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Abstract

A layered sodium quaternary transition metal oxide, Na[Ni,Mg,Mn,Ti]O2, was
studied as a potential Na-ion battery cathode candidate. The material was found
to possess a mixed phase layered rock salt type structure, consisting of two
individual polymorphs, with nominal formulae P2-“Nag 64[MnosMgo.2]O2” and
03-“Na[Nio5Mnos5]O2”. From impedance measurements, the activation energy
associated with the total conductivity of the material is 0.33(1) eV, and the
layered oxide was found to be a mixed (ionic and electronic) conductor.
Electrochemical testing revealed the material to possess a discharge capacity of
125 mAh g1, in a full-cell, as well as good rate capability and cycling stability:
95% charge retention after 200 cycles (at a discharge rate of 28 mA g*). From
in operando X-ray diffraction measurements, the O3 polymorph is only present
in the bottom ~ 20% state of charge (SoC), and above 4 V there is a significant
alteration of the P2 structure, with evidence of an intergrowth “Z” phase. From
galvanostatic intermittent titration technique (GITT) measurements, the P2-

type phase was found to be the most conductive form of the cathode.

The individual P2-Nao.s2[MnosMgo.2]O2 and O3-Na[Nio.sMno.s]O2 polymorphs
were also studied separately. A solid solution was found to exist for
Nax[MnosMgo.2]O2 (0.5 < x < 1), which can be indexed according to the
hexagonal space group P6s/mmc. The O3-Na[NiosMnos5]O2 polymorph formed
over a narrow temperature range when synthesized in air. From impedance
measurements, the P2-type material was more conductive that the O3.
Electrochemical testing (vs. Na/Na*) revealed the P2-Nao.es[MnosMgo2]O2
material to have a discharge capacity of around 45 mAh g and good initial
cycling stability. The O3-Na[NiosMnos]O2 layered oxide showed a higher
specific capacity (~ 125 mAh g) but poorer charge retention.

Electrochemical impedance spectroscopy (EIS) was performed on full-cell
sodium-ion batteries consisting of a layered oxide cathode and a hard carbon
anode. This was executed using both two- and three-electrode measurements
(with an Na metal reference electrode) on a novel commercially-relevant pouch
cell design. It was demonstrated across a range of formalisms that the sum of

the positive and negative electrode impedances is similar to that of the full-cell



(within 6% difference). This indicates that this three-electrode configuration
affords a superior measurement to many former cell designs. Furthermore,
using a range of different complex formalisms to view impedance data, e.g.
spectroscopic plots of Z’” and C’, was found to afford a more in-depth analysis
of the results; this allows for a more facile separation of electrode components

across a range of frequencies.

Examining EIS data for a three-electrode cell measurement showed that an
increasing cathode resistance dominates the impedance of these layered oxide
Na-ion batteries during cycling. Modelling the response using ideal equivalent
circuits found that the cathode impedance spectrum consists of three different
resistive components. Comparison between the impedance results for different
cell designs made it possible to assign these three components to separate
physical elements of the sodium-ion battery. The cathode-electrolyte interface
was found to be primarily responsible for an increase in the total cell resistance
during cycling. Importantly, from performing impedance measurements during
charge/discharge, the resistance of the cathode-electrolyte interface was found
to increase dramatically above approximately 80% depth of discharge. These
findings suggest that to optimise performance and extend battery life, these

layered Na-ion cells should not be discharged below ~ 20% SoC.

The long-term performance of layered oxide Na-ion batteries was recorded
with EIS measurements performed at regular intervals. A ‘knee point’ is
observed to occur, after which capacity fading intensifies, eventually resulting
in an end to the operational life of the battery. A reduced discharge rate
recovers most of this capacity loss, indicating that the degradation is primarily
due to a deterioration in ionic transfer rather than an irreversible loss of sodium
or of active material. At the ‘knee point’, the resistance associated with the
anode significantly increases, which is credited to a decrease in the
conductivity of the carbon matrix due to structural degradation caused by
successive Na insertion/extraction. In summary, it is hypothesised that while a
charge-transfer resistance at the cathode is responsible for a limited capacity
over the cycle life of the Na-ion battery, the major degradation mechanism at

fault for eventual end of life is structural degradation of the hard carbon anode.
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Introduction

1.1 Batteries

1.1.1 Overview

A growing global energy demand, coupled with a desire to reduce carbon emissions
and mitigate climate change, has led to a move towards renewables, and away from
fossil fuels. However, in order to facilitate the deployment of intermittent renewable
energy sources, such as wind and solar, efficient and reliable energy storage is
needed as a crucial accompaniment.! To date, of the various energy storage
technologies, rechargeable batteries have proven one of the most promising. These
have the advantage of being able to be made to a variety of different sizes and
specifications, and are able to deliver electrical power instantaneously. Hence, they
are not limited by location or energy source, and are used for a wide range of diverse
applications. Figure 1.1 illustrates this dramatic growth in the global battery market
over the past 30 years, with a breakdown of contributions from the different battery

technologies.?

80
B Others
70 (e.g. flow batteries)
- 60
H Lithium-lon
s 50 (Li-lon)
S 40
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0 Il VARED (Ni-Cd)
o O n O o < Wy W M~ o
K 8 83 S S 35S S o Lead-Acid
— &N N N N N N N NN

Figure 1.1 The world battery market 1990-2018. Adapted from reference 2.
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Over the past decade, the world battery market has more than doubled, with the
majority of this growth due to the increase in popularity of lithium-ion (Li-ion)
batteries (LIBs). These have now overtaken lead-acid as accounting for the largest
percentage of the global battery market. Li-ion technology first came to widespread
attention in the 1980s with the discovery of layered transition metal oxide materials,
which were subsequently used in batteries that had two to three times the energy
density of any that preceded it. Figure 1.2 compares the specific power and energy
density of the most popular commercially-available rechargeable battery
chemistries.* Today, LIBs have a specific energy greater than 100 Why/kg (at the
cell level), and are capable of thousands of cycles during their lifetime.® Lithium-ion
batteries were responsible for the portable consumer electronic boom in the 1990s,
and their presence in everyday life is now ubiquitous. They are found in the mobile
phones, laptops and tablets that people use on a regular basis, and are also becoming
increasingly used in stationary applications, such as electricity grid storage, and in
uninterruptible power supplies. Furthermore, lithium-ion batteries are currently at the

forefront of the rapidly expanding electric vehicle (EV) sector.

400 ™
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= 300 | :
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g | e
o 200 ﬂ Ni-MH
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w y
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Figure 1.2 A Ragone plot comparing the power and energy densities of the most
common rechargeable battery technologies. Adapted from reference 4.

However, concerns surrounding the long-term sustainability, cost and safety of

lithium-ion batteries, have led researchers to seek alternative battery chemistries.® Of

2
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the ‘beyond lithium’ technologies looked at to date, sodium-ion (Na-ion) batteries
(SIBs) have received the most interest and development.” Sodium-ion batteries, in
contrast to Li-ion, can be made from abundant and cheap materials, and are less
susceptible to dangerous overheating.® Furthermore, several electrode materials have
appeared in academic literature over the past few years, with energy densities
comparable with those of their LIB counterparts.® Furthermore, in the commercial
sector, Faradion, a British battery research company, has managed to develop a
layered sodium transition metal oxide with a specific capacity similar to that of the
commonly used Li-ion cathode material, lithium iron phosphate (LFP, LiFePO,);'°
this has also been demonstrated to have an energy density on par with LFP at the cell

level.

The ability to maintain a high capacity over time, i.e. battery cycle life, is an
important performance criterion with respect to the widespread commercialisation of
sodium-ion technology. Hence, an investigation into performance degradation and
capacity fading in Na-ion batteries is imperative to fully characterise them and
appreciate their worth. An identification of the problem interfaces and rate-limiting
steps inside the cells is also of the utmost importance to completely understand their
full potential. Furthermore, as cathode materials offer a lower Na-ion storage
capacity than anodes, the ability to better understand the structure-composition-
property relationship of sodium-ion cathode materials is also crucial. It is hoped that
findings in these areas will, in the future, lead to an ideal Na-ion battery being

developed with optimised energy density and power output.

1.1.2 Principle of Operation

An electrochemical cell either converts stored chemical energy into electrical energy
or vice versa. A battery is a device consisting of one or more electrochemical cells
connected to one another.” During the operation of a battery, a positively charged ion
is removed from one electrode, transported through the electrolyte, and inserted into
the other electrode. This is accompanied by an electron moving around the external

circuit in order to balance the charges of the two electrodes; the electrolyte is an

" In this thesis, the word ‘battery’ refers to a single electrochemical cell, unless stated otherwise.
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ionic conductor, but electronic insulator. An oxidation reaction occurs at the first
electrode and a reduction reaction at the second one. The electrode, which electrons
leave when the battery is supplying power (during discharge), is the negative
terminal and is referred to as the anode. The electrode, which electrons enter during
discharge, is the positive terminal and is referred to as the cathode. Electrons move
in the opposite direction to current by convention, and so current flows from the

positive terminal to the negative one (Fig. 1.3).

] s
|

Cell

Current

T

Figure 1.3 Electrons moving in the opposite direction to current flow in a circuit.

Certain batteries may only be discharged once; these are known as single-use or
primary batteries. Secondary or rechargeable batteries may be charged and
discharged several times during their lifetime.” The electrochemical reactions that
occur in a battery at the separate electrodes may be described by what are known as
half-reactions. Combining these together gives the overall redox reaction for the
battery. The half-reactions that occur during the discharge of a sodium-ion battery
are given below for the most common SIB electrode materials: a layered sodium
transition metal oxide (NaTmO2) cathode and a hard carbon (Ce) anode. When the
cell is discharged, Na* ions are removed from the hard carbon anode and migrate
across the electrolyte to be intercalated into the sodium oxide cathode matrix. During

charging, the same reactions occur, but in reverse.
Anode: xNaCq = xNa* + xe™ + xCq
Cathode:  Na;_,TyO, + xNa* +xe~ = NaTyO0,

Overall: Na;_,Ty0, + xNaCs = NaTy0, + xCg

" In this thesis, the word ‘battery’ refers to a rechargeable one, unless stated otherwise.
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Chemical potential x is energy that can be released/absorbed due to change in the
number of particles of a particular species at a point in space. Electrochemical
potential j also takes into account contributions from any electric forces at play,
such as external electric fields and electrostatics.!* Each chemical species has an
electrochemical potential, which represents how easy it is to add more of that species
to a particular location. Charged species always move from higher to lower
electrochemical potential. In a lithium-/sodium-ion battery, the electrochemical
potential of an electrode is determined by energies involved in both the electron
transfer and Li* or Na* ion transfer.!? Lithium is the smallest metal and very
electropositive, meaning it has one of the greatest (most negative) electrochemical
potentials. Hence, it is readily oxidised, making it a good candidate as an anode
material. The higher the electrochemical potential (the less negative), the more
readily a material is reduced, and the more suitable it is as a cathode material. Hence,
the i of electrode materials in Li-/Na-ion batteries tend to be measured relative to

that of lithium/sodium metal, respectively.

The electrochemical potential of a sodium-ion electrode is determined by how much
energy is released/absorbed on removal/insertion of an electron and Na* ion
from/into its structure. How easily a sodium ion is removed/inserted depends upon
the specific site energy of the Na* ion, which is ultimately affected by its local
environment.!® Therefore, the elements the electrode possesses, and in particular the
valence states, ionic radii, and electronegativity of these, is extremely important in
determining its electrochemical potential. The crystal structure and electrode
microstructure, e.g. particle size, are also contributing factors. For a cathode, the
more energy released when electrons/Na* ions are inserted or removed, the higher its
electrochemical potential, and the harder it is to insert/remove sodium into the
structure. The electromotive force (emf) of an electrochemical cell, also known as
open circuit voltage (OCV)Y, is defined as the difference in electrochemical
potential of the cathode and anode divided by the elementary positive charge e (Eq.
1.1). The elementary positive charge is the charge of an electron (1.60 x 10°°
coulombs).

VOCV _ /Icathodee_ ﬁanode (1_1)
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Ideally, for a battery, the cathode should have a high electrochemical potential and
the anode a low one, this will create a large potential difference (voltage) in the cell,
which results in a greater energy density. However, the voltage needs to be within
the electrochemical window of the electrolyte in order to avoid decomposition.'® The
electrochemical window is the energy gap (Eg) between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of
the electrolyte.!” An anode which has an electrochemical potential below the LUMO
of the electrolyte must be selected, and a cathode chosen with i above the HOMO
(Fig. 1.4). If this is not the case, the electrolyte may either be reduced on the surface
of the anode or oxidised at the cathode interface, and subsequently decompose.

A Electrochemical potential of sodium metal
_ N
”anodj LUMO
___ T
__
> V,
S Eg eVocv
o
(1] —
Hcathode
HOMO // _
Anode Electrolyte Cathode

Figure 1.4 Schematic energy diagram of a sodium-ion battery at open circuit. The
relative energies of the electrolyte window, Eg, and the relationship between the
electrochemical potentials of electrodes and the HOMO and LUMO of the
electrolyte are all shown.

1.1.3 Basic Concepts

1.1.3 (a) Current, voltage, and resistance

Electric current | (in ampere, A) is the rate of flow of charge Q (in coulomb, C) and

is given by Equation 1.2.

_de 1.2
I—dt (1.2)

6
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The charged species may be electrons or ions. Direct current (DC) means that current
flows in one direction all of the time, and alternating current (AC) means that it
changes direction and strength periodically (sinusoidally). Current may also be a
combination of DC and AC. In order for the flow of charge to occur, a potential
difference (voltage) is required. In a battery, voltage is a measurement of the
difference in charge between the two electrodes. The more electrons there are at an
electrode, the lower (more negative) its potential. Electrons will spontaneously flow
from a negative potential to a positive one. The more electrons at the anode, the
greater the charge separation between the two electrodes in a battery and the higher
the overall voltage of the cell. During charging of a battery, an external power supply
has a voltage greater than that of the cell, which forces electrons from the cathode to
the anode, thus creating an overall positive cell voltage. During discharge, the load
connected to the battery has a voltage which is lower than the voltage of the cell,
meaning that electrons flow in the opposite direction, thus lowering the overall cell
voltage. It is not possible to force a current through a circuit element without
applying a voltage across the element. Similarly, it is not possible to produce a
voltage without supplying current to force some place to have that voltage. It is
sometimes said that a voltage causes current to flow, and sometimes that a current
causes a voltage to be produced, but at the deepest level, the two are inseparable, and

caused by charge separation.

Batteries can be cycled using either a constant current (galvanostatic) or a constant
voltage (potentiostatic), see Section 2.9 for more on this. It is possible to either
control the current and measure the voltage, or control the voltage and measure the
current, but it is not possible to control both simultaneously. Manufacturers and
scientists will often use advanced battery cyclers, which are capable of high
precision currents, in order to test cells under different conditions. They are able to
simulate battery loading, and can be automated with a custom program written by the
user. Certain batteries, such as lithium-ion ones, operate over ‘tight’ voltage
windows, as overcharging these cells causes damage. Overcharging an LIB causes
metallic lithium plating to occur at the anode as Li* ions are reduced to Li metal, and
simultaneously, electrolyte solvents are oxidised at the cathode, leading to
flammable gases being produced.'® This causes performance degradation and, in the

most severe cases, can lead to a fire/explosion. For safety reasons, and to optimise

7
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battery performance and lifetime, battery packs often contain an electronic control
system known as a Battery Management System (BMS). The BMS is capable of
measuring the current, voltage, and temperature of the battery, as well as several

other important parameters.

Resistance is a material’s tendency to resist the flow of charge (current). A material
with infinite resistance is referred to as a perfect insulator, and a material with zero
resistance is referred to as a perfect conductor. In reality, most materials fall
somewhere between these two extremes with some amount of energy being lost as
heat. Resistance is the opposition to direct current, and impedance, Z, is the
opposition to alternating current. For more on impedance, see Section 2.13. Voltage
V (in volts, V), current I (in ampere, A) and resistance R (in ohms, Q) are all related
to one another via Ohm’s Law (Eq. 1.3). This states that the current between two
points is directly proportional to the voltage across the points, with the resistance

acting as a constant of proportionality.

(Ohm’s Law) V=IR (1.3)
4 Constant Current  Constant Voltage Constant Current
(CC) Charging (CV) Charging (CC) Discharging
< > €E—>< >
{ iR Drop
Q
(o))
©
=
2]
>
>
Time

Figure 1.5 Charge and discharge curve of a battery with the iR drop indicated.

Each battery in a circuit has an internal resistance associated with it, which is made
up of ohmic and non-ohmic (polarisation) contributions.’® The ohmic resistance
exists because the components (electrodes, electrolyte) of a cell are not perfect

conductors. It consists of an electronic component (from the resistivity of materials,
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e.g. wires and current collectors) and an ionic component due to electrochemical
factors, e.g. ion mobility in the electrolyte.?’ The ohmic resistance manifests itself in
the cycling profile of a battery as an ohmic (iR) drop at the beginning of the cell
discharge (Fig. 1.5).2* Polarisation resistances arise from electrochemical reactions
and diffusion processes inside the cell; they increase with battery lifetime. Resistive
losses in a battery cause the operating voltage to be lower than what it should be
theoretically. This is referred to as an overpotential.?? Consequently, the cell requires
more energy than thermodynamically predicted to drive an electrochemical reaction,
with the missing energy lost as heat. The overall internal resistance of a battery
varies with chemistry, age, temperature, and discharge current. A larger internal
resistance leads to a greater energy consumption, which reduces the efficiency of the

battery, and can cause safety issues due to increased heat.

1.1.3 (b) Charge and Coulomb’s Law

All charged particles at rest will experience an electrostatic force between one
another. The force is attractive if the particles are oppositely charged, and repellent if
they are like charges. For two charges, the force acting between them is quantified
according to Coulomb’s Law (Eq. 1.4).2% This states that the force F (in newtons, N)
acting between two stationary charged species is the product of the magnitude of the
charge on object one Q: and the magnitude of the charge on object two Q2 (in
coulombs, C), divided by the square of the distance between them r (in metres, m).
The term ke is a proportionality factor and is known as Coulomb’s constant or the
electrostatic constant. The value of the constant depends on the medium the charges
are in (ke=8.99 x 10° N.m?.C2%in air).

(Coulomb’s Law) F =k, QI—ZQZ (1.4)
r

The force is attractive (has a negative sign) if the particles are oppositely charged,
and is repulsive (positive) if they have the same signs. The coulomb is the SI unit of
electric charge and is equal to the amount of charge transported by a current of one
ampere in one second (1 C =1 A x 1 s). Therefore, ‘coulomb counting’ becomes a
useful way of estimating the state of charge of a battery by measuring the in- and

out-flowing current (see Section 1.1.4 (b)).
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1.1.3 (c) The Nernst Equation

The Gibbs free energy is the amount of work that can be done by a chemical system
(reaction) on its surroundings. Voltage or potential difference can be thought of as
the work required to move an electron from one point to another. Therefore, for an
electrochemical (redox) reaction, it is possible to relate the Gibbs free energy to the
voltage. At an electrode-electrolyte interface, a potential difference develops
between the two components. The voltage of an electrode (and that of a battery) is
not constant, but changes during (dis)charging, as the concentrations of components
in the electrode and electrolyte alter. When the concentration of species across the
electrode and electrolyte are at equilibrium, the voltage is referred to as the standard
electrode potential.>* Hence, each half-reaction in an electrochemical cell has a
standard electrode potential associated with it. This relation between Gibbs free
energy and standard electrode potential (voltage) leads to one of the most important

equations in the field of electrochemistry: the Nernst equation (Eq. 1.5).

(Nernst Equation) AG = —nFE (1.5)

This states that the change in Gibbs free energy 4G (in kJ mol?) is equal to the
product of the number of electrons transferred n, Faraday’s constant F (in C mol™?)
and the standard electrode potential E (in volts). A joule is defined as the energy
required to move a charge of one coulomb through a potential difference of one volt
(1 J = 1 C.V). Faraday’s constant is the magnitude of electric charge per mole of
electrons and is equal to 96,485 C mol? (the elementary positive charge of an
electron, 1.60 x 107*® C, multiplied by the Avogadro constant, 6.02 x 10?° mol™?).% If
AG has a negative sign, the electrochemical reaction occurs spontaneously, and if it
is positive, it does not. For a battery, the change in Gibbs free energy denotes the
change in internal energy during the ion and electron insertion/extraction. This is
dependent upon the interaction of atoms/electrons in the electrode, and, therefore, the
chemistry of the transition metal(s), as well as the structure of the electrode.? These

factors ultimately determine the electrochemical potential of the electrode.

The Gibbs free energy of an electrode is mainly dependent upon site energy.™
Different positions within the crystal structure possess different site energies and,

hence, produce different potentials when ions are inserted into/extracted from them.
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The lower the site energy of a lithium/sodium in the electrode structure, the greater
its stability. This means more energy is consumed to transfer it from the occupied
sitte to a free state, and the higher the electrochemical potential. The
insertion/extraction of alkali metal ions to/from either octahedral, tetrahedral or
prismatic sites result in different 4G.?® The main classes of crystal structures for Li-

ion insertion cathodes are layered, spinel and olivine (Fig. 1.6).%’

layered structure spinel structure olivine structure
(e.g. LICoOy) (e.g. LiIMn,O,) (e.g. LiFePOy)

Dimensionality of Li* ion transport

Figure 1.6 Crystal structures of the three main classes of insertion cathodes for Li-
ion batteries. Adapted from reference 27.

Spinel and olivine crystal structures exhibit flat potential plateaux in their charge-
discharge profiles,?®?® whereas layered electrodes display sloping profiles.’® A
sloping region in the voltage plot indicates that a change in free energy results in a
voltage change, in accordance with the Nernst equation. A flat section corresponds to
a region where the removal/insertion of Li* does not lead to a significant alteration in
electrochemical potential. When subjected to the insertion/extraction of Li* ions, the
robust 3D frameworks of spinel/olivine crystal electrodes exhibit negligible change
to their structures, retaining the same site energy and displaying an almost constant
electrochemical potential.™> However, the layered structures are distorted to a larger
extent leading to a slight alteration in site energy and a sloping potential profile. As
well as the three ordered crystalline structures, there are also disordered rock salts,
which have received a lot of interest in recent years as promising cathodes.3! Rather
than containing separate, distinct layers of Li* ions and transition metal elements,
these possess randomly assigned cations. Disordered rock salts also exhibit a sloping
charge-discharge voltage profile.
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1.1.3 (d) Theoretical Capacity/Faraday’s Laws

Perhaps the most important characteristic of a battery is its capacity. This is the
discharge current the electrochemical device is capable of delivering over time and
has units of ampere hour (Ah). It is a measurement of the charge stored by a battery
(1 Ah = 3,600 C), and is determined by the mass of active material. As batteries are
often used for mobile devices, where weight is an important factor, it is often more

useful to think in terms of specific capacity, which has units of Ah kg (or mAh g?).

Faraday’s laws of electrolysis relate the theoretical capacity of an electrode to the
amount of active material it contains.> They can be summarised mathematically by

Equation 1.6:

(Faraday’s Laws) Q=— (1.6)

where Q is capacity (in C), n is the number of electrons transferred (unitless), F is
Faraday’s Constant (96,485 C mol™), and M is the molar mass of the electrode after
discharge (g mol™). The use of Faraday’s Laws to calculate the theoretical capacity

of a lithium cobalt oxide cathode is given below.
Discharge: CoO, + Lit+e~ - LiCo0,
The molar mass of LCO is 97.87 g mol?, therefore, using Equation 1.6:

_ 1x96,485C mol~1

— -1
9787 gmol 1~ 2008CY

+ 3,600
Q =0.2738Ah gt
x 1,000
Q=274mAh g

In reality, the capacity exhibited by an electrode is likely to be lower than its
theoretical one for a variety of different reasons. In the case of lithium cobalt oxide,
it is only practically possible to extract ~ 50% of the lithium from the material,

before the electrode begins undergoing irreversible, detrimental structural changes.
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1.1.3 (e) Capacitance

Capacitance C (in Farads, F) is the ability of a body to store electrical charge. It is
measured as the ratio of electric charge of a system to its corresponding electric
potential (Eq. 1.7).34

<D

(1.7)

The most commonly encountered example of capacitance is in capacitors. A
capacitor is a device that stores electrical energy in an electric field. Energy is stored
purely through the physical separation of electrostatic charges, and there is no
chemical or phase changes during charge/discharge (such as in a battery). The most
basic capacitor design is a parallel plate one, which consists of two conductive
(usually metallic) plates separated by an insulating region (Fig. 1.7). The insulator
may be a vacuum or some form of dielectric, e.g. air. The non-conductive region
prevents DC current passing through the capacitor. When a capacitor is connected to
a DC power supply it is charged: a potential difference is applied across the two
parallel plates causing electrons to build up on one plate and the other to become
electron-deficient. Hence, an electric field is created, the strength of which decreases
with increasing separation distance. When the potential is removed, the plates remain

charged and the stored energy can be discharged through an external load.

dielectric

conductive%

plates

d \l
Figure 1.7 A schematic of a parallel plate capacitor.
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A dielectric is a type of insulator that can be polarised by an applied electric field
(dipoles can align), but does not allow charge to actually flow through it.*®
Permittivity is a measure of polarisability of a dielectric (how easily it forms
instantaneous dipoles). A material with high permittivity polarises more in response
to an applied electric field than a material with a low permittivity, and is therefore
capable of storing more energy. The dielectric constant ¢” (also known as the relative
permittivity, &) is the absolute permittivity of a material ¢ relative to that of a
vacuum of free space eo, and is given by Equation 1.8. The dielectric constant is
unitless, and both ¢ and eo are in F cm™. The vacuum of free space is the absolute
permittivity of a vacuum and has a value of 8.854 x 10™* F cm™. Dielectric constant
values range from 1 for a vacuum (by definition) to about 2 x 10'* for materials that

possess high polarisability.

g =— (1.8)

The permittivity of the dielectric in a capacitor is important for determining the
overall capacitance of the device. The higher the permittivity of the medium used,
the greater the capacitance will be. In a parallel plate capacitor, the capacitance is
also proportional to the surface area of the conducting plates A (in cm?) and inversely
proportional to the separation distance d between them (in cm); this leads to
Equation 1.9.

_ege'A

(Capacitance) C=— (1.9)

There are several strategies which have been looked at to increase the capacitance of
modern-day devices. One method is to ‘interleave’ additional plates within the
capacitor body, which increases the overall surface area of each parallel plate; such a
construction is employed in the widely-used multilayer ceramic capacitors
(MLCCs).%® Another is to coat the metallic plates with a porous electrode material,
e.g. activated carbon, and use a liquid electrolyte as the dielectric. This setup leads to
the formation of electrical double layers at the electrode-electrolyte interface, which
have very high surface areas, and low separation distances of a single layer of

solvent molecules. Such devices are referred to as supercapacitors.3’
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Resistance (in Q) and capacitance (F) are geometry-dependent terms, and so it is

often more useful to think in terms of resistivity p (Q.cm) and permittivity & (F cm™).

A

—pZ 1.10

p Rd (1.10)
d

e=C (1.11)

An electrical circuit, which contains resistors and capacitors, may be characterised
by its RC time constant (Eq. 1.12). This is represented by the symbol z and has the
units of seconds (1 Q=1s F?).

(Time Constant) T = RC = pe (1.12)

Capacitance and RC time constants are important when it comes to discussing

impedance spectroscopy later on in this work (see Section 2.13).

1.1.4 Definitions

1.1.4 (a) C-Rate

Table 1.1 C-rate and charging/discharging time.

C-rate (Dis)charge Time
5C 12 minutes
2C 30 minutes
1C 1 hour
C/2 (0.5C) 2 hours
C/5 (0.2C) 5 hours
C/10 (0.1C) 10 hours
C/20 (0.05C) 20 hours

The term C-rate is used to specify the speed at which a battery is charged or

discharged relative to its capacity. A 1C rating means that the cell is discharged in

15



Laurence A. Middlemiss, PhD Thesis, Chapter |

one hour. Therefore, for a 100 Ah battery, a current of 100 A is drawn for one hour.
A 2C rating means that the cell is (dis)charged twice in one hour, so for a 100 Ah
cell, a current of 200 A is provided. A C/2 (0.5C) rate confers that the cell takes 2
hours to dis(charge) so a current of 50 A is used. Table 1.1 shows some examples of
the charge/discharge times at various C-rates. While, in theory, a 2C rate should
deliver the same amount of capacity in 30 minutes as a 1C rate does in an hour, in
reality, a higher current often results in a greater amount of internal resistive losses,

thus lowering the actual achievable capacity.

1.1.4 (b) State of Charge and Depth of Discharge

The state of charge (SoC) of a battery is how much energy it presently holds
compared to the maximum it may possess. It is an important parameter as it indicates
how much longer the battery will last for before it needs to be recharged. It is the
available capacity expressed as a percentage of the cell’s current maximum capacity
(Eq. 1.13), e.g. the capacity at its last full charge, rather than the rated capacity of the
cell when it was manufactured. This is an important distinction because the capacity
of a battery decreases over time (this is known as capacity fading), hence, the state of
charge is a measure of the short-term capability of a battery. A complementary way
of presenting a battery’s SoC is to refer to its depth of discharge (DoD). The depth of
discharge is the percentage of the capacity which has been removed from a fully
charged cell (Eq. 1.14). Hence, as the depth of discharge increases, the state of
charge decreases. A battery that has been fully discharged has 100% DoD and 0%
SoC, whereas a battery which is fully charged has 0% DoD and 100% SoC. In this
work, the term state of charge is used when referring to a battery undergoing

charging, and the depth of discharge when referring to one undergoing discharging.
Current Cap.

= x 1009 1.13
Soc Current Max.Cap. 00% ( )

Current Max.Cap.—Current Cap.
DoD = x100% (1.14)
Current Max. Cap.

There are several different methods available for estimating the state of charge. The

most widespread technique for determining the SoC of lithium-ion batteries, and the
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one that will be used in this study, is the coulomb counting method.*® This is based
on the principle that charge is the integral of current with respect to time (Eq. 1.2).
Therefore, the capacity of a cell can be calculated by measuring the current entering
(charging) or leaving (discharging) a cell and integrating (accumulating) this over

time.

1.1.4 (c) State of Health and Cycle Life

The state of health (SoH) of a battery gives a measurement of its general condition,
and its ability to deliver its specified performance, compared with when it was first
manufactured. It is a crude indicator of battery lifetime and gives an idea as to how
much longer the battery will last for before it needs replacing. It is calculated as a
percentage of the current total capacity of the cell compared with the capacity when
it was new, which is also referred to as the nominal capacity (Eqg. 1.15). Hence, a
battery has a 100% SoH after being manufactured, which then decreases over time.
Current Discharge Cap.

SoH = x 1009 1.15
° Nominal Discharge Cap. % ( )

Knee points

Charge Retention (%)

(4]
o

500 1000 1500
Cycle Number

Figure 1.8 Lithium-ion batteries cycled at different temperatures with their knee
points indicated. Adapted from reference 39.

The cycle life of a battery is how many cycles it is capable of during its lifetime, or

more precisely, how many cycles a battery is capable of before it fails to meet
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specific performance criteria. For many battery applications, particularly mobile
ones, the end of practical operation for a cell is often deemed as when its state of
health drops below 80%. The capacity decay of lithium-ion batteries is characterised
by a gradual linear decline in capacity up to a certain point, before transitioning to a
more dramatic reduction. This change in gradient of the capacity plot is often
referred to as the “knee point’ (Fig. 1.8).%° The ‘knee point’ signals the beginning of
the end of operational life of the battery, as its capacity rapidly fades after this. As
there is no widely accepted standard approach or algorithm for identification of the
‘knee point’, its location is subjective to the visual inspector, and, therefore, is

considered more of a region than occurring at one particular charge/discharge cycle.

1.1.4 (d) Specific Energy and Specific Power

Table 1.2 Comparison of approximate energy densities for three Li-ion battery
chemistries, from active material to battery pack level.*0#

Chemistry  Specific  Nominal Energy Energy Energy
Capacity  Voltage Density Density Density

(Material (Cell (Pack

Level) Level) Level)

LiCoO,  165mAhg?! 36V 600 Whkg? 175Whkg! 140 Whkg?
LiFePO, 140mAhg! 32V 450 Whkg! 130 Whkg! 105 Wh kg
LiMn,Os 120mAhg! 3.7V 450 Whkg? 130 Whkg! 105 Wh kg

Batteries have a nominal (average) voltage. This is the battery’s voltage at 50%
depth of discharge. The specific energy (Wh kg™), or gravimetric energy density, is
calculated by multiplying the specific capacity by nominal voltage (Eq. 1.16).

Specific Energy = Specific Cap.x Nominal Voltage (1.16)

Watt-hour is the unit of energy for electrochemical devices (1 J = 1 W.s). Care
should be taken when mentioning the energy density of a battery as this can refer to
either the active material or the composite electrode, or alternatively, the device at

the cell or pack level.* A range of different Li -ion battery chemistries and their

*In this thesis, the term ‘energy density’ refers to the active material, unless stated otherwise.
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corresponding energy densities are given in Table 1.2. There is a decrease in energy
density at each higher level of the battery assembly process, due to the presence of a
greater amount of inactive components (Fig. 1.9).* The energy density decreases by
approximately 15% on going from the active material to electrode level, due to the
current collector, binder and conductive additive. There is then a further 65%
reduction from the electrode to the cell level because of the weight of the anode,
separator, electrolyte, cell case etc., and finally a 20% decrease on going from the
cell to battery pack level, due to components such as packaging and connecting
wires. Consequently, for Li-ion cathode materials, there is approximately a four-fold

decrease in energy density between the active material and end battery pack level.

Cell level
CYLINDRICAL
Material Electrode = : Pack level
level level 3 Sl

PRISMATIC

(S, ]
=
3
-~
(3, ]
& —
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150 mm

| | | |
| | | |

Decreasing energy density

v

Figure 1.9 The energy density of the battery decreases from the active material to
electrode, cell, and pack level. Adapted from reference 43.

There are three main cell formats used in commercial electric vehicles: cylindrical,
prismatic and pouch cells (button or coin cell formats are used for other
applications). Each of these designs has its own advantages and drawbacks. It is also
possible to express the energy density of a battery in the form of volumetric energy
density (Wh IY). This is a measure of how much energy a battery contains in

comparison to its volume. Once again, this decreases moving up through the
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assembly chain, but not in proportion to gravimetric energy density. For example,
while there is a 20% decrease in going from cell to the pack level in terms of specific
energy, the volumetric energy density decreases by over 50% due to the amount of

space taken up by the packaging, wiring and cooling system.

Power P is the rate at which energy is transferred, and is measured in watts. A watt is
the work done when a current of 1 A flows across a potential difference of 1 V (Eqg.
1.17), hence, 1 W = 1 V.A. Specific power (W kg?), is the maximum available
power per unit mass. It is also possible to think about power in terms of power
density (W I'Y). Batteries for specific applications such as power tools are geared

towards possessing a high specific power, rather than a large specific energy.

(Power) P=VI (2.17)

1.1.4 (e) Faradaic/Coulombic Efficiency

The faradaic or coulombic efficiency of a battery describes how efficiently charge is
transferred around the electrochemical system. For a cathode, it is the ratio of
discharge capacity to charge capacity (for the same cycle), and is given by Equation
1.18. A higher coulombic efficiency equates to a longer battery cycle life and is
therefore desirable. Lithium-ion batteries have one of the best coulombic
efficiencies, which is usually over 99%. After charging a battery it is not possible to
re-insert all of the lithium back into the cathode. This can be due to a variety of
reasons, e.g. parasitic side reactions between the electrolyte and anode which
consume lithium. In theory, a cell which has zero internal resistance and is free of all
side reactions will have a coulombic efficiency of 100%.
Discharge Cap.

Coulombic Eff.= Charge Cap. X 100% (1.18)

1.1.4 (f) Round Trip (Energy) Efficiency

While the faradaic/coulombic efficiency of a battery describes how efficiently charge
is transferred around the electrochemical system, it can often be more useful to think
in terms of energy efficiency (Eqg. 1.19). This takes into account also the voltage at

which a battery is charged/discharged and, hence, the total amount of energy
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retrieved. Often a battery is discharged at a lower voltage than it is charged at,
leading to a lower specific discharge energy. This difference in voltage is referred to
as potential hysteresis.'® This occurs partly due to an internal cell resistance, which is
most pronounced as the iR drop between the end of charge and the start of discharge.
Furthermore, more energy is required to remove Li*/Na* ions from the host lattice
and electrons from the transition metals on charging (and promote them from the
ground state) than is accompanied with the opposite processes on discharge. The
combined result of these effects is that the energy spent during charge is higher than
that delivered during discharge, resulting in an energy efficiency less than 100%.
Specific Charge Energy

. Eff — % 1000 1.19
nergy Eff Specific Discharge Energy i )

Energy efficiency is also sometimes referred to as round trip efficiency because it is
the energy retrieved in a round trip around the storage system. It is a critical factor in
assessing the usefulness of a storage technology. The higher the round trip
efficiency, the less energy lost during storage, and the more efficient the system is as
a whole. Batteries tend to have a round trip efficiency around 85-95% (depending on
the chemistry), which is higher than most other storage technologies, e.g.
hydroelectricity (70-85%), compressed air (40-70%).4*

1.2 Sodium-lon Batteries

1.2.1 Overview

The significant growth in interest in sodium-ion batteries over the past decade has
been demonstrated by a dramatic rise in the number of patents and publications.
There has been approximately 80 times the number of peer-reviewed papers
published on Na-ion technology in the last 10 years (2010-2020) than existed in total

prior to this date.®

Interest in sodium-ion batteries stems from concerns surrounding current lithium-ion

technology. Lithium metal can only be found in certain regions globally, with

$ Based on article search in the database of Web of Science (September 2020).
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relatively few known deposits in Europe.*® Current resources are being depleted at a
steadily increasing rate, and the cost of lithium metal is increasing.*® In contrast,
sodium is the fourth most abundant metal in the Earth’s crust, and Na metal is only a
fraction of the cost of lithium*’ (Table 1). Furthermore, a major component of most
lithium-ion cells is cobalt, which is toxic, relatively expensive, and there are also
human rights concerns surrounding its supply chain.*® Lithium and sodium have
relatively similar chemistries, meaning that current manufacturing for LIBs can be
easily transferred to Na-ion. Due to these different factors, is predicted that when
fully-commercialised, sodium-ion technology will be 30% cheaper to manufacture
than Li-ion.*® Furthermore, lithium-ion batteries are susceptible to overcharging,
which can lead to thermal runaway, whereas sodium-ion cells have improved
thermal stability and can be stored at 0 V, which means that they can be transported
more safely.®® However, there are a number of challenges associated with sodium-
ion batteries stemming from the larger size and lower reduction potential of Na. This
means it is difficult to achieve cell voltages as high as seen with LIBs, and the

theoretical capacity of the metal is much lower.>*

Table 1.3 Lithium versus sodium characteristics.*>>!

Category Lithium Sodium
Abundancy 20 ppm 23,000 ppm
Cost $1500/ton $150/ton
lonic Radius 76 ppm 106 ppm
Atomic Weight 6.9 g mol*? 23 g mol?
Voltage vs. SHE -3.04V -2.70V
Theoretical C?pacity of 3,829 mAh g? 1,165 mAh g*
meta

Sodium and lithium-ion batteries both operate on the same basic principles. During
charging, Li*/Na" metal ions move out of the cathode, travel through the electrolyte,
before inserting into the anode. At the same time, electrons travel through an

external circuit. During discharging, the reverse process occurs and the electrons do
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work. Crucial to this is the presence of a partially permeable separator, which allows
ions to pass through, but is an electronic insulator and so prevents a short circuit
between the two electrodes. The structure of an Na-ion cell is shown in Figure 1.10.
Unlike with lithium, sodium metal does not react with aluminium at low voltages to
form an alloy at the anode, so this can be used instead of a more expensive copper or
nickel current collector.>?
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Figure 1.10 Schematic of a sodium-ion battery.
1.2.2 Anodes

Another important difference between lithium and sodium-ion batteries is the type of
anode material used. Whereas LIBs use sheets of graphite for intercalating Li* ions
at the anode, sodium ions are too large to fit between these so, instead, some
alternative material must be used. A wide range of these have been examined,
primarily carbon and alloy-based structures. Crucial to this selection is consideration
of the solid electrolyte interphase (SEI).>® This forms by reaction between the
electrolyte and anode during the first charge when the salts and solvent in the
electrolyte are reduced by raising the voltage.>* Similarly with lithium-ion cells, SEI

formation leads to capacity fading.>®> While a stable SEI layer is necessary, as it
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limits further electrolyte-electrode reaction,®® its thickness must be controlled, as

over time an increase can lead to performance degradation and limit cycle life.>’

The SEI layer that forms on carbon-based materials is usually the most stable,>® and
thus this is one of the reasons these materials have received the most development to
date as Na-ion anodes. Hard carbons were amongst the first materials looked at for
SIBs.>%%% These showed modest capacity (200 mAh g1) but inferior cycling stability
and coulombic efficiency. Work done by Jeff Dahn’s group around the year 2000%!
was able to raise this to 300 mAh g!, which was more in line with LIBs.
Carbonaceous materials have the advantage that the electrochemical potential of C is
close to Na metal.®? However, this also means that a high current density/depth of
discharge represents a safety hazard as sodium plating can occur, which leads to
dendrite formation, and eventually a short circuit.®? This problem can be
circumvented through use of expanded graphite (Fig. 1.11), which is prepared by the
oxidation and partial reduction of graphite.3% This has a higher voltage and shows

improved safety, although a slight reduction in energy density (284 mAh g1). &
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Figure 1.11 Sodium storage in expanded graphite. Adapted from reference 63.

Significant work has also taken place on sodium alloy materials. Research performed
in Asia demonstrated a tin sulfide anode capable of achieving 400 mAh g*.%°
Phosphorous-based structures have also been studied, and are capable of achieving a
theoretical capacity much higher than metallic sodium.®® More recently, major

advances have come about by an abandonment of conventional materials in favour of
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alternative designs. Antimony nanoparticles anchored on interconnected carbon
nanofibres have been shown to give a high performance anode,®” as do MoS;
nanoflowers (400 mAh g1).®® Low potential titanium oxides have also been
extensively studied. The well-known spinel LisTisO1. anode for LIBs is able to also
accommodate Na* ions, and possesses one of the best cyclabilities to date among

these oxide anode materials.®°

1.2.3 Electrolytes

The electrolyte in SIBs must be able to efficiently shuttle Na* ions between
electrodes over time, while retaining good stability. The ionic conductivity is
dependent upon the concentration of charge carriers, as well as the viscosity and
permittivity of the electrolyte medium, whereas crucial to the chemical stability is
the ability to form an effective SEI layer. Electrochemical stability is also important,
and the electrolyte must be able to operate across a wide voltage window. As with
their LIB counterparts, the ionic conductivity of Na-ion solid electrolytes trails
substantially behind those of liquid ones. Thus, the major electrolytes currently
looked at for SIBs are based on solutions of salts in mixtures of either organic

solvents or ionic liquids (ILs).
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Figure 1.12 Most commonly used salts and solvents in Na-ion battery electrolytes.
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Non-aqueous electrolytes consist of a sodium salt dissolved in some organic solvent.
Most salts researched to date use the same weakly coordinating anions as in lithium-
ion batteries (Fig. 1.12), e.g. chlorate (ClO4") and hexafluorophosphate (PFg).”® One
advantage of chlorate over PF¢, is that the latter can react to give toxic hydrogen
fluoride gas.”* The trifluoromethanesulfonimide (TFSI") anion is also problematic in
that it corrodes aluminium.”? Most solvents looked at so far have been carbonates,
such as propylene carbonate (PC), as these have a high dielectric constant, large
electrochemical window, and low volatility. Each of these has its own advantages
and disadvantages, which has led to mixtures being looked at. A comprehensive
study by Bhide et al.”® found that NaPFs has the highest conductivity amongst Na-
ion salts: 12 mS cm™ in an ethylene carbonate (EC) : dimethyl carbonate (DMC)
solvent system.”* Subsequent work by Rosa Palacin suggested that an EC:PC:DMC

mixture is the optimum solvent for SIBs.”™

While non-aqueous liquids are the most promising sodium-ion battery electrolytes to
date, the flammability of the organic electrolytes poses potential safety problems.
Therefore, ionic liquids - an ionic salt doped with some sodium salt equivalent — are
being developed as an alternative. So far, the fluorosulfonimide ions (FSI- and
TFSI) have proved the most promising for use with these. NaTFSI with
imidazolium-TFSI ILs show an ionic conductivity as high as 5.5 mS cm™.”® Chang
and co-workers even claim that for certain electrodes, FSI-based ILs are capable of
outperforming organic electrolytes.”” However, ionic liquids are plagued with a
number of drawbacks: they are more viscous than their organic-based counterparts,
so require a higher operating temperature (generally at least > 50 °C), and purity and
dryness are often an issue.”® To date, ILs have shown great potential, but still are yet

to surpass non-aqueous electrolytes for sodium-ion battery use.

1.2.4 Cathodes

By far the most research which has taken place into sodium-ion batteries has been on
their cathode materials. Similar to lithium-ion technology, the capacity of the
cathode component of the cell trails behind that of the anode. Hence, improving the
working voltage and specific capacity of cathode materials is key to enhancing Na-
ion battery energy density, and enabling them to compete alongside Li-ion
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technology. The biggest challenge to their design is limiting the volume change that
occurs due to larger sodium ion (de-)insertion. Furthermore, sodium ions prefer
octahedral or prismatic coordination, whereas lithium ions tend to adopt either
octahedral or tetrahedral.*® This means that sodium and lithium compounds are not
necessarily isostructural, leading to different electrochemical properties. This can be
either advantageous or detrimental, and a number of promising materials now exist
with energy densities exceeding those of graphite/LiMn20O4, as shown in Figure
1.13.7® (Note that for this figure, the energy content at the active material level of a
graphite/LiMn,O4 and graphite/LiCoO, cell is taken as 300 and 380 Wh kg*

respectively; ~ 65% the energy density of just the active cathode material).
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Figure 1.13 Average voltage against specific capacity for Na-ion cathodes. Energy
density is given based on weight of active materials only (using hard carbon with a
reversible capacity of 300 mAh g and Vawe = 0.3 V). Adapted from reference 78.
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The two main classes of Na-ion cathode materials can be broken down into
polyanionic compounds and transition metal oxides. Polyanionic materials are
promising cathode candidates due to their robust covalent framework, which confers
suitable conductivity channels for Na* ions, and ensures good stability.®> The most
common LIB polyanionic cathode is LiTuPO4 (Tm = Mn, Fe, Co, Ni), with lithium
iron phosphate being used for applications worldwide.”® However, sodium analogues
have proven disappointing due to the lack of obvious channels for diffusion.®® More
recent work has focused on pyrophosphates, Na>TmP207, as well as
sulfates/fluorosulfates. Of these, NaFeSO4F was surprisingly found to have a higher
ionic mobility than LiFeSosF, from pellet impedance measurements.®* Possibly the
most well-known polyanionic compound, however, is the type of material referred to
as an Na Super lonic Conductor (or NASICON).% This has an open 3D framework
built-up of corner-sharing TmOs and XO4 polyhedra: AnTmTm’(XOa)3, which form
large tunnels, and have an ionic conductivity above 102 S cm™.8 The vanadium-
based NASICON phosphate NazV2(PO4)s, has yielded some of the most interest so
far amongst polyanionic compounds, due to its high energy density (~ 400 Wh
kg™),8 however, it is limited in its commercial potential due to the toxicity and cost

of vanadium.

Sodium transition metal oxides were historically the first compounds considered as
cathode materials for Na-ion batteries.®>8" The chemistry of these is complicated as
many different phases and polymorphs exist as the Na to transition metal ratio
changes. The reduction of f-NaMnO; produces Nag.4sMnO2.#" This material has S-
shaped tunnels, and was first looked at in sodium-metal polymer cells by Doeff et al.
during the 1990s.8 Vanadium-based oxides, NaxV20Os, are also well reported in the
literature for Na-ion cathode materials,®>*°which may possess channel structures. A
more recent paper on Nai25V3Og nanowire looks particularly encouraging, with a
capacity of ~ 100 mAh g* up to 1000 cycles.®* However, it has been research done
on layered oxides which has shown the most potential for Na-ion cathode materials

to date; these have been studied extensively over the past few years.
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1.3 Layered Sodium Oxides and Na-lon Cathode Materials

1.3.1 Classification and Structure

Layered sodium transition metal oxides are a popular choice of cathode material for
Na-ion batteries because they have easy-to-synthesize, simple structures, which are
capable of high redox potentials and specific capacities. Importantly, they do not
show any decrease in ionic conductivity compared to LIB materials.®? Furthermore,
the larger sodium cation means that unfavourable alkali ion/transition metal mixing
is not expected to occur, as is seen with Li-ion.* Since 2010, the substitution of
elements into these oxide layers has been a key focus of Na-ion cathode
development. Electrochemically active elements can be used to raise the operating
voltage of the battery, as well as bring about a smoother charge-discharge profile,
while incorporating a small amount of electrochemically inactive elements can

enhance stability and result in a better cycle life.%
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Figure 1.14 Classification of layered sodium transition metal oxide polymorphs.
Adapted from reference 47.
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The structure and classification of layered oxides were first laid out in a seminal
paper by Claude Delmas in 1980.%* The layered structure is built of sheets of edge-
sharing TmOe octahedra, with alkali ions inserted between these metal oxide slabs.
The stacking of these sheets with different orientations gives rise to polymorphism.
Sodium-based materials, NaxTmO2 form cation-ordered rock salt superstructures,
which can be classified into four major groups: 03, P2, 02, and P3 (Fig. 1.14). The
letters indicate the environment in which the Na* ion is located: either octahedral (O)
or prismatic (P), and the number is how many oxide sheets form the repeat unit in
the c-direction. The O3- and P2-type phases are the most common. The O3 phase
(0.7 < x <1) consists of close packed ABCABC oxide layer stacking, and the P2-
type phase (0.6 <x <0.7) a close packed ABBA array. Note that it is only the TMOe
layer that is rock salt-like in these compunds, and the rock salt ordering is lost in the
third dimension. Hence, the term ‘layered rock salt type structure’ is more accurate

when referring to these materials.

The intercalaction electrochemistry of these layered oxides is heavily dependent
upon the structure of the phase, including the amount of sodium and the stability of
the structures to Na (de-)insertion. A general characteristic of these polymorphs is
that the O3 phase has a higher sodium content than its P2 counterpart, and so the
latter consequently has much more vacancies in its structure. Hence, the O3
polymorph has a greater initical charge capacity due to a larger sodium reservoir,
whereas the P2 phase is thought to generally afford better electrochemistry due to its
higher ionic conductvity. This comes about because Na* ion hopping in O-layered
structures must take place through unfavourable interstitial tetrahedral sites. In the P-
phases, in contrast, there is an on open path for diffusion through adjacent prismatic

sites, %9

Sodium extraction during cycling generally induces phase transitions.*’ During this
process, the TmO. planes undergo gliding, and move from octahedral
accommodation of the sodium ions to prismatic and vice versa. For example, the
extraction of Na* ions from O3 creates vacancies and allows sodium at prismatic
sites to be energetically stabilised, thus forming the P3 polymorph (x = 0.5) with
ABBCCA stacking.®” The extraction of sodium ions from between the TmOs slabs

leads to greater repulsion between oxygen layers, which in turn results in an
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expansion of the TmOs interlayer distance.®® This leads to Na*ions occupying
prismatic sites due to the large Na ionic size. Sodium ions occupy two different types
of trigonal prismatic sites: Nal contacts the two TmOe octahedra of the adjacent
slabs along its face, whereas Na2 contacts the six surrounding TmOs octahedra along
its edges (Fig. 1.15). Adjacent Nal and Na2 sites are too close together (considering

the Na* ionic radius) to be occupied simultaneously.’
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Figure 1.15 Crystal structure of P2-NaTwmO>. (a) View perpendicular to the c-axis
to show the AABB oxygen stacking. (b) View parallel to the c-axis to show relative
positions of Nal and Na2. Adapted from reference 98.

The P2 phase is generally more stable structurally as it does not undergo slab gliding
to O2 (ABACAB) unless a lot of Na is removed (~ 70%).9? Desodiation shifts the
phase toward O2 due to gliding (n/3 rotation) of the TMOs octahedra and contraction
of the crystal structure, reducing the interlayer distance.” An O3/P3 transtion to
02/P2 is not possible without high temperature, as it requires the breaking/reforming
of Tm-O bonds. Addressing these phase transitions is a major challenge to enhancing

electrochemical reversibility and cyclability in these layered oxide materials.

1.3.2 Single Transition Metal Oxides

A range of layered single transition metal oxides, NaTmO2 (Tm = Ti, V, Cr, Mn, Fe,
Co, Ni), were investigated for their electrochemical properties as far back as the

1980s.87:99190 Sodjum cobalt oxide was the first layered oxide to be studied for Na
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insertion.®> The trigonal O3 phase is able to de-intercalate around 0.5 Na while
undergoing a phase transition to monoclinic P3.%° However, as one of the driving
forces behind Na-ion battery research is the use of cheaper, more sustainable
elements compared with Li-ion, research into Na-ion cathodes has primarily focused

on using more environmentally friendly elements than cobalt.
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Figure 1.16 The charge-discharge profiles of (a) O3 a-NaMnO-, and (b) P2-
Nao.sMnO2, cycled over the voltage range 2.0 — 3.8 V. The different Na migration
paths are shown as insets. Adapted from references 47, 106 and 107.

One of the most early studied and well characterised single transition metal oxides
was sodium manganese oxide, NaxMnO2. This compound can form either a 3D
structure with tunnels (x = 0.4 and 0.44), or a 2D layered structure (x = 1.0 and 0.7).
The 2D phases can be either O3 low temperature monoclinic a-NaMnO2, O3 high-
temperature orthorhombic A-NaMnO2, or a range of sodium-deficient P2-type
phases.!®® These materials have been extensively studied by Grey and co-
workers, 127194 and the conduction in all of them is found to be limited by the Jahn-
Teller effect of high-spin Mn®*, which encourages electronic localisation and
unfavourable Na*/electron binding, lowering the diffusion rate.81% The a-NaMnO:
polymorph is the most stable; 0.8 Na can be reversibly de-intercalated, giving an
initial capacity > 180 mAh g™.1% The P2-NaosMnO- cathode by comparison shows a
discharge capacity of just ca. 140 mAh g* (2-3.8 V) (Fig. 1.16).27 It is suspected
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that moisture uptake may play a role in destabilising the structure of this P2-type

layered oxide.1%®

Similar to the sodium manganese oxides, the Jahn-Teller effect is also of importance
in the structure and properties of NaNiO2. This material can be synthesized
stoichiometrically due to the presence of low-spin Ni**, which induces really strong
Jahn-Teller distortion.®” This alters the lattice parameters, forming an O3 hexagonal
unit cell above 220 °C, and a distorted monoclinic one below.*® When this material
was initially studied ca. 30 years ago, it was thought to only (de-)intercalate ~ 0.2
Na,’® but more recently, a capacity of 123 mAh g, and coulombic efficiency >
99%, has been demonstrated between 1.25-3.75 V by Ceder et al.!%

Layered sodium iron oxide also exists as two polymorphs, a-NaFeO. and f-
NaFeO,,'!! although only the low temperature ordered honeycomb structure, a-
NaFeO;, is known to be electrochemically active (80 -100 mAh g1).}12 The structure
of this O3 phase is stable up to ~ 0.1 Na removal, with Mossbauer spectroscopy
indicating Fe** formation.®® Both 03-NaVO: (120 mAh g1) and P2-Nao7VO2 (100
mAh g1) have also been reported in the literature.*® In contrast, there are relatively
few Ti%* systems, as these are highly reducing. While some of these single Twm
systems display good reversible capacity over a suitably wide voltage range, their
electrochemistry has more importantly been used as the basis for other more

complex systems.

1.3.3 Multiple Metal Oxides

Some of the best capacities so far have been achieved with layered oxides containing
multiple metal elements in addition to sodium. A cooperative effect between
different transition elements, Mn, Fe, Ni, Co etc., can help to activate the redox
reaction at a target voltage, thus enabling a smoother charge-discharge profile.
Furthermore, inactive spectator elements, such as Mg and Ti, are considered as a

way of enhancing capacity retention and improving structural stability.%’

Of the binary O3 polymorphs, Na[FexMn1-x]O2 (0.5 < x < 1) has been well studied,
and found to have a discharge capacity as high as 105 mAh g? (at x = 0.5).%

Increasing the manganese concentration in this system improves performance by

33



Laurence A. Middlemiss, PhD Thesis, Chapter |

reducing the reliance on the Fe®*** redox reaction and the Jahn-Teller distortion
caused by high-spin Fe**. Nickel works in a similar way in O3-Na[Fe1-xNix]O2 (0.5 <
x < 0.7) by suppressing polarisation during cycling through limiting Fe** formation.
This material has a capacity of 112 mAh g and a coulombic efficiency of ~ 90% (x
= 0.5)."* However, of all the O3 phases studied, the Na[Niy2zMn12]O, cathode
developed by Komaba and co-workers is one of the most promising to date, and has
received much attention from other research groups around the world.!*>!® This
material is capable of achieving around 125 mAh g (2.2-3.8 V), with 75% capacity
retention after 50 cycles.*'” X-ray absorption spectroscopy shows via a combination
of X-ray absorption near edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) that nickel is the only redox active element in this structure —

manganese remains as Mn**, while Ni?* goes to Ni**, via Ni** (Fig. 1.17).
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Figure 1.17 XANES spectrum at the Mn K-edge (6539 eV), and EXAFS spectrum
at the Ni K-edge. Adapted from reference 117.

Similar to O3, there has been much development of binary P2-type polymorphs. The
compound P2-Nay[Ni1sMn23]O2 shows a lower initial capacity than O3-
Na[Ni12Mn12]O02,18 but exhibits superior structural stability and capacity retention
due to the P2-O2 transition occurring at a higher voltage.''° The P2-type polymorph
Naz/s[Fe12Mn12]O, has a capacity of 190 mAh g? (1.5-4.2 V)% and an energy
density of 520 Wh kg, which is greater than that of some well-established Li-ion

cathodes (LiMn2O4 and LiFePOs). However, the material undergoes an irreversible
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phase change above 3.4 V,'* and Na-Fe-Mn systems are known to be quite
hygroscopic.’?' Various research groups have investigated the effect of doping
layered sodium oxide P2 materials with electrochemically inactive magnesium???
and titanium.!?® The Bruce Group, in Oxford, found that a small amount of
magnesium, such as in P2-Nazz[Mn1xMgx]O2 (0 < x < 0.2), improves the overall
performance without compromising the capacity much (150 mAh g for x = 0.2).1%*
Furthermore, these materials are found to possess smoother charge-discharge profiles
(less phase transitions) as Mg?* decreases polarisation by suppressing the Jahn-Teller
distortion of Mn3*.2% Work performed in Japan found that Naos7[Mgo.2sMno.72]O2 is
capable of an anomalous capacity beyond 200 mAh g, which is thought to be due to
an oxide ion contribution induced by the magnesium.?® A small amount of titanium
is also thought to enhance long-term cycling performance.?’ For example, Ti*
improves stability and cyclability in P2-Naz3[NiisMnzaxTix]O2 by suppressing

Na*/vacancy ordering and restricting the P2-O2 phase transition.!?

Layered oxides containing more than two metals in addition to sodium have proven
to be useful in boosting electrochemical performance. A sodium analogue of the
well-known Lithium Nickel Manganese Cobalt Oxide (NMC) cathode, O3-
Na[Ni1sMn13C01/3]O2, developed by Tarascon and colleagues, is capable of 0.5 Na
(de-)intercalation and a capacity of 120 mAh g¢g1'?® The ternary P2-
Nao.67[Mno.esFeo.2Nio.15]O2, is one of the most promising, with a discharge capacity
greater than 200 mAh g?, and 70% capacity retention after 50 cycles.®*® These
layered ternary®®, and even quarternary!®? metal oxides, have gained increasing
attention in recent years, as researchers try and find ways of increasing the energy
density of sodium-ion cathode materials, whilst achieving good structural and

electrochemical stability.'%3

1.3.4 Mixed Phase Systems

The structure of the layered sodium oxide cathode hugely affects its electrochemical
properties. The well-known O3 and P2 polymorphs each possess their own intrinsic
strengths and weaknesses. The O3 phase has a higher sodium reservoir, and shows
much more reversible capacity. However, structural degradation occurs above 4

V117" and the material is prone to complex phase transitions. The P2 polymorphs, in
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contrast, possess greater rate capability, and are generally more stable. However,
they are prone to over-extraction of sodium at high voltages, and their specific
capacity is limited by the large number of unoccupied Na* ion sites.’** Recently,
research groups have looked into cathodes made up of a mixture of these two layered
phases in order to overcome their individual limitations, and combine the high
energy of the O3 with the high power of the P2. This is sometimes referred to as

utilising a ‘synergetic’ effect.

Despite the fact that earlier studies on lithium-ion batteries reported the co-existence
of P- and O-phase intergrowth,**® which was later confirmed in sodium-ion batteries
by phase diagram work,'® until very recently, Na-ion cathode research has almost
exclusively been restricted to phase pure materials. The first mixed phase material
reported was in 2014 by Johnson and co-workers, when the partial substitution of Na
for lithium formed Nao 7[Lio.3NiosMnos]O2+s with mixed phase intergrowth.® This
has a discharge capacity of 130 mAh g* and high rate performance. A year later,
scientists started with P2 as the major phase and introduced some O3 to form
Nao.ss[Lio.18Mno.71Nio.21C00.08] O2+5, Which has one of the highest energy densities of

all reported SIB materials so far — 640 Wh kg™,**® however, this material is limited

in its charge retention.

e Wa b

Figure 1.18 SEM images of (a) P2-, (b) O3-, and (c) mixed P-/O-
Nax[MnyNi;Feo.1Mgo.1]O2. Adapted from reference 139.

One of the most comprehensive works done to date on mixed phase layered sodium
oxides was performed by Passerini and co-workers at the Helmholtz Institute in
2015.1% This compared the performance of O3, P2 and mixed phase quaternary
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Nax[MnyNizFeo1Mgo.1]O2 (0.67 <x <1; 0.5 <y <0.7; 0.1 <z <0.3). It was found
that the type of material produced could be fine-tuned to either the O3, P2 or mixed
phase material by modifying the synthesis conditions. A larger quantity of transition
metals in higher oxidation states, such as Mn**, favours P2, whereas low charge
Ni2*, along with more sodium, favours the O3. Quenching also increases the
likelihood of forming O3, whereas slow cool leads to P2. Hence, utilising
intermediate conditions such as 0.76 equivalent Na*, with slow cooling, leads to a
mixture of O- and P-phases. These results are confirmed by SEM images (Fig. 1.18).
Appropriate reaction conditions'® are required in order to get the beneficial effects
arising from intimate mixing of the polymorphs, and blending P2 and O3 phases
together post-synthesis does not suffice. The best electrochemical performance is
obtained for the mixed phase material, e.g. ~ 125 mAh g after 50 cycles, compared
to just 90 and 110 mAh g for the O3 and P2 polymorphs respectively, with superior
charge retention also present in the mixed phase cathode. It is thought that this
reduced capacity fading arises from the volume changes associated with the phase
transitions in the O3 and P2 structures cancelling each another out in the mixed
phase material. This lowers the overall volume change for the electrode and reduces

strain, leading to a high energy density of 490 Wh kg™.

Other O3/P2 biphasic compounds have since been investigated. A range of sodium-
deficient layered oxides Nax[Nio.2Fex-04Mn12.x]O2 were synthesized via conventional
solid state reaction.'*® Tuning the sodium content was found to lead to a different O3
: P2 ratio with x = 0.78 found to be the optimal cathode design - 86 mAh g* with
90% charge retention after 1,500 cycles. The introduction of lithium into
Nao.67[MnossNio.25 Tio2xLix]O2 leads to a hybrid O3/P2 structure, with improved
performance.**! Li was found to mainly reside on the T site so that the P2 phase
dominates, with some Li on Na sites to generate an O3 minority component.
Another Li-substituted mixed phase material, Nao.s7[Lio.18sMno.gFeo2]O2, was capable
of 125 mAh g* and a high coulombic efficiency.*? Despite the great promise these
mixed phase cathodes display, there has been little work performed in this area
relative to the large field of sodium-ion battery research. In particular, understanding
the structures and electrical properties of these mixed phase layered O3/P2 materials,

and how they differ to their single-phase components is lacking.
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1.4 Performance Limiting Factors in Batteries

A key criterion with respect to rechargeable batteries is cycle life, i.e. how many
cycles a battery can undergo before significant loss of performance. All batteries
experience reduction in performance during storage, as well as cycling.}*® This can
be due to a variety of degradation (ageing) mechanisms, which can be associated
with one or more of the components/interfaces of a cell. Degradation leads to
decrease in (energy) capacity and/or power.'** Identifying performance limiting
factors in batteries, and ways in which these can be overcome, are large areas of

interest within the battery research community.

For lithium-ion cells, degradation pathways can be divided into three possible

primary processes:14

e Loss of the lithium metal
e Loss of the active cathode/anode material

e Deterioration of ionic transport through components and across interfaces

The first two of these affect the thermodynamic behaviour of the cell, whereas the
last impacts the cell kinetically. Loss of the Li metal component or of the active
cathode/anode material results in an irreversible drop in capacity. A deterioration of
ionic transport leads to a rise in internal cell resistance, which is monitored by
measuring the impedance. This increase in resistance means that the cell’s power
capability drops. Certain ageing routes cause both a fall in capacity and power. An
impedance increase, and the associated fall in capacity, can often be reversed by

changing the operating conditions of the battery e.g. cycling at a lower C-rate.
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Table 1.4 Summary of the major known degradation mechanisms in Li-ion cells.

Cause

Effect

Result

Electrolyte decomposition

Solid electrolyte interphase
(SEI)

Binder decay

Particle contact loss

Particle cracking (solvent
co-intercalation)

Metal plating

Transition metal dissolution

Structural
disordering/unfavourable
phase transitions

Changes in porosity

Decrease in electrode
surface area

Oxidation of conductive
additive

Current collector corrosion

Separator pore blocking

Loss of lithium metal,
deterioration of ionic transport

Loss of lithium metal,
deterioration of ionic transport

Loss of lithium metal, loss of
active electrode material,
deterioration of ionic transport

Loss of active electrode material,
deterioration of ionic transport

Loss of active electrode material,
deterioration of ionic transport

Loss of lithium metal

Loss of active electrode material

Loss of active electrode material

Deterioration of ionic transport

Deterioration of ionic transport

Deterioration of ionic transport

Deterioration of ionic transport

Deterioration of ionic transport

Capacity fade,
impedance rise

Capacity fade,
impedance rise

Capacity fade,
impedance rise

Capacity fade,
impedance rise

Capacity fade,
impedance rise

Capacity fade
Capacity fade

Capacity fade

Impedance rise

Impedance rise

Impedance rise

Impedance rise

Impedance rise
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A summary of the major degradation mechanisms in lithium-ion batteries is given in
Table 1.4. These mechanisms can be related to either the individual active cell
components: electrolyte, positive or negative electrode, as well as a deterioration in
inactive materials: binder, separator, current collector etc. Many of the degradation
mechanisms are linked to one another. For instance, electrolyte decomposition,

changes in electrode porosity and decrease in surface area may all be connected to
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the formation of the solid electrolyte interphase. SEI formation, growth and decay is
one of the most well established and problematic ageing mechanisms in LIBs.'4" An
ionically-conducting, electronically-insulating, and mechanically robust SEI is
essential for a long Li-ion battery life. However, the SEI consumes lithium (causing
a fall in capacity), and also limits the power due to a decrease in porosity and usable
surface area of the electrode, thus restricting the transfer of Li* ions across the
electrode-electrolyte interface. An analogous surface film has also been reported to
form at the cathode,'*® sometimes referred to as a solid permeable interphase (SPI) or
cathode electrolyte interphase (CEI),**° but this has been less extensively studied,

and its impact on cell ageing is, therefore, not so well understood.

Lithium plating, where Li* ions are reduced to Li metal, is also another major cause
of capacity loss,'*° as it depletes the inventory of usable lithium. Furthermore, Li
metal reacts with the electrolyte to exacerbate its decomposition, thus lowering its
conductivity, while also contributing to the SEI. Lithium plating also causes
dendrites to form, which increases the probability of a short circuit. Inhomogeneity,
poor mass balance, and geometric misalignment of the electrodes, all increase the

risk of metal plating.t®!

Volume changes in the electrodes during repetitive Li* insertion/removal can cause
mechanical disintegration,®” which leads to particle contact loss that hinders the
electronic pathway. In most severe cases, particle cracking occurs; this can be
brought about by solvent molecules intercalating between graphite sheets, and can
lead to active particle isolation.™® Structural changes in the electrode bulk during
cycling are particularly problematic for the cathode. For materials such as layered
oxides, phase changes occur, which are accompanied by volume changes that distort
the crystal lattice and cause mechanical stress over time.'®® Jahn-Teller distortion of
certain transition metal elements, and cation exchange between Li and T, also have
an effect.™ This can lead to structural disordering, which can restrict the pathways
for Li* ion diffusion. Transition metal dissolution from the cathode not only hinders
the redox activity of this electrode, but Tm can also deposit on the surface of both the
cathode and anode, increasing their impedances.’® This is most prominent for
manganese-containing materials, e.g. LiMn,04.2® Figure 1.19 illustrates some of the

most commonly reported degradation mechanisms in Li-ion cells.
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Figure 1.19 Schematic showing some of the known degradation mechanisms in a
lithium-ion cell. Adapted from reference 152.

The inactive components of a battery also contribute to cell ageing. The binder can
react with lithium in the anode to give LiF, which causes the binder to decay.'®” This
in turn leads to degradation of the mechanical properties of the electrode, which
causes a rise in cell impedance due to disruption of the electronic conduction
network. Furthermore, lithium/active material particle isolation can occur due to
binder breakdown, which leads to a drop in capacity.’®® At high voltages, oxidation
of conductive carbon additives takes place, which also decreases the electronic
conductivity of the electrode.!®® In addition to this, the current collector can corrode
if it reacts with the electrolyte. This is particularly problematic for the copper current
collector at the anode, which at a low enough cell voltage can be oxidised to Cu?*
ions. These ions then dissolve in the electrolyte and, when the voltage is raised
again, plate onto the anode surface.’®® Furthermore, stress induced during cycling
changes the structure of pores in the separator and leads to lower Li* ion mobility.
This is caused primarily by dendrite growth, however, high temperatures can also
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cause the softening of separators and the closing of their pores.'® Electrolyte

decomposition products may also deposit in them and hinder Li* ion diffusion.*

Many of the aforementioned ageing routes can be mitigated by careful selection of
the materials, e.g. correct binder, active material, and operating the battery in optimal
conditions, e.g. temperature, C-rate, and voltage window. High temperatures
exacerbate electrolyte decomposition and cause the SEI to break down, as well as
enhancing transition metal dissolution.**” Low temperatures restrict Li* ion diffusion
in the anode, which intensifies Li metal plating.!%? High C-rates increase the cell
temperature and also cause lithium deposits because the transport rate of Li* ions
from the electrolyte exceeds the insertion rate, resulting in lithium accumulating at
the anode surface.'®® Good mass balance and geometric alignment of the electrodes
is important to avoid the plating mechanism.’® Avoiding fully charging and
discharging cells has also proven optimal for prolonging the cycle life for Li-ion
technology.’®* Too high a voltage can cause electrolyte decomposition and film
formation on cathode particles,*®® as well as lithium plating,'®® while too deep a
discharge can result in current collector corrosion.'® It is also possible to pre-treat
the electrodes and current collectors, as well as using electrolyte additives, to aid
with SEI formation.>” Doping of the cathode structures can help to mitigate phase
changes, as well as tuning the voltage range they operate at.*>®* Contaminants, in
particular water, contributes to cell degradation. It reacts with the electrolyte salt
LiPFe to form HF, which is very reactive, and can attack various active and passive
components of the cell.!®” Therefore, preventing moisture uptake during cell

assembly and cycling is hugely important.

While extensive research has taken place over the past few decades into the causes
and effects of lithium-ion battery ageing, much is still unknown about the precise
pathways that occur. The exact mechanisms of capacity/power fading, and their
prevention are of great interest to the battery research community. While
determining the causes of performance loss and cycle life limitation in sodium-ion
batteries is also of the utmost importance with regards to realising their commercial
potential, similar studies into studying the degradation (ageing) mechanisms of

sodium-ion technology have yet to materialise to any great extent.
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1.5 Impedance Spectroscopy of Batteries

1.5.1 Studying Performance Limiting Factors in Batteries
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Figure 1.20 Some of the main characterisation techniques used to study battery
ageing.

Evaluating ageing mechanisms in batteries is a difficult topic. Several attempts have
been made, which vary in complexity and accuracy for separating effects. A
summary of the main techniques used to characterise battery degradation is provided
in Figure 1.20. These different strategies can be divided into those that take place
either ex situ (outside the battery) or in situ (inside the battery). Ex situ techniques
are also referred to as post-mortem analysis, as they are performed after the cell has
been cycled and disassembled. The battery is deconstructed into its various parts and
analysis (Raman spectroscopy, X-ray techniques, etc.) performed on the separate
components.t®® It can be difficult to preserve the various parts of the cell ‘intact’,
without contamination of the materials to be studied, and sample preparation prior to
performing certain measurements such as SEM/TEM, may introduce artefacts into

the results. Furthermore, destructive testing eradicates the ability to gather
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information on dynamic processes that occur during battery operation, therefore

curtailing its usefulness.

In situ techniques can be further divided into those that take place ex operando
(outside the cell functioning) and in operando (taken during the cell functioning).
Custom built in situ cells, needed for atomic force microscopy (AFM), neutron
studies etc., normally require a specialist design, which diverges from a conventional
coin, pouch cell setup, i.e. larger electrode geometry, a vacuum etc.'® The
compatibility between electrochemical cell designs and experimental setup may
introduce features which affect the electrochemical performance, and, hence, impact

degradation processes.

Cyclic voltammetry provides information about electrode polarisation curves that are
of interest for characterising ageing effects.'®® However, the response is a composite
of all electrochemical processes, and data analysis using this technique is, therefore,
quite complex. Open circuit voltage measurements take place ex operando, as the
cell must be paused from charging/discharging. OCV measurements are dependent
upon the different degradation modes occurring inside the battery, and by developing
a suitable model and diagnostic algorithm, may be used to extract important cell
parameters, such as state of health.®2 However, OCV readings only give information
on degradation of the thermodynamic behaviour of a cell and not the kinetic one. DC
resistance measurements are able to provide information on a cell’s kinetics by
measuring the voltage drop in response to a load.”® While this provides information
on the total resistance inside the battery, it does not allow for a separation of the
different individual resistive components, and, hence, allow the user to identify the

problem interfaces and rate-limiting steps inside the cell.

Electrochemical impedance spectroscopy (EIS) is a non-destructive technique which
provides a considerable amount of information in a relatively short space of time,
while preserving integrity of the battery.’®® It allows in operando dynamic
measurements during battery cycling as well as ex operando measurements at
various states of charge and discharge. In EIS, a small AC signal is applied over a
wide frequency range and the response measured (a more detailed explanation of the
theory of impedance spectroscopy is given in Chapter Il). As the measurement

occurs across a wide frequency range, it enables the separation of different
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components and processes within the cell, which operate on different timescales
(Fig. 1.21). Furthermore, EIS is particularly sensitive to systems that contain several
impedance elements, including bulk components and interfaces, which makes it
well-suited to study a multi-component device such as a battery.14°

Faster Processes Slower Processes

WUV

Decreasing Frequency

Voltage

Figure 1.21 Impedance scan showing the separation of processes operating on different
timescales.

Although the interpretation of collected EIS results is not always straightforward, the
analysis of generated data may be aided through the use of models in the form of
equivalent electrical circuits.’* These help to assign different parts of the obtained
impedance spectrum to different components and processes inside the
electrochemical cell. As well as being used to analyse battery Kinetics,
electrochemical impedance spectroscopy can also extract important behavioural
parameters.)’* An impedance measurement can be conducted at any point during a
battery’s lifetime and at any point during its (dis)charging cycle. The generated
spectrum is dependent upon the state of health of the battery and its state of charge.
Therefore, by performing EIS measurements for a battery at various predefined SoC
and SoH values, it may be possible to deduce relationships between certain EIS
parameters from equivalent circuits and the state of the cell. Thus, it may then be
possible in future to estimate the SoC and SoH value of a battery from impedance
spectroscopy measurements. All of the above makes EIS one of the most powerful

techniques for studying performance limiting factors in batteries. As a result of this,
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there have been several research studies conducted in this field, looking at different
systems and setups for performing impedance measurements, as well as various

analysis strategies examined for interpreting the results obtained.

1.5.2 Two-Electrode Impedance Studies

One of the earliest comprehensive reviews into impedance spectroscopy of batteries
was by Huet in 1998.172 This article investigated the relationship between the various
impedance parameters encountered in the EIS spectra of lead-acid and nickel-
cadmium batteries. While it was found that impedance testing was an effective
method for detecting potentially problematic cells, the author concluded that further
work was needed to accurately extract SoC and SoH values from measurements. One
of the earliest works into impedance spectroscopy on high power lithium-ion
batteries was performed by Zhang et al. in the year 2000.1” This studied the capacity
fade of Sony LCO/graphite cells, and noted the increase in the interfacial resistance
at these electrodes during cycling. This work was the first full-cell study,”™ and
followed on from previous papers which looked at LiCoO; and graphite electrodes

separately (vs. a Li metal counter electrode).

More recently, in 2011, two highly cited papers have been published by the Sauer
Group in Germany. In the first of these, tests were carried out on a commercial
cylindrical 6.5 Ah high power Li-ion cell.}”* The cathode consisted of nickel-cobalt-
aluminium and the anode, graphite. The influence of temperature (-30 — 50 °C) and
SoC on the impedance response was investigated. The impedance spectra were found
to consist of two major components (arcs), which increased in size at lower
temperature. Furthermore, the low-frequency arc increased below 30% SoC, which
the authors attribute to a combination of a rise in charge-transfer and diffusion
resistance. The second publication follows on from the first and focuses on using
these data for the modelling of impedance spectroscopy for high power LIBs.}"
Equivalent circuit models were developed and the estimated parameters from these
used to predict the voltage from current, temperature and SoC. It is hypothesised that

it is possible to use these battery models to predict vehicle range, battery lifetime etc.

" In this work, the term ‘half-cell’ refers to active material vs. either sodium or lithium metal, and
‘full-cell’ to vs. a non-metallic counter electrode.
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One limitation to analysing two-terminal EIS data is that it can often be difficult to
deconvolute impedance components that have similar time constants (RC products),
and separate out the resistive contributions at each electrode.l’® Half-cell
measurements can be used to study separately the impedances associated with the
two electrodes but may not accurately reflect the processes occurring in a full-cell
battery at different states of charge and discharge. An alternative strategy is the use
of symmetric cells in which two cells are disassembled and the cathode of one is

replaced with the anode of the other, and vice versa.}’":}'8

Khalil Amine and co-workers at Argonne National Laboratory were some of the first
researchers to look at these symmetric cell setups. In 2001, they took some 18650
(cylindrical) cells with a LiNio.sCo0.202/graphite chemistry, as well as some in-house
built coin cells, and deconstructed and reassembled them to form symmetric cells.t””
These were in the fully charged state and their impedances were measured over time.
The resistance at each electrode was found to increase with storage time, but to
stabilise after around three weeks. The impedance at the cathode was found to be
significantly greater than at the anode, which the authors attributed to an increase in
the charge-transfer resistance. They also produced another paper using the same sort
of experimental setup.’’® They reported in this that power fading for these stored

symmetric cells was accelerated at greater SoC, and with a higher temperature.
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Cat hode Cathode
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Pouch type cell
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Anode Cathode
symmetric cell symmetric cell

Figure 1.22 Schematic showing the preparation of symmetric pouch cells. Adapted from
reference 178.

47



Laurence A. Middlemiss, PhD Thesis, Chapter |

Later, researchers in Japan studied symmetric pouch cells.!’® These were developed
from 5 Ah Li-ion (LCO/carbon) batteries consisting of 7 x 7 cm electrode sheets.
The standard full-cells were first charged and discharged over two cycles, before
being disassembled and symmetric cells constructed using a newly designed
separable cell module (Fig. 1.22). These cells were also found to possess a larger
cathode resistance compared with the anode. However, it was discovered that the
process of fabricating the symmetric cells resulted in an artificial growth in certain
impedances such as the charge-transfer resistance at the cathode. Gordon et al., a few
years later, studied modifications induced by the sample preparation protocol in
symmetric cell work.*®® They found that impedance measurements are highly
sensitive to the deconstruction and reassembly of the cells. They claim it is better to
avoid washing/drying electrodes to preserve their interfaces and state of lithiation
intact. Otherwise, a rinsing of the electrodes in dimethyl carbonate and a gentle

drying is optimal.

Such approaches using symmetric cells are limited because they are unable to be
charged and discharged in the same way as a fully functioning conventional battery.
This means that the arduous process of disassembling and reassembling cells must
therefore be carried out repeatedly, in order to gather information at different states
of charge and states of health. Furthermore, as has been mentioned, the process of
disassembling and reassembling cells is thought to possibly introduce additional

artefacts/impedances, which may affect the validity of collected results.

1.5.3 Three-Electrode Impedance Studies

One way in which researchers have tried to circumvent the previous limitations of
conventional two-electrode and symmetric cell EIS studies, is via a three-electrode
setup. A three-electrode cell design incorporates a spectator reference electrode,
which does not interfere with the cycling of the battery.'®* An example of one of the
earlier setups is given in Figure 1.23. The battery is charged/discharged as usual, but
as well as recording the impedance across the entire cell, the impedances of the
cathode and anode can be individually measured separately against the reference. It
is therefore possible to monitor how each electrode contributes to the overall
impedance of the battery.
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Figure 1.23 An example of a three-electrode test cell. Adapted from reference 181.

One of the earliest studies into this type of three-electrode setup was work performed
by Nagasubramanian in the year 2000 on 18650 (cylindrical) cells.'®2 This
communication paper presents two- and three-electrode EIS results for commercial
Sony cells at different temperatures between -40 and 35 °C. A Li reference electrode
was inserted in the mandrel hole that runs along the length of the cell at the centre.
This and a follow-up paper®® were able to separate out the impedances of the two
electrodes and determined the cathode resistance to dominate over the anode for
these LIBs. Another highly cited study was performed in the year 2000 by Song et al
on LiCoOz/graphite batteries.'®* Three-electrode measurements were performed on
purpose-built test cells (Fig. 1.23), as well as retrofitted commercial prismatic cells.
This paper highlighted the advantage of using a three-electrode cell over half-cell
(two-electrode) configurations, by showing a direct comparison. However, one
limitation with the study was that a ground impedance correction had to be
performed in order to get good agreement between the full-cell measurement and

anode + cathode spectra.

Since these early studies, a number of different three-electrode configurations for
lithium-ion batteries have been reported using a variety of cell types and reference
electrodes.'® Tarascon and co-workers tested various shapes, positions and types of
reference electrodes to determine the most reliable and accurate configuration.'®

These results are displayed in the current vs. working potential plots in Figure 1.24.
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The reference electrode needs to maintain a stable potential under prolonged and
extensive testing and not interfere with the normal cell operation. Furthermore, the
reference electrode should be non-polarisable and have a low internal resistance.
Hence, in the graph below, a suitable reference electrode candidate should possess a
vertical line. Therefore, lithium metal and lithium titanate (LTO, LisTisO12) meet this
criteria, whereas silver has its voltage affected by current flow, and is therefore
discounted. Other studies have favoured LTO over Li metal at high current
densities,'® as the latter is known to react with the electrolyte.®’
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Figure 1.24 Polarisation curves at 0.2 mV s for three different reference
electrodes. Adapted from reference 185.

The study by Tarascon uses a plastic Li-ion battery with the LTO reference electrode
sitting in the centre, directly between the two active electrodes. Impedance was
followed as function of cycle number and storage time. When the validity of the
measurement was checked, less than 5% difference was found between the sum of
the half-cell impedance results and the two-electrode measurement in the real part
(Zrear) Of the spectrum and less than 10% difference in the imaginary region (Zimag).
Impedance is performed as a function of the electrode potential during the first
(formation) cycle as well as a function of the number of charge-discharge cycles.
The resistances and capacitances are quantified using equivalent circuits. The rate
performance of the cell is said to be limited by the charge-transfer resistance at the

cathode, whereas capacity loss during storage is mostly attributed to the negative
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electrode and, more precisely, to the instability of its passivating layer. Another
study by researchers in Taiwan a couple of years later used a similar three-electrode
plastic cell configuration on 750 mAh LCO/mesocarbon microbead (MCMB)
batteries.'®® The authors claim that in a fully charged battery the main contribution to
the resistance comes from the SEI of the anode; whereas, in a fully discharged state,
the contribution comes from the charge-transfer resistance at the cathode. SEM and
energy dispersive X-ray spectroscopy (EDX) were also performed to complement

the impedance results.

One of the main issues with early three-electrode EIS studies is that few checked the
validity of the experimental setup, through summing the individual impedances of
the cathode and anode, and comparing the combined spectra with the impedance of
the full-cell.’®® This is a significant omission as three-electrode impedance
measurements may suffer from measurement artefacts associated with distortions
caused by electrical/electrochemical and geometrical asymmetry in the experimental
setup. These effects have been detected and reported by several authors in the field

over the years, 190191

Much research into the origin of these impedance artefacts, and strategies for
overcoming them, has been performed at the Karlsruhe Institute of Technology
(KIT), in Germany, over the past decade. In a paper dating back to 2012,1%
researchers there claimed that geometrical asymmetry in three-electrode impedance
measurements is created by misalignment of the cathode and anode, which affects
the reference electrode potential. They assert this results in quantitative scaling
factors (shifting) of the impedance response for the two electrodes. Electrochemical
asymmetry is due to different kinetics at each electrode, and can lead to inductive
artefacts. Both geometrical and electrochemical asymmetries result in an
inhomogeneous electrolyte current density at the reference electrode, which may be
responsible for distortions in the measured impedance spectra, e.g. cross
contamination of the electrode responses.’®® These may show up as additional
artificial components in the impedance spectrum. An example of geometrical and
electrochemical asymmetry in a three-electrode cell with identical (symmetric)

electrodes is displayed in Figure 1.25. The impedance response of each electrode is
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shifted relative to each other, and there is evidence of an inductive loop at high

frequency for electrode 2, and a second artificial semi-circle for electrode 1
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Figure 1.25 Simulated impedance spectra for a three-electrode cell possessing both
geometrical and electrochemical asymmetry. Both the cathode and anode are
identical (the cell is symmetric). Adapted from reference 192.

Care must be taken, therefore, to ensure that the design of the battery does not affect
the cell performance and electrode impedances.’® It is important to have good
geometrical alignment of the two electrodes, with the reference equidistant between
the two. Keeping the electrolyte and separator resistances low is also thought to help.
The researchers at KIT used finite element modelling extensively to evaluate the
reliability of different three-electrode setups.'®*!% They have investigated how the
shape and position of the reference electrode may affect the impedance results, as

well as the geometry of the cell setup and location of the reference.

The most popular three-electrode cell geometries are point-,**® wire-1%" or ring-
type.1®® A point-type reference electrode is a small piece of, say, Li metal for Li-ion
batteries, which is placed away from the centre of the cell. A wire-type reference is
similar to the point-type but extends within the electrolyte into the centre of the cell.
A ring-type, often utilised in coin cells, surrounds the centre of the battery. Some
examples of the different types of three-electrode cell setups used are displayed in

Figure 1.26.1991941%
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Figure 1.26 Some of the different three-electrode cell designs: (a) coin cell, where
a mesh reference electrode is placed between two separators;'* (b) coaxial cell
developed from a modified Swagelok;'** (c) commercial pouch cells retrofitted
with a third reference electrode.'®® Adapted from references 193, 194 and 199.

The coin cell in (a) used a bespoke mesh reference electrode, in place of a more
conventional type.!®® Researchers at KIT compared a range of reference electrode
geometries and found that this design gave the largest potential for error-free EIS
measurements. The cathode is NMC, lithium metal as the anode, and LTO as the
reference. The electrochemical and geometrical asymmetries are negligible because
the mesh is efficient at measuring the potential between the electrodes, where the
current distribution is homogeneous. However, the greater surface area of the mesh
creates multiple transport paths which leads to an additional polarisation process

within the cell and can cause distortions at certain frequencies.

The design in (b) was developed to overcome limitations with the imprecise
electrode alignment and an asymmetric reference electrode geometry of Swagelok
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cells.*® The cell used lithium iron phosphate and lithium metal. Typically, in a three-
electrode Swagelok cell (also known as a T-cell), the reference electrode contacts the
electrolyte/separator at its outer rim. The reference voltage is susceptible to
fluctuation under changing current, such as during impedance measurements, and
can lead to a distortion of data: artificial loops are often seen in the impedance
response. In the design used by these authors, the reference electrode is moved to a
coaxial position in combination with precise alignment of the electrode stack. This
led to improved performance, but the measurements were still limited, particularly in

the high frequency region.

In design (c), a commercial pouch cell was retrofitted with a reference electrode, in
order to monitor the behaviour of the individual positive and negative electrodes,
using two different methods: “patch” and “wire”.**® The “patch” method, where a U-
shaped piece of Li metal encases the electrode stack, lead to significant disruption in
the battery structure and to deterioration in cell performance. However, the “wire”
method, where a Li-plated Cu wire was inserted down one side of the pouch, gave a
performance close to that of a conventional two-electrode cell in terms of capacity

and voltage. However, this design was not tested for EIS measurements.

Recently, a paper by Petr Novak’s group attempted to address the issues with
accurate and reliable three-electrode measurements: cell geometry, electrode
arrangement, and having one electrode with a much higher impedance than the
other.?® The authors came up with an in-house cell design (Fig. 1.27) to circumvent
this, which uses ring electrodes arranged concentrically around a reference electrode.
The reliability of the impedance spectra was confirmed by using symmetric
electrodes, which gave reproducible and overlapping responses. However, the long-
term cycling stability is hindered by the O-rings used, which are thought to swell
with the electrolyte.
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Figure 1.27 Drawing of a three-electrode EIS cell built for ring electrodes aligned
concentrically, with a reference electrode in the centre. Adapted from reference 200.

Many other papers over the years have dealt with trying to assign the different
components in the impedance response to various processes inside the battery, with
varying successes.?2% A study by Michel Armand and co-workers used
commercial 5.7 Ah LMO/graphite pouch cells taken from an electric vehicle.?® A
three-electrode configuration is fabricated by retrofitting an LTO reference electrode
into the cell. EIS measurements are performed at different SoC and SoH. The
authors claim that the high-frequency response in the impedance spectrum reflects
porosity effects and the graphite particles—composite matrix electric transfer. The
SEI layer and charge-transfer phenomena are thought to be in the medium and
medium to low frequency domains respectively, and their impedance contributions

depend on the Li content of the graphite particles.

The most recent progress in this field has been made by Hubert Gasteiger’s group
since 2017. They developed a general transmission line equivalent circuit model to
analyse the impedance of a high-voltage LiNiosMn1504 (LNMO) cathode.?® A full-
cell Swagelok setup (vs. graphite) is used with a gold wire micro-reference for three-
electrode impedance measurements in both, non-blocking conditions (where charge-
transfer reactions are able to occur occur) at a potential of 4.4 V, and in a blocking

configuration achieved at 4.9 V. This is performed over 85 cycles at 40 °C. The
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authors claim a superior equivalent circuit to conventional approaches and an
impedance analysis strategy which enables in situ quantification of the cycle
dependent charge-transfer, contact, and pore resistances, over the course of extended
charge/discharge cycling. From follow-up studies,?® they assert that the origin of the
dominating high-frequency semi-circle is not related to the charge-transfer or surface
film resistance, but to the contact resistance between the cathode and the current

collector.

In a separate paper by the same group, the authors use their three-electrode Swagelok
cell setup to measure the anode impedance at non-blocking conditions (10% SOC)
and blocking conditions (0% SOC) in a graphite/LNMO full-cell.?*” By
simultaneously fitting EIS spectra in blocking and non-blocking conditions using a
general transmission line model, the anode impedance is able to be deconvoluted
into contributions of a) the separator resistance, b) the charge-transfer resistance, and
c) the ionic contact resistance evolving at the separator/anode electrode interface.
They propose that the main contributor to a rising anode impedance is the ionic
contact resistance. It is claimed that this is most likely caused by manganese
dissolution from the high-voltage cathode (LNMO), as the same phenomenon is not
detected for an LFP cathode.

1.5.4 Beyond Lithium-lon Impedance Studies

While numerous studies have taken place into using impedance spectroscopy to
probe the performance limiting factors in lithium-ion batteries, there has been very
little research performed to date on ‘beyond lithium” technology. A paper published
in 2010 looked at how the EIS spectra changed for Li-air batteries with cycling, and
how this was linked to capacity fade.?’® It was found that a build-up of discharge
products decreases the porosity of the cathode, which in turn increases the cell

resistance.

Other papers have looked at impedance growth in lithium-sulfur (Li-S) batteries.
Figure 1.28 shows the schematic for sulfur particles in the cathode prior to (a), and
after (b), being reduced.?®® By analysing the changes in impedance spectra as a

function of temperature and DoD, an equivalent circuit model was proposed (c). The
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resistance Rer is the electrolyte, Roui is the contact resistance in the bulk of the
electrode, and Rct represents the charge-transfer resistance. The terms CPEgq and
CPEuifs refer to the constant phase elements of the electrode double layer and Li* ion
diffusion respectively. The authors suggest that the middle-frequency impedance
component, which is attributed to the charge-transfer resistance, is the most
significant factor in the capacity fade of these Li-S batteries, a claim which has since

been supported by other papers.?t°

Li* Ret//CPEdl Ret//CPEdl
- Li’
o Li’

Rbulk/CF’EbuﬁI Rpuik/ CPEp ik

S O carbon particle m Li:S electrolyte m current collector
mm spots with severe contact resistance
(c) .
Rq CPEpuix CPEdI CPE i
A% —T>>
Rbulk Ret

Figure 1.28 Schematic of physical/chemical processes involved in the cathode of a
lithium-sulfur battery: (a) sulfur particles prior to being reduced; (b) sulfur particles
after being reduced; (c) the proposed equivalent circuit for the lithium-sulfur cell.
Adapted from reference 2009.

Reports of impedance measurements performed on sodium-ion batteries in the
literature are relatively scarce. The vast majority of these have been half-cell
measurements to study the kinetics of individual cathode/anode materials, rather than

trying to identify ageing mechanisms in full-cell Na-ion batteries. A paper by Park et
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al. in 2013% outlined a new sodium-ion cathode material, Nai s\VPOasgFo7, with an
energy density of ~ 600 Wh kg™, and ~ 84% capacity retention after 500 cycles.
Impedance spectroscopy showed that the charge-transfer resistance in the
electrochemical half-cell decreased with decreasing Na content (Fig. 1.29), which
the authors claimed suggested that the reaction kinetics was rapidly improved as
more Na vacancies were generated in the structure. Researchers in the US have also
investigated the transport properties and interfacial kinetics of P2- type layered oxide
materials Nazz[Ni13Tiz3]O2 and Nazs[NiysMnysTiy]O2 using: DC conductivity,
potentiostatic intermittent titration technique (PITT), and impedance spectroscopy.?*?
Due to its faster ionic/electronic transport in the pristine/intercalated states, and
faster interfacial kinetics, the manganese-doped material was found to exhibit an

improved rate performance.
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Figure 1.29 The evolution of EIS spectra as the NaxVVPOa4gFo.7 vs. sodium metal
half-cell is charged. The size of the arc reduces with decreasing Na content. The
inset shows the equivalent circuit for the fitting of the EIS spectra. Rur, Rt and CPE
represent the high frequency resistance, charge-transfer resistance, and constant
phase element, respectievly. Adapted from reference 211.

More recently, in 2017, a paper by the Goodenough Group aimed to address the
large interfacial resistance that occurs in all solid-state Na-ion batteries between the
cathode and the electrolyte by replacing a NASICON material (NazZr2(Si2POz12))
with a plastic-crystal (Fig. 1.30).2** NasV2(POs)3 was used as the cathode and
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sodium metal as the anode. Resistances were evaluated by EIS, and equivalent
electrical circuits used to divide the total cell resistance into contributions from the
electrolyte, cathode, and anode. It was found from impedance measurements that
addition of the plastic-crystal electrolyte into the cathode significantly reduces
interfacial resistances on the cathode side, hence, suggesting an improved

performance.

-5000
-4000 <
~=-3000 4
E
L 4
Q
N-ZOOO- ® solid electrolyte
- B plastic-crystal electrolyte
t
-1m- ........... ..
o' Yo ¢
s :o ‘o
0" Y — T T T

1 I | ] v
0 1000 2000 3000 4000 5000
Z (Ohm)

Figure 1.30 The initial EIS profiles of solid-state cells with the NazZr2(Si2PO12)
solid electrolyte particles or the plastic-crystal electrolyte in the cathode. Data shows
a reduced resistance for when a plastic-crystal electrolyte is used. Adapted from
reference 213.

In 2018, researchers in Japan utilised a symmetric cell approach to study the
NazFeP.07 cathode in temperatures ranging from 25 to 90 °C using an ionic liquid
electrolyte.!* They used equivalent circuits to divide up the different resistive
components inside the cell, and claimed that improvements in rate capability at
increased temperature originated from a decrease in the charge-transfer resistance.
However, importantly, these studies did not employ a three-electrode cell design,
which would have allowed for a more accurate assignment of the separate parts of

the impedance spectrum to different components and processes inside the cell.
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1.6 Aims

To date, layered oxides have demonstrated the greatest potential, and received the
most attention, as cathodes for sodium-ion batteries. Of these, the mixed phase class
of materials have shown particular promise, but are relatively unexplored. In
particular, it is not well understood how the structure and properties of these lead to

an enhanced electrochemical performance over conventional single phase materials.

Electrochemical impedance spectroscopy is a grossly undervalued technique for the
characterisation of Na-ion batteries. The electrical properties of the active cathode
materials have not been extensively studied, even though they are likely to play an
important role in the overall cell performance. This has been particularly overlooked
for the promising mixed phase systems, despite these materials possessing a unique
complex structure which requires unravelling. Full-cell impedance measurements
also offer a useful tool for identifying electrochemical processes inside batteries and
understanding the sources of capacity fading and cell degradation. Crucially, three-
electrode measurements afford a separation of the different components at each
electrode, which allows for greater analysis and, hence, a better understanding.
Previous EIS studies for lithium-ion batteries fail to check the validity of the
experimental setup, and also do not plot data using a wide range of different

formalisms, thus limiting their interpretation and usefulness.

Using impedance spectroscopy, with in-depth analysis, to investigate the electrical
properties of mixed phase layered sodium-ion cathodes, from raw active material to
their performance in a full battery, is a previously unexplored area, which will be
addressed in this work. The aim of this thesis is to identify and overcome
degradation mechanisms in layered oxide sodium-ion cells. This includes two major

objectives:

Q) To better understand the structure-composition-properties-performance

relationship in layered oxide sodium-ion cathodes (chapters I11-1V).

(i) To use three-electrode impedance spectroscopy to determine the
performance limiting factors in prototype commercial Na-ion batteries
(Chapters V-VII).
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Chapter Il

Experimental

2.1 Solid State Synthesis

All samples reported in this thesis were synthesized by conventional solid state
reaction (shake ‘n’ bake). Starting reagents were dried according to the conditions
set out in Table 2.1. Sodium peroxide (Na2.02) was placed directly into a glove box
upon being received from the supplier. Amounts of reagents were weighed using a
balance, mixed and ground with acetone (Fisher Scientific) using an agate pestle and

mortar, before being placed into a gold crucible and heated in a furnace.

Table 2.1 Purity, supplier and drying temperature of starting reagents.

Reagent Purity Supplier Drying
Temperature

Na2COs >99% Sigma Aldrich 180 °C
Na202 >99% Alfa Aesar Undried
Mn20s3 >99% Sigma Aldrich 625 °C
MnO: >99% Sigma Aldrich 180 °C
NiO >99% Sigma Aldrich 800 °C
MgO >99% Sigma Aldrich 1000 °C

Samples were mixed for 30 minutes initially, before being pre-reacted at a lower
temperature of ~ 700 °C. Subsequent grindings of the partially reacted mixtures took
place for 20 minutes, with compounds synthesized between 700 and 1000 °C. For
certain materials, powders were pressed into ‘green’ pellets prior to the firing. A
muffle furnace was used for materials synthesized and cooled in air. Synthesis in

other atmospheres (O2/N2) took place in a tube furnace.
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2.2 X-Ray Diffraction

Powder X-ray diffraction (PXRD) is the main technique used for identifying non-
molecular, crystalline, inorganic solids. Each crystalline material has its own
characteristic XRD pattern (a ‘fingerprint”). The diffraction pattern of most inorganic
solids can be found in the Powder Diffraction File (PDF) database.! The matching of
an experimental diffractogram collected for an unknown sample to a known pattern
in the database is known as phase analysis/identification. Crystal structure
determination is another important use of X-ray diffraction. After an internal
standard has been employed for peak position calibration, pattern indexing
(assigning Miller indices) and lattice parameter determination can be performed, as
well as calculation of the unit cell volume. Full crystal structure determination,
including finding the fractional coordinates of the atoms present in the cell, e.g. by

Rietveld refinement, can also be performed (see Section 2.3).

When X-rays interact with matter, they can either be scattered or absorbed. If there is
no loss of energy on scattering, the scattered X-rays are coherent with the incident
beam; these are the type used in X-ray diffraction (XRD) experiments. Crystals,
which have regular repeating structures, are able to diffract radiation that has a
wavelength similar to interatomic separations. The most universal approach to
treating diffraction by crystals is via Bragg’s Law.? The Bragg approach to the X-ray
diffraction is to treat the crystal as a simplified series of layers/planes. For some
simple crystal structures, the planes may also correspond to layers of atoms, but this

is not usually the case. The derivation of Bragg’s Law is shown in Figure 2.1.3

=
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Figure 2.1 Derivation of Bragg’s Law.?
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In the X-ray diffraction of crystals, some X-rays are reflected off a plane with the
same angle of reflection as the angle of incidence, and others are reflected by
succeeding planes. In Figure 2.1, X-ray beams 1 and 2 are reflected by adjacent
planes within the crystal, A and B. The angle of incidence for each X-ray beam is
also known as the Bragg angle, #, and the distance between pairs of planes is
referred to as the d-spacing, d. In the Bragg approach, the only X-ray beams of
interest are those which undergo constructive interference because destructive
interference causes a cancellation of the diffracted X-rays, and, therefore, no
resultant peak in the diffraction pattern. Constructive interference occurs when
the phase difference between waves/beams is an even multiple of = (180°), and the
waves are referred to as being in-phase. Destructive interference occurs when the
difference is an odd multiple of &, and the waves are said to be out of phase. For
XRD, we are only interested in what conditions reflected beams 1’ and 2’ are in-
phase. Beam 22’ has to travel an extra distance, Xyz, compared with beam 11°.
Therefore, for 1’ and 2’ to be in-phase, xyz must equal a whole number of

wavelengths:
nA = xyz (2.2)

where A is the wavelength of the incident beam and n is an integer (referred to as the
order of reflection). Basic trigonometry also tells us that the following is true for

Figure 2.1.
xy = yz = dsinf (2.2)
and  xyz=xy+yz (2.3)
xyz = 2dsinf
(Bragg’s Law) nA = 2 dsinf (2.4)

For a given set of planes, several solutions of Bragg’s Law (EQ. 2.4) are usually
possible, for n = 1, 2, 3, etc. It is customary, however, to set n = 1.3 In crystals with
thousands of planes, Bragg’s Law imposes a stringent condition on the angles at
which reflection may occur. If the incident angle is incorrect by more than a few

tenths of a degree, cancellation of the reflected beams is usually complete.
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The diffractometer used for phase identification and structure determination on
powder samples in this work was a linear position sensitive detector (PSD), Mo Ko
(A =0.70926 A). Patterns were collected in the range from 5 to 40 ° with a scan rate
of 0.1 °. An internal silicon standard of SRM 640e from the National Institute of
Standard and Technology (NIST) was added for 26 peak position calibration, prior to
pattern indexing and lattice parameter determination. The WinXPOW software
(version 3.05 of STOE & Cie GmbH, Germany) was used for the analysis of
collected XRD data.

2.3 Rietveld Refinement

The X-ray diffraction of powder samples results in a pattern characterised by
reflections (peaks in intensity) at certain 26 positions, for which the d-spacings may
be calculated. The height, width and position of these peaks can be used to determine
many aspects of the material’s structure. One approach to this, and the most popular
in use today, is the Rietveld refinement method, first reported in 1969,* which has
become extremely valuable as a method to confirm structural details of powdered
samples. The Rietveld method uses a non-linear least squares approach to refine a
theoretical line profile until it matches/fits the measured profile. Each iteration of the
refinement is dependent on the results generated by the last, and multiple refinement
iterations eventually converge to a possible solution. The Rietveld method is a whole
pattern refinement in which the experimental powder XRD profile is compared with
a calculated profile (including all structural and instrumental parameters) whose

parameters are adjusted by refinement.

A starting model of a crystal structure which is close to the final structure is required
to commence the refinement and generate the calculated patterns. For a known
structure type, this means that reasonable initial estimates for the values of some
refinable (free) parameters are required, including peak shape, unit cell dimensions,
and coordinates of the atoms in the crystal structure. The outcome of the refinement
is dependent on the quality of the collected data, the quality of the model (including
initial approximations), and the experience of the user. A good high resolution XRD

(or neutron diffraction) data set is often required for the refinement. This is to try and
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ensure that all the intensities of each individual peak can be determined, since there
is a tendency for peaks to overlap - especially at lower 20 angle. Due to this, a longer
data acquisition time (especially using Mo radiation) is desirable, and since the
Rietveld method is a whole pattern refinement, which includes the background
scatter, a good signal to noise ratio is important to avoid any unaccounted peak
intensities. Nowadays, there are numerous widely available software packages for
performing Rietveld refinements. The GSAS (General Structure Analysis System)
with graphical user interface EXPGUI was used for the refinements presented in this

work %8
Scale Factor
Thermal Back g
Displacement ackgroun
Coefficients
Fractional Refinable L attice
Occupancies Parameters Parameters

Atomic

Positions 28 Zero

Profile Parameters
(Peak Shape Function)

Figure 2.2 Parameters refined using the Rietveld method.

Several parameters are refined during the Rietveld process, summarised in Figure
2.2.” For a full explanation on each of these see Appendix A. Each refinement is
unique and there is no definitive list of parameters to include and the order in which
to refine them; it is left up to the user to determine the best sequence. If too many
variables are refined at once, the least squares fitting will be destabilised, or a false
minimum may be produced wherein some of the structural parameters are incorrect.
The strategy, therefore, should be to proceed with caution: refine each variable one-
by-one and then either fix them at their refined values or allow the number of refined
parameters to increase gradually. A damping factor can be used during the early
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steps of refinement to avoid the refined model drifting away from the initial value.
Several residual/reliability factors (R-factors) can be used to assess the quality of a
single crystal structure refinement (Eqgs. 2.5-2.7).8 From these, a goodness of fit (Eq.
2.8) can be calculated, which can be used as a numerical figure of merit for

quantifying the quality of the refinement.

1v:(obs) — v:(cal
Profile R-factor: R, = Lilyi(0bs) — yi(calc)] (2.5)
Yilyi(obs)|
1
Weighted Profile R = {Z Wi [yi(ObS) - Yi(CalC)]Z}Z (2.6)
R-factor: e X wi[y;(obs)]?
N-—-P 2
Expected Profile { - }2
Reyp = 2.7
R-factor: P X w; [yi(obs)]? @D
R
Goodness of fit: X = (Rﬂ)z (2.8)
exp
where yi(obs) = intensities of observed data at step i

yi(calc) = intensities of calculated data at step i
w;i = weighting factor at step i
N = number of data points

P = number of parameters

The profile R-factor (Rp) is an equation used to determine the difference between
calculated and observed data. However, the weighted profile R-factor (Rwp) is more
useful as it also considers the standard deviation of the background and peak
intensities. The expected profile R-factor (Rexp) IS used to assess the quality of data
being used. Ideally, the refined Rwp values should approach the statistical Rexp, and
the goodness of fit (x?) should be as close to 1 as possible. When assessing the
quality of a refinement, Rwp and y? are often quoted in the results. However, it is
usual practice to also present graphically the experimental and calculated profiles
together with a difference profile and markers showing the positions of the expected
Bragg peaks. All this information considered together is used to assess the quality of

the refinement.
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2.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) passes a focused electron beam across the
surface of a sample in order to generate an image. The electrons in the beam interact
non-destructively with the sample, and the signals (electrons and X-rays) produced
make it possible to obtain information about surface topography, particle
morphology, and chemical composition of the material studied. Objects can be
magnified up to 300,000 times using this technique, and it is possible with high-
performance machines to obtain resolution below 1 nm.® For conventional scanning
electron microscopes, a magnification up to 30,000 is achievable, equating to a

spatial resolution 50 — 100 nm, meaning that areas 1 — 5 um in width can be imaged.

Electron
gun
Electron
* beam
Anode
Condensor
lenses
Scanning
Coils
Objective
lens
Secondary
electron detector Backscatter
\‘ electron detector
Sample
Stage P

Figure 2.3 Scanning electron microsocpe.*°

A schematic of a scanning electron microscope is shown in Figure 2.3.° The entire
machine is operating under vacuum in order to prevent electrons interacting with air
83



Laurence A. Middlemiss, PhD Thesis, Chapter Il

particles. Electrons are generated by a suitable source, e.g. tungsten filament or a
field emission gun. The electron beam is accelerated through a high voltage by an
anode and passes through a system of apertures and electromagnetic lenses to
produce a thin, focused beam. The position of the beam is controlled by the scanning
coils, which are used to raster the beam across the surface of the specimen. As the
beam scans the surface of the sample and interacts with atoms, electrons are
produced which are collected by detectors. The most common mode of SEM
operation is using a secondary electron (SE) detector, which registers electrons
emitted from the outer surface of the sample (inelastic interactions). Backscattered
electrons (BSEs) are electrons from the primary beam, which are reflected back after
elastic interactions between the beam and the sample. BSEs originate from deeper
regions of the sample than SEs, which means that they contain different information
about the sample. Secondary electrons can be used to construct a physical image of
the surface, whereas BSEs, which are more sensitive to atomic number, can be used

to obtain chemical composition information.

In the work in this thesis, samples prepared for SEM were placed on carbon coated
stubs to mitigate any charging effects during imaging. Determination of
microstructure information was performed with an Inspect F50 scanning electron
microscope (SEM) (FEI, Oregon, USA) using an accelerating voltage of 20 kV and a
probe diameter of 6 — 10 mm. Data were recorded and analysed using LINK ISIS

software.

2.5 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) measures the mass change of a sample as a
function of temperature. It is a widely used technique in materials science to
characterise and verify solid substances. It can provide information about physical
phenomena, such as phase transitions, the uptake and loss of atmospheric species; as
well as chemical phenomena, such as thermal decomposition and solid-gas reactions
(oxidation/reduction).!! The specimen under investigation is subjected to a controlled
temperature programme, which may consist of heating/cooling steps as well as

regions of constant temperature (isotherms). A TGA instrument (Fig. 2.4) consists of
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a sample pan, which resides inside a furnace, connected to a high precision micro
balance.*> A thermocouple near the pan monitors the sample temperature and is
linked up to a temperature programmer and controller. A TGA run often takes place
in the presence of flowing gas, which may be inert or reactive. An oxidising
atmosphere, e.g. air, oxygen, combusts organic materials and oxidises metals. The
TGA curves (thermograms) produced by the instrument may help to assess thermal
and oxidative stability of the sample, product lifetime, decomposition temperatures,

as well the moisture and volatile content of the material.

Gas
out
Furnace
- ¥
|-
Sample — | ~~
Pan

-

Microbalance

Figure 2.4 A simplified schematic of a TGA instrument.*?

In this work, measurements were performed in either flowing air, nitrogen, or
oxygen, using a PerkinElmer Pyris 1 or a PerkeElmer TGA 4000 (PerkinElmer,
Massachusetts, USA). Pyris Manager software was used for data analysis. For each
measurement, 10-20 mg of powder sample was placed in an alumina crucible. The
heating/cooling rate was fixed at 5 °C/min, and the measured temperature ranges
varied according to each sample.
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2.6 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermoanalytical technique used to
study how physical properties of a material are affected by change in temperature.
The technique works by determining the amount of heat needed to maintain the same
temperature between a sample and an inert reference (Fig. 2.5).* A sample of known
mass is heated/cooled and changes in heat flow are measured simultaneously for
both the sample and reference. The difference in input energy required to match the
temperature of the sample to that of the reference corresponds to an alteration in the
heat capacity of the material. Results from the experiment are output as DSC curves
of heat flux vs. temperature or time, with peaks indicating heat absorptions
(endotherms) and releases (exotherms). These heat changes may be caused by a
thermal event, such as melting, decomposition, loss of solvents, or a polymorphic
transition. TGA and DSC are often used together because the two techniques provide
complementary information. DSC expands the capability of TGA as it makes it
possible to observe reactive changes which occur without the loss/gain of mass.

‘ ‘ Oven ‘ \

Sample gas in —— Sample gas out ——
Sample crucible  Reference crucible

Q
0
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Purge Gas In Purge Gas Out Temperature

Thermocouples
-0 O

Figure 2.5 A schematic of a DSC instrument.

For each measurement in this study, 20-30 mg of powder sample was placed in an
alumina crucible, and heated at 5 °C/min heating/cooling rate, in an air/argon (80/20)
atmosphere. The sample temperature was compared with that of an inert reference

material (an empty alumina crucible). The measured temperature ranges were
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dependent on the sample. The data were collected using a NETZSCH 404 C thermal
analyser (Netzsch, Selb, Germany) and analysed using Proteus Analysis software.

2.7 Battery Assembly

Positive electrode (cathodes) were prepared by mixing dried active material, carbon
black conductive additive and polyvinylidene fluoride (PVDF) binder with N-
methyl-2-pyrrolidone (NMP) in a THINKY ARE-250 non-contact planetary mixer to
form a uniform slurry. This was then cast onto carbon-coated aluminium foil. For
graphite anodes, the procedure was slightly different, and a mixture of styrene-
butadiene (SBR) and carboxymethyl cellulose (CMC) was used as the binder, in a
water solvent, which was cast onto a carbon-coated copper foil current collector. The
separators used in cells to isolate the two electrodes from one another were cut from
glass microfibre filter paper (GF/A, Whatman), which were soaked in liquid
electrolyte prior to cell assembly. Lithium-ion electrolyte used was 1 M LiPFs in 1:1
EC : DMC, supplied by Sigma-Aldrich. Sodium-ion electrolytes were prepared in a
glove box with the solvent mixture dried over molecular sieves prior to dissolution
of the dried salt.

Electrode

Top Case

s Separators
Na/Li v (soaked in electrolyte)
Metal <
Spring Spacer
Bottom Case

Figure 2.6 A schematic of a 2032 coin cell.

All cells were assembled in an argon-filled glove box. Half-cell in this work refers to

active material vs. either sodium or lithium metal and full-cell to vs. a non-metallic

counter electrode. Electrochemical half-cell testing was performed using CR2032

coin cells (Fig. 2.6) with a metal-disk, 11 mm in diameter, as the negative electrode.

Steel coin cells were used for Li-ion battery research, and aluminium-clad ones for
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Na-ion work. The latter were used to try and avoid passivation of the steel by the Na-
ion electrolyte at higher voltages. Circular positive electrodes, 12 mm in diameter,
were punched from cathode coatings. Cell casings, spacers, springs, separators and
electrodes were all dried in an 80 °C vacuum oven for 16 h prior to being taken into

the glove box for battery assembly.

Full-cell testing took place using a pouch cell configuration. Square positive
electrodes (20 x 20 mm) were cycled against negative electrodes (22 x 22 mm). The
anode was slightly larger than the cathode to try and prevent alkali metal plating.
Electrodes were punched using cutting dies along with a hydraulic swing arm clicker
press. Laminate-type prismatic pouch cells (7 x 5 cm) containing aluminium current
collector tabs to connect the electrodes to the battery tester were dried at 70 °C

overnight before being taken into the glove box for battery assembly.

2.8 Four-Point Probe Conductivity Measurements

In conventional two-terminal resistivity measurements, there is an impedance
associated with the leads connected to the sample. For semiconducting materials, it is
necessary to eliminate this contact/lead resistance in order to obtain a more accurate
resistivity measurement. In a four-point probe conductivity setup (Fig. 2.7), the
points of the instrument are usually in a line, with a current passed between the two
outside points and the voltage measured between the two inner ones.!* For a
semiconducting thin film, such as an electrode sheet, the value measured by the

instrument is given in terms of a sheet resistance Rs (Eq. 2.9).

R, (2.9)

2T

This is reported in Q/o, which is dimensionally equal to Q, but is exclusively used
for sheet resistance. The resistivity p of the electrode coating (in 2 cm) can then be
calculated by multiplying the sheet resistance by the thickness t (in cm) of the
coating (Eq. 2.7).

p=RsXt (2.10)
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Therefore, from a four-point probe conductivity measurement, it is possible to
calculate the resistivity of the sample, providing that the thickness of the coating is

known.

Insulating polymer

Figure 2.7 Four-point probe conductivity measurement of an electrode coating.

A Jandel cylindrical four-point probe was used for the measurements conducted in
this work. The probe consists of four equally spaced tungsten metal tips, each with a
radius of 500 um and a 1 mm spacing (S) between them. For an accurate four-point
probe measurement, the thickness of the film must be less than 40% of the probe
spacing, and the edges of the sheet from the probe must be at least four times S.1°
Therefore, this setup is capable of measuring samples < 400 pum thick which have an
area > 0.64 cm?. The electrode coatings were deposited on a layer of 75 pum thick
insulating polyester (PET) film, so that there was not a short circuit during the
measurement via the Al current collector. The coating was then cut into smaller
sheets which were dried in a 60 °C vacuum oven. Some of the coatings were
calendered at 80 °C using an electric hot rolling press machine (MSK-HRP-01, MTI,
Richmond, CA, USA). The electrode sheets were pressed to various densities by
varying the gap size between the rolls. After calendering, the coatings were again
dried in a vacuum oven at 60 °C for 16 h, before the four-point probe conductivity

measurements were performed.
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2.9 Constant Current/Constant VVoltage Cell Testing

One of the primary ways to characterise a potential new battery technology is cell
cycling, where a battery is charged and discharged over several cycles and its
performance monitored and analysed. Manufacturers and scientists will normally use
advanced battery cyclers, which possess multiple channels and are capable of high
precision currents, in order to test cells under different conditions. The voltage of a
battery is a measurement of the difference in electric potential (charge) between the
two electrode terminals. Prior to cycling a cell, it may have an open circuit voltage
(OCV) close to zero, or slightly negative if there is a modest excess of electrons at
the positive terminal (cathode). During charging of a battery, electric current is
forced through it. This is done by the charger generating a voltage higher than the
voltage of the cell. An external variable power supply makes it possible to build up a
positive (positive polarisation) or negative potential difference at the working
(positive) electrode in order to charge/discharge the battery. Once the cell begins to
charge, electrons are forced from the positive to the negative terminal, meaning there
are more electrons now at the negative (anode) terminal, and, as a result of this, the
overall voltage of the cell is positive. During discharge, a voltage is generated by the
battery cycler which is lower than the terminal voltage of the cell, meaning that

electrons flow in the opposite direction, thus lowering the cell voltage.

Cell cycling can take place using either the constant current (CC) method, constant
voltage (CV), or a combination of both (CC/CV). An example of a CC/CV charging
profile for a battery is given in Figure 2.8. Under constant current conditions, the
battery cycler limits the amount of current to a pre-determined level until a set
voltage is reached. The amount of current used is often based on the capacity rating
of the cell and set as a function of C-rate (see Section 1.1). The switch from CC to
CV at the top of charge occurs seamlessly and the current then tapers off to a
minimum value as the battery saturates. Charging ends when the current decreases
below a set percentage of the capacity rating of the cell, e.g. when the current drops
to below 0.02C. The bulk of the charge comes from the constant current step, and a
constant voltage at the end is implemented in order to try and maximise the capacity

utilised.
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Figure 2.8 Constant current/constant voltage (CC/CV) charging profile.

Constant current/constant voltage is the preferred method for cycling a lithium-ion
battery because it is safe and efficient.'® If a constant voltage step was applied to an
empty cell, the charging current would likely be so high that it would damage the
battery. Similarly, the constant voltage step allows the battery to continue drawing
current until it is fully charged, without increasing the voltage beyond the limit of the
cell. During discharge, a constant current is used, with a lower voltage limit set to
prevent the battery from over-discharging. Similar to the four-point probe setup,
battery testers usually have separate pairs of wires for current and voltage in order to
increase the accuracy of the measurements. Just a few microamps of current flowing
in the voltage leads will create some error when measuring the potential difference.
The current and voltage leads should be kept as far away from each other as is
physically achievable, in order to minimise electromagnetic coupling, and then come

together as close to the battery as possible.

Constant current mode is sometimes referred to as galvanostatic testing and constant
voltage as potentiostatic. Both cycling conditions operate by injecting different
amounts of current through the cell; however, in galvanostatic testing, the cell

current signal is measured and determines how much current is injected, whereas in

91



Laurence A. Middlemiss, PhD Thesis, Chapter Il

potentiostatic testing, it is the voltage which is measured and controlled. Battery
cyclers provide multi-purpose test functions for research laboratories. They are able
to simulate battery loading and can be automated with a custom program written by
the user. In this study, electrochemical CC/CV testing on half-cells and two-
electrode full-cells was performed using a Maccor Series 4000 Automated Test
System. Three-electrode cells were cycled using a Solartron Potentiostat 1470E. All
cells were held in temperature-controlled environmental chambers. The Maccor
Information Management System (MIMS) Client and Scribner MultiStat softwares

were used for data analysis.

2.10 Cyclic Voltammetry

Anodic (oxidation)
- Positive current

\[ Voltage / V

Current/ pA
+
\\

Cathodic (reduction)

- Negative current Ep’c

Figure 2.9 A typical cyclic voltammogram (CV) profile showing the characteristic
peak anodic (ip.a) and cathodic (ip,c) currents, as well as the potentials (Epa and Ep)
at which these are reached.

Cyclic voltammetry (CV) is a potentiodynamic technique which is able to yield
important thermodynamic and kinetic information on the electrochemical behaviour
of battery materials.!” The technique works by applying a potential scan across a

cell, whilst measuring the current response. The voltage is increased linearly (at a
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constant scan rate) up to a pre-set limit, at which point the scan is reversed, and
continues down to a lower voltage cut-off. This process can occur once or several
times. The measured current is plotted against the applied voltage in order to give a
cyclic voltammogram trace (Fig. 2.9). During the forward (anodic) ‘sweep’, the
current will increase sharply when there is an oxidation reaction (loss of electrons
from the material). Similarly, in the reverse (cathodic) sweep, the current will fall
sharply when there is a reduction reaction (gain of electrons). Hence, the
voltammogram contains peaks which correspond to redox reactions occurring in the
materials inside the battery. The position and magnitude of the peaks yield important
information about these redox reactions, including their reversibility. In addition to
identifying the various redox processes that occur, CV can also be used to obtain
information on the reaction Kinetics of electrochemical reactions, including ion

diffusion.1®

In this work, cyclic voltammetry was used in order to try and identify and study the
different redox reactions occurring in sodium-ion cathode materials. Two-electrode
half-cells were built using a coin cell design, with the active cathode material being
tested vs. sodium metal. Hence, the Na metal disk served as both the reference and
counter electrode for the testing procedure. Multiple scans were performed for each
cell that was tested, between upper and lower voltage limits. The experiment was
performed using a multichannel potentiostat (1470E) supplied from Solartron
Analytical. While the CV technique is fairly straightforward to perform, the analysis
of voltammograms, and the assignment of peaks to specific redox processes within
electrode materials, is much more difficult. The shapes of voltammograms are
dependent upon such parameters as particle size, electrolyte concentration and
electrode thickness, as well as a range of experimental conditions, e.g. temperature

and scan rate.!®

2.11 Galvanostatic Intermittent Titration Technique

Rechargeable batteries function by transferring ions between the two electrodes.
During cycling, Li*/Na* ions must be able to diffuse through the bulk of the

electrode to the surface, in order to reach the electrode/electrolyte interface, and
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similarly the reverse process needs to occur at the opposite electrode. The ease at
which Li*/Na* ions move through the electrode is measured by the chemical
diffusion coefficient, DLi*/Dna". As the rate of mass transport through the electrode
(solid state diffusion) is often the rate-limiting step in the charge/discharge of a cell,
D is an important parameter which is inherently linked to the rate capability and
power output of a battery. Galvanostatic intermittent titration technique (GITT) is a
useful electrochemical method which can be employed to obtain the diffusion

coefficients of electrodes in batteries.?°

Voltage

W

Time

Figure 2.10 A section of a galvanostatic intermittent titration curve vs. time. The iR
drops are labelled together with A4E¢ and 4Es for one charge step.

During the GITT procedure, the battery undergoes a current pulse followed by a
period of relaxation. The pulse creates a Li*/Na" concentration gradient in the
electrode, and, during the subsequent relaxation period, this disappears and the
distribution of alkali ions returns to equilibrium. This sequence of pulses and
relaxations is repeated until the cell is fully charged. The battery is then discharged
in a similar manner, but this time using a negative current. An example of what the
voltage-time profile looks like for the GITT procedure is shown in Figure 2.10.

During the current pulse, the voltage quickly increases to a value proportional to the
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iR drop, before gradually increasing for the remainder of the pulse (4E:).2* This
voltage increase is proportional to the concentration gradient induced in the electrode
by the pulse. During the relaxation stage, the potential decreases sharply to begin
with, once again due to the iR drop, before slowly decaying to a voltage where the
electrode is in equilibrium (the cell has reached its open circuit voltage). The
difference between the OCV after the relaxation period and at the start of the current
pulse is referred to as the steady-state potential difference (4Es). Hence, the greater
the value of AFEs, the quicker the Li*/Na* concentration gradient in the electrode
disappears. During the discharge part of a GITT procedure, the same processes
happen in reverse, the voltage drops during the negative current pulse and then

increases again during the relaxation period.

After performing a GITT protocol, providing that small currents are used for short
durations, Equation 2.11, which is based on Fick’s Law,?? can be used to calculate
the chemical diffusion coefficient (D), where 7 (S) is the duration of the current
pulse; nm (Mol) is the number of moles; Vm (cm® mol™) is the molar volume of the
electrode; S (cm?) is the electrode area; AEs (V) is the steady-state voltage change,
and 4E: (V) is the voltage change during the current pulse. A number of assumptions
are made in calculating D using this equation, including that current distribution
through the electrode is uniform, diffusion is one-dimensional, and that

volume/structural changes in active materials are negligible.??

. . .. 4 m, Vo \% (AE\>
(Diffusion Coefficient) D = E( mS m) (AEi) (2.11)
The value given for the diffusion coefficient is most likely estimated to an order of
magnitude, since the value is dependent upon a square of a combination of
experimental values, and, therefore, uncertainties in experimental data are amplified.
Galvanostatic intermittent titration technique can be performed using a standard
laboratory battery cycler. In this study, the GITT protocol was performed using a
Maccor Series 4000 Automated Test System, with the cells held in temperature-
controlled environmental chambers. The Maccor Information Management System

(MIMS) Client, along with ViewData, were used for data analysis.
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2.12 In Operando X-Ray Diffraction

The electrochemical performance of batteries is inherently linked to the structures of
the solid state materials they possess and the changes these undergo during cycling.
A major cause of known cell degradation is unfavourable structural changes, e.g.
phase transitions, in the electrode materials during charge/discharge.?* Therefore, to
be able to optimise existing materials and develop novel high-performing electrodes,
a thorough understanding of the structural properties and stability of these during
battery operation is required. In operando X-ray diffraction offers a non-destructive
and real-time way to observe structural processes occurring at the electrodes during
battery operation.?® The technique has the advantage over ex situ measurements in
that it measures the dynamic real-time response during cycling, which is necessary to
detect the formation of intermediate, metastable (non-equilibrium) phases; this
provides a greater depth of understanding into how batteries function and degrade.
Furthermore, with XRD measurements performed ex situ, it is not always possible to
know the exact voltage data is being recorded at as, after removing the battery from
the cycler, the cell will resort to its OCV. Performing XRD scans, while
electrochemically testing the cell simultaneously, enables the user to correlate both
electronic and structural changes accurately, which provides a greater insight into the

complex reaction mechanisms occurring inside the battery.

A photograph of the in operando XRD setup used in this work is shown in Figure
2.11. A pouch cell design was used to conduct the measurements with the X-ray
diffractometer operating in transmission mode (the X-ray beam passing through the
battery). The cell consists of an aluminium pouch containing electrodes deposited on
carbon-coated Al current collectors and two glass fibre separators soaked in
electrolyte solution. The advantage of using this cell design is that it is commonly
used in laboratories as a prototype for scaled-up, mass produced pouch batteries and,
therefore, is not too far removed from what is used commercially. The pouch was
mounted on a stage which has a mechanism to apply pressure to the cell for proper
operation. The current collector tabs of the cell had crocodile clips placed on them,
which were in turn connected to wires that ran through the back of the XRD machine

to a battery cycler positioned outside the diffractometer.
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Figure 2.11 In operando XRD experimental setup.

Scans were performed using a Malvern Panalytical Empyrean X-ray diffractometer,
with a high-performance hybrid pixel GaliPIX3P Detector with CdTe sensor. The
Empyrean supports an accelerating voltage of 60 kV and a tube current of 36 mA,
which enables high-intensity 22.16 keV Ag radiation for pouch cell research. Data
were recorded over the 20 scan range 5 - 25 ° with a stepsize of 0.1 °. Each XRD
pattern took ~ 16 min to record. The pouch cell underwent CC/CV cycling using a
Maccor Series 4300 Automated Test System. The Maccor Information Management
System (MIMS) Client software was used for data analysis. The Data Collector
software, along with HighScore (versions 5.5 and 4.9 of Malvern Panalytical,

respectively) were used for processing collected XRD data.

2.13 Electrochemical Impedance Spectroscopy

2.13.1 Theory

Electrochemical impedance spectroscopy (EIS) is a technique used to gain
information about the electrical properties of materials and their interfaces. A
material can be either insulating (a dielectric) or exhibit some level of conductivity.
The conduction can be either ionic or electronic, and may be either short-range (AC)
or long-range (DC).?® Long-range conduction is diffusive and is due to the random
motion of charge carriers over extended distances, whereas short-range conduction is
sub-diffusive (dispersive), due to the correlated motion of charge carriers over short
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distances.?’” Broadly speaking, impedance can be thought of as the AC analogue to
DC resistance, and includes a frequency-dependent reactance component, made up
of a combination of capacitive and inductive contributions. The electrical properties
of a material comprise transport, polarisation and magnetic processes, which can be

considered as resistive, capacitive and inductive effects, respectively.

In impedance spectroscopy, an AC signal is applied over a wide frequency range and
the characteristic response measured. The technique may be used to investigate the
dynamics of bound or mobile charges in the bulk or interfacial regions of any kind of
solid or liquid. In doing so, it may be possible to distinguish between, and measure,
different electrical property types. Impedance spectroscopy has the advantages that it
is in situ, non-destructive, and can be used on a variety of materials and devices.
However, while the technique is relatively straightforward to use, analysis and

interpretation of collected data is often less so.

For an introduction to the concepts of resistance and capacitance see Section 1.1. In
impedance spectroscopy, an electric stimulus (a known voltage or current) is applied
to a system and the response (resulting current or voltage) measured.?® The voltage V
delivered by mains AC electricity varies sinusoidally with time t and can be

represented by Equation 2.12:
V =V,ysinwt (2.12)

where Vo is the amplitude signal and w is the radial frequency (radians/second),

which is calculated from frequency f (Hz) using Equation 2.13.
w = 2nf (2.13)

For a pure resistor, there is no phase difference between the voltage and current
signals. In an impure resistive linear (or a pseudo-linear) system, the current
response (I) is a sinusoid at the same frequency but shifted in phase (¢), and has a

different amplitude (lo):
I = [j(sinwt — ¢) (2.14)

This is illustrated in Figure 2.12. An expression analogous to Ohm’s Law (Eq. 1.2)

allows us to calculate the overall impedance Z of the system:
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V=1IR (Ohm’s Law)

|4 Vysin(wt) sin(wt)
I=—=—"——""—"=7p—< (2.15)
I Iysin(wt — ¢) sin(wt — ¢)
The impedance is therefore expressed in terms of a magnitude and a phase shift and
is a vector quantity. In order to ease the handling of circuits with multiple
components, the impedance can be expressed in terms of complex exponential

functions through the use of Euler’s relationship (Eq. 2.16).
(Euler’s Formula) /%t = coswt + jsinwt (where j = v—1) (2.16)

Equation 2.15 then becomes the following where Im is used to designate the

imaginary component of the complex number:

Im(e/®?)

_Im(e’™) 2.17)
0 ]m(ej(wf—¢))

Z=17

which can be rewritten as

ejwt

2=20 ot oid

Therefore, the impedance is a frequency-dependent complex number characterised

by the ratio of voltage to current and the phase angle shift between them, &:

V .
ZF = 7= Zyel? = Z,(cos¢ + jsing) = Z' + jZ" (2.18)
V max —— Voltage
Inax —— Current

"/

Voltage
Jualng

Time

Figure 2.12 Relationship between the sinusoidal AC voltage signal and current
response.
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As mentioned previously, for a perfect resistor there is no phase difference between
the voltage and current signals and so, at all frequencies, the impedance of a resistor
IS given by Equation 2.19. Hence, the impedance of a resistor is real and takes the
value of the resistor’s resistance at all frequencies. The impedance of a pure
capacitor, on the other hand, has only an imaginary component, and is inversely
proportional to the product of w and capacitance C (Eq. 2.20).2° The impedance of
an inductor also only possesses an imaginary component and is proportional to the
product of @ and inductance L, (Equation 2.21). The derivations for the impedances

of a capacitor and inductor are given in Appendix B.

Resistor: Z*=R (2.19)
. 1
Capacitor: 7*=—— (2.20)
JjwC
Inductor: Z" = jwlL (2.21)

The j term can be removed from the denominator of Equation 2.20 through the

following:
Z" = ! X
~ jwC
__J
j?2wC
As
ji=-1
hence
o _J
wC

While resistance is always positive, reactance can be positive or negative. Therefore,
in accordance with the above equations, a capacitive reactance translates into a
negative imaginary impedance and an inductive reactance translates into a positive

imaginary impedance.
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While impedance spectroscopy is a relatively easy technique to use, the difficulty
usually lies in performing a meaningful interpretation of the results obtained. It is
often beneficial to plot gathered data using different complex formalisms to highlight
separate features of it. There are four commonly-used formalisms to represent
collected data: impedance, Z*; admittance, Y*; permittivity, &*, and electrical

modulus, M*.* These formalisms are inter-related by Equations 2.22-2.25.

Impedance: Z*= (Y"1 (2.22)
Admittance: Y* = jwCye* (2.23)
Permittivity: g = (M1 (2.24)
Electrical modulus: M* = jwCyZ* (2.25)

The blank capacitance Co is the capacitance for the same volume of free space as that
of the sample being measured and is given by Equation 2.26, where e, is the vacuum
of free space (8.854 x 10 F cm?), d is the thickness of the region under

consideration (cm) and A the surface area (cm?).

A
Co=e07 (2.26)

Impedance spectroscopy data may also be presented in different graphical ways to
highlight separate features of the results. The use of complex plane plots, also known
as Nyquist plots, is one of the most common graphical presentations, in which the
imaginary (reactive) component Z’ is plotted against the real (resistive) component
Z’ using the same linear scales. Spectroscopic plots may also be used, in which either
the real or imaginary component, on a linear scale, is plotted against frequency on a
logarithmic scale. These various ways of data presentation give different weightings

to a data set and can aid greatly in subsequent analysis and interpretation.

Real world materials and devices are a combination of resistive, capacitive and
inductive processes. Hence, the electrical properties of these can be represented by
networks of R, C and L components. When performing analysis of impedance
results, models are used in the form of equivalent electrical circuits, comprised to a

first approximation of resistance and capacitance elements (inductance can often be
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neglected), with the objective of assigning these to different physical processes and
components within the material/device. Each electrically distinct region of a sample
can be represented by its own parallel RC element. The origin of this may be
understood by considering an ideal insulator (dielectric). In an equivalent electrical
circuit, this would be best represented by a capacitor, which would capture all the
charge and prevent it from passing through the material. However, in reality, ideal
insulators do not exist and DC current is able to ‘leak’ through. Therefore, a more
accurate description of such a component is a ‘leaky capacitor’.3* This can be
represented electrically by placing a resistor in parallel with a capacitor. The
capacitor describes the insulating dielectric properties of the material, but the resistor
describes the leakage behaviour, as DC current is able to pass through the resistor
and bypass the capacitor, thus evading the charge storage device. At low frequency,
the impedance of the capacitor is high (Egn. 2.20), so current mainly flows through
the resistor, and as the frequency increases, more current flows through the
capacitor. The magnitude of R controls the degree to which the capacitor leaks and
the magnitude of C controls the permittivity of the medium which makes up the
resistor. Hence, to a first approximation, each electrically distinct component of a
sample may be represented by a parallel RC element, which is characterised by a
unique time constant, t (in seconds), given by the magnitude of the RC product (Eq.
1.12). In impedance spectroscopy, electrical components and parallel RC elements
are separated on a frequency scale according to their time constants. This allows the

electrical make-up of a material to be evaluated.

T=RC (Time Constant)

Conduction can be thought of as the movement (hopping) of charge carriers
(ions/electrons). There is often a significant and variable time delay between
successive charge carrier ‘hops’. The overall conductivity of the system is
determined not by the time taken for an individual hop, but by the residence or
waiting times between sequential hops. The residence time determines the R value of
the time constant, and because it is an average value, broad relaxation processes are
detected by impedance spectroscopy, rather than sharp resonances (as seen with
other spectroscopic techniques e.g. NMR, IR). Broad relaxations are detected at

different frequencies with a relaxation maxima given by Equation 2.27. The term
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wmax represents an angular frequency where the real and imaginary components of
impedance have the same value. Hence, at this frequency, equal amounts of current
are flowing through the resistor and capacitor. This relationship is of fundamental

importance for understanding impedance spectroscopy.

WmaxRC =1 (2.27)

There is an activation barrier associated with a charge carrier hop. If the average
residence time depends only on the activation barrier, independent of other processes
in the structure, this overall conduction is given by an ideal parallel RC element.
Increasing the temperature of the sample increases the vibrational energy of
ions/electrons and increases the success rate for a hop. This in turn causes the
average site residence to decrease and, hence, R is reduced. Very resistive processes
may occur at such a low frequency that measuring them by impedance spectroscopy
at room temperature would take an unfeasibly long time. By increasing the
temperature, these phenomena can be brought into the ‘frequency window’ of the
measurement. Similarly, extremely conductive processes that occur at very high

frequencies may be observed by cooling the sample down.
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Figure 2.13 A parallel RC element (a) and its impedance complex plane plot (b).

A parallel RC element along with its impedance complex plane plot are shown in
Figure 2.13. In order to understand the origin of this graphical presentation and the
derivation of the Z* equation, it is important to first be aware of the principle that

impedances add in series and admittances add in parallel. The admittance is also the
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reciprocal of impedance (Eqn. 2.22). Therefore, the summation of the reciprocals of

equations 2.19 and 2.20, gives the admittance for a parallel RC element:

1
V= jaC (2.28)

The impedance can then be derived as follows:

1
7= ()t =
§+ja)C

1

%(1 + jwRC)

R

~ T+ jwRC (2.29)

In order to separate real, Z’ and imaginary, Z’° components, the numerator and

denominator are both multiplied by the complex conjugate of the denominator
(1-jwRC):

B R(1 —jwRC)
" (1+jwRC)(1 - jwRC)

*

R — jwR?*C
=7 —aRIC (2.30)
As
jP=-1
hence
4 _ R — jwR*C
" 14 (wRC)?
2
i R . wR*C (2.31)

7" = —
1+ (WRC)? 1+ (wRC)?

As the imaginary component is purely capacitive, it is written with a negative j, and

the notation for the complex impedance in this instance is:
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Z* — ZI _jZ”

Therefore, by combining the preceding derivation with Equation 1.12, we get:

R
RN L 232
N Rwt

Hence, the Z* complex plane plot (Fig. 2.13) takes the form of a semicircle with a
maximum frequency that occurs according to Equation 2.27, with height R/2.
Impedance data plotted in such a way for an ideal parallel RC element is said to
exhibit a Debye-like response. The diameter of the semicircle, and low frequency

intercept on the Z’ axis, is R (this is found when ® = 0).

@ Z1 (reyient=t O W Ry 2, =1
RI2— e,] 20—

Fex Log f foo Log f

Figure 2.14 Spectroscopic plots for a parallel RC element: (a) Z’" and (b) M.

Most materials and devices consist of multiple electrically distinct regions. Hence,
we can represent this electrically as several parallel RC elements connected together
in series. As mentioned previously, data from impedance spectroscopy
measurements may be presented using different complex formalisms, and in
different graphical formats, to highlight separate features of the results. Figure 2.14
presents data as a spectroscopic Z’’ plot in (a) and M’ plot in (b), which allows
separate visualisation of the Z’’, M components against frequency on a logarithmic
scale. A spectroscopic plot of Z’’ against log frequency (a) is scaled according to R,

meaning that for a series of parallel RC elements, the largest Z’* peak will
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correspond to the most resistive component. For an ideal parallel RC element, Z”’max
= R/2, and for a perfect Debye peak, the full width half maximum (FWHM) will
measure 1.14 decades on the log f scale.®? The electrical modulus A’ spectroscopic
plot (b) is scaled according to Co/C and has a maximum value at Co/2C (the Co terms
are changed to e if data has been geometry corrected prior to plotting it). This means
that for a series of parallel RC elements, the component with the largest A’ peak

possesses the smallest capacitance.

(@ R R,
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Figure 2.15 (a) A series combination of two parallel RC elements, (b)
corresponding impedance complex plane plot, (c) corresponding spectroscopic plot
of capacitance C’ on a logarithmic scale.

For the circuit shown in Fig. 2.15 (a) of two parallel RC elements connected in
series, we can simply add together the impedances of the separate components. The
resulting impedance complex plane plot (b) therefore consists of two semicircles of
diameters R1 and Rz. The total DC resistance (Rtot) of the system can be calculated

by adding the separate resistive components together:
RTOt = Rl + RZ + - (234)

If the time constants for the RC elements are separated by at least two orders of
magnitude, then the components are well separated in the impedance response and

there are two distinct semicircles,®! as is shown in Figure 2.15. However, if the time
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constants are more similar, then a composite arc is formed in the complex plane plot,
and it is less easy to distinguish between the separate components. In such a case, the
total resistance is still readily obtained but a data fitting procedure is required to
deconvolute the total resistance into its separate components. In such an instance, it
can be useful to examine a combined Z’’/M’’ spectroscopic plot, as these formalisms

give different weightings to data, as was previously discussed.

Another useful data presentation to help in separating different electroactive regions
within a sample is a plot of capacitance C’ against log f (c), where C’ is just the

geometry corrected capacitance, given by:

d
C' = CZ (2.35)
To a first approximation, each plateau (constant capacitance region) in the C’ plot
can be assigned to a separate electroactive region. Hence, the high frequency plateau
in (c) is attributed to the limiting high frequency capacitance, C1. However, the value
of each plateau is often just an approximation of the capacitance of the component
assigned to it. In reality, each plateau is a composite value, with multiple

contributions coming from separate RC components.

R
—AA—

@ J—

CPE

Figure 2.16 A parallel RC element with a contant phase element (CPE) connected
in parallel.

As mentioned previously, the residence time between successive ion/electron hops,
determines the R value of the time constant. If the average residence time depends
only on the activation barrier, independent of other processes in the structure, this

overall conduction is given by an ideal parallel RC element. In reality, however,
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other factors are at play e.g. the availability of vacant sites, interaction between
charged species. These constraints to independent conduction steps present
themselves in impedance data in the form of distorted/depressed semicircles in the
complex plane plot and asymmetric Z", M’ peaks, whose peak maxima no longer
coincide.®® Therefore, an additional component, a constant phase element (CPE), is
required to account for the frequency dependency of the response and represent
departure from ideality.®* A constant phase element is a combined variable resistor
and variable capacitor, and is often placed in parallel to the RC element (Fig. 2.16).%°

The impedance of a constant phase element is defined as:

1
* = 2.36
Y Gorm, (2.3

where Yog is a constant and 0 < n < 1. For a value n = 1 the CPE reduces to a perfect
capacitor, and for n = 0 it is a resistor. When the parameter is assigned a value
between 0 and 1 it is a non-ideal capacitor with a resistive component. Constant
phase elements are successful in providing good fits to data in all formalisms. No
other function that has been used previously to model non-ideality has achieved this

degree of data analysis and universal applicability.3

2.13.2 Impedance Spectroscopy for Electroceramics

Insulators Conductors

|

lonic Mixed

Conductors Conductors
Solid
Electrolytes Electrodes

>

Microwave

: . Ferroelectrics
Dielectrics

Dielectrics

Insulators Mobile Capacitors
Comms.

Conductivity

Figure 2.17 Examples of electroceramic materials studied by impedance
spectroscopy.

An electroceramic is an inorganic solid, usually a polycrystalline oxide, possessing

electrical properties that can be exploited for useful applications.®® These electrical

properties depend on both the overall crystal and defect structure of the solid, as well
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as any interfaces present within the material. Properties may range from insulating to
a variety of conduction types (Fig. 2.17). Impedance spectroscopy enables the
overall electrical properties of the sample to be divided into component parts, which
can then be systematically studied or modified. It is the only widely-applicable
technique for characterising the electrical microstructure of materials. The total
resistance of the solid is measured and, through appropriate data analysis, can be
deconvoluted into contributions from different regions within the sample’s structure.
Furthermore, the technique makes it possible to determine the nature of the

conducting species (ions/electrons).

The brickwork layer model (BLM)* is a useful approach for analysing impedance
spectroscopy of electroceramics (Fig. 2.18). In this, an electrode is applied to either
side of an idealised solid, assumed to consist of cubic conductive grains, referred to
as the bulk of the material, surrounded by thin high-resistive grain boundaries. Each
of these electroactive regions - bulk, grain boundary, sample-electrode interface —
has a resistance and capacitance associated with it; and so to a first approximation,
an electroceramic may be modelled by several parallel RC elements connected in
series. Hence, each electrical component of the solid possesses a different time
constant and, therefore, they can be separated out according to frequency in the
generated impedance spectrum and characterised one by one. The physical origins of
these electrical properties can then be determined by varying the temperature,

atmosphere etc.

Electroceramic

1'.

Electrode Bulk  Grain boundary

Figure 2.18 Brickwork layer model (BLM) for an electroceramic.
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In an electroceramic, the grain boundary resistance is assumed to be greater than the
bulk of the sample. The origin of this may be due to resistive impurity phases at the
grain boundaries and/or space charge effects.®4% Assuming the relative permittivity
of the grain boundary and the bulk are the same, then in accordance with Equation
1.9, the grain boundary will have a larger capacitance, as it is thinner. As the bulk
has a smaller resistance and capacitance than the grain boundary, it possesses a
smaller time constant (Eq. 1.12). The time constant is inversely proportional to
frequency (Eq. 2.27), and, therefore, this component of the electroceramic will
appear at a higher frequency in the EIS spectrum. Hence, the bulk of an
electroceramic is usually the highest frequency component in an impedance complex
plane plot. The capacitance values of the different electroactive components in the
solid will vary by several orders of magnitude, depending on the geometry of the
regions responsible. A capacitance in the picofarad region is typical for a sample
bulk (for a material with permittivity ~ 10), with thinner regions of the
electroceramic possessing higher capacitances. A summary of typical capacitance
values is provided in Table 2.2.4! Hence, by calculating the capacitance for each arc
in an impedance complex plane plot through use of Equation 2.27, it may be possible
to determine which region of the sample is being measured at a particular frequency.
Plotting data as C’ against f on logarithmic scales also allows for a quick separation

of the different phenomena, at least in theory, with each showing up as a plateau.

Table 2.2 Capacitance values and their possible interpretations.**

Capacitance / Fcm™*”~ Phenomenon
1012 Bulk
10 Minor, second phase
101t - 108 Grain boundary
1010-10° Bulk ferroelectric
10°-107 Surface layer
107 -10° Sample-electrode interface
10 Electrochemical reactions

* Capacitance values are corrected for overall sample geometry of the electroceramic, rather than
geometry of region or phenomena.
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In a well-sintered dense ceramic, the grain boundary will usually possess a
capacitance 2-3 orders of magnitude greater than the capacitance of the bulk.!
However, in a poorly sintered ceramic, which contains some porosity, the
capacitance values may be more similar. This results in less well separated
components (arcs) in the impedance complex plane plot and makes it difficult to
distinguish between the different regions. Impedance data can therefore be used as
an indicator for quality of a ceramic and be used to refine fabrication procedures. A
way of gaining greater insight into the origin of the different features in a complex
plane plot is by presenting data as combined Z’ /M ’spectroscopic plots.*? The bulk
component usually has the smallest capacitance as a consequence of its geometry, so
the M’ spectroscopic plot can be used to identify this component of a data set. The
capacitance of the bulk can then be calculated, as the maximum has a value
corresponding to eo/2C, which in turn can be used to estimate the resistance of the
bulk from Equation 2.27. Furthermore, the largest Z’’ peak in the data set indicates

the most resistive component, which is often the grain boundary.

If the dominant Z’” and M’ peaks in combined Z /M ’spectroscopic plots occur at
separate frequencies, then the impedance response has both a bulk and grain
boundary contribution, and the electroceramic is electrically heterogeneous. If the
combined Z’’/M’’spectroscopic plots show only single overlapping peaks at the
same frequency, then the material can be described as electrically homogeneous with
the response dominated by the bulk; there is no significant grain boundary
impedance. However, if the peaks have broadened significantly and are slightly
offset, this indicates that here is some degree of electrical bulk inhomogeneity in the
sample. The origin of this heterogeneity might be the existence of regions with small
deviations in dopant level compared to one another, or possibly core-shell
microstructures, where there is a compositional gradient from the surface of grains to
their interior.** Impedance data for a sample possessing core-shell microstructures
may even possess two bulk-related A’ peaks if the time constants of the core and
shell are different enough.** The formation of core-shells is dependent upon ceramic
processing conditions, and, hence, it is important to remember that impedance data is

controlled by the fabrication procedure used, as well as the material present.
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From impedance data and appropriate equivalent circuit analysis, values for the
resistances and capacitances of the different electroactive regions may be
determined. Furthermore, from similar impedance measurements over a range of
temperatures, activation energies Ea (eV) may be calculated for the different regions

of the electeroceramic via the Arrhenius equation:

(Arrhenius Equation) o= Ae_k—l;a (2.37)
where ¢ is conductivity in siemens (S), A is a pre-exponential factor/constant (S), k is
the Boltzmann constant (8.6173 x 10° eV K™), and T the absolute temperature (K).
By obtaining the resistance at different temperatures from impedance data, Arrhenius
plots may be constructed of the logarithm of conductivity ¢ against reciprocal
temperature 1/T.* For a single rate-limited thermally activated process, an Arrhenius
plot gives a straight line, from which the activation energy can be determined via the
gradient. If a similar Ea is obtained for the bulk and grain boundary components, this
often indicates a poorly sintered (porous) ceramic.* The values of the activation
energies can be used to help identify the type of conduction in the electoceramic, i.e.

whether it is ionic of electronic.

The nature of the mobile charge species can also be inferred from examining low
frequency impedance data. For electronically-conducting electroceramics, electrons
are able to cross freely between the sample and electrode, so there is no resistive
barrier associated with this and thus no response in the impedance spectrum. For
ionic conductors, on the other hand, ions are not usually able to move between the
sample and electrode, and, therefore, there is a build-up of ions at the sample-
electrode interface. In such an instance, this contact is referred to as a
blocking/double layer capacitor (Ca)). The sample-electrode interface is a very thin
region of the electroceramic, and, therefore, this phenomenon shows up at low
frequency, as a spike, in the EIS spectrum.*® Such a spike is indicative of ionic

conduction in the sample, and its imaginary impedance is given by Equation 2.38.

1
ZII —_ .
— (2.38)

Ideally, the spike should be vertical and, therefore, represented in an equivalent

circuit by a capacitor connected in series to the rest of the impedance components.
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However, a high surface roughness usually results in an inclined spike, and a

constant phase element is, therefore, often more suitable to model the response.*”48

Rb Rgh Rct
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Figure 2.19 Schematic, idealised impedance spectrum of an ion conducting
electroceramic showing bulk (b), grain boundary (gb), charge-transfer (ct) and
Warburg (W) components.

Depending on the nature of the ionically-conducting system, electrode reactions may
also occur. This is where there is electron exchange with ions at the two electrodes.
There will be a resistance associated with this, referred to as a charge-transfer
resistance (Rct), which is placed in parallel to the double layer capacitor in the
equivalent circuit.*® Hence, for such systems, the low-frequency spike collapses to an
additional arc,> which will have a capacitance in the microfarad region, consistent
with Table 2.2. When this occurs, there will also be an additional component at low
frequency, an inclined spike which represents the impedance associated with the
solid state diffusion of ions to/from the electrodes.®® The electrode is said to be
partially blocking, and such a scenario is also indicative of ionic conduction in the
material. When the spike is at an angle of 45° to the Z’ (real) axis, this indicates
infinite diffusion, and is referred to as a Warburg impedance W,*? which takes the
form of a constant phase element where n = 0.5. Figure 2.19 shows an idealised
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impedance complex plane plot, along with the appropriate equivalent circuit, for a
material exhibiting ionic conduction. At very high temperatures or very low
frequencies, the Warburg element will also eventually collapse to an arc, as ions are

able to diffuse through the entire thickness of the electrode.

Often, the charge-transfer and diffusion controlled regions at low frequency in the
impedance spectrum are not well defined. The observed electrode response depends
on the relative magnitudes of Rct and W.5? If the electrode reactions proceed quickly,
such as at high temperatures, the charge-transfer component may be small and
difficult to observe in the impedance spectrum. Hence, the Warburg element
dominates the response at low frequency in such an instance, and the circuit in
Figure 2.19 can be approximated without the charge-transfer resistance and double
layer capacitance. A low-frequency spike indicates that a significant amount of ionic
conduction is present in the sample, but there may also be a degree of electronic
conductivity also. For mixed conductors with a larger amount of electronic
conduction there is no spike, but another arc at low frequency due to a parallel
electronic pathway.>® The circuit for an ionic conductor is then modified by placing
an additional resistor in parallel with the sample (Re), and a second in parallel with

the Warburg element (Rw,); as shown in Figure 2.20.>

Ry Rgb R
—-\ w
| | | Ry
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M

Figure 2.20 Equivalent electrical circuit for a mixed conductor.

In this work, pellets were pressed with 0.4 tons pressure and heated at the desired
sintering temperature for 1 h. Platinum or gold electrode paste was painted on both
sides of the pellet and dried by heating in a furnace. Impedance measurements
performed in air, at room temperature and above, were collected with an Agilent
E4908A analyser at 100 mV AC with a sweep frequency from 10 Hz to 1 MHz in
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air. Low temperature impedance measurements were carried out using an Oxford
Instrument cryocooler and an Agilent E4980A Precision LCR meter over the
frequency range from 20 Hz to 1 MHz with 100 mV alternating voltage. Data
collected in N2/O2, at room temperature and above, used a Solartron 1260 analyser
at 100 mV AC over the frequency range 10 to 10® Hz. Impedance data were
corrected for overall pellet geometry and for blank capacitance of the conductivity

jig. Analysis was performed using ZView software.

2.13.3 Characterisation of Batteries by Electrochemical

Impedance Spectroscopy

All batteries possess an internal resistance, which is defined as an opposition to
current flow. This is made up of a contribution of electronic and ionic resistances.
Electronic resistance originates from the resistivity of the component materials of a
battery and their interfaces. lonic resistance is controlled by electrochemical factors,
e.g. conductivity of the electrolyte, ion transfer across the electrode-electrolyte
interface, diffusion through the electrode.>® An increase in the internal resistance of a
battery over time can indicate declining battery capacity or degradation,®® hence, it is
an important parameter for analysing cell performance. The internal resistance of a

battery can be measured and monitored via a number of different methods.

The DC internal resistance (DCIR) measurement works by applying a brief step
(dis)charge current (pulse) and measuring the voltage drop.>” Only the DC resistance
is obtained, with no information on the reactance of the system, meaning it is not
possible to separate out different resistive contributions within the cell. In essence,
the battery is treated as one large resistor using this technique. Furthermore, the
measured value is dependent upon voltage amplitude and duration, and time taken to
record data.®® The instantaneous voltage drop after the current pulse is due to ohmic
resistance (current collectors, electrolyte), however, a further drop will occur due to
electrochemical processes (charge-transfer, diffusion). Hence, a different time taken
to record the measurement will give a different value. The 1,000 Hz AC internal
resistance (ACIR) test is another method. A 1 kHZ signal excites the battery and

Ohm’s Law used to calculate the resistance. However, similar to DCIR, this method
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only gives information at a single point in time, which is dependent on the feature in
the impedance spectrum at this frequency. The advantages of electrochemical
impedance spectroscopy are that it is a non-destructive technique and provides a
considerable amount of information across a wide frequency range in a relatively
short space of time, while preserving the integrity of the battery. Furthermore, as the
technique is particularly sensitive to systems that contain several impedance
elements, including bulk components and interfaces, this makes it particularly well-
suited for studying a battery, which is a multi-component device.

Active material
Current Pparticle passivating
Collector surface layer Electrolyte Separator

® .
e Na* @
° J- .
@ @
® [

Conductive
Carbon

Figure 2.21 Kinetic steps in a sodium-ion battery.

A standard battery consists of two electrodes, an electrolyte, separator and current
collectors. The different Kinetic processes that occur inside a sodium-ion battery are
illustrated in Figure 2.21.%° The electrode is a porous structure, consisting of active
material and conductive carbon additive particles, held together by a binder. The
electrolyte conducts sodium ions, which are able to pass through the permeable
separator. At the electrode, the Na* ions move into the electrolyte-filled cavities.
There is an ionically-conducting passivating layer at the surface of the active

material particles, formed by decomposition reactions. Electrons travel from the
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current collector to the active material via hopping between particles. This leads to
the formation of a double layer at the electrode-electrolyte interface where there are
electrons at the surface of electrode particles and a layer of ions in the electrolyte
surrounding them. At the active material surface, a charge-transfer reaction occurs
where a positively charged ion and electron pair up to maintain local
electroneutrality. The ion then diffuses (D) into the bulk of the electrode. Each of
these Kinetic steps inside a battery operates on a unique time scale (and thus
possesses its own individual time constant). Therefore, conducting the EIS
measurement across a wide frequency range allows for the dynamics of each
elemental step to be analysed separately and, hence, each component of the cell to be
characterised one by one. In this way, it may be possible to differentiate between
individual resistive contributions inside the battery and, therefore, in doing so,
determine what the major performance limiting factor is, i.e. identify the rate-
limiting step. This can then be potentially overcome (its resistance reduced) to

enhance the operation of the battery.

As with electroceramics, the analysis of impedance spectra for batteries may be
aided through the use of models in the form of equivalent electrical circuits. These
help to assign different parts of the obtained impedance spectrum to different
components and processes inside the electrochemical cell. The Randles equivalent
electrical circuit (Fig. 2.22), first proposed in 1947,%° is one of the simplest models
for describing processes at an electrochemical interface. It consists of an electrolyte
solution resistance (Rs) in series with a double layer capacitance (Ca), which is in
parallel with a charge-transfer resistance (Rct). The capacitor is often replaced with a
constant phase element (CPE) because the characteristics of the double layer are
non-ideal e.g. due to surface roughness. The rate of the charge-transfer reaction is
controlled by the diffusion of reactants from the electrode surface, and so a Warburg
element (W) is placed in series with Ret. In real electrochemical systems, such as a
battery, impedance spectra are often very complicated and the Randles circuit may
not be appropriate. However, it is often a useful starting point for the development of

other more complex models.
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Figure 2.22 The Randles equivalent circuit.%

As well as being used to analyse specific kinetic properties of battery materials,
electrochemical impedance spectroscopy can also be used to obtain important
behavioural parameters. An impedance measurement can be conducted at any point
during a battery’s lifetime and at any point during its (dis)charging cycle. The
generated spectrum is dependent upon the state of health of the battery and its state
of charge. Therefore, by performing EIS measurements for a battery at various
predefined SoC and SoH values, it may be possible to deduce relationships between
certain EIS parameters from equivalent circuits and the state of the cell. Thus, it may
then be possible in future to estimate the SoC and SoH value of a battery from
impedance spectroscopy measurements.®® This is not always straightforward, as
battery impedance may increase and decrease during the course of a battery’s
lifetime. Therefore, often multiple model parameters are required for confident

estimation.

To perform EIS on batteries, a frequency response analyser (FRA) is typically used
in combination with an electrochemical interface. The electrochemical interface
applies a constant voltage (CV) or constant current (CC) and the FRA superimposes
a small AC signal, usually in the range mHz—MHz, and measures the response.®? A
multiplexer connects the FRA to the battery test system. A typical setup is shown in
Fig. 2.23. The battery is connected using four wires — two for current flow and two
for cell potential. This is in order to improve the accuracy of the EIS measurement as
just a few microamps of current flowing in the voltage leads will result in an
impedance error in both the real and imaginary components. The FRA outputs a

signal to the cell via the counter electrode (I-) and the signal is returned through the
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working electrode (I+). It also connects to a pair of reference electrode points (V+

and V-) to measure the voltage across the cell.

Output Multiplexer

Battery
I
RE1CE WE RE2

Tester Input
*I PO P

V+ 000
|-
m Battery J]i
Frequency Response
Analyser

Figure 2.23 Experimental setup for impedance measurement of a battery.

EIS may be used to characterise either the static or dynamic impedance of a
battery.® Dynamic measurements are conducted on the battery during
charge/discharge by performing an EIS scan while simultaneously applying a DC
bias across the cell. This allows for information to be obtained during operation of
the battery, and is useful for determining the minimum (de)-insertion voltage for
electrodes, as well as enabling any intermediary reactions/species to be detected and
monitored. Static EIS, in contrast, is performed when the battery is at rest. For such a
measurement, a reproducible steady state is required to ensure validity.®* Therefore,
an open circuit voltage is applied before conducting the measurement to ensure that
the voltage does not vary significantly during the EIS measurement. Similarly, an
additional rest period or open circuit may be implemented following the impedance
scan to allow the cell to ‘recover’ from any changes that occur during the EIS run,

prior to continuing with the cell cycling.

Impedance spectroscopy can also be used in either potentiostatic (constant voltage)
or galvanostatic (constant current) mode.®* Potentiostatic mode, where a voltage is

applied at each frequency and the resultant current measured, is most common. The
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current responds at the same frequency as the applied voltage but may be shifted in
phase. In order to ensure a steady state, EIS usually is carried out with a small
potentiostatic signal amplitude of 10 mV so that the cell response is pseudo-linear (in
phase). If the system is non-linear, the response contains harmonics of the input
signal frequency.®® However, for larger batteries, which possess smaller impedances,
even a signal this small can produce enough current that changes the state of the
device. Therefore, for such a system, galvanostatic EIS may be favoured, as a
relatively small change in voltage may result in a large DC current, whereas large
changes in current usually result in only small changes in voltage.®® There can also
be a problem of OCV drift when performing potentiostatic measurements, which is
not an issue for galvanostatic EIS. Care must be taken, however, to ensure that
correct current amplitude is chosen when performing a glavnostatic measurement;

for batteries, an amplitude of < 5% of the (dis)charge current is recommended.®’

An idealised spectrum for a metal-ion battery is shown in Fig 2.24 together with its
equivalent circuit. There is also often a tail below the real Z' axis at higher
frequencies, not shown, which is due to inductive effects associated with the battery
and/or the experimental setup. With decreasing frequency, the first feature is a non-
zero ohmic resistance where the spectrum intersects the real Z' axis at high
frequency; it is represented in the equivalent circuit by a resistor (Rur). The two
semi-circles, usually of different size, are each represented by a parallel RC element.
To account for, and model, a non-ideal or distorted semi-circle, a constant phase
element (CPE), is added in parallel with the parallel RC element. The fourth feature,
at low frequency, is frequently an inclined spike, which can be a non-ideal capacitor
represented by a CPE or a Warburg element (where n = 0.5) if the spike is at 45° to
the Z' axis.
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Figure 2.24 Schematic idealised complex plane plot for a battery together with its
ideal equivalent electrical circuit.

The impedance spectrum shows a separation of processes in the battery, dependent
upon time-scale. The high-frequency section consists of the fastest processes, which
make up the ohmic resistance: ionic conductivity of the electrolyte, separator and the
electron conductivity in the current collector and wires. The electrolyte resistance
dominates this response as the diffusion of solvated ions is the slowest process of
them. There is no polarisation (capacitance) associated with these processes (at least
for a highly concentrated salt electrolyte),*® and, therefore, they are represented by
only a resistor placed in series to the impedance of the rest of the cell. The slowest
process in a battery will be solid state diffusion of Li*/Na* ions in the bulk of the
electrode, and, hence, this is seen at low frequency as a spike. The remainder of the
components in the mid-frequency range will account for the rest of the cell: charge-

transfer, the passivating surface layer etc.

Figure 2.24 shows an idealised impedance spectrum, but in reality, data obtained is
much more complex. Hence, when carrying out impedance measurements, it can be
difficult to interpret the generated spectrum due to the overlapping of processes with
similar time constants. It may be possible to an extent to afford better separation of
the components through cooling down the system, which causes resistances and
subsequently, the difference between time constants to increase. Half-cell
measurements can also be used to study the cathode and anode separately, however,
the impedances associated with the electrodes in this setup may not reflect the

processes occurring in a full-cell battery at different states of charge and discharge.
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Measurements may also be made on symmetric cells in which the two cells are
disassembled and the cathode of one is replaced with the anode of the other, and vice
versa.®® However, such approaches are limited as symmetric cells cannot be charged
and discharged in the same way as a fully functioning battery. The arduous process
of disassembling and reassembling cells must therefore be carried out repeatedly, in
order to gather information at different states of charge and states of health. For these
reasons, a three-electrode cell setup is often preferred. A three-electrode cell design
incorporates a spectator reference electrode, which (at least in theory) does not
interfere with the cycling of the battery. The battery is then charged/discharged as
usual, but as well as recording the impedance across the entire cell, the impedances
of the cathode and anode can be measured separately against the reference. It is
therefore possible to monitor how each electrode contributes to the overall

impedance of the battery.5?

In this work, two-electrode cells were tested using a Maccor Series 4000 Automated
Test System. The layered oxide cathode was connected to the positive terminal and
the carbon anode to the negative terminal using banana clips. AC impedance
measurements were performed using a frequency response analyser (Solartron
Modulab). All cells were held at a constant temperature of 30 + 0.5 °C using a
Maccor Temperature Chamber. Three-electrode cell measurements were performed
using a potentiostat with a parallel frequency response analyser (Solartron Pstat
1470E/FRA 1455A). Three intrinsic EIS scans were made using different methods
for connecting the Solartron equipment to the electrodes. In the first, the impedance
of the cell was measured without using the reference electrode. In the second, the
impedance of the working electrode (layered oxide) was measured against the
reference (Li/Na metal) electrode, and, in the third, the counter electrode (carbon)
was measured versus the reference electrode. All cells were held at a constant
temperature of 30 £ 0.5 °C using a MMM FRIOCELL Incubator.

Each battery was left for 32 h at 30 °C prior to cycling to allow time to equilibrate.
An impedance measurement was then performed before beginning to cycle the cell.
The cells were cycled under constant current/constant voltage (CC/CV) conditions,
with four hours for equilibration after each charging/discharging step, prior to

performing an impedance scan. AC impedance measurements were performed in
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static potentiostatic mode by varying the frequency with a perturbation signal
amplitude of 10 mV (peak to peak) from 10 mHz to 100 kHz for two-electrode cells
and 10 or 50 mHz to 1 MHz for three-electrode measurements. An additional one-
hour open circuit voltage (OCV) hold after running EIS allowed the cell to return to
a steady state. Data acquisition was performed using MIMS and Multistat software
for two- and three-electrode cells respectively. ZView software was used for

impedance data analysis.
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