be the
equivalent of testing the battery at a constant current of 300 mA for one hour. It
is common to test a cell at different C rates to understand the rate performance

of a cell.120
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The initial change in the potential is due to the double layer charging of the cell.
The potential then increases until it is at a point where the battery electrodes
can react to maintain the constant current applied. The type of reaction will
affect the profile of the next phase of the plot. As discussed earlier in this thesis,
in a two phase system the potential will remain constant, in a single phase
system the potential will slope downwards. A stepped pattern may be observed
in cells where the charge or discharge moves through multiple chemical

reactions.

As the cell reaches its maximum capacity, a peak in voltage is observed. This is
due to surface concentration falling to zero. In batteries this is due to a depletion
of lithium ions in the material which means there are not enough lithium ions at
the surface to maintain the current and the potential rises to compensate for the
drop in current. For safety, galvanostatic tests are undertaken between a set
voltage range to stop over charge or discharge of the cell. Modern battery
testing systems will move the test to open circuit voltage if the cell voltage goes

beyond the values specified by the battery material manufacturer.120-12

1.2 Cyclic Voltammetry

Cyclic voltammetry is a potential sweep technique that has been used widely to
study electrochemical systems. In cyclic voltammetry the potential is changed
linearly between two values, E1 and Ez and the current is measured. The sweep
rate, v can be varied to gain a greater understanding of the kinetics of electron

transfer in the system. This applied potential is shown in figure 13.
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Figure 13. Left A typical potential against time plot for a cyclic voltammetry measurement. Right
A typical cyclic voltammetry measurement.

By considering a reversible oxidation reaction, co/cr can be determined from
the Nernst equation at a distance from the electrode surface, x. As figure 14
shows, this means as the potential is made more negative the concentration

gradient of the reactant is decreased. Since:

(o
I = -nFAD (6— /
ox/
x=0

Equation 28

Where:

| = current

n = number of electrons

F = Faraday constant

D = diffusion coefficient

¢ = concentration

X = distance from electrode

The current increases as the concentration gradient (d¢/dx) increases.
Eventually all of the reactant at the surface has been reduced. At slow sweep
rates there is enough time for the surface concentration to equilibrate through
diffusion so the peak in current density is small. At higher sweep rates there is
not enough time for the reactant concentration at the surface to equilibrate. This
leads to a peak in current density and beyond this point the reaction is

controlled by the diffusion of the reactant to the surface.? *
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Figure 14. Left Plot to demonstrate the effect of increasing the potential sweep rate on
measurements of cyclic voltammetry. Right Plot to demonstrate the effect of decreasing the
potential on the concentration of oxidised species as a function of distance from the electrode.

When considering the reverse reaction, in this case an oxidation, we see a
similar pattern but with reversed values. Initially there is a concentration of
reactants at the electrode surface which are then oxidised during the reaction.
In this case, as the potential becomes more positive the concentration of
reactants also decreases to a point where the reaction is diffusion controlled

giving the typical cyclic voltammogram shown in figure 13.

1.3 Impedance spectroscopy

Impedance spectroscopy is a technique used to understand the conductivity
within a sample. Resistance is the ability of a circuit element to resist the flow of
electrical current but is limited to an ideal resistor which has the following

conditions:

. It follows Ohm's Law (R = E/I) at all current and voltage levels.
o Its resistance value is independent of frequency.
. AC current and voltage signals through a resistor are in phase with each

other.

As these assumptions are not always valid for circuits, impedance is used and

is defined as the ability of the whole circuit to resist the flow of electrons.
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Impedance spectroscopy works by applying a small amplitude sinusoidal
voltage to the sample and measuring the current response. At small amplitudes
the current response is directly proportionate to the voltage change. If the

applied potential follows the equation:

E =AEsin21m ft
Equation 29
Where:
f =frequency
t=time

We can assume at small amplitudes that the current response will also be
sinusoidal. The resistance of the sample means the current response may have

a different amplitude and phase from the voltage:
I=Alsin(2m ft+ @)

Equation 30

This phase difference is demonstrated in figure 15.

Time /t

Figure 15. Graph to demonstrate the current response when a sinusoidal perturbation is
performed.
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This perturbation-response measurement is the basis of electrochemical
impedance spectroscopy. Measurements are taken at different frequencies
because the response of the system may be different at different frequencies.

The results of impedance spectroscopy are often difficult to interpret so the
results are interpreted using complex notation. In this the sinusoidal

perturbation is written as:
E = |E|(cos(w {) + isin(w )

Equation 31

Where:

i=v 1

w = 21f

This means that instead of considering perturbation and response as a function
of time we can consider them as a function of pulsation, wt. The perturbation
and response are now considered as angles on a circle giving each as a point
on a circle that can be defined as Cartesian coordinates, (x,y). As Table 1
shows, the equations in complex notation are easier to perform arithmetic
calculations on. Z can also be considered as a complex number where Z = Z' + i

Z". Impedance data is commonly shown using the Nyquist plot which plots -Z”

against Z'.
Standard notation Complex notation
Perturbation E = |E|sin(w t) E = |E|(cos(w t) + isin(w t))
Response || = c= = wC|E| cos(w | = C= = wCIE|(-sin(w t) + icos(w 1))
= wC|E| sin(w t +7)
Impedance _ |E|sin(w t) _ _/
wClE| cos(w t) wC

Table 1 A summary of perturbation response and impedance in complex and standard notation
for a capacitor.
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131 Equivalent circuits

Most systems studied using impedance spectroscopy can be modelled using an
equivalent circuit. Two components are key in the modelled equivalent circuits:

the resistor and the capacitor.

Even with complex notation, the electrical environment of a practical
electrochemical cell and its resulting impedance spectra are difficult to interpret.
This means most interpretations consider an equivalent circuit which represents
the electrode studied as a series of capacitors and resistors. In determining an
electrode response to the perturbation, several components to the equivalent

circuit must be considered.

As discussed previously, the electrode surface can be described as a double
layer capacitor which will affect the response of the electrode (Caj). Also
affecting the response is the charge transfer resistance of the cell which will
dominate the rate of response if the electrode reaction is slow (Rc). As well as
the electrode, the equivalent circuit also takes into account other aspects of the
cell including the electrolyte-electrode resistance (Ry). Diffusion is represented
in the equivalent circuit using the Warburg impedance (Zw). The Randles circuit
is used to model a typical shape for the Nyquist plot of battery materials under

study:
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Figure 16. Left Diagram showing the equivalent circuit for the Randles circuit. Right A simulated
Nyquist demonstrating the information available from impedance measurements.122

At low frequencies the current will pass preferentially through the top part of the
Randles circuit shown in Figure 16, avoiding the capacitor. This means the
electrode behaves as a resistor and the real and imaginary aspects of
impedance change linearly, giving a straight line plot at high Z values due to the
Warburg impedance. This usually has an angle of 45° but roughness of the
electrode can affect this.1?? At high frequencies the capacitor can be considered
as having a continuous flow of current through it so the current can flow through
either part of the circuit. As the frequency tends to infinity the current will
preferentially flow through the capacitor side of the circuit and at lower Z values
capacitance will tend to zero. This means that from the Randles circuit the

following data can be measured:

o Ru from the intercept on the real axis

. Rct from the diameter of the semi-circle plotted. This can be used to find
the exchange current, lo from Rct = RT/nFlo

. wmax from the maximum radius of the circle. This can be used to determine
the double layer capacitance from wmax = (CaiRcT)™?

. o, the Warburg coefficient from the y intercept of the straight line due to

the Warburg impedance. This gives values for diffusion, Do and Dr since:
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RT 1 N 1

Equation 32

For more complex electrode systems the fit achieved using the Randles circuit
is not good enough so other components are added to the equivalents circuit to
improve the fit. Data from such circuits is often found using fitting software such

as Zview where parameters can be determined based on an equivalent circuit.
123

1.3.2 Constant phase element

The Randles circuit relies on the solid-electrolyte interface behaving as a
perfect capacitor and although this is a good approximation it is not always
valid. The semicircular representation of the capacitor can appear supressed.

This suppression is due to frequency dispersion.1?? 124

Where the semi-circle is surpressed, a constant phase element is used to
account for the difference. For a constant phase element the phase angle is
independent of frequency. Phase is found by multiplying -90 x a degrees. An
ideal capacitor will have a value of a = 1 and a phase angle of 90°, an ideal
resistor will have a phase angle of 0°. The Warburg impedance is an example of
a constant phase element used to describe diffusion. For the Warburg
impedance a = 0.5 so the phase angle is 45° giving the distinctive linear
relationship for the Warburg element. The constant phase element has an
unclear physical meaning but is thought to be due to several factors affecting
the non-ideal nature of the double layer capacitor. These include surface
roughness and porosity, variation in composition and non-uniform potential and

current distributions across the surface.12?

1.3.3 Three electrode impedance

Electrochemical tests on materials for lithium ion batteries are usually
performed using a two electrode set up where the counter electrode is also the
reference electrode. This tests the batteries in similar conditions to their

operation where connectors are placed at the positive and negative electrodes.
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If we want to study only the positive electrode, for example, the reference and
counter electrodes must be separated. This is done using a three electrode
impedance test.

Three electrode impedance measurements can be performed in two main ways;
using a T-cell arrangement or a ring electrode arrangement. The T-cell
equipment uses a special Swagelok cell with three connecters, rather than the
two described in section 3.1.3 of this chapter. It has been shown however that
the separation between electrodes in the T-cells is large which can adversely

affect the impedance results.

An alternative three electrode set up has been used in this project, using ring
electrodes. In this, the standard Swagelok arrangement can be used with a
positive electrode containing a ring of non-conductive polymer material. This
creates a two electrode set up on the positive electrode as shown in figure 17.
Although several options for a three electrode set up in this manner can be
considered, Hseieh et. al. found that the impedance of the system with a small
circular counter electrode and ring reference electrode was one of the best
when compared to simulated measurements of the impedance in the Pt-PSZ
system they studied.?®> The symmetry of the electrodes is also a benefit of this
technique and enables the maximum surface area of the positive electrode to
be studied.

Stainless steel Reference electrode

Lithium Counter electrode

Polymer (PEEK)

Figure 17. A diagram showing the ring electrode set up used for the 3 electrode impedance
experiments.
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2 Scanning electron microscopy
2.1 Basic principles

A scanning electron microscope functions in a similar way to a conventional
microscope except instead of light it uses electrons. It is used to observe
surfaces where conventional microscope magnifications (1000 x) are not
enough to see the features required. By replacing the light with electrons up to
1000000 x magnification can be achieved, depending on the conditions. For
scanning electron microscopy to function an electron gun produces a beam of
electrons which are focussed to a small spot (1 nm) on the sample surface.
When the electron beam reaches the sample surface the electrons back scatter
towards a detector which is used to produce an image of the sample surface.
The electrons from the beam will interact with the surface in different ways.
Three key interactions are used by chemists and materials scientists to
understand the nature of the surface studied: secondary electrons,

backscattered electrons and X rays.126-128

2.2 Secondary electrons

Secondary electrons are the lowest energy backscattered electrons with
energies of less than 50 eV, they are scattered back from the surface of the
material and give high resolution information about the topography of the
surface. Although mainly giving information about the topography of the surface,
the secondary electron detector can also pick up some backscattered electrons
which have interacted with the atoms on the surface of the sample. This gives
the secondary-electron results some difference in contrast with elemental

composition of the surface.?6

2.3 Back scattered electrons

Back scattered electrons are electrons that have interacted with the nucleus of
the sample and been scattered at a wide angle. As such they can be used to
demonstrate information about the composition of the sample. Generally this is
shown through contrast with higher atomic mass atoms showing as a brighter
contrast on the image. The electrons can also interact with the crystallographic

planes of the sample which affects how they back scatter. Electron back scatter
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diffraction uses the difference in the backscattered electrons to determine
crystallographic information and map the crystallographic planes of the

sample,126. 129

2.4 Xrays - Energy dispersive spectroscopy (EDS)

When a beam of electrons is fired at the surface, some electrons transfer their
energy to the electrons in an atom creating an excited state. When the electron
returns to the ground state it emits the extra energy as an X-ray beam. This X-
ray beam can be detected. Different atoms will have a different X-ray response

enabling the researcher to map the elemental composition of the sample.1?6. 130
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3 Cell preparation

In the previous sections of this chapter we have discussed the theory behind
experimental techniques used in this thesis. In this next section we will discuss
the techniques typically used in cell preparation, outlining standard techniques

for ink and EPD methods before discussing the typical test cell used.

3.1 Electrode preparations
3.1.1 Conventional ink technique

LiFePOa4 powder from Tatung Fine Chemicals was used for all LFP experiments
with a quoted charge/discharge capacity of 152 + 2 mAhg* at a
charge/discharge rate of 0.2C. In addition to LiFePO4 material, the cathode

powder had 1-3 weight % carbon. 3!

Inks were prepared by mixing 10% by weight carbon black with 10% by weight
PVDF in NMP solvent. Further NMP solvent was added as required to decrease
the viscosity of the ink and the mixture was stirred for 10 minutes. 80% by
weight cathode material was added to the mixture and the mixture was

macerated for 5 minutes using a fine blender.

The ink-like mixture was coated on an aluminium current collector using a
doctor blade to provide an even coating. The plate was initially annealed on a
hot plate at 70°C to remove the solvent before being dried under vacuum at
120°C for at least ten hours to ensure the sample had been thoroughly dried
before being used to make a cell.

3.1.2 Electrophoretic deposition
Chapter three discusses the method development for EPD. This section will be

used to outline the standard technique used to produce samples using EPD.

Firstly suspensions were prepared by dispersing LFP material from Tatung Fine
Chemicals!3! in Iso Propyl Alcohol (IPA) (>99.9%) from Sigma Aldrich and
ultrasonicated for 60 minutes. Next a small amount of LiCl was added and the

suspension was stirred for a further 60 minutes. Electrodes were prepared by
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sanding two aluminium plates to remove impurities and ultrasonicating them in
IPA for 30 minutes.

Ve [V

_: Swagelok
cell used as

a clamp

\
iy

Colloidal

f—

suspension

) Continuous
stirring

!

Figure 18. Diagram showing experimental set up for EPD experiments

As the diagram in figure 18 shows, the two electrodes were then placed in the
centre of LFP suspension and held apart using a Swagelok cell to maintain a
constant separation of 5 mm during the coating technique. The electrodes were
connected to a power supply unit and a voltage of 35 V was applied across the
gap for a period of 30 minutes. During the applied voltage the current was
monitored and kept below 0.001 A to limit degradation of the electrode
materials. To maintain a near constant concentration of particles near the

electrode surface, the suspension was stirred during coating.

3.1.3 Pressing

To ensure that a good contact was made between the positive electrode
material and the current collector, some of the samples were pressed. As not all
samples were pressed, where the samples have been pressed it has been
noted in the experimental description and on any plots. Pressing was performed
using a pellet press. The sample was placed in the press and a 10 N force was

applied to the sample for a period of 10 s.
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3.2 Swagelok test cell

W

Stainless Lithium
metal
steel current Separator e z':\
collector negative
. electrode
Positive
electrode

Figure 19. Expanded diagram to show construction of a typical “Swagelok cell”

Electrochemical tests were performed using a “Swagelok cell” shown in figure
19. The cell was assembled in a glove box to limit water ingress during
assembly and testing. Ferules, not shown on the diagram, were included with
the Swagelok valve to seal the cell. The cell was also wrapped in parafilm to
further ensure water ingress was limited. The cell was constructed by pressing
together both electrode ends and screwing the Swagelok elements together.
The spring was used to maintain a constant pressure on the sample, minimising
variability due to unexpected pressure changes during testing. This set up was
used for all cells tested under each electrochemical test method. For the three
electrode impedance a larger test cell was used with a specially modified
electrode as discussed in section 1.3.3 of this chapter.
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1 Introduction

In conventional manufacturing processes battery composite electrodes are
produced by mixing the active material with activated carbon and a binder to
form an ink-like material that is coated onto the current collector. The activated
carbon increases conductivity between the particles of active material and the
binder increases the mechanical stability of the cathode, enhancing rate cycling
ability. In developing a novel battery it is a careful balancing act between
incorporating as much active material as possible and ensuring the cathode is

robust enough to withstand multiple cycles.

This thesis previously discussed methods of producing battery electrodes,
focussing on 3D batteries which offer the advantages of a thicker electrode
without losing conductivity. 3D batteries also offer greater flexibility in shapes
and sizes, enabling battery materials to be optimised to fit within equipment
constraints or for greater comfort when worn by dismounted soldiers.
Electrophoretic deposition (EPD) has been identified as one such technique that
could be used to develop 3D battery systems. Its use of an electric field and
surface charge on particles make it compatible with carbon coated battery
electrode materials such as LFP over other coating techniques and also offers
the potential of creating a battery electrode without the addition of binder

material or conducting additives.

This chapter will outline the research into the development of EPD techniques
to produce LFP thin film cathodes that are binder-free. The first section will
outline the steps in developing the coating process before using cyclic
voltammetry and impedance spectroscopy to understand the electrochemistry
of the binder-free electrodes in comparison to conventional composite

electrodes.

Page 79



2 A baseline of LFP composite electrodes

Initial investigations sought to understand the relationship between the LFP and
the binder material in conventional cathode manufacturing processes. Two
commercially available Polyvinylidene Fluoride (PVDF) binders; Solef 5130 and
Solef 6020 were studied to understand their effect on the electrochemical
performance of the LFP cathode. As table 2 demonstrates, the main difference
between the two binders used is their different molecular weights but the two
binders also differ slightly in their thermal and mechanical properties. The Solef
5130 has been modified to have a higher number of functional groups which the
manufacturers claim will reinforce interactions between the polymer and any

active material present, increasing adhesion.3?

PVDF Homopolymer Modified PVDF
Properties Units  Solef® 6020 Solef® 5130
2nd generation binder 3rd generation binder for
and porous separator automotive application (or for
high adhesion)
Molecular Da 670,000 —700,000 1,000,000 -1,200,000
weight
Melting point | °C 170 - 175 158 — 166
Heat of fusion | J/g 55-65 40— 48
(AHf)
Glass °C -40 -40
transition
(T9)
Modulus MPa 1,300 — 2,000 1,000 - 1,500
Volume Ohm =1x10% >1x10%
resistivity cm

Table 2 A summary of the properties of different PVDF binders * Molecular weight data were
obtained by gel permeation chromatography in dimethylacetamide (DMAC), calibrated using a
polystyrene standard. The results are useful for a relative comparison.132

Composite LFP electrodes were prepared using the two different binder
materials and the standard ink technique as outlined in chapter 2, section 3.1.

The same batch of LFP, manufactured by Tatung Fine Chemicals, was used
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throughout the experiments outlined in this thesis to ensure repeatability when

comparing between electrode preparation techniques.

Swagelok cells were constructed using solid lithium as the counter and
reference electrode. A Whatman glass filter was used as a separator material
and five droplets of 1.0M solution of LiPFs electrolyte in 1:1 EC:DMC were
added to the separator as electrolyte.

Figure 20 shows a representative galvanostatic cycling test performed at a rate
of C/10. Figure 20 demonstrates the performance of the LFP material to be
used throughout the experiment when made into a cell using standard ink
preparation techniques. The capacity at greater than 160 mAh/g is close to the
theoretical capacity of LFP at 170 mAh/g. Figure 21 shows the capacity on
charging of the two different binder materials and suggests they have similar

performance when cycled at low rates.

Figures 22 and 23 demonstrate that at higher rates the lower molecular weight
polymer 6020 performed much better. This would suggest that for these battery
materials at higher cycle life the mechanical advantage in using the 6020
polymer outweighs the advantages of using the higher molecular weight 5130
polymer. However, these results can be used to highlight the delicate balance in
developing coated battery materials with superior electrochemical and
mechanical properties. Further tests using impedance spectroscopy would

confirm the difference in these binder materials.
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2.5 1

Figure 20. Galvanostatic charging of cell at C/10 rate, red and blue traces indicate the charge and discharge profiles respectively. The cell was
produced using a solid lithium negative electrode and a LFP positive electrode using conventional ink methods and SOLEF 5130 binder material.
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Figure 21. Chart showing the maximum capacity of LFP composite electrodes produced using
SOLEF 5130 or SOLEF 6020 binders when cycled using galvanostatic cycling at C/10 rate.
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Figure 22. Chart showing the effect of C rate on the capacity with cycle number during

galvanostatic charging of LFP composite electrodes produced using SOLEF 5130 binder
material.
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Figure 23. Chart showing the effect of C rate on the capacity with cycle number during

galvanostatic charging of LFP composite electrodes produced using SOLEF 6020 binder
material.
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3 EPD and testing of LFP electrode materials
3.1 Suspension development

The initial step in developing a method to produce positive electrodes using
EPD was to produce a suitable suspension. Three key aspects of developing a
suspension for EPD were identified: the suspension medium, salt additives for
the suspension and the level of mixing or ultra-sonicating to break up

agglomerated patrticles.

Three solvent materials were initially identified as suspension media based on
other EPD processes. NMP was also included because of its current application
in preparing inks for electrode materials. Four samples were produced by
mixing LFP with Ethanol, water or acetone and were stirred for a period of 2
weeks. After the stirring period the suspensions were left to settle. Three further
samples were produced by mixing LFP with Ethanol, water or acetone, these

samples were then sonicated.

Suspension
medium

Table 3. A comparison of sonicated suspensions of LFP.

Water Acetone NMP Ethanol

As table 3 demonstrates, water was the worst suspension media and the LFP
was not miscible even after 2 weeks of stirring or sonication. From visual
inspection the other suspensions appeared to have a similar stability and
miscibility. Ethanol was selected based on other research of the EPD of
nanotubes.1% From observing the suspensions, there appeared to be no
significant difference between those that had been sonicated or stirred so
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sonication was selected due to the lower time required to disperse the

suspension.

3.2 EPD - initial tests

An initial EPD experiment was performed by dispersing 0.49 g of LFP in 50 ml
of ethanol and then sonicating the suspension. Based on the literature it was
expected that the particles would deposit on the positive electrode so graphite
was used as a negative electrode and aluminium was used as the positive
electrode on which the deposit would form.16 A Swagelok cell was modified to
make an insulating holder for the electrodes that maintained a 5 mm separation
between them, as shown in Error! Reference source not found.. A potential
difference of 50 V was applied through the suspension. After 30 minutes the
positive electrode surface was unchanged. Since electrodeposition had
previously been undertaken with added water,% water was introduced to the
suspension with the aim of improving it. Coating on the positive electrode still
did not occur and the LFP particles began to agglomerate in the suspension.
The failure of the material to deposit was thought to be due to insufficient

charge on the surface of the LFP particles and their agglomeration.

Through reading the literature, it was identified that IPA had been successfully
used as a suspension media for lithium ion battery materials with a metal salt
additive to improve the surface charge on the samples'33. 0.16 g of LFP was
added to the IPA and ultra-sonicated for 30 minutes. 0.012 g of LiCl was added
and the suspension was stirred for 15 minutes. As discussed in the introduction
to this thesis it is thought that the ions in the suspension are adsorbed onto the

particle, enhancing the surface charge and improving EPD.118 134

Using the set up described previously the coating was again not successful so it
was suggested that the coating could be occurring on the negative electrode
rather than the positive electrode. The EPD experiment was then repeated
using two aluminium plates rather than the graphite negative electrode to test
this theory. In addition to this, the suspension was stirred and a larger vessel
was used to perform the deposition to maintain a constant concentration of the

LFP material near the surface.
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3.3 SEM of EPD samples

From visual observation the plate was seen to darken, suggested the black LFP
particles had deposited onto the surface. Scanning electron microscopy was
used to confirm that the coating had occurred and to determine the nature of the
coating. SEM was performed at 15 and 20 KeV to give 50 times and 500 times
magnification respectively. As table 4 demonstrates, the SEM results confirm
that the change in coating technique led to material being coated onto the
surface of the aluminium plate. The higher magnification image suggests that
the mechanical abrasion of the aluminium plate gave surface roughness to the
plate which could aid in the adhesion of the LFP deposit.

The SEM images in table 4 however show that for each EPD experiment only a
small amount of material has been coated onto the surface and that it has
formed in patches or islands of material. The longer coating times produced an
improved coating. In order to perform as a battery electrode a coated layer
across the surface is desirable, so it was clear that the coating process needed
further improvement. To verify this, the sample was weighed to determine the
mass of material deposited. This was challenging since the small amount of
material deposited meant that accurate measurements of the deposit weight

were not possible.
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Table 4 SEM results for three different LFP electrodes produced using EPD onto an aluminium
substrate with a 50.0 V applied potential, 0.1 A applied current. EPD experiments were run for
a) 30 minutes and b) and ¢) 60 minutes.

3.4 Improving the deposit

After the initial success described in the previous section, several changes were
made to the process to attempt to further improve the coating so it was thicker
and more uniform. For the following coatings the voltage was reduced from 50
V to 35 V. This change was performed due to a lower voltage power supply
being available. As discussed in the review section of this thesis, based on the
Hamaker equation, a decrease in the applied voltage would mean a reduction in
the electric field across the sample and so this was expected to lead to a
reduction in the thickness of the coating.1%!

The aluminium plates were sanded for all EPD experiments which removed
surface contaminants on the Al plate and also provided a roughened surface for
the deposit to form on. In addition to sanding the plates, the aluminium plates
were ultra-sonicated in the suspension media (Isopropyl Alcohol) for 60 minutes
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prior to the deposition process to further remove contaminants. Minor changes
were also made to the suspension preparation technique with both the stirring
and sonicating times extended to ensure the suspension is homogeneous. To
minimise contamination effects the suspension was prepared and the coating

undertaken on the same day.
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Figure 24. SEM results for LFP electrode produced using EPD onto an aluminium substrate with
a 35.0 V applied potential, 0.1 A applied current Top SEM images of the sample at different
maghnifications. Bottom Energy dispersive spectroscopy (EDS) of the surface showing peaks
that suggest the coating is carbon coated LFP

Scanning electron microscopy was used to confirm the quality of the coated
material. As figure 24 shows, the minor changes to the experimental set up led
to a much improved coating with a uniform covering on the aluminium. EDS
analysis confirmed the coating was LFP with a carbon peak suggesting the
carbon coating on the LFP had survived the coating process. The SEM images
do suggest that the coating is of a relatively low density with dispersed particles
adhered to the surface. Porosity in the coating could potentially affect the
diffusion of lithium into the electrode as instead of following a path through the
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conductive electrode material some of the lithium ions will diffuse across the
pores, reducing their rate of movement through the electrode and reducing the

rate capabilities of the electrode.

The improvement in the coating after a decreased voltage was not as expected
and could be due to two main effects: the other subtle changes made may have
led to a greater advantage than the disadvantages of a lower voltage coating. It
could also be that there was a competing reaction occurring, potentially due to
the aluminium electrodes that was lessened by decreasing the voltage. This
could be studied further by replacing the aluminium electrodes with a less
electrochemically active electrode material or through using coated electrodes.

In their paper, Bavykin et. al. discuss the effect of stirring rate on the deposition
of titanate nanoparticles. In it they discuss the application of the stirring to clear
the wrongly orientated nanotubes away from the larger titanate nanotubes.3°
Although this is different to the effect seen with the LFP particles, it is thought
that the stirring acts in a similar way by ensuring that the LFP-depleted
suspension is moved from between the electrodes, allowing LFP-rich
suspension to be moved towards the electrode where the particles can be
electrophoretically deposited. As with the research by Bavykin et. al. higher
stirring rates were seen to destroy the deposit, leading to gaps in the centre of

the deposit.

341 Particle size distribution

The original data supplied about the LFP material stated a median value of the
diameter of the particles of 2-4 ym. This means that if the particles were
ordered in terms of size, 50% of the particles would be larger than 2-4 ym and
50% would be smaller.'3! Through the SEM it can be seen that the particles
maintained their size during the EPD process and were not broken up into
smaller pieces. The effect on the distribution of the deposition process could be
further confirmed by undertaking full particle size and morphology

measurements on the dried powder from the suspension.

Using SEM it is also possible to confirm that a certain size was not preferentially

deposited using EPD. A droplet of the EPD suspension was added to an
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aluminium plate and left to dry. By comparing this with an EPD sample as
shown in figure 25 it is possible to confirm that there has not been a significant
effect of the EPD process on the particle size distribution. ImageJ image
processing software®3® was used to measure the maximum lengths of 10
different particles from the SEM images of both EPD and droplet samples. The
EPD and ink droplet particles had average diameters of 5.32 and 4.92 ym
respectively. The median values were 4.93 and 4.61 ym respectively. This
suggests that the EPD process is not preferentially depositing larger or smaller
particles. However, particle size measurement was only possible on particles on
the surface of the deposit so further analysis would be needed to confirm the
distribution through the thickness of the deposit. This would be a complex
measurement to perform as it would require removing the deposited material

from the aluminium plate without breaking the particles in the process.

Suspension droplet EPD sample

Figure 25. A comparison between a dried droplet of the LFP suspension in the
suspension media and an EPD sample.

3.5 A comparison between the EPD sample and a conventional ink
sample

Cyclic voltammetry measurements were taken to compare the electrochemical
response of LFP composite electrodes with those produced through EPD.
Figure 26 demonstrates the cyclic voltammetry measurement for a typical LFP
electrode. If the battery system and measurement apparatus was ideal, the two
phase behaviour of LFP would give a peak to infinity. In cyclic voltammetry of
lithium ion batteries the peak is observed because when the experiment is run
in the forwards direction (increasing voltage), the LFP is oxidised and loses
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electrons. Once all the LFP has been oxidised there is no more to react at the
electrode surface. In the standard electrode this leads to a peak in current
density, beyond this point lithium ion diffusion affects the shape of the peak,
giving the observed broadening. This is repeated when the voltage is then

decreased.

By comparing the results in figures 26 and 27 we can see that the EPD samples
are several orders of magnitude smaller than the material produced using the

standard ink technique. This is in part due to much less material coated with the
EPD technique than the ink method but could also be due to the lack of a binder

or conductive carbon within the sample.
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Figure 26. Cyclic voltammetry measurements of cells with solid lithium as negative electrode
and LFP produced through conventional ink methods onto aluminium as positive electrode.
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Figure 27. Two different cyclic voltammetry measurements of cells with solid lithium as negative
electrode and using two different LFP positive electrodes produced during the same EPD
coating of LFP onto aluminium.
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Although in figures 26 and 27 the peaks of the two CVs are at a similar voltage,
we see a distinct broadening of the peak in the EPD samples. This suggests
that the kinetics in the EPD samples is much slower than in the standard
composite electrodes. The poor kinetics of the reaction is due to lithium ion
diffusion or electron transfer limiting the rate of reaction at high voltages. SEM
confirmed the samples had quite high porosity. Although porosity is expected to
improve lithium ion conductivity to the electrode it will worsen the electronic
conductivity so electrodes are a careful balance of electronic and ionic
conductivity. In addition to this, the lack of carbon additive or binder in the
electrode is expected to have a detrimental effect on electronic conductivity
through the sample. As figure 28 shows, the primary electron transfer path
through the composite electrode is through the carbon additive and the LFP
carbon coating. Without a carbon additive the electrons must conduct only

through the carbon coating, reducing the conductivity of the material.2 37

Carbon-
coated LFP

Activated
carbon

Aluminium current collector
Aluminium current collector

Figure 28. A diagram to demonstrate a comparison of electron transfer through left composite
LFP electrodes and right EPD LFP electrodes.

The capacity of the electrodes can be determined from the cyclic voltammetry

measurements since:
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dt
Equation 33
Where:
| = current
Q = charge
t =time
to
Q= | dt
tq
Equation 34

Therefore, by integrating a plot of current against time the total charge available
can be determined. The mass of active material was measured for each
electrode by measuring the mass of three aluminium discs of the same size as
the electrode sample and from the same aluminium plate as the coated
electrode. They were prepared at the same time as the coated electrode and
using the same technique. The average of these values was then subtracted
from the weight of the coated disc to give the electrode weight. As table 5
shows, the standard deviation of these disk weights for the composite sample
was 3.34 % of the mass of active material which, although high, is acceptable
when considering the performance of electrodes. For the EPD samples, which
typically had a lower weight, the standard deviation is 24 % of the mass of
active material which is too high to give an acceptable result from the samples,
particularly when comparing coating weights. This technique also does not take

into account any changes to the aluminium plate during the EPD process.

Standard
deviation
Average Standard in Al disc Mass of
Mass of Mass of deviation as a )
o ) . active
pellet /g aluminium in Aldisc  percentag ,
. ) material
disc /g mass e of active
material
1%
EPD sample 3.43E-02 3.29E-02 3.30E-04 24.0 1.38E-03
composite 0.03663 3.35E-02  1.04E-04 334  2.50E-03
electrode

Table 5. The mass and standard deviation of the aluminium disc weights for representative
composite and EPD electrodes
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An alternate method of determining the sample weights is through using the
total charge for the electrode. The Tatung data sheet quotes that the capacity of
the material is 152 mAh g1. Using this value, the weight of material involved in
the charge and discharge of the electrode can also be estimated. This is not a
fully accurate measurement of the weight of material deposited as it assumes
all material presented is involved in the electrochemical reaction which is
unlikely. Resistive samples may also present a higher charge than those with
lower resistance as the current is driven higher by the electrochemical
equipment to maintain the voltage applied. This is, however, useful in giving the
amount of material that has been deposited that could be used in future battery

applications.

The cyclic voltammetry measurement of a weighed sample, such as in figure
26, can be used to verify the use of active mass to determine the weight of the
sample. Using a given material capacity of 152 mAh g* at 0.2 C*3! this
corresponds to a sample weight of 2.50 mg which is the same as the weighed
sample mass shown in table 5. Although the results with ink samples suggest
the accuracy of this approach, it is likely the lack of carbon additive and binder
in the EPD samples may lead to lower conductivity between the current
collector and the particles, leading to more particles that are not accessible for

charge or discharge, reducing the active mass.

Calculated Maximum
Q charge/mA.h
mass /g current /mA
EPD, cell 1 0.00948 5.58E-05 8.85E-03
EPD, cell 2 0.0105 6.18E-05 9.20E-03
Composite electrode 0.380 2.50E-03 1.03E+00

Table 6 A comparison of the first cycle charging of two samples prepared using EPD with a
sample prepared using the standard ink method

Table 6 shows the total charge, calculated from the CVs in figures 26 and 27
and the resulting active mass calculated based on the theoretical capacity of the
LFP material. The table clearly shows the difference in charge between the two
manufacturing techniques and this is reflected in the active mass calculation
which is significantly lower than that achieved for the ink samples. This would
suggest that the main reason the EPD coatings are performing poorer than the
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ink samples is due to less material being deposited. However, the poorer
performance could also be due to the lack of carbon or binder in the sample
which could mean the conduction pathways are disrupted by gaps in the

material, reducing the overall amount of material available to charge.

3.6 Repeatability of the performance across a sample

In order to understand the variability of the EPD coating across a sample, three
samples were taken from the same EPD plate. Two samples were tested in the
as-deposited condition; the third sample was pressed before testing as outlined
in chapter 2, section 3.1.3. Figures 29 and 30 demonstrate the similarities

between the three different samples.

It is clear from the graphs below that the pressed sample has a much better
performance than the as-deposited samples. This is thought to be due to the
effect of pressing the material, leading to a better contact between the electrode
material and the aluminium current collector. It may also be that the porosity
observed using SEM has been reduced, producing a better diffusion pathway

through the material.

0.08
0.06 -
0.04 -
0.02 -
0.00 - —
-0.02 -
-0.04 “

-0.06 . . .
2.50 3.00 3.50 4.00 4.50

Ewe /V

| /mA
\

——Sample 1, Pressed Sample 2, As deposited Sample 3, As deposited

Figure 29. Cyclic voltammetry measurements of cells with solid lithium as negative electrode
and LFP positive electrodes produced using EPD coating onto aluminium. Three different LFP
EPD electrodes were tested and were taken from the same EPD coating. Sample 1 was
pressed before testing and samples 2 and 3 were tested in the as-deposited state.
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Figure 30. Left The total charge. Right Maximum current calculated based on three different
cyclic voltammetry measurements of cells with solid lithium as negative electrode and LFP as
positive electrode with the three electrode samples taken from the same EPD coating onto
aluminium.

Although the pressed sample has a much higher maximum current, the peak in
current occurs at a similar voltage for each sample, suggesting there is some
uniformity in the electrochemical properties of the coating. However, figure 30
shows that there are some differences as well. The total charge observed for
each of the samples is initially similar but sample 050516 has a much steeper
decline in performance than 040516. This could indicate some difference in the
adherence of the coating across the sample affecting the cycling performance
of the cell at different locations but would need to be confirmed with further

testing and SEM across the deposit.

3.7 Effect of salt additives during the EPD process on the
electrochemistry of the electrode material

The role of salt additives in EPD is still not entirely understood. It is thought that
the salt additive dissociates in the suspension and is then attracted to the
particle where it bonds with the surface of the particle, enhancing the surface
charge and improving the amount of material deposited.® In order to
understand the effect of the charging agent on the deposited LFP, the mass of
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LiCl was varied whilst maintaining the LFP concentration in the suspension. The
EPD experiment was also attempted using the same conditions but without any
LiCl additive. On visual inspection these coatings were unsuccessful,

highlighting that some LiCl is important in the success of the coating.
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Figure 31. Graph to show the effect of the percentage of LiCl in the EPD suspension. Left The
active mass and Right The maximum current of the materials when used as positive electrodes
for lithium ion batteries with a solid lithium negative electrode.
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Figure 32. A comparison of the effect of LiCl percentage in the suspension on the cyclic
voltammetry measurements at 0.1 mV/s were taken on cells with the EPD samples as positive
electrode and a lithium negative electrode.
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Electrodes were prepared using different concentrations of lithium chloride in
the suspension. Cells were made using the Swagelok configuration described
previously with lithium as negative electrode and the EPD samples as positive

electrode.

Figures 31 and 32 show the results of cyclic voltammetry measurement of these
cells. Figure 32 suggests that the EPD electrodes with a concentration of 0.019
% by weight performed better than those with higher or lower ratios. This
suggests that there is a peak in the quality of the coatings at this amount of salt
additive. This could be due to two effects: it is possible that at the higher
concentrations of LiCl ions, the ions become conductive and adversely affect
the EPD process. It may also be that the presence of LiCl could affect the
performance of the electrode material when included in the suspension media
at greater concentrations. The low concentrations of LiCl included in the
suspension media would suggest that the effect is an EPD effect rather than
electrochemical effects. This could be confirmed by taking zeta potential
measurements of the suspension with different concentrations of LiCl salt

present.

Although figure 31 demonstrates a peak in the maximum current achieved
during cyclic voltammetry at 0.019 weight percent, the values are inconclusive

and would need to be confirmed through further testing.

3.8 Effect of coating time on electrochemical properties

Using the Hamaker equation, one potential way to improve the mass of material
deposited is to increase the length of time of the deposition. Although weight of
material deposited is important, for an electrode material the quality of the
deposit is also important as poor conductivity through the sample could lead to
poor performance. To understand the impact of an extended deposition time on
the electrochemical properties of the electrode, electrodes were prepared using
different deposition times. One batch of suspension was prepared and the EPD
coating was performed at 35 V using a half-size plate (3.5 cm x 2.5 cm) for
coating times of 45 and 60 minutes. This was compared to a sample produced

using the conventional EPD technique and coating time of 30 minutes.
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To enhance the uniformity and conductivity in the samples, the three samples
were pressed by applying a force of 10 N for 30 seconds as described in
chapter 3, section 3.1.3. As the cyclic voltammetry measurements below show,
the maximum current for the 30 minute samples showed the highest values but
the total charge calculated for the 60 minute sample is higher. This can in part
be attributed to the resistive behaviour of the 60 minute sample at high and low
voltages causing the peak to broaden. The appearance of this effect suggests
that the longer coating time, although potentially leading to a greater mass of
deposit as discussed in the previous sections, does not lead to a greater quality

of deposit.
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Figure 33. Graph to demonstrate the effect of coating time on the cyclic voltammetry
measurement on cells with a lithium negative electrode and pressed EPD samples with different
coating times.
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Figure 34. Graph to demonstrate the effect of coating time on top the charge and bottom the
maximum current of cells with a lithium negative electrode and pressed EPD samples with
different coating times.

There are several possible reasons for the potentially thicker coating to lead to
a greater resistance in the sample. Firstly, as discussed previously, it could be
due to poor conductivity of the sample due to porosity and the lack of active
carbon to provide a route for conduction through the electrode. In the samples
with thicker coatings the particles are further from the electrode and the effects
of a longer coating could lead to a thicker deposit, so the electrons have further
to diffuse to the aluminium current collector. The electrode quality may also be
poorer at the longer coating times leading to a more porous electrode, further
deteriorating the electronic conductivity.

The resistance at higher and lower voltages could be due to degradation of the
sample due to strain as the particles expand and contract with lithium insertion
and removal. In conventional manufactured samples the binder would aid with
this strain and limit the effect on the particles of the coating. Without the binder
this strain is loaded onto the particles which could potentially lead to them
degrading during cycling. This would increase resistance and potentially reduce
the number of particles available for charging. LFP has, however, been shown
to have only a small change in lattice structure on charge/discharge so this is
unlikely to be the observed effect.5! This could be confirmed through in situ x

ray diffraction studies of the strain in the coating during charging.

The large current at high and low voltages could also be due to contamination in
the sample. It is possible that during the EPD process the different constituents

of the suspension could dissociate or react and be included in the coating in
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addition to the active material. Side reactions may have occurred with the

following substances within the suspension:

. Lithium chloride
. Aluminium

. The solvent and any products of its oxidation

The longer coating times means the formation of more of these side reaction
products which could have an adverse effect on the performance of the

electrode material.

The resistance phenomena undergone within the sample could be confirmed by
studying the samples further using AC impedance spectroscopy. This would
enable an appropriate equivalent circuit to be identified to help determine the
resistances present in the sample when compared to a conventionally made ink

sample.

3.9 Conclusions

An EPD process has been developed that produces consistent thin films. SEM
has been used to confirm that a uniform deposit has been produced and that
the LFP material survived the deposition process without significant
deterioration of particle size or chemistry.

Initial tests showed that the capacity and rate capability of the cells produced
using the technique did not meet the requirements for a commercial battery
system and performed particularly poorly in comparison to the conventionally
produced ink cells. Pressing the samples significantly improved the capacity of
the cells, suggesting that the poorer performance was due to a poor contact
between the particles and the aluminium and that pressing improves the
contact. Pressing the samples would not be possible when coating the material
onto a 3D substrate so may not be a practical solution to improving the contact.

Attempts were made to quantify the effect of the EPD parameters on the
electrochemical properties of the electrode. The concentration of salt additives
and the deposition time were both separately varied. It was shown that there

was a slight peak in performance for salt additive concentrations of 0.019% by
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weight in the solution but the trend is not clear and further experiments would
be required. Increasing the deposition time led to mixed results and the samples
appeared more resistive, possibly due to competing side reactions damaging

the coated material.

The next section of this thesis will seek to use impedance spectroscopy to
understand and quantify the additional resistances in the binder-free electrode

materials by comparing them with conventionally manufactured electrodes.
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4 Impedance spectroscopy studies of electrophoretic
deposited coatings.
Impedance tests were performed at open circuit voltage on EPD and composite
electrode samples. As discussed in chapter 3, in three electrode impedance the
charge transfer resistance is only due to the electrolyte and the positive
electrode and not due to the negative electrode. As this research only sought to
study the positive electrode, the impedance measurements were taken using a
three electrode set up, as described in chapter 3, with a lithium ring as the
reference electrode and a disk of lithium the same size as the electrode under
study as counter electrode. The electrode to be studied was used as the

working electrode.

4.1 Results of impedance tests

41.1 Nyquist plot

500

——CE1
——CE 2

450 A
400 A
350 -
300 -

250 A

_le

200
150 -

100 -

0 - T T T T
0 100 200 300 400 500

Figure 35. Nyquist plot of real versus imaginary components of impedance for three electrode
impedance measurements of composite electrodes CE1 and CE2
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Figure 36. Nyquist plot of real versus imaginary components of impedance for three electrode
impedance measurements of EPD electrodes

4.1.2 Bode plots
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Figure 37. Real component, Z” of frequency response for three electrode impedance
measurements of Left composite electrodes and Right EPD electrodes.
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Figure 38. Imaginary component, Z’' of frequency response for three electrode impedance
measurements Left composite electrodes and Right EPD electrodes.

4.1.3 Equivalent circuit fitting

Equivalent circuit fitting was performed using the three impedance results; the
pressed EPD sample and the two composite electrode samples which were not
pressed. Impedance fitting was not possible on the un-pressed EPD samples

due to the incomplete first arc.

R, CPE2
R1 R2 ZW >>
Ro Ro I_I\ A A —
Ro I:I
Zw
>> >

CPE1 CPE2 CPE1

Figure 39. Left The modified Randles equivalent circuit. Right The modified Gaberscek circuit.

From a literature search, two potential equivalent circuits were identified to fit
the remaining three impedance measurements as shown in Figure 39. The left
hand circuit was a modified Randles circuit which had been shown by
XiangFeng et.al. to achieve a good fit with LFP.3 The right hand equivalent
circuit is based on a model by Gaberscek et. al. when considering LFP particles
on an electrode surface.'®® The data was fitted using the Zview application.?3
The results of fitting the two equivalent circuits shown in figure 39 are displayed

in tables 7 and 8 below.
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Sample |[RO R1/Q T (CPE1) P (CPE1) R2/Q T(CPE2) /JuF P(CPE R((W)/Q T(W)/s P (W)

/0 /uF 2)
CE1l 16.59 153.7 8.2(7.9%) 0.711 24.83 372.41 1.00a 308.6 7.94 (17.1 %) 0.61 (4 %)

(1.8 %) (1.2 %) (1.1 %) (10.7 %) (19.9 %) (14.4 %)
CE2 6.6 (4.9 %) 190.4 4.3 (14.4 %) 0.803 108.7 (7 %) 51.19 (16.7 %) 1.00a 2683 14.61 0.79

(3.4 %) (1.7 %) (15.8 %) (16.8 %) (3.1 %)

EPD3 1.53 356 (1.9%) 2.6(9.7%) 0.67(1.3%) 1642 (5.1 %) 265.91 (6.1 %) 0.61 3139 12.75 (7.5 %) 0.93
pressed (61.1 %)P (3 %) (19.6 %) (2.3 %)

Table 7 A comparison of the parameters for the three impedance tests based on the modified Randles equivalent circuit shown on the left in figure 39.
The error of the fitting value is shown as a percentage in brackets. aFor both of the composite electrodes CPE2 can be considered as a capacitor as this
had an improved fit for the other parameters.

Sample |RO/Q R1/Q T (CPE1) P (c1) R2/Q T(CPE2) /JuF P (CPE2) R(W)/Q TW)/s P (W)
/uF
CEl 17.54 151.2 (1 %) 7.3(6.7%) 0.724 20.52 479.58 1.002 315.2 8.36 0.6 (3.3 %)
(1.6 %) (0.9 %) (9.6 %) (17.6 %) (11.9 %) (14.7 %)
CE2 6.11 (5%) 200.7 5.2 (11.2 %) 0.784 80 (6.9 %) 56.02 (15 %) 1.00a 1033 (6.9 %) 5.47 (6.4 %) 0.69 (2.0 %)
(2.4 %) (1.3 %)
EPD3 1.58 368.1 2.55 0.67 (1.3 %) 1433 (5.8 %) 257.90 (6.3 %) 0.619 2392 13.65 0.91 (2.6 %)
calendared|(60.2 %)b (1.8 %) (10.1 %) (2.9 %) (18.8 %) (8.7 %)

Table 8 A comparison of the parameters for the three impedance tests based on the equivalent circuit shown on the right in figure 39. The error

of the fitting value is shown as a percentage in brackets. aFor both of the composite electrodes CPE2 can be considered as a capacitor as this had an
improved fit for the other parameters.
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4.2 Discussion of impedance results

Figures 35 to 38 show the results of the impedance spectra for EPD and
composite electrode cells respectively. As observed in the cyclic voltammetry
measurements, the two as-deposited EPD samples perform poorly and are
difficult to resolve using the equation fitting commonly used to quantify the
results of impedance measurements. The as-deposited EPD results can be
used to help inform a physical description of the electrodes which will aid in

identifying an appropriate equivalent circuit.

4.2.1 Resistance parameters

For all three EPD measurements we observe a similar initial arc suggesting that
the pressed and un-pressed samples have a similar initial resistance value. For
the pressed samples the arc is complete but for both the as-deposited samples
the arc is incomplete. The initial arc is larger for the EPD samples than the
composite electrode samples, suggesting this initial resistance term is larger for
the EPD than the composite electrodes. This is confirmed by the results of
circuit fitting shown in tables 7 and 8. This is also observed as a peak at high
frequency in the frequency response plots in figures 37 and 38 with a more

pronounced peak in the pressed composite electrodes than the EPD samples.

Next we can look at the second arc, where it is present. The pressed EPD
sample and the two composite electrodes display a definite second arc which,
as shown in tables 7 and 8, is significantly larger for the EPD sample. One of
the as-deposited EPD samples also displays a second arc but this is difficult to
distinguish from the slope since a low frequency diffusion slope dominates
these plots. This could suggest that pressing has improved the low frequency

diffusion response of the samples.

From these observations we can then determine two key conclusions. Firstly,
the fact that the first arc is less affected by pressing than by method of
manufacture. This suggests we are looking at a feature due to the performance
of the material close to the current collector surface which is influenced by the
presence of binder and carbon which would be observed at the electrode

surface. This would suggest that it could potentially be due to the interface
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between the particle and the aluminium current collector which we would expect

to be similar for all samples and less affected by pressing.

Secondly, we observe that the second arc is affected by the presence of the
binder and carbon and affected by pressing. This would suggest we are looking
at the results of a phenomenon that is occurring further from the electrode
surface where resistance would be reduced by both pressing in the EPD
samples and the presence of the binder and added carbon in the composite

samples.

4.2.2  Capacitance parameters

Unlike the EPD sample, for the composite electrodes, a better fit was achieved
for the second arc without using a CPE. The CPE is used to account for non-
ideal behaviour in double layer capacitors so its use in the composite electrode
samples could suggest that the capacitance is behaving ideally at this point. In
reality it is unlikely that the double layer capacitor is behaving ideally so it is
more likely that using a CPE has a much greater negative effect on the fit of

other parameters in the circuit than the fit of the second arc using a CPE.

The capacitances for each of the results are similar and we do not see a
significant trend in capacitance with the different electrode preparation
techniques. It is expected that the increase in mass and carbon content with the
composite electrode preparation technique would lead to an increase in the
observed capacitance. Further research would be required but the similarity
could suggest that there is not a significant difference in surface effects on the

electrode with the different production techniques.

4.2.3 Warburg impedance

As with the capacitance results, no significant trend is observed in the Warburg
parameters R, T and P and the differences observed between the different cells
are likely to be due to minor differences in cell construction and the electrolyte.

The so-called short Warburg term was used and coincides with a finite diffusion
length as opposed to an infinite diffusion length observed in the open Warburg.
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4.3 Physical description of parameters

The previous sections give the numerical results of impedance and the two
equivalent circuits that achieved the best fit. One of the first things to note is the
similarity in the error of both of the equivalent circuits. This highlights an issue
with the use of equivalent circuit modelling where subtle differences between
equivalent circuits may not be observed as errors or significant alterations in the
values. As discussed previously, the equivalent circuit must coincide with the
physical interpretation of the electrode. This can be done by considering the
three resistance terms observed Ro, R1 and R2. Rois generally considered to be
the resistance of the electrolyte as there is no corresponding capacitive value.

R1 is attributed to the first arc in the impedance spectra. Several studies have
attributed this first arc in the Nyquist plot for a LFP electrode to the SEI layer as
in other battery systems.'4% Gaberscek et. al. proposed that the first arc is
instead due to the interaction of the coated electrode material with the
aluminium current collector. They confirmed this by applying a conductive silver
coating between the electrode and the aluminium plate. The first arc was
significantly reduced.'®® This gives terms for the resistance of the contact and
double layer capacitance of the aluminium surface. The impedance values,
shown previously, in part confirm this since the change in preparation technique
from composite electrodes to binder and carbon-free EPD electrodes has a
lesser effect on the first arc. This would suggest that the particles near the
electrode surface are similar in both preparation techniques.3% 141

The second arc, Rz, is typically attributed to the charge transfer resistance in
the particles. As shown in Figure 28 in the previous section, the main electron
transfer route through the EPD samples is through the carbon coating on the
electrode whereas the composite electrodes can also undergo electron transfer
through the carbon additive. The significant increase in the second resistance
term with the change in electrode manufacture technique could suggest that this
second resistance term is due to the resistance of the electrons as they travel to

the particle, rather than the charge transfer resistance into the particle.

Gaberscek et. al. also propose that the second arc is due to the double layer
capacitance of the interface between the particle and the electrolyte, c1 and
several resistances which account for:
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e The resistance as an electron moves along the particle surface or

surface film, r1

e The resistance as lithium ions move across pores in the electrode

material, ra

e The resistance of charge insertion into the active particle, the charge

transfer resistance, rz2

e The resistance due to the transfer of an electron between the particles, r3

Co y)

\

Aluminiium

i - substrate
(@)

Co —— —

Figure 40. Above Schematics showing active particles and contacts in a composite insertion
electrode. Below An equivalent circuit corresponding to situation under (a)'4!

As shown in figure 40 this generates a very complex equivalent circuit which
cannot be resolved easily. For certain cases this circuit can, however, be
resolved to an equation suitable for use in impedance fitting software such as
Zview.'?2 Figure 41 demonstrates two such applications where the charge
transfer resistance (Rz2) or the interparticle resistance (Rs) are significantly
greater than the other resistances, simplifying to give the circuits shown.
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Figure 41. Left Equivalent circuit based on the circuit in figure 40 for circuits where Rs > R1, Rz,
Rs4. Right Equivalent circuit based on the circuit in figure 40 for circuits where Rz > Ri1, R3, R4

The circuit on the left where Rs > R1, Rz, Rais similar to the equivalent circuit fit
achieved for the impedance data earlier on in this section but excludes the
Warburg coefficient. For the carbon-free samples in particular this would
coincide with a higher inter-particle resistance, rs, than the other resistance
parameters. For the composite electrodes the conductive carbon in particular
should reduce the inter-particle resistance and may mean that the assumption
is no longer valid. This could mean that the primary resistance term is due to
the other resistances present and so would be much more complex to model
using software such as Zview.

The parameters that could potentially relate to the interface between particles
and the electrode are similar in value in the carbon-free EPD samples and the
composite electrodes. Parameters that potentially relate to the inter-particle
interactions vary more widely between the two manufacture techniques. This
could suggest that the change in process is affecting these inter-particle
parameters more than others. This also demonstrates that there may be merit in
applying the Gaberscek model to this LFP battery system but further study
would be needed to confirm this by, for example, altering layer thickness in the
samples or slowly introducing conductive additives or binders to the material.
The effect of pressing the samples on these results would also need to be

further studied.

4.4 Conclusions

It is clear from the impedance data that the poorer performance of the EPD
samples is due to a greater resistance in those samples than the composite
electrodes. This is expected as the EPD samples lack the conductive carbon
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additive which would increase resistance. The results do, however, demonstrate
two arcs in the Nyquist plot of the impedance spectra. The second arc size and
subsequently the resistance it represents is much more adversely affected by

the method of manufacture, EPD or composite, than the first arc.

Two equivalent circuits are presented to which the impedance data achieved a
good fit and they confirmed the much greater resistance in the EPD samples
when compared to the composite electrode samples. A comparison of both
capacitance and diffusion parameters for the composite and EPD did not show
any trend in these values and further work would be required to understand the

similarities in these parameters.

Two physical interpretations were presented for the two equivalent circuits. The
first applies the more commonly held interpretation that the first arc in the
Nyquist plot is due to the SEI layer and the second arc is due to charge transfer
resistance. The second interpretation is that the first arc and coinciding
resistance term are due to a phenomena near the surface of the current
collector. This could be due to the behaviour of the particles near the electrode
surface or the oxide layer on the aluminium current collector. The second arc is
then considered as due to the particles further from the electrode surface. This
explains the much greater value of the second term in EPD samples which SEM
shows are low density and porous. This also agrees with the difference between
the composite and EPD electrodes for electron transfer. Composite electrodes
see additional electron conductivity through the carbon additive as well as
through the LFP particle carbon coating. This second resistance term is
improved by pressing the samples, further confirming this theory. It is possible

we see this to a lesser extent in the ink samples.

It is not possible to conclude which interpretation is valid based on the results
presented here and further testing would be required to confirm the theory.
Further work could continue to use EPD as a technique to manufacture binder
and carbon-free electrodes to alter the electrode construction and ultimately the
resistances of the electrode. This could then be used with Gaberscek’s model of
particles in a battery electrode to distinguish and quantify the different

resistances present which will be greater or lesser in EPD samples.
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1 Conclusions

EPD has been successfully used to generate binder-free electrodes from
commercially available LFP battery materials. The materials, which were coated
without binders or carbon additives, displayed a consistent but slightly porous
coating with some mechanical stability observed during handling and sampling.
By changing the experimental parameters such as coating time and the amount
of LiCl additive the coating was improved. Mechanically roughening the material
to be coated through sanding improved the ability of the coating to adhere to the

surface.

The cyclic voltammetry measurements of the EPD electrodes gave results that
were not as good as using conventional composite electrodes. This is thought
to be due to a combination of factors but primarily is due to the lack of
conductive carbon and binder increasing resistance in the sample, particularly
at distances further from the electrode where the EPD samples are more
porous and where carbon additives provide an additional pathway for electrons
to conduct to the sample. Electrode performance was improved by pressing,

suggesting this could improve electron conductivity through the samples.

Three electrode impedance measurements were performed on the EPD and
composite electrode samples. All the impedance results showed two arcs in the
Nyquist plot. This suggests that, in addition to the electrolyte resistance, two
resistance terms coupled to capacitance elements describe the impedance
behaviour of the electrodes. Both resistance terms were larger for the EPD
electrodes than the composite electrodes but the different manufacturing
techniques for the electrodes appeared to affect the second term more than the
first term. This suggests that the primary increase in resistance was observed at
a distance from the aluminium plate where particles had poorer conduction
paths to the current collector. This suggests that Gaberscek’s model of particles
in a battery electrode may be valid for this system and that EPD samples could
be used to confirm and quantify some of the resistance terms present in the

model.13°

Page 117



2 Recommendations

There are two approaches to furthering the research initiated as part of this
thesis. The first would be to continue to improve the EPD coating and consider
its use in 3D batteries. The second approach would be to continue to use the
binder and carbon additive-free EPD samples to understand the
electrochemistry of carbon coated particles and how this is influenced by the
addition of carbon and binder. This section will outline these approaches but it is
likely that any future work will look at both, using the greater understanding of
the electrochemical system to improve the 3D batteries in development and
using the improved EPD process to produce more representative samples for
electrochemical testing.

2.1 Further improvements to the EPD process

Although this project has gone some distance to develop the EPD coatings of
LFP, there are still further improvements required of the EPD process before it

can be used in commercial battery systems.

Initially, further research should investigate improving the quality of the films
produced through EPD. Further experiments should be performed to optimise
the coating so it is thicker which could improve its electrochemical performance.
Zeta potential measurements of the suspension medium would aid in
understanding the electrophoretic deposition and quickly quantify the effect on
the deposit of incremental changes to the suspension media or experimental

conditions.

It may be necessary to introduce conductive additives to the battery material
and some success has been seen in EPD of lithium ion battery electrodes with
graphene or carbon nanotube additives.'® By including these materials in the
suspension, a co-deposit could be generated with an improved electrochemical

performance.

Once the positive electrode coating has been optimised, it will be necessary to
focus on EPD of other aspects of the battery through coating materials for
negative electrodes and electrolytes. These could then be used to develop a

complete battery system using EPD.
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The research into the other aspects of the battery could also focus on
identifying suitable 3D substrates that could be used to develop the system into
a full 3D battery. Replacing the aluminium plate with an aluminium foam
material would enable the battery materials to be coated onto a 3D substrate to
generate a 3D battery with the potential to offer the advantages of a thin film
battery in a thick film format. Another, more optimised approach to producing
the substrate would be to use additive manufacturing or 3D printing in metal to
produce the substrate material. This could then be optimised for the EPD
process to gain the best possible packing of the battery system for the space
required. This could also enable the battery to be fitted into a required shape or

space for application in military systems.

2.2 Additional electrochemical studies based on binder and carbon-
free samples

It would be necessary to expand the impedance spectroscopy studies to
confirm whether the results presented here are representative. The next stage
would be to alter the amount of pressing applied to the EPD samples and
investigate the effect this has on the parameters involved. It would also be
useful to use the EPD parameters to change the coating thickness. It is
expected that as the thickness is increased and the proportion of bulk particles
is increased in comparison to the near electrode particles this would affect the
balances of resistances in the cell.

The addition of known quantities of carbon and binder may also enable the
identification and quantification of resistances due to these additives and the
effect on the overall sample. It may also be possible through the application of
additional techniques to understand how the impedance alters as the battery
charges and discharges. Techniques such as GITT and impedance at voltages
greater or less than the OCV could enable the study of the cell in different

charging states.
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