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Abstract

With the rise in popularity of electric vehicles and electromobility solutions, there is a higher
demand for high energy density batteries. Accompanying this increased demand, there is also
increased pressure for lower costs, longer durability, and the use of more sustainable materials.
Going beyond the constraints imposed by the Li-ion battery, Next Generation Batteries,
encompassing a host of technologies and chemistries, have the potential to provide higher

energy densities while using more sustainable materials and at a lower cost.

When exploring Next Generation Battery technologies, novel materials and complex reactions
are introduced, underpinning the working mechanisms of energy storage. A clear understanding
of materials and processes during operation needs to be established to move these technologies
closer to realisation. To achieve this goal, investigations using operando characterisation
techniques, measurements made during battery charge and discharge, provide a unique tool to

advance the understanding of how a given battery technology works.

This thesis explores the use of operando analysis methods to reveal the inner workings of three
key next generation battery technologies; Na-ion anodes and how the electrode structure can be
tuned to facilitate Na* intercalation, how Lithium-Sulfur cathodes evolve during cell cycling
and the subsequent conversion of polysulfide species, and finally the structures observed when
using Lithium-metal as an anode for high-capacity batteries. The focus is to determine structural
changes to electrode materials using X-ray Tomographic Microscopy and chemical changes
using Raman Spectroscopy to reveal mechanisms controlling the performance in terms of
capacity, rate capability or cycling stability. Though operando measurements present an
exciting opportunity to monitor real-time processes, they need to be grounded in reality. Thus
this thesis explores supporting work, such as ex sifu measurements, electrochemical
evaluations, and traditional characterisation methods used in battery research, all used to

determine the complex and dynamic processes that dictate how batteries perform.
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1 Introduction

Batteries surround us, powering our phones and laptops, and are becoming ever more prevalent
in the electrification of the transport sector. A decade ago, only seven mass-market electric
vehicles existed from manufacturers such as Nissan and Renault. Today, there are over 50
different electric car models available worldwide, from major car manufacturers such as Ford,
BMW, and Audi, just to name a few. However, electrification efforts do not end at electric
passenger cars; as the transport sector pushes to become ever greener, a range of electric buses,
trucks and even electric planes are under development. This plethora of electric technologies
all need one major component, a way to store electric energy efficiently, which batteries can

provide.

However, as we see the widespread adoption of batteries in electric vehicles, several challenges
need to be addressed: the battery’s cost, specific energy, materials supply, and chemistry
sustainability. While there are technological alternatives to batteries, such as hydrogen fuel cells
and supercapacitors, such alternative technologies also have their flaws. Analysis from
Volkswagen says that the well-to-wheel efficiency for battery electric vehicles (BEVYS) is
between 70-90%, while the well-to-wheel efficiency for fuel cell vehicles (FCVs) is 25-35%.[1]
The ability to aid a transition to greener transport, the increased well-to-wheel efficiency, and

the ever-increasing specific energy of batteries place them as the dominant technology.

The current gold standard of secondary batteries is the Li-ion battery, first commercialised by
Sony in 1991.[2] “Li-ion” itself is an umbrella term representing a range of cathode and anode
chemistries, all relying on the ‘rocking chair’ mechanism with Li" moving between the anode
and cathode where they are inserted and intercalated into the active electrode materials.[3] In
the three decades since Li-ion was first commercialised, the price per cell has decreased by over
97%, while the specific energy has increased from 80 Wh kg™! to 250 Wh kg™!.[4] This progress
stems from continuous research and development, with chemical changes to increase voltage

and capacity, and persistent engineering changing the design and internal structure of batteries.

As more technologies emerge requiring electric energy storage, we will see an increased
demand for batteries and increased demand for the raw materials needed for production.

Presently, such materials are already under the spotlight, with companies that produce batteries



coming under international scrutiny due to the use of cobalt. Moving into the future, an increase
in the available energy density of batteries is required, while simultaneously, we must ensure
the utilisation of sustainable materials to meet these requirements. We need to look towards

new technologies.

One path forward in increasing energy density is to change the electrochemical processes that
underpin how energy is stored. Such changes to the battery chemistries could result in much
higher theoretical specific energies, meaning batteries can be made lighter, made from fewer
materials, and potentially made at a lower cost. These Next Generation Battery (NGB)
technologies [5] can use different alkali or alkali earth ions, such as is the case with Na-ion
batteries, promising a far more sustainable technology. Alternatively, chemistries that continue
to use Li with a change to the electrochemical processes, such as Li-sulfur and Li-metal, hold
the promise of a nearly 10-fold increase in theoretical specific energy, based on the weight of

active materials.

However, these NGBs, like any new technology, are plagued with obstacles towards practical
realisation, and the knowledge base surrounding their operation is still developing. Since Li-
ion has been in the spotlight for over 30 years, a considerable knowledge base has been built
up around the technology, providing information on the use of tuned electrolytes,[6] the effect
of cycling on the electrode structure,[7] intimate understanding of the electrochemical reactions
at each electrode, and how Li" interacts with the materials. This in-depth understanding has led
to the Li-ion’s meteoric rise and development. To put NGBs on the same path, we need novel
and comprehensive forms of analysis to push progress in their discovery and utilisation by

exploring physical and chemical processes inside the battery.

These physical and chemical changes to the materials used in NGBs have a pivotal role on their
performance. This thesis addresses the challenges associated with the materials and processes
used in selecting NGBs and how we can study them. In the case of Na-ion batteries, which can
provide a sustainable alternative to Li-ion, Na* cannot intercalate into graphite, the hallmark
anode material of the Li-ion technology. However, tailoring graphitic structures can enable
efficient storage of Na*, yet the interaction between ions and material needs to be understood
to develop tailored approaches further. Moving to conversion chemistry to reach higher
capacities, a system investigated is the Li-sulfur batter. However, the dissolution, migration,

and precipitation of polysulfide species during cycling has hindered the system from realising



its full potential. A lack of understanding surrounds the conversion, interaction, and mobility
of polysulfides inside the battery limits the ability to develop the technology. Furthermore, the
sulfur cathode must be combined with a high-capacity anode where Li-metal would be the
electrode of choice to achieve high-capacity batteries. Instead of the reversible intercalation of
Li" into the graphite, Li-metal anodes rely on stripping and plating of Li from the electrode
surface. This process must be reversible, form dense and homogenous microstructures, with

acute attention paid to the interaction between Li-metal and the electrolyte used.

To understand these complex interactions, analytical methods must be used to probe the
materials and processes to build a deeper understanding of the physical and chemical
interactions inside NGBs. This thesis addresses operando methodologies to investigate battery
processes during operation. From a multitude of technologies that can be used, Raman
spectroscopy and X-ray tomographic microscopy proved to be ideal methods to analyse the
selected NGB materials. Raman spectroscopy provides detailed chemical information by
providing insights into the interaction between graphitic materials and Na* and monitoring the
evolution of chemical species present in a battery’s electrolyte. While x-ray tomographic
microscopy can follow physical changes to electrode morphologies in real time. With high
resolution imaging, changes to electrode structures have been shown and quantitively compared

to battery performance.






2 Batteries

2.1 History and Explanation of Cell Components

A battery is a device that can store energy electrochemically; this means that energy is stored
as electrochemical reactions. This energy can then be delivered in the form of electricity when
the battery discharges, and conversely, electricity can be used to recharge the battery. Typically,
a battery consists of multiple electrochemical cells placed in parallel to one another to increase
capacity or held in series to increase voltage. The word's history can be traced back to 18%
Century North America and Benjamin Franklin, where 'battery' was used to describe a grouping
of Leyden Jars, an early form of capacitor. He took his inspiration from artillery, where a battery
described a grouping of cannons working together. For this thesis, the word battery will describe
a single electrochemical cell, consisting of only one anode and one cathode. However, the word

battery is used today covers various technologies, each suited to a given purpose.

Alessandro Volta is credited with inventing the first electrochemical battery in the 19" century.
This battery, known as the voltaic pile,[8] relied on zinc and copper plates separated by brine-
soaked paper sheets (Figure 1), and this combination of materials provided a small current.
These core components we now know as the anode, cathode, electrolyte, and separator. We
refer to their combination as a galvanic cell, capable of producing current through spontaneous
reduction/oxidation (redox) reactions. We also refer to this configuration of the anode and
cathode as a full cell, where the properties of the battery are the combined result of the processes

at both electrodes.
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Figure 1 Schematic of cell components of the Volta pile and reactions during discharge. On the
left is a zinc anode with oxidation during discharge, and on the right is the copper cathode with

reduction during discharge.

The anode in the Volta pile was made of zinc metal. During the discharge of the cell, the zinc
is oxidised, thereby losing 2 electrons. The generated zinc ion enters the electrolyte, while the

2 electrons travel to the cathode via the external electric circuit.

Oxidation Zn =7Zn*t + 2e” (1)

The cathode was copper, Cu, however during the discharge of the voltaic pile, hydrogen gas
was formed at the copper surface. In this case, hydrogen ions from the brine/electrolyte gain
electrons from the external circuit and are reduced to hydrogen gas. Here copper itself is not
formally oxidised or reduced but instead acts as a surface for the hydrogen ions to interact with

and gain electrons.

Reduction 2H" + 2e~ = H, )



Alessandro Volta's pile utilised paper to separate the anode and cathode and prevent short-
circuit, and no current would pass through our external circuit. In the Volta pile, the electrolyte
was brine soaked in a paper separator. Brine is ionically conductive due to its salt content, and
it is electronically insulating. Today, we expect electrolytes to meet more requirements, such

as also having a wide voltage stability window, and suitable viscosity.

The voltaic pile is an early example of what is referred to as a primary cell, which can only be
discharged once since the formation of hydrogen gas (2) cannot be reversed. Eventually, the
system will either deplete the source of hydrogen ions or zinc metal and at this point, the cell
will have reached the end of its usable life. Though primary cells have their uses, this thesis

concerns secondary cells, that can be discharged and charged multiple times.



2.2 Electrochemical Principles of Operation

From the examples of the voltaic pile, we have gained fundamental definitions and concepts.
needed when describing batteries and their electrochemistry. The first is oxidation, the process
of losing electrons, and the associated raising of a species oxidation state. Conversely, we have

reduction, which is the process of gaining electrons, and thus reduction of a species oxidation

state.
Reduction Ot +ne =R 3)
Oxidation R=0%+ne” 4)

In a galvanic cell (a cell capable of spontaneous discharge), oxidation occurs at the anode, and

reduction occurs at the cathode. This is the convention used in the naming of electrode

materials.

—R

Mass
Transport

Mass
Transport

<——0O

Figure 2 Schematic of the process of mass transport and electron transfer at the electrode

surface.



The processes of reduction and oxidation occurs at the electrodes. In the case of reduction, the
species to be reduced, O, needs to move from the bulk electrolyte to within proximity of the
electrode surface, i.e., mass transport is required. Mass transport represents a series of transport
mechanisms, such as convection, migration, and most importantly, diffusion. The diffusion of
ions through a solution can be described by Fick's first law, demonstrating the dependency of a

concentration gradient for ion transport, where the flux of species is given by:

]:_D% (5)

is the flux of ions, D the diffusivity, and 9¢ is the concentration gradient. At the electrode, the
y dx g

species undergoes the process of electron transfer and gains an electron. species O is reduced
to R. What happens to the species after this point varies with battery technology. It can enter

the electrolyte solution, or it can stay at the electrode.

The electrochemical reactions define the battery's voltage as each electrode has its own
‘electrode potential', based on the spontaneous redox reactions at the electrode surfaces. These
redox reactions have a redox potential, a metric that describes the tendency of a chemical
species to be reduced and thus its affinity for gaining electrons. The higher the redox potential,
the greater the affinity of gaining electrons. In the electrochemical cell, the voltage observed is

the difference between the electrode potentials

o — o o
E cell — E cathode — E anode (6)

and the cell potential is related to the Gibbs free energy of the redox reactions of the cell:[9]
AG° = —nFE° (7)

where n is the number of electrons transferred, and F is Faraday's constant. This set of equations
shows greater the voltage, the more significant the free energy change. After establishing the
relationship between Gibbs free energy and cell potential, the relationship between cell

potential and the products and reactants of the redox reaction can be determined:

AG° = AGoproductS - AGoreactants (8)



In the case of the voltaic pile, the overall cell reaction during discharge can be written as:
Zn+ 2H* 2 H, + Zn?* 9)
As such, the Gibbs free energy of the galvanic discharge can be written as:
AG° = [AG°(H,) + AG°(Zn?* )] — [AG°(Zn) + AG°(2H™)] (10)

The standard redox potential of the Zn anode is -0.76 V vs SHE, and the standard reduction
potential of H> formation at the Cu anode is 0 V vs SHE. Thus, the overall cell potential is 0.76
V vs SHE under standard conditions (concentration 1M, pressure 1 bar), using equation (7) the
Gibbs free energy can be written as AG® = —nF (0.76 V). Therefore, we see that a positive cell
voltage produces a value for AG° that is negative, thus demonstrating a positive cell voltage

indicates a thermodynamic driving force behind cell discharge.

However, these equations and values are derived from them, are based on reduction potentials,
measured under standard conditions. To describe the potentials observed in cells under non-

standard conditions, the following expression is used to describe the cell voltage:[9]

E g 2.3RT1 [O] 1
= + F Ogm ( )

Equation (11), known as the Nernst equation, is arguably one of the essential equations used in
electrochemistry, linking the concentrations of oxidised and reduced species to cell potential,
but only under equilibrium conditions. However, cell operation is a dynamic process, with the

concentrations of species constantly changing. Thus, equilibria are not always established.

At the electrode surface there will always be redox reactions taking place. At equilibrium the
magnitude of the reduction and oxidation reactions will be equal cancelling each other out. For
a zinc anode this would be mean the oxidation to make Zn**, and the reduction back to Zn
would be equal. This is known as the exchange current density,[9] and its value changes

depending on the nature electrolyte and ion concentration.[10]

10



j=Jatjc=0 (12)

An additional crucial metric is the current a battery produces during cell discharge. By
measuring current and integrating with respect to time, we obtain the capacity, describing the
charge that the battery can store. Each active material has a theoretical specific capacity, an
absolute maximum capacity the material has for energy storage, based on molecular weight and

the number of electrons transferred during electrochemical reactions:

Q=— (13)

where 7 is the number of electrons transferred, F is the Faraday's constant, and m is the molar
mass of the active material. Taking the example of the Volta pile, and considering the anode

reaction of equation (1), the theoretical specific capacity of Zn can be calculated as:

_ 2%96485 C mol™?
Qzn = 65.38 g mol~1

= 819.87 mAh gt (14)

The experimentally measured capacity is often normalised by the mass of active material in the

cell to determine the specific capacity or by the electrode area, giving areal capacity (Figure 3).

11
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Figure 3 Typical Li-ion discharge voltage profile, with voltage plotted against capacity,

showing the interchangeability of capacity, specific capacity, and areal capacity.

Another important metric of a battery is the coulombic efficiency. It is the ratio between the
charge and discharge capacities, i.e., a measure of a battery's reversibility. To demonstrate the
importance of understanding coulombic efficiency, we can take an example from the EU
Strategic Agenda for Battery Research, which states a goal of achieving 80% capacity retention

after 1000 cycles,[11] resulting in the following calculation:

1
(0.8(W)) * 100 = 99.98% (15)
To determine the coulombic efficiency (CE) we use the values of Q4;; and Q.. (Figure 4):

_ Qdis

cha

CE «100 (16)

12
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Figure 4 Voltage profile, demonstrating the relationship between charge and discharge

capacities, and coulombic efficiency.

Using the formula for coulombic efficiency, we can measure the overall efficiency of a battery,
considering the reactions taking place at both the anode and cathode. Alternatively, a half cell
configuration can be used to isolate the reactions of a single electrode and determine the

coulombic efficiency of that single process.

From the discharge profile one can determine the energy that the battery can store. The energy

of the battery can be determined as the integral of voltage profile

t
Energy = fV-Idt (17)

0

13



3.5 1
S —
> 3 ]
S
O
>
Energy ( Wh)
2.5} .
2
Capacity (mAh)

Figure 5 Relationship between voltage, capacity, and energy for a lithium-sulfur cell.

In battery research energy is often referred to as the specific energy (Wh kg!) or as energy
density (Wh L. Specific energy, or energy density, can be determined on many levels, from
the active materials level, where the specific energy often high, to the pack level. At the
electrode level components such as conductive additive and binder needs to be considered, and
at the cell level current collectors, electrolyte, and separators must be considered. Finally, at the
pack level all components in the care counted. Thus, there are many opportunities to increase
specific energy or energy density, by engineering of materials to reduce weight and size, or by
altering chemistries and increasing the energy content of active materials, as well as through

cell and pack design.

14



2.3 Lithium Batteries

The most famous example of a rechargeable battery nowadays is the lithium-ion (Li-ion)
battery. It has enabled an evolution in energy storage, we find Li-ion batteries in our mobile
phones, laptops, and in nearly all battery powered electric vehicles. Since its commercialisation
by Sony in 1991,[2] the early work carried out on the lithium-ion battery has gone on to see
Akira Yoshino, M. Stanley Whittingham, and John B. Goodenough receive the 2019 Noble
Prize in Chemistry.[12,13] The key to the Lithium-ion battery’s success is based upon its
‘rocking chair’ type mechanism, where lithium ions (Li") are moved between the anode and

cathode, and inserted between layers in the electrode material.[14,15]

What initially made lithium such an interesting material for energy storage originates from its
location on the periodic table. Sitting up in the top left corner of it has a low atomic mass, giving
lithium an incredibly high specific capacity. Lithium has a high tendency to shed the electron
sitting in its outer shell, giving it one of the lowest reduction potentials, -3.04 V vs SHE.

Combining these two factors makes lithium an ideal material to use in batteries.

The original concept for a lithium battery, introduced by M. Stanley Whittingham, used a
layered sulfide material as a cathode.[16] However, this configuration was considered
unsuitable due to stability issues of the cathode material, and the instability of using Li-metal
as the anode material. Due to lithium’s low reduction potential, it is also highly reactive and
unstable towards the electrolytes used at the time. The stability issues associated with the use
of Li-metal as an anode were solved by replacing metallic lithium with graphite.[17] The use
of graphite would still allow the cell to deliver a high voltage, whilst side stepping the some of

the safety issues that arise from the use of metallic lithium.

The first commercial Li-ion batteries from Sony had a specific energy of 80 Wh/kg, since then
significant progress has been made, with one of the most popular suppliers (LG Chem) now
offering cells with a specific energy of 265 Wh/kg,[18] and more recently CATL reporting to
have cells that reached 304 Wh/kg.[19]

15
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Figure 6 Schematic of a Li-ion battery, demonstrating the layered structure of the graphite

anode and the crystal structure of an insertion type cathode.

When we talk about Li-ion, it is an umbrella term that represents a multitude of cathode
chemistries such as LiFePOs, LiMn,0,, and LiNixMnyCo,0O>, just to name a few, often coupled
with a graphite anode. All these chemistries carry various unique characteristics, considering
cyclability, capacity, operating voltage, and safety. However, one concept that they all have in
common is that they all rely on intercalation and insertion processes, where Li" ions are inserted

into a host structure. With graphite as the anode, the following reaction takes place:

Lit + e+ Cs = LiCq (18)

The reduction potential of this reaction is below the stability window of commonly used
electrolytes, causing the electrolyte to breakdown in contact with the graphite. The breakdown
is in fact crucial to stabilising the graphite anode and enabling stable cycling through the
formation of a solid electrolyte interphase (SEI).[20] The SEI is a layer that forms on the surface
of the graphite, forming an additional phase in contact with the electrolyte. It has been
extensively studied, with early models of the SEI being proposed by Peled et al.,[21,22] Further

analysis to determine the SEI composition was carried out in the decades following, discovering

16



that it is a nanometre thick layer (10-30nm)[23] composed of electrolyte decomposition

products.[24-26]
At the cathode the following takes place when using LiCoO, as active material:

LiCo0, = Li* + e + Co0, (19)
Combing the anode and cathode reactions gives the full cell reaction:

LiCo0, + C4 = LiCs + Co0, (20)
These reactions impose a physical constraint in terms of specific capacity, and as such a limit
in specific energy i.e., how much energy can be stored in the materials in terms of their weights.
Figure 5 has previously shown how energy can be determined as the integral of time and voltage
as a function of capacity. Increasing either one of these two values will increase the energy the

battery can store demonstrating a need for batteries that can operate safely at higher voltages,

or batteries that demonstrate a significant increase in specific capacity.
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3 Next Generation Batteries

For the Li-ion battery, we have come close to the limits of how much energy the system can
store. As the demand for batteries with higher specific energies increases ( > 400 Wh kg!) we
need to look beyond the current standard and consider alternative chemistries or technologies,
so called ‘Next Generation Batteries’ (NGBs).The term Next Generation Battery encompasses
a whole range of technologies, from sodium-ion (Na-ion) which can provide a sustainable
alternative to the current dominant technology, to Li-metal and Li-Sulfur (Li-S) which
theoretically boasts a huge increase in energy density. These are just a few technologies, and

Table 1 shows the properties of some common NBG technologies.

With next generation battery technologies, the aim is to increase metrics such as capacity,
safety, and sustainability. This requires a search for novel electrode materials, electrolytes, and
cell chemistries, such as the use of alternative ions. Potential candidate ions to be used in
batteries are Na and K which have low reduction potentials close to that of Li, -2.71 V and -
2.93 V respectively, and as such these chemistries are receiving increased attention by the
research community.[27,28] Other candidate ions include, Mg, Ca, and Al, as noted in Table 1.
To address the issues of safety, cost, and increased capacity, Lithium-Sulfur and Sodium-Sulfur
chemistries have considerable potential. Both Li-S and Na-S take advantage of the high-
capacity sulfur cathode, to take full advantage of this high-capacity cathode the cell would need
a high-capacity anode. Despite the Na-metal anode having a slightly lower capacity of 1166
mAhg! than its Li-metal counterpart, which has implications when the cell is balanced, a
sodium based battery carries the advantage of the active material abundance. However there are

issues of high Na-metal reactivity and poor room temperature performance of Na-S cells.[29]

Technology Advantages

Na-ion Similar to Li-ion[30], low cost of Na[31], abundance of Na[31]

Li-S High energy density[32], low cost of S[33], abundance of S[34]

Li-O; High energy density[32], abundance of O

Na-S High energy density, low cost of materials, abundance of
materials[31,35]

Mg High energy density[36], abundance

Ca Low cost, high abundance[37]

Al High energy density[38], abundance

Table 1 Summary of Next Generation Battery Technologies.
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3.1 Sodium-Ion

Sodium based batteries are already starting to see commercial production, with CATL (the same
company that has produced the 304 Wh/kg Li-ion battery) announcing that they will bring to
market a 160 Wh/kg Na-ion battery.[39] One of the major advantages of the sodium ion
chemistry, is its analogy to Li-ion,[30,40] allowing a smooth transition from current Li-ion
production lines to their Na-based counterparts. Despite the clear advantages and drive to
produce Na-ion batteries, their development can’t reach the levels of the Li-ion battery since
the common graphite anode is unsuitable for use with Na-ion cathodes, as a consequence of the
poor Na intercalation capacity, only 35 mAh g'.[41] Originally, the poor performance of Na
intercalation in graphite was thought to be because of the increased ionic radii of Na*, and as
such it was not able to fit between graphite layers.[42,43] However, this reasoning has been
disproven since both K*,[44] and solvated Na" [45-47] can be intercalated between graphite

layers.

The origin of the poor intercalation capacity arises from the interactions between sodium and
graphite.[48] This highlights the need to investigate alternative materials for use as an anode in
Na-ion batteries. The current most common anode for Na-ion is hard carbon, a material with a
complex microstructure. Instead of being composed of regularly spaced and stacked graphene
sheets, there are domains of randomly spaced and randomly orientated graphene sheets. This
results in a more complex storage mechanism and a theoretical capacity of ~280 mAh g!

(compared to the 372 mAh g! capacity of graphite).[49]

To move the Na-ion technology forward, the storage mechanism needs to be understood. It has
been demonstrated that the use of co-intercalant solvents, such as DME, stabilises the
interaction between Na* and the graphite.[45,47,50] However, such an approach often leads to
exfoliation and destruction of the graphite layers, leading to a drop off in the capacity achieved.
One approach that provides a unique solution and enable to the reversible intercalation of Na*
is graphene. Graphene refers to a single atom layer thick sheet of hexagonally arranged carbons,
the difference between graphene and graphite is that graphite is made up of many graphene
layers. An advantage of graphene, specifically chemical vapour deposition (CVD) graphene, is
that it can be tailored and stacked on a layer by layer basis. With CVD graphene being grown
as a single layer, there is an opportunity to perform chemical modification.[51] Depending on
the type of chemical modification, there is scope to modify the properties of the graphene

surface and tune the interaction between Na* and the graphene. However, such modifications
grap
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present challenges, the CVD graphene is grown and then modified on a layer by layer basis,
with each layer possessing an area of only a few square millimetres. This resulting mass of the
material is measured in nanograms, and due to the nature of graphene, it also has large surface
area. Despite only small amounts of materials being produced, the unique ability to be tuned
presents an opportunity to study fundamental interactions between the graphitic material and

Nat.
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3.2 Lithium Sulfur
The Li-S reaction has a theoretical specific capacity of 1672 mAh g™ and high specific energy,

on the active materials level. This chemistry has the potential for the realisation of high specific
energies on the cell level that surpass that of current Li-ion batteries.[52,53] Beyond
improvements in specific energy, there are further factors that make the Li-S a promising
successor to Li-ion, including the abundance, low cost and low-toxicity of raw materials, and

potential improved cell safety.[54]

In a Li-S cell, sulfur is used in its elemental form, Sg, this is a material that is 10th in a ranking
of elemental abundances,[55] it can be found worldwide making it accessible,[56] and often is
the side product from established chemical processes, making it a very low cost material.[33]
When you combine this with other elements to be used in the Li-S cell, such as carbon black,
there is the potential to create a cell that has a considerably lower cost, on the materials level,
than current Li-ion cells.[52] Furthermore, sulfur containing electrodes are considered to be
less toxic,[33] an advantageous property considering the possible implementation of large scale

applications.

The large theoretical specific capacity is derived from the following reaction:

S+ 2Lit +2e~ = Li,S 21)

From this reaction a theoretical specific capacity for the active material, sulfur, can be
calculated to 1672 mAh g~1, far surpassing the theoretical values for the active materials of Li-

ion batteries (~ 275 mAh g71).

Having spoken in of the advantages of the Li-S chemistry, one must also consider the series of
challenges which are preventing the implementation of this technology. These challenges stem
from the complex chemistry that occurs in the Li-S cell, differing from that of the currently
used Li-ion and Na-ion batteries. The cell’s reaction mechanism can be broken down into a

series of conversion reactions of sulfur.[57]
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Sg + 2e~ + 2Li* - Li,Sg (22)

Li,Sg 4+ 2e~ + 2Li* - Li,Sg_,, + Li,S, (23)

Li,S, + (2n —2)2e™ + (2n — 2)Li* - Li,Sg_, + nLi,S (24)

These ideal reactions all contribute to the total capacity of the cell and occur at different stages
of the discharge. The voltage profile shown in Figure 7 is typical when using a liquid electrolyte.

The profile can be broken into three main regions and determined by corresponding processes.
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Figure 7 Voltage profile showing the characteristic plateaus observed at ~2.4 V and ~2.1 V

respectively in a liquid electrolyte Li-S cell.

At the start of discharge the conversion of elemental solid sulfur (Sg) to soluble long chain
polysulfides (Li,Sg), (22), occurs and is a solid to liquid phase transition since elemental sulfur
has a low solubility in commonly used electrolytes where Li>Sg is usually highly soluble.

Subsequently the conversion of the soluble long chain polysulfides to short chain polysulfides
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occurs, (23), and is a liquid-liquid transition. Finally, the conversion of short polysulfide chains
(Li,S,) to insoluble lithium sulphide (Li,S) occurs, (24), this is a liquid to solid phase transition.
It is these phase transitions determine the characteristic shape of the voltage profile with liquid

electrolytes.

Equation (22) represents the process at the plateau close to 2.4 V in Figure 7, and the plateau
represents the equilibrium established as soldi elemental sulfur dissolves and forms soluble long
chain species. Equation (23) related to the slope moving from 2.4 V-2.1 V, where a complex
series of both electrochemical and chemical conversions of the soluble species takes
place.[57,58] These soluble polysulfide species are able to freely diffuse through a cell’s
electrolyte, driven by concentration gradients, and their concentrations will affect the extent of
these reactions. The next step in the voltage profile is the 2.1 V plateau, representing equation
(24). What is notable about the 2.1 V plateau is the drop in the cell potential at the start of the
2.1 V plateau, which represents the supersaturation of the electrolyte and the energy needed to
nucleate the solid Li>S product on the electrode surface.[59-61] For efficient conversion to
Li2S, it is crucial that the polysulfide species diffuse back to the cathode to be converted to Li>S,
impeding this process will limit cell capacity. The then deposited LizS, just like sulfur, is an
electronic insulator and forms a porous layer that restricts the diffusion of polysulfide species
effectively blocking the electrode surface.[62] After some time the blocking of the electrode
surface will prevent further deposition of discharge products, thereby significantly limiting the

cell’s capacity.[63]

This dissolution-precipitation conversion process is common to liquid electrolyte cells.
However, as a consequence of this conversion mechanism, high-energy density Li-S cells seem
to only reach 60-70% of their theoretical capacity.[64] This can stem from underutilisation of
the active material, i.e. not all elemental sulfur being converted, the loss of sulfur to the

electrolyte, and finally polysulfide deposition on the Li-metal surface.
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Polysulfide Migration and Shuttle

All Li-S cells with the dissolution-precipitation reaction show the movement of Li>S, species.
This movement of polysulfide species in unavoidable due to the soluble nature of species and
their diffusivity in liquid electrolytes, allowing them to diffuse out of the cathode, through the
separator and reach the anode. This movement is often linked to the poor performance of Li-S
cells with the previously mentioned loss of material, where polysulfides diffuse out of the
cathode and into the bulk electrolyte, often these polysulfide species are unable to diffuse back
to the cathode and as such are lost. Furthermore, polysulfide species are able to diffuse all the
way to the anode where they can irreversibly react with the Li-metal surface, once more
reducing the active content of the cell. However, Li-S cells can also suffer from poor coulombic

efficiencies, through a process known as the polysulfide shuttle mechanism.

The shuttle occurs during charge when polysulfides are oxidised to form soluble long chain
species which diffuse to the Li anode, where they gain electrons from the Li, reducing the
polysulfide species to short chains, and then diffuse back to the cathode where they are once
more oxidised (Figure §). This means that polysulfide species can be reduced without accepting
an electron from the cathode, essentially creating an internal short circuit, and in doing so

reducing the efficiency of the cell.
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Figure 8 Schematic of Li-S cell with a Li-metal anode and carbon/sulfur (C/S) composite

cathode. The cycle shown in the centre is a demonstration of the polysulfide shuttle effect.

There are strategies that address the polysulfide dissolution and migration, such as confinement
within hosts,[65—-68] preventing polysulfide species from leaving the cathode matrix and thus
limiting their diffusion from the cathode. Physical interlayers have been used to block
polysulfide movement,[69,70] allow the polysulfide species to dissolve and diffuse freely

within the cathode matrix, but unable to diffuse into the separator and bulk electrolyte.

One notable way to prevent polysulfide diffusion has been with the use of solid-state
electrolytes and all solid-state batteries. In a voltage profile of an all solid-state cell no plateaus
are observed, instead only a decaying voltage suggesting that no phase change occurs (Figure
9). There is very little information on the specifics of the mechanisms in all solid-state cells. A
recent study showed that the solid-state conversion of Sg to LixS occurs via an LizSs
intermediate,[71] however this work was performed in a solvate ionic liquid electrolyte to
induce a so-called ‘quasi-solid-state’ mechanism. As such the true discharge mechanism for all
solid-state Li-S cells is still relatively unknown, however, sulfide based solid electrolytes have
been shown to enable specific capacities of 1600 mAhg™!' at room temperature.[72,73] Solid

electrolytes carry many advantages over traditional liquid type electrolytes, such having a wider

26



electrochemical stability window, greater thermal stability, and reduced flammability.[74]
However, most importantly, a consequence of the all solid-state battery is that polysulfide
species are confined to the cathode, if they are at all formed. In the solid-state, any polysulfides
that are formed would be unable to migrate from the cathode to the anode as they are physically

blocked, thus preventing the parasitic shuttle mechanism.[75]
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Figure 9 Voltage profile for an all solid-state Li-S cell using a Lil-Li3PS4 solid-state electrolyte.

Other methods mainly focus on the passivation of the Li-metal anode, the most common form
of passivation is the use of lithium nitrate (LiNO3) as an additive in the electrolyte. LiNO3
breaks down and forms a protective layer that continues to allow the conduction of Li*, while
at the same time protects the metal from shuttling species.[76,77] However, the solid-electrolyte
interphase (SEI) formed with LiNOs breaks down continuously with unwanted side reactions
during cycling and thus needs to be replenished. The constant replenishment of the SEI
consumes LiNOs3 eventually leading to cell failure. For this reason LiNOs is referred to as a
sacrificial salt, and in cells that rely on the use of this additive, there is an intrinsic link between

its concentration in the electrolyte, the volume of electrolyte used, and the cell lifetime.[ 78]
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Cathode

For the Li-S cell to operate effectively, the cathode is composite of sulfur and a conductive
matrix, since sulfur by itself is an insulator.[79] Most sulfur cathodes are a mixture of sulfur in
its elemental form, conductive carbon such as SuperP or Ketjen Black, and finally a conductive

binder such as PVDF (structure shown in Figure 10).

&

Figure 10 Schematic of an Li-S cell with a lithium anode (left) and sulfur cathode (right). The
sulfur electrode is a composite of sulfur sitting in a matrix of carbon and conductive binder, all

coated on an aluminium foil current collector.

The Li-S cathode was first seen in a 1962 application,[80] with very little work performed on
the cathode until in 2009 when nanostructured cathodes that behaved as polysulfide reservoirs,
confined the soluble polysulfide species within nanopores, enabling high efficiency and long
lifetime Li-S cells.[81] This confinement of species tackles a challenge of the Li-S cathode,
which is the dissolution of the cathode. Further challenges faced are low specific energies on
the cathode level, consequent of the addition of conductive carbon and binder, lowering the

active material loading.



When designing cathodes for a Li-S cells, one must also consider the issue of volume
expansion. The conversion of S to Li»S induces an 80% volume expansion[57] which must be
accommodated within the cathode structure, while simultaneously the cathode must have
enough surface area and pore volume to accommodate the deposition of Li»S during discharge,

in an attempt to achieve the cell’s full capacity.

To tackle the dissolution of the sulfur cathode, methods have been developed to encapsulate the
sulfur and subsequently formed polysulfide species within TiO shells, in a so-called ‘yolk-
shell’ nanoarchitecture.[68] This method confident produce a cell with a high coulombic
efficiency and ability to cycle for over 1000 cycles. There have been recent efforts to create Li-
S cells that are binder-free and use self-standing carbon supports, in an effort to reduce materials
in the cells that do not contribute to the electrochemical performance, to raise the specific
energy.[52,82] These free standing architectures can impregnated with sulfur and have been

shown to reach specific energies on the cell level of over 400 Wh kg1.[52]

Electrolyte

The choice of electrolyte composition has a direct impact on the performance of the Li-S cell,
as a consequence of the reaction pathways they induce.[83] The most notable of liquid
electrolytes are the glymes such as dimethoxyethane (DME) and tetra ethylene glycol dimethyl
ether (TEGDME). These glymes favour the dissolution of sulfur and cells with this type of
electrolyte typically follow the dissolution-precipitation type reaction mechanism discussed
previously (Equations (22)-(24)). Other types of electrolytes are catholytes (where the cell’s
active material is dissolved in the electrolyte), [84] ionic liquids,[85,86] solvated ionic
liquids,[87] and various solid electrolytes.[88] All of which have their own advantages and

flaws.

A favoured glyme based electrolyte is a binary mixture of the glyme 1,2-dimethoxyethane with
1,3-dioxolane, and the addition of salts. A commonly used salt for Li-S cells is lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI), a concentration of 1 M is used to reach an ionic
conductivity of 102 S cm'!. The use of ethers and glymes leads to the previously mentioned
dissolution-precipitation reaction. When dissolution of sulfur takes place and soluble

polysulfides are formed, not only do electrochemical reactions takes place, but also chemical
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reactions, such as the disproportionation of polysulfide species. One example of a common

disproportionation reaction in dissolving electrolytes is the formation of the tri-sulfur radical:

S2™ o Si™ (25)

S5 is seen as a reaction intermediate and its presence can be linked with the stability of the
species in a given electrolyte, and that stabilising these redox active polysulfide species is
crucial to high performance Li-S cells.[89,90] Hence the dissolution of sulfur is paramount to
provide acceptable reaction kinetics at room temperature and to reach a high utilisation of the

active material.

For liquid type Li-S electrolytes, there are electrolytes with high polysulfide solubility
characterised by a high donor number, low polysulfide solubility electrolytes with a low donor
number, and non-dissolving electrolytes. The polysulfide solubility in an electrolyte has been
directly related to cell performance, due to the morphology of the final deposition product. The
high donor number electrolytes such as DME form particle like Li>S deposits, where as the low
donor number electrolytes, such as dimethyl sulfoxide, lead to a film-like Li>S deposit.
However, the high donor number electrolytes suffer from instability against Li-metal with the

formation of a poor SEL.[90]

In addition to dissolving electrolytes there are non-dissolving electrolytes, an example of which
are solvate ionic liquids, where the electrolyte is an equimolar mixture of TEGDME and
LiTFSI, leaving no free glyme molecules.[91] Just as in the example of the quasi-solid-state
electrolyte,[71] the solvate ionic liquid forces sulfur reactions in the solid-state, and results in
cell with stable cycling and high coulombic efficiency, but usually low active material

utiliastion.
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Catholyte

A catholyte is an electrolyte with the active material dissolved in it, cathode + electrolyte =
catholyte. Mixing Li and S in a stoichiometric ratio in a solvent will form a polysulfide solution,
the solution at this point turns a characteristic crimson colour (Figure 11). Catholytes carry
several advantages, such as enabling high active material utilisation.[52] However, one of the
main advantages of a catholyte is that the dissolved polysulfides can be both a source of active
material, while also acting as the Li-salt.[53] A catholyte can also be used in conjunction with
a regular carbon-sulfur composite cathode, in this case the catholyte buffers the dissolution of
sulfur, while also increasing the cell energy density.[53,84] A further approach commonly
combines the catholyte with a sulfur-free cathode and has the ability to overcome issues such

as cathode mechanical failure and enable the cells to reach high areal capacities,[82,92]

Y

Figure 11 Image of catholyte, 5%wt Li2Sg in TEGDME with 0.4. M LiNOs,

For catholyte based Li-S cells, a range of specific capacities have been reported, but the main
advantage is high sulfur loading. Agostini et al.[93] and Cavallo et al.[82] reported a sulfur
loading of 3.2 mg cm2, Lim et al.[92] reported a sulfur loading of 6.5 mg cm™2, and He et al.[94]
reported loadings reaching 10 mg cm™. When compared to work by Pang ef al. (4.6 mg cm’
2),[95] and Chung et al. (12 mg cm™, 46 mg cm™2),[96] one sees a huge increase in loadings,
while the authors claim to maintain a low electrolyte to sulfur ratio.[97] However these latter
C/S cathodes require the use of materials such as cobalt and titanium disulphide which act as
polysulfide ‘absorbers’, trapping polysulfides in the cathode structure. In stark contrast, the
efforts by Cavallo ef al, and Lim ef al. make use of carbon-based materials such as carbon
nanofibers and reduced graphene oxide aerogels in combination with LiTFSI-free electrolytes.
However, many of these catholyte cells still suffer from specific capacities not reaching their

full potential, with poor rate capability and low active material utilisation.
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3.3 Lithium Metal

Lithium metal was first used an anode material for secondary batteries back in the 1970s, and
was considered an ideal candidate due to its high specific capacity (3862 mAh g!).[16] A
further advantage of Li-metal as an anode is that it has one of the lowest reduction potentials (-
3.04 V vs. SHE). Combining the theoretical capacity with low reduction potential gives the Li
anode the ability to reach a high energy density,[98] and this high energy density on the
electrode level makes it an ideal candidate to couple with sulfur or oxygen chemistries in an

attempt to reach a high energy density batteries.

When moving to Li-metal, we now focus on the processes of Li plating and stripping, as
opposed to intercalation and deintercalation, where Lithium ions undergo the process of
electron transfer and electrocrystallization on the surface of a given substrate.[10] When
charging and discharging a Li-metal battery, the following redox reaction takes place at the

anode:

Li=Lit+e” (26)

Figure 12 shows a typical stripping/deposition voltage profile of Li. During deposition there
are several processes that we must consider. We have already spoken of electrocrystallization,
and this relies on the process of nucleation. In Figure 12, the region characterise by the voltage
spike (a) is the Li nucleation regime. In this region, the overpotential is the sum of the charge
transfer overpotential, diffusion overpotential, and surface overpotential. Following the
nucleation regime, we see the Li growth regime (b). In this region the overpotential is due to
the mass transport of Li from the bulk electrolyte and through the SEIL.[99] Thus, we now see
the basic mechanisms that define Li growth, and it manifests in the voltage profiles seen for the
stripping/deposition processes, and what is off acute importance is the diffusion of Li, the

interaction between Li and the deposition surface, and the mass transport of Li through the SEI.
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Despite the clear advantages of using Li-metal as an anode material, it suffers from a low
coulombic efficiency, and its use presents safety hazards. Both of these critical issues arise from
the growth of Li-metal dendrites during the plating (deposition) process, which are structures
that form due to the uncontrolled growth. Dendrite structures have the ability to pierce the
battery’s separator, causing a short circuit and potential thermal runaway of the battery. Such
growth has often led to cells catching fire and having to be recalled, [100,101] hence why

carbon anodes were eventually for Li-ion batteries.
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Figure 12 Characteristic voltage profile of the plating (blue) and stripping (orange) process seen
in Li/Cu half cells. a) Demonstrates the over-voltage representing nucleation of Li-metal b) The

overvoltage of the steady-state deposition of Li-growth.

The growth of dendrites in Li-metal batteries is a consequence of the stripping and deposition
of Li, as demonstrated by equation (26). Here Li-metal is both deposited (plated) and stripped
directly to and from the Li-metal surface. One of the major factors leading to dendrite growth
is the transport of Li* through the electrolyte. The three mechanisms of mass transport
(diffusion, migration, and convection) have already been discussed, however in batteries,

diffusion and migration are the dominating processes.[102] An even flux of Li" ions is crucial
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to the formation of a dense, and dendrite free Li deposit. Looking beyond the effect of mass
transport on dendrite growth, a further influential factor that dictates the growth of Li-metal,
and these dendrites, is the solid electrolyte interphase (SEI).

Figure 13 Illustration of various forms of Li metal deposition, in this case on a Cu substrate. a)
Ideal Li deposition. b) Deposition leading to dendrite formation. ¢) ‘Dead’ Li morphologies. d)

Formation of dead Li due to the SEI growing round Li-metal and disconnecting from the bulk.

This SEI layer must have several properties to enable effective plating and stripping of Li-
metal. First and foremost, it must be electronically isolating, this prevents electron transfer with
the electrolyte, the subsequent parasitic side reactions, and potential loss of Li. Second, the SEI
must be ionically conductive, allowing Li* ions to pass through and plate on the bulk Li surface.
Finally, the SEI must be mechanically stable, so that it can resist volume and morphological
changes.[23] If part of the SEI were to break, a region of increased Li" transport would be
created, and this too would lead to the formation of dendrites from this defect. In solid
electrolytes, it has been shown that to suppress Li dendrite growth a shear modulus twice that
of Li metal is needed,[103,104] thus it must be considered that the strength of the strength of
the SEI will itself play a role on the suppression of dendrite growth.
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An example of an electrolyte additive that has been identified as a good component for forming
a stable SEI on Li-metal is LiNOs.[105] It has been found that LiNO3 breaks down on the
surface of the Li-metal forming inorganic LiNxOy species, and organic ROLi.[105,106] Recent
reports have shown that the addition of LiNOs3, enables reversible and long-term stripping and
plating of Li-metal, and achieve coulombic efficiencies of 98.8%.[107] The interaction of Li-
metal with LiNO; containing electrolytes has already been established, showing that LiNO;
enables the formation of a compact and homogenous layer when Li-metal is immersed in the
electrolyte.[106] However, these results do not comment on how LiNO; affects Li-metal

deposition upon cell cycling, and what type of Li microstructure is formed.

However, in the case of the Li-metal batteries, the SEI formed often leads to the formation of
dead Li, Li structures that become surrounded by the non-conductive SEI, and eventually
become disconnected from the bulk Li-metal.[108—111] This formation of dead Li leads to an
overall loss of Li, thus a poor coulombic efficiency, and eventually the source of Li would
become depleted. Therefore, to realise Li-metal as an anode material, the formation of ‘dead’
Li must be addressed to ensure batteries retain their capacity by achieving high coulombic
efficiencies. Reports have quantified the amounts of this so-called ‘dead lithium’,[108] and
attempted to determine how dead lithium is formed, with both cryo-TEM [108] and optical
microscopy suggesting the formation is the direct consequence of a tortuous, whisker like

morphology.

An advancement that is heavily reliant on highly reversible Li-metal stripping and plating is a
concept known as the anode-free Li-metal battery.[88,112] In this concept the Li-metal foil that
normally takes the role of the anode is replaced with a Cu substrate, all Li in this case would
originate from the cathode (NMC [88] or Li»S [113] cathodes, for example), and the Li would
be deposited as Li-metal on the Cu surface. Such a concept relies on the smooth and dendrite
free deposition of Li, for both safety reasons and to ensure ultra-high coulombic efficiencies,
needed due to the lack of excess Li. The use of Cu as substrate for Li-metal deposition functions
in a similar fashion as the Cu electrode did in the voltaic pile, where the Cu is not formally
oxidised or reduced, but instead acts a surface where redox reactions of species in the electrolyte

proceed. In this case, the Cu is a surface with Li is deposited (plated) and stripped.
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3.4 Operando Measurements

3.4.1 Whatis an operando measurement

=

1

a)

Figure 14 a) Observing the battery as a black box. b) Taking the battery apart to observe and
analyse the electrodes, ex situ. ¢) Measuring the electrodes in their undisturbed environments
for in situ analysis. d) Making measurements on the battery while the battery is in operation,

operando.

Batteries are systems operating with processes spanning multiple length scales, from the A and
nm scale of ion transport and surface reactions, to the mm length scale of electrode coatings
and their mechanical degradation. Not only are batteries multiple length scale systems, but the
processes take place on multiple timescales, from the short times associated with processes such
as electron transfer to long times associated with the decay in performance seen over multiple
cycles. Thus, to effectively probe these evolutions, analytical techniques with compatible

spatial and temporal resolutions are required.

Several forms of analysis can be utilised to understand the fundamental ‘mechanisms’ that
determine a batteries operation. a) We can treat batteries like a black box. In terms of analysis,
we can apply an input of current or voltage and collect the feedback of voltage or current. These
are the most basic performance markers for batteries, and they can be determined by analysing
a battery using a galvanostat/potentiostat. These measurements provide essential indictors such
as capacity, voltage, rate capability, coulombic efficiency, power, impedance, and lifetime. Not

to be overlooked, these electrochemical techniques are crucial for evaluating the performance
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of new battery materials. b) We can disassemble the battery after cycling and inspect the
internal cell components, observing any physical or chemical changes that may impact the
battery’s performance. Such analysis is referred to as ex sifu. ¢) To avoid damaging samples
during disassembly, we can use methods where we cycle, stop, and inspect internal components
without disassembly, leaving the internal environment undisturbed. Subsequently, the cycles
can continue, and a new measurement taken. This is defined as in sifu measurements. d) Finally,
we can make measurements while the battery is being charged and discharged, monitoring

changes inside the battery as they happen. These measurements are referred to as operando.

Currently operando measurements draw a high degree of attention, which arises from the
novelty of the information that can be gained from such measurements. An aspect that operando
measurements can provide is the ability to continuously probe the same region in space of a
sample, gaining a real-time insight to physical or chemical processes. Due to the nature of an
operando experiment, the sample is not moved, this means both the electrochemical
measurements and the analytical measurement are undisturbed. By continuously probing the
same region, correlative studies can be made. Such correlative studies would include
investigating a change of species concentration in an electrolyte as a function of state of

charge,[114] or even following the evolution of a single particle during cell cycling.[115]
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3.4.2 Operando Measurement Considerations

There are a huge range of operando studies that have been performed to analyse the chemical
and physical processes inside next generation battery cells. For Li-S cells, significant work has
gone into looking at the behaviour of sulfur and polysulfide species during charge and discharge
with a wide variety of techniques. X-ray tomographic microscopy that has been used to show
the dissolution of sulfur, changes of particle size, and changes to the carbon binder domain
during discharge.[116—124] While x-ray diffraction that has shown the presence of solid a- and
B-sulfur, and Li.S at different points during discharge.[114,124—126] These are all techniques
that are able to elucidate physical changes to materials and changes to solid phases, but not

directly provide chemical information.

Techniques that are able to reveal chemical changes in the liquid phase include Raman
spectroscopy,[114,127-131]  UV-vis  spectroscopy,[89,132,133] X-ray  absorption
spectroscopy,[134] and Electron Paramagnetic Resonance spectroscopy.[135] These
techniques have been used to track the speciation of sulfur in a cell’s electrolyte, or in the
electrode, providing detailed insights to the chemical reaction pathways. Gathering such
information is key when researching new technologies as it provides a deep understanding of
the mechanism which can be used to build physical models,[58] or guide the design of novel

materials.

When discussing operando methods, one can frame them in terms of spatial and temporal
resolutions. Some techniques are limited by their spatial resolution, with EPR and UV-vis
probing the bulk electrolyte in custom cells (Figure 15b), unable to determine what reactions
or species that are specific to certain regions in the cell. In contrast, confocal Raman
spectroscopy can provide information from a confined area (Figure 15c¢), useful for probing
reactions at the anode or cathode, but is limited in terms of tracking interactions across the
entire electrolyte volume. By only measuring bulk solutions, or by measuring at one point in

the cell, and we can only observe one part of a complex puzzle.

Not only do these cells affect the spatial resolution, but their design can have an influence on
cell chemistry. In the case of Li-S cells, key attention is paid to the ratio between electrolyte
and sulfur (E/S ratio) which has been shown to alter performance.[136] Examples of the Raman

for operando measurements show E/S ratios of 60 pL mg™,[127] with more recent efforts
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achieving 16-18 uL mg!-.[130] The work presented in Paper IIT achieves a similar E/S ratio of
21 uL mg!. Whereas in the example of the X-ray tomography studies E/S ratios of 5 uL mg!
were achieved.[116] Furthermore the rate at which Li-S cells are cycled has a huge impact on
the cell performance, with examples spoken above using cycling rates of C/60, C/20, C/20, and
C/5 respectively. It can be seen that the example of the XTM experiment achieved the lowest
E/S ratio, while simultaneously cycling the cell at the highest rate, there are several reasons for
this, from electrolyte composition to electrode structure and separator used. However, the cell

design itself may lend itself to such impressive performance.

The variances in cell design, from the materials to the casing, mean that experiments use a wide
range of parameters for cycling, such as cut-off voltages and cycling rates. These differences
lead to a wide range of cell performances, and often makes comparison between experiments

challenging, and conclusion drawn are often only revealing fundamental processes.

As the methods used to analyse NGBs develop, acute attention should be applied to experiment
designs that enable comparison between experiments. This can come in the form of multimodal
experiments, where a single cell is simultaneously measured using different techniques such as
x-ray absorption tomography and x-ray diffraction computed tomography, in a multi-modal set
up providing direct comparison between the results. An alternative approach is the BIGMAP
project which aims to create a framework promoting researchers to use a unified set of materials

and cycling parameters, enabling comparisons between experiments.[137]
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a) b) c) d) )]
Figure 15 Visualisation of spatial resolution. a) A hypothetical volume to be probed. b)
Representation of bulk measurement, where a single measurement represents a large portion of
the total volume. c) Representation of a local measurement, where the measured volume
represents a small portion of the total volume. d) A global measurement with a poor spatial
resolution, where the total volume is represented by a small number of regions, each of which
represents a large portion of the total volume. ) A global measurement, where the total volume

is represented by a large number of regions, each of which represents a small portion of the

total volume.

When probing morphological or phase changes of an electrode, such as the change of particles
in size of pm, or growth of new phase as is the case with Li, a high spatial resolution is required.
There are many examples of Li structures being imaged with cryo-TEM, where a cryo-
protection system is employed in conjunction with electron microscopy, and spatial resolutions
on the order of nm have been achieved.[108,138—-140] These studies have been able to identify
the formation of ‘glassy Li’ phases,[139] tortuous structures, suggested mechanisms for the
formation of ‘dead Li’,[108] and even the fine structure of SEI.[140] However, despite the
impressive resolutions achieved, the information gathered needs to be put into the context of
the entire electrode. How do these changes on the nm level affect what is observed on the pm
level, and in turn how are these structures manifesting on the mm level and affecting cell
performance? Often compromises have to be made, between the resolution that can be achieved,
and the total area that can be measured. Furthermore, the studies that reached nm resolutions

were not operando, and as such they lack the ability to show the processes and their kinetics.
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In an ideal case, measurements that analyse changes during battery cycling would require very
high temporal resolutions, i.e., short measurement times, allowing changes within the battery
to be continuously probed. Wood et al. used optical microscopy, to take 90 images during a 15
minute period, following the evolution of Li dendrites on the sub-micron level during cell
cycling.[141] Despite this being an impressive example of a measurement that allows
continuous visualisation of Li-metal growth with a high temporal resolution, the 2D nature of
the experiment and limited field of view means that crucial details are lost, such as the

distribution of Li-metal structures across the electrode surface.

With Raman spectroscopy, measurements can be made in seconds, Paper I and Paper III were
able to make Raman measurements that were < 60s. With discharge processes that were > 5
hours, very little change to the cells took place during each Raman measurement. For XTM,
the measurement times were also minimised to < 50 s, however in Paper VI the discharge time
was 1 hour (Figure 16). Thus, changes to the cell would have happen during the measurement.
This shows that the cell discharge rate was already at the limits of what would be compatible

with XTM measurements.

0 mins 1.0 hours 60 mins .
le > Experiment
t ‘ Length
11.5 mins
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+—
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Figure 16 Schematic representing temporal resolution. A comparison between the length of
measurement with regards to the overall length of the process to be probed (cell discharge), and
the frequency at which measurements are made. This example shows a 1 hour cell discharge,
where measurements are taken every 11.5 minutes, and each measurement takes 50 seconds. 6
measurements represented the hour long process. The time over which measurements were

taken accounted for 8.3% of the total processes time.
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The example of Figure 16, highlights the need to make measurements with high temporal
resolutions, an added benefit is that fast measurement times enable more measurements to be
taken during cell discharge, allowing the discrete observation of processes. The need for high
temporal resolution is a strong motivation for using synchrotron techniques. Conversely, lab-
source x-ray techniques (XTM, XRD, SAXS, etc.) are associated with long measurement times
(hours) making these techniques unsuitable for operando measurements. However, due to their
high flux of photons, synchrotrons enable rapid measurements (seconds) and consequently high

temporal resolutions, revealing discrete changes to electrode structures.[142]
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4 Theory and Experimental

4.1 Electrochemical Methods
4.1.1 Constant Current Cycling

To evaluate the performance of both full and half cells, galvanostatic constant current charge-
discharge (CC) measurements are used. Here a current is applied at a given rate (mA), and the
voltage response is measured, with voltage limits being applied (E1 and E», Figure 17). These
measurements provide information on; capacity by measuring how long the current is sustained
before reaching the voltage cut-off limit, rate capability by observing the effect of increased
applied current on the capacity, and coulombic efficiency. After prolonged galvanostatic
cycling, comparisons can be made between cycles to determine capacity decay or changes in

cell polarisation.

In galvanostatic measurements, data is typically reported showing voltage as a function of time
or capacity, Figure 17. This way of displaying voltage means we can evaluate the cell regarding
capacity and time. Still, it also gives us insights into phase changes resulting from the cell’s
electrochemical processes. Figure 17 shows a 2-step voltage profile during the discharge
process. This indicates that there are at least two main electrochemical processes during the

discharge reaction of this cell (in the case of Li-S).
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Figure 17 Example of galvanostatic voltage profile of a Li-S cell.
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4.1.2 Stripping/Plating Experiments

Constant current measurements can also be used to estimate the stability of electrolytes against
lithium electrodes. By applying a constant current density to a symmetric Li-Li cell, we drive
the lithium stripping and deposition processes, much as we would have in our full Li-metal
based cell. During this process, the voltage response can be measured, the overvoltage. This
overvoltage represents the driving force of the oxidation/reduction process
(stripping/deposition respectively) of Li/Li*. Thus, a higher overvoltage means a higher
interfacial resistance on the lithium in a given electrolyte. This effect is illustrated in Figure 18.
During the long-term cycling, the drop or rise of overvoltage is also used to evaluate the

interface stability between Li and electrolyte.
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Figure 18 Example of a stripping/deposition measurement used to evaluate two different

catholyte solutions.

4.1.3 Cyclic Voltammetry

Cyclic voltammetry is used for electrochemical analysis. It is a potentiodynamic measurement
where the potential is controlled, and the current response is measured. The cell voltage is swept
between two potential limits (E; and E), as shown in Figure 19 and the current response is

recorded.
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Figure 19 Schematics showing current and potential control in galvanostatic discharge/charge

(left) and potentiodynamic cyclic voltammetry (right).

Typically, cyclic voltammetry reveals redox processes that occur within a system, and as such,
it can reveal the reduction potentials at which chemical conversions or intercalation occurs.
Data from cyclic voltammetry has current, or current density, plotted as a function of voltage,

hence giving a cyclic plot showing successive cycles.
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Figure 20 Example of a cyclic voltammogram for a catholyte Li-S system, showing the
reduction peaks representing the conversion of Sg to Li2S, (~2.4V) and subsequent conversion

to short LiS, chains (~1.8V).
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4.2 Physical Characterisation

4.2.1 Raman spectroscopy

Raman spectroscopy is a valuable tool for identifying vibrational modes in materials. First
discovered by C.V. Raman in 1928,[143] it is the inelastic scattering of light by matter, showing
that there has been a change in energy between incoming and outgoing photons, equivalent to

the energy of a vibrational mode.
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Figure 21 Jablonski Diagram of the Raman Scattering process and related appearance of a

spectrum.

In Raman spectroscopy, monochromatic light, frequency v;, impinges on a sample. If the
energy of this light is lower than the energy needed to change electronic states, then the
molecule will be excited to a ‘virtual state’. When the molecule decays from the virtual state, a
photon will be emitted with an energy hv;, + AE with AE being the difference in energy
between the ground and excited vibrational states, h Plank’s constant, and v;,, the frequency of
incident light. Through this process, we can have three different scattering cases, as seen in
Figure 21. The first is Raleigh scattering, where the light is elastically scattered, i.e., the emitted
photon has the same energy as the incident photon. The second type of scattering is known as
Stokes scattering. Stokes scattering is inelastic scattering where the molecule starts in a ground
vibrational state and ends in an excited vibrational state. The energy of the emitted photon is
shown by equation (27). This corresponds to light shifted to a lower frequency compared to the

frequency of the incident light.

hvy, = hvy, — AE (27)
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The third type of scattering is anti-Stokes scattering. Here the molecule starts in an excited
vibrational state and ends in the ground state. The energy of the emitted photon is shown by
equation (28), this corresponds to light shifted to a higher frequency compared to the frequency
of the incident light.

hvgs = hvy, + AE (28)

In both Stokes and anti-Stokes scattering, the AE is due to the vibration’s energy in the
investigated material. In a bond, the frequency of the vibration is dependent on the mass of the
atoms as defined by the reduced mass:

mm

m, +m,
Once we know the reduced mass and the bond force constant (bond strength) of a given

molecule, we can calculate the vibrational frequency:

1 |k

_ 1 30
V=22 | (30)

Vibrations can be symmetric and anti-symmetric, depending on the motions of the atoms
involved in the vibration. Moreover, vibrations are divided into stretching (vibration in the same
direction of a chemical bond), bending (oscillation that implies a change of angle between two
atomic bonds), rocking (oscillation that means a difference of angle between a group of atoms),
wagging (change in angle of the plane of a group of atoms), twisting (change in angle of the
planes of two groups of atoms). For a vibrational mode to be Raman active, there needs to be a

change in polarizability as the molecule vibrates, described by:
Uing = @E 31)

Here, p;,q4 1s the induced dipole, « is the polarizability of the molecule, and E is the electric
field; we need this polarizability to generate time-dependent dipole moment, which is crucial
to the Raman effect. For a complete description of Raman spectroscopy, please see the text by

Larkin.[144]
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Operando Raman Spectroscopy

Combined with a commercially available cell from EL-CELL, operando Raman measurements
were made using a confocal experimental configuration. In confocal measurements, scattered
photons are only collected from the focal plane, meaning that specific points as a function of

depth in the cell can be probed (e.g., electrolyte or the surface of materials in the cell).
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Figure 22 Schematic of confocal Raman experimental setup.

Using the cell shown in Figure 23, it is possible to collect Raman spectra during battery cycling,
i.e., operando Raman experiments. Raman spectroscopy is particularly well suited to perform
operando measurements on batteries due to its non-destructive nature allowing data acquisition
over multiple cycles, and the speed of acquisition makes it compatible with applicable
discharge/charge rates, with acquisition times < 60 s. The spot size of the incident laser when
using an x50 objective is ¢ = 2.4 um, demonstrating the small region Raman spectroscopy
probes. Previous studies have used Raman spectroscopy to probe polysulfide speciation, used

similarly designed cells with long discharge and measurement times.[114,127]
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The cell used in this thesis work allows cyclic voltammetry or constant current charge/discharge
experiments to be performed in conjunction with Raman. Figure 23 shows the design and

components arrangement of the cell as used in Papers I and II1.

H Glass — 4 Glass
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/| Current Collector Graphene |
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) —| Lithium Metal | < \| Current Collector |
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| |

- \{ Sodium Metal

SuperP Electrode

Figure 23 Design and electrode format in the cell used for operando Raman measurements.
From the bottom up a) SuperP electrode, glass fibre separator with catholyte, lithium metal,
nickel foil current collector, glass window. b) sodium metal, separator with electrolyte, nickel

foil current collector, graphene coated on a glass window.

Operando measurements are often accompanied by trade-offs that affect performing
measurements on a dynamic system. Usually, the cell used has a higher internal resistance,
which affects the voltages seen for a given process. The cell has to be designed in such a way
that the materials being probed are close to the optical window, meaning that usually, only one
component of the cell can be analysed in a given measurement. In terms of measurements,
spectra must be recorded rapidly to accurately represent the cell chemistry at a given point
during cell discharge/charge. In addition, the laser wavelength and intensity must be carefully
selected to suppress fluorescent background effects and not heat cell components. These aspects
are often in competition with trying to obtain an acceptable signal to noise ratio and will vary

from system to system.
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4.2.2 X-ray Tomographic Microscopy

Computed X-ray Tomography (CT) has been used since the 1970s. Today it is a standard tool
for medical diagnosis, where it produces ‘cuts’ (tomograms), detailed images that allow clear
differentiation of tissue, air, fluid, and bone in 3-dimensions. Due to the revolution of diagnosis
and treatment that the implementation of CT introduced, Allan Cormack and Godfrey
Hounsfield received the 1979 Nobel Prize in physiology and medicine.[145] Today, computed
tomography is used in a highly diverse range of fields, from medicine to archaeology, quality

control and pharmaceuticals.

X-ray Tomographic Microscopy (XTM) is an incredibly powerful tool that has been used in
multiple studies to monitor changes to electrode microstructures in a range of battery
chemistries, from Li-ion,[146] to Li-S,[116,122] and even Li-air.[147] It relies on the
absorption of x-rays by matter, with phases composed of different elements differing in how
much they absorb, providing ‘absorption contrast’. Therefore, different phases in a sample can
be identified in 3-dimensions. In batteries, these phases can include particles making up the
electrode microstructure. In the example of Li-ion batteries, individual SnO particles have been
imaged to track the formation of cracks and the subsequent mechanical degradation.[146] On
larger scales, entire electrodes of cylindrical cells can be imaged, proving unique insights into

the heterogeneity of Li insertion and the degradation mechanisms on the cell level.[7]

Computed tomography has now been applied at synchrotron X-ray sources,[148,149] which
bring inherent benefits of high flux beams, whose energies can be easily tuned and
monochromated, an important feature needed to provide optimum imaging of a given system.
However, one of the most important features of a synchrotron x-ray source is that the beam is
highly parallelised, allowing the effective imaging of cell components and interfaces, even ones

close to the surface of highly attenuating materials, such as metals.

XTM, just like radiography, relies on the attenuation of x-rays by matter, how much the
intensity of an incoming x-ray beam is attenuated depending on the composition of a given
material. The attenuation of x-rays through a given medium is described by Beer-Lamberts
law:[150]

1(d) = I,e™#d (32)
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where [ is the measured x-ray intensity, I, is the initial x-ray intensity, y the absorption
coefficient, and d the sample diameter. Attenuation is a combination of absorption and
Compton scattering,[151] with the photoelectric absorption coefficient being the dominant

process and described by the following equation:

pZ*
_ 33
VTR 33
where p is the density, Z is the atomic number, A the atomic mass, and E the x-ray energy.
Equation (33) shows that each element will absorb x-rays by varying amounts. Leveraging this
property allows different elemental phases in a sample to be distinguished, as demonstrated in

Figure 24.

Figure 24 A slice through a tomogram of a solid electrolyte cell, with bright and dark structures

representing different phases in the material with varying electron densities.

Figure 25 shows a typical set up for an XTM experiment. After penetrating the sample,
attenuated x-rays arrive at the detector and produce a projection which is a 2D image that shows
the transmission of x-rays. The regions with higher x-ray transmission will appear lighter in the

projection, and the regions with more x-ray absorption will be darker.
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Figure 25 XT set up. In-coming x-rays (lo, black), attenuated by a sample to produce transmitted
x-rays (I, grey). On the right is the projection. Light elements that make up the plastic casing
appear as grey, and heavier elements that make up the stainless steel and copper pins appear as

black.

In the case of XTM, where spatial resolutions of ~1 pm can be achieved, there are a few more
steps in the process before the projection is acquired. First, the attenuated x-rays pass through
a scintillator, converting the x-rays into visible light, which is then magnified by an objective
before being measured by a CCD detector. The detector comprises an array of pixels, with each
pixel having a length of 6.5 pm. Applying an x20 objective means that each pixel on the detector
represents a 0.0325 um x 0.325 pm region of the sample (Figure 26). The detector area
represents the total area of a sample that can be measured, the field of view (FOV). Taking the
example of a detector that is 2560 pixels in width and 2160 pixels in height, if the x20 objective
is used to produce a pixel size of 0.325 pm, then the FOV would be ¢ =832 pm (832 pum x 702

pum).

52



Real Pixel Size Projection Pixel Size
Objective

500 |

—

| % 1000
Q0
E| 1 E
| 3

Z 1500
— o
X
— o

- 2000

| [ 2500 |
30 60 90 120 150 180
Rotation Angle (deg.)

Figure 26 a) Schematic of a CCD detector pixel array, b) relationship between real pixel size
and projected pixel size, ¢) example projection of cell with a row of CCD detector pixels marked

d) demonstration of a row of pixels forming a sinogram.

Where XT indeed differs from radiography is in the methodology used to create 3-dimensional
datasets. The sample is rotated from 0 - 180°, and at a given rotation step, a projection is
measured. With 1000 projections being taken, an angular step of 0.18° per projections is
required. As the sample is rotated, the transmission of x-rays recorded in each projection to
form the Radon transform, a series of line profiles collected from all angles, otherwise known
as a sinogram. A sinogram is produced for each row of pixels on the detector, i.e., for the 2560
x 2160 pixel detector, 2160 sinograms would be produced, each with dimensions of 2560 pixels

and 180 degrees (Figure 26).
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Once the sinograms have been acquired, tomograms are reconstructed from them. In XTM, a
standard reconstruction method is Filtered Back Projection (FBP),[152] which can be split into
two aspects. The first step in this process is filtering. Intensity profiles from the sinograms are
Fast Fourier Transformed, converting them to the frequency domain. All the 1D line profiles
collected over many angles build up a sample representation in a 2D Fourier domain. However,
a bias is created for low frequencies, resulting in the reconstructed image looking blurred and
unsharp (Figure 27). It has been shown that an edge enhancing filter can suppress the low
frequencies and sharpen the image.[152] The second step is back projection, the process where
an image is created by taking the filtered line profiles to reconstruct the original system under

investigation.

Phantom Object Back Projected Filtered Back Projected
Reconstruction Reconstruction

Figure 27 An example of a Shepp-Logan phantom image, the back-projected reconstruction of

the phantom image with no filtering, and the back-projected reconstruction with filtering.

Once the tomograms have been reconstructed, each represents a single pixel thick ‘slice’ of the
sample. Combining all the slices provides a discretised representation of the 3D volume, with
the original sample now represented by voxels, volumetric pixels. Though FBP is a versatile
method widely used at XTM beamlines, alternative methods exist that can further refine

reconstruction results at the expense of computational power.[153]
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Figure 28 A tomogram from the sample. Each subsequent image shows a zoomed-in region
from the previous image. The figure demonstrates how each image is an array of greyscale
voxels. Each voxel holds a numerical value that is proportional to the x-ray absorption within

that voxel.

Each voxel has a greyscale intensity, and this greyscale intensity represents the absorption of
x-rays in that voxel, and as such, provides information on the local differences in electron
density in a sample, so-called absorption contrast. Higher intensity voxels represent higher
absorption and vice versa. By selecting specific greyscale values, individual phases can be
isolated in the tomograms, a process known as segmentation. Once segmentation has been

performed on a given phase, it can be analysed, providing quantitative volumetric data.

Figure 29 Segmentation process of tomographic data. Left, the original tomogram. Middle,

pixels with a specific greyscale value. Right, binary image showing the segmented data.
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Often in XTM, absorption contrast is not sensitive enough to differentiate phases. However, the
sensitivity can be enhanced using in-line propagation phases contrast.[151] As x-rays pass
through a sample, they are not only absorbed but also refracted, with the interaction being

described by the complex refractive index n:

n=1-68+ip (34)

where § is the refractive index decrement, and f the absorption index. Thus as x-rays pass
through the sample, the propagating wave with a phase shift will interfere with waves that have
not been shifted, leading to fluctuations in intensity.[151] Such enhancement and phase contrast
can be obtained during the reconstruction process utilising algorithms to produce so-called
paganin reconstructions.[154] Phase-contrast imaging can be useful when materials within a
sample have similar attenuation coefficients, giving poor absorption contrast, or in samples that
may be rapidly degraded by the x-ray beam[151], making this Paganin phase retrieval a useful

tool to complement absorption data.

When employing XTM, the overall workflow for making measurements and generating a full
3D image is usually:

- Measurement, projections are acquired, and the data is converted to sinograms.

- Reconstruction, tomograms are created from the reconstruction of sinograms.

- Segmentation, tomograms are then segmented to separate individual phases.

- Analysis, once a phase has been segmented, multiple forms of analysis can be

performed, including calculating the volume, surface area, etc.
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Operando X-ray Tomographic Microscopy Cells

The XTM measurements in this thesis utilise two types of cells, a glass capillary cell and a
polyether ether ketone (PEEK) cell. Both had their inherent benefits and flaws. Crucial
characteristics of the XTM cells are that they can effectively seal the internal environment to
prevent the ingress of water and oxygen. They have low x-ray attenuation, but most importantly,
the material must be homogenous to enable high-resolution XTM experiments. The materials
used for the cell must have chemical stability against cell components such as lithium metal
and electrolyte. Finally, cells should have a good electrochemical performance to ensure that

cell performance is relevant within the battery materials research field.

The glass capillary cell used was 0.7 mm in diameter. The entire electrode could fit within the
FOV of the XTM measurements, enabling global tomography and quantitative analysis on the
electrode structure, such as correlative analysis with electrochemical data. The glass itself was
X-ray transparent, meaning it caused minimal x-ray attenuation but also transparent to visible
light, allowing optical analysis of the electrolyte during cell cycling. Disadvantages of the cell
were that it was very delicate, resulting in a complex assembly procedure. In addition, the cell

design resulted in a large electrolyte volume which may impact the electrochemical

performance.
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Figure 30 Cells used for XTM measurements (not to scale) in Papers IV and VII. The glass

capillary cell is shown on the left, and the PEEK cell is shown on the right.

The second cell used was a cell made from PEEK. This cell came with the benefits of reliable

sealing and a relatively simpler assembly procedure. However, it had a larger diameter of 1.58
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mm, meaning that not all of the electrode area sat within the FOV, making quantitative analysis

of the electrode challenging.

An essential consideration for both cells was that they had small diameters (0.7 mm and 1. 58
mm respectively), with the materials to be imaged within 100-200 um of the electrode surface.
To perform quantitative analysis on these materials, their entire depth would need to be imaged,
allowing the identification of changes at the electrode surface. This was of particular importance
in the case of the Li-plating experiment. Synchrotron sources can accommodate such
experiments, as the parallel beam geometry can traverse the electrode surface with little or no
interaction with highly attenuating materials, such as Cu. This would not be the case with a
cone-beam geometry since the region with a few micrometres of the electrode surface would
suffer from high interference. The absorption contrast would be reduced, rendering

investigations of surface processes near impossible.
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Figure 31 Demonstration of the importance of a parallel beam geometry. When imaging
materials that sit close to the surface of highly attenuating materials, in this case, Cu, a conical
beam would not pass through the material. This would lead to the region close to the materials

surface experiencing a high degree of interference.
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5 Results and Discussion

5.1 Intercalation of Na* in ‘Janus’ Graphene

Functionalization

CVD Graphene Janus Graphene

Stacked Janus graphene film

Figure 32 Schematic showing the one-sided functionalisation process resulting in the stacked

Janus graphene film. Figure 1 from Paper I reproduced under Creative Commons Licence.

In this work, CVD graphene was functionalised with amino-benzene on one side to form what
is known as ‘Janus’ graphene (AB-graphene).[51] This Janus graphene was then stacked to
create the Janus graphene film, a novel methodology for tailoring the properties of graphitic
structures (Figure 32). In this case, tailoring the material to store Na* efficiently. With the

novelty of this material comes a lack of understanding of its energy storage mechanism.

To confirm whether the energy storage mechanism was the intercalation of Na* in the Janus
graphene layers, Raman spectroscopy was used to monitor the characteristic G-band of
graphene sheets. The G-band represents the in-plane vibrations of sp?> bonded carbons in the
graphene sheets. Previous studies have shown the sensitivity of the G-band in graphite to Li*
intercalation,[ 155] whereby the wavenumber of the observed peak increases in the initial stages
of intercalation, and then the band splits, reflecting multiple phases forming at later stages of

intercalation.
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Using Raman spectroscopy to probe the G-band of the Janus graphene, a similar shift in
wavenumber is observed as the cell voltage decreases (Figure 33a). However, as opposed to
previous studies with Li, no splitting of the G-band was observed. This suggests there was
intercalation into a single stage and that intercalation proceeded simultaneously in all graphene

sheets.
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Figure 33 a) Operando Raman spectra acquired during a complete intercalation/deintercalation
cycle of Na" in AB graphene; the red spectrum was measured at ca. 0.6 V, green spectrum at
0.05, and blue spectrum at ca. 1.5 V. The solid red line marks the position of the G-band b) CV
curves measured during the first two cycles of Na'intercalation in AB graphene with a scan

rate of 0.042 mV/s. Figure 5 from Paper I reproduced under Creative Commons Licence.

Raman spectroscopy is also used to determine the reversibility of the intercalation process,
Figure 33b. In the 1% cycle, a sizeable cathodic peak can be observed at 1 V in the CV taken
during the Raman experiment. This peak is not observed in subsequent cycles, and it is
associated with the formation of an SEIL.[156] Figure 33, shows an increase in wavenumber of
the G-band during intercalation of the first cycle. However, after deintercalation, the original
peak position value is not found. This suggests the formation of the SEI interacts with the sp?
carbon vibrations, slightly shifting the G-band. The intercalation appears to be completely
reversible in subsequent cycles, with the G-band returning to its pre-intercalation position after

intercalation and deintercalation for cycles 2, 3, and 4.
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Figure 34 a) Change of parameters during cycling: from top to bottom, the measured current,
In/IG ratio, the intensity of 2D band (I2p), and position of G band. b) Raman spectra of G-band
during Na" intercalation in NB-graphene with associated fits. Figure 5 from Paper I reproduced

under Creative Commons Licence.

To confirm the presence of the amino benzene groups were critical to the intercalation of Na*,
the process was compared between highly ordered pyrolytic graphite (HOPG), unfunctionalised
CVD graphene, AB functionalised graphene, as well as with Li". An apparent increase in
wavenumber is observed for all three materials when Li" is intercalated, in line with previously
reported results for graphite.[155] However, when the experiments were repeated with Na*, an

increase in the G-band wavenumber was only observed for the AB-graphene.
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Figure 35 Comparison of Li"and Na"intercalation in different materials. a) Shift of the G-band
position during Li" intercalation in highly ordered pyrolytic graphite (HOPG), graphene, and
AB graphene. b) Shift of G-band position during Na" intercalation, Figure 4 from Paper |

reproduced under Creative Commons Licence.
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The combination of the novel ‘Janus’ graphene material and operando Raman spectroscopy
have shown that graphitic structures can be tailored in a bottom up approach to improve the
interaction with graphene. The interaction between graphene and Na® can then be confirmed
via Raman spectroscopy. The material was capable of forming the NaCso compound, but

further tuning of the interaction could create higher capacity materials.

Raman spectroscopy was a useful tool in this experiment for confirming the intercalation
process and its reversibility. Figure 23b shows the cell configuration for this experiment. The
graphene could be readily measured since it was deposited directly on the glass window.
However, this configuration induced a large cell polarisation. The experiment was also spatially
limited, with the region being probed was only a few pm?, in comparison to the dimensions of

the electrode (mm?).
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5.2 Dissolution, Migration, and Precipitation Processes in Semi-Liquid Li-
Sulfur Cells

Lithium sulfur cells using liquid electrolytes rely on the dissolution and precipitation of lithium
polysulfide species. To achieve high active materials utilisation, and good kinetics of sulfur
conversion, polysulfide conversion must take place in the liquid state. However, the formation
of soluble polysulfide species will result in them diffusing out of the cathode structure and
through the entirety of the bulk electrolyte, leading to active material loss and capacity decay.
One approach to tackle the dissolution of the active material is the application of a catholytes.
Catholytes are an approach where the active material is dissolved directly in the electrolyte,
their use has been shown to stabilise the Li-metal interface,[85] buffer the dissolution of sulfur

in the cathode,[84] and increase the energy content of cell by introducing additional sulfur,

raising the effective sulfur loading.

In Paper I, a catholyte was applied to a nanostructured CMK-3 and sulfur composite cathode.
The use of the catholyte buffers the dissolution of sulfur as shown by the coulombic efficiency

of 99% and retention of 80% capacity after 500 cycles as demonstrated in Figure 36a.
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Figure 36 a) Prolonged cycling performance of the CMK3/S electrode in Li-S cells using
DOL/DME-0.4M LiNO3—0.5M Li,Ss electrolyte at a current rate of 0.1 C=167.5 mA g'. Figure

4 from Paper II, reproduced with John Wiley and Sons permission.

Not only can catholytes be used as an electrolyte to buffer sulfur dissolution, but they can also

be used with sulfur-free cathodes. Previously this combination has achieved stable cycling over
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multiple cycles.[92] Figure 37a shows discharge capacities from galvanostatic cycling of Li-S

cells with the two catholytes, with and without Li-salt (LiTFSI).
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Figure 37 a) Comparison of discharge capacities for both catholytes. b) Li plating/stripping

experiment in symmetric Li/Li cells (0.1 mA cm™) for both catholytes.

The cell using the Li2Sg catholyte shows a higher discharge capacity compared to the cell with
the Li»Sg-LiTFSI catholyte (Figure 37b), i.e., the active material utilisation is higher. Even with
the active material, sulfur, dissolved in the electrolyte, the cell’s operation relies on the effective
diffusion of polysulfide species to and from the cathode to utilise all active material in the

catholyte.

Operando Raman spectroscopy is a tool capable of providing chemical information on changes
in the catholyte. With such information the sulfur speciation in the catholyte can be monitored
during cell cycling, providing information on the chemical pathways of discharge, while also

providing information on the migration and mobility these same species.

In Paper III operando Raman spectroscopy was used to compare sulfur speciation in the two
catholytes to gain insight into the varying performance of the two systems. Raman spectra were
collected from a small close to the Li-metal anode surface, thus monitoring species that had
diffused from the cathode to the anode during cycling. Figure 38a shows the Raman bands for
the Li>Ss catholyte. Two Raman bands were monitored, 372 cm™! assigned to long chain
polysulfide species (Ss>), and 535 cmassigned to the tri-sulfur radical (S3™). Here the band
corresponding to long-chain polysulfides increases during the final stages of the 1% charge and

reaches a maximum during the 2.4 V plateau of the 2" discharge, showing a significant delay
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in observing the species at the anode compared to their formation in the cathode. In the case of
the Li»Sg-LiTFSI catholyte, the maximum of the band corresponding to long chain species
occurs even further into the 2" discharge, close to the end of the 2.4 V plateau. Suggesting a
slower conversion or diffusion of species. The slower diffusion would agree with a lower

mobility of the polysulfide species due to increased catholyte viscosity presented in Paper II1.
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Figure 38 Intensity of 372 cm™! (Sg*) and 535 cm™!' (S3™) bands and voltage profiles over 4
cycles for the a) LisSg catholyte (blue) and b) Li>Sg-LiTFSI catholyte (orange). Intensities of
the S3™ band and voltage profiles of each cycle overlaid and normalised to the maximum
discharge and charge times for the LisSg catholyte (blue) and Li>Ss-LiTFSI catholyte (orange)

with c¢) a discharge/charge alternance and d) a charge/discharge alternance.

65



The evolution of the intensity of the S3™ band intensity and the corresponding voltage profiles
are overlaid and normalised to the charge/discharge times to directly compare the two cells’
behaviour across multiple cycles (Figure 38c and d). The Li>Sg catholyte (Figure 38c) shows
the S3™ band intensity maximum seen during discharge for the 2", 3™, and 4" cycles appears
at the same depth of discharge, and the intensity increase starts at the same depth of discharge.
However, for the Li>Ss-LiTFSI catholyte, the intensity maxima are observed progressively
earlier in the discharge. Figure 38d shows the same analysis but with a charge/discharge
alternance. This delay in the maxima positions seen in the Li>Sg-LiTFSI catholyte, and their
subsequent shift, suggests that polysulfide mobility in the electrolyte changes with each cycle.
Thus, the difference in the position of the maxima between the two catholytes directly reflects
the migration of polysulfides. It can be surmised that the higher mobility of polysulfide species
is directly related to cell performance, consequent of more efficient polysulfide conversion at

the cathode.

Operando Raman spectroscopy proved to be a valuable tool in determining sulfur speciation in
a catholyte. However, it was limited by only monitoring species observed at the anode, and only
investigating conversions of the soluble polysulfide species. Raman spectroscopy was a well
suited to operando measurements as spectra were collected in < 60 s, and were acquired
frequently, providing detail changes during cell cycling. A future experiment would see this
same method applied to cells with a higher C-rate (C/10, or C/5), however challenges with cell

resistivity would need to be addressed.

Despite the information on speciation and migration provided by Raman spectroscopy, the cell
performance of Li-S cells still relies on the dissolution of sulfur species and precipitation of
Li;S at the cathode. To investigate these processes, XTM was employed to monitor the
dissolution and precipitation processes across the entire C/S cathode. The capillary cell
presented in Paper IV had a diameter that could place the cathode within the field of view of
the XTM measurements, a ‘global’ tomography measurement. With all sulfur in the cathode
measured by XTM, direct correlation was made between the segmented sulfur phase and the

electrochemical measurements made.
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Figure 39 a) Volume renderings of cathode sulfur b) Voltage profile of the Li-S cell discharge
with the points marked where XTM measurements were made. ¢) Total sulfur mass in the
cathode as a function of the specific capacity, determined from volume renderings of elemental
sulfur (black) and theoretical charge released, calculated from the conversion of elemental
sulfur in the cathode determined from the volume renderings (orange) to Li>Sg and the actual
measured charge between tomograms from the cycling experiment (blue). d) Radial distribution

of sulfur within the cathode at different depths of discharge.

Using XTM, all sulfur present in the pristine C/S cathode was imaged and segmented (Figure
39a), allowing a quantitative correlation between the sulfur dissolution and electrochemical
performance of the cell during cycling (Figure 39b). Figure 39c shows the total sulfur mass in
the electrode, determined from the volume renderings, and directly compares the theoretical
charge originating from the conversion of Sgto Li>Sg (blue), based on the tomography data, to
the actual charge released by the cell (orange). Between 80 and 230 mAh g!, more charge is
released compared to what is predicted based on the conversion of Sg — Li,Sg (22). This extra

charge observed in the first plateau provides direct evidence that the conversion of long-chain
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polysulfide species to shorter chain polysulfides and the conversion of elemental sulfur
coincides.

To comment on the impact of sulfur conversion kinetics caused by the simultaneous sulfur
dissolution and further polysulfide conversion, Figure 39d shows the radial sulfur phase fraction
from a single 2d cut of the cathode, plotted as a function of discharge. This analysis shows that
as the discharge progresses, sulfur particles far away from the electrode centre experience a
higher dissolution rate, demonstrated by the pronounced drop of the sulfur phase fraction
profiles with increasing distance from the centre of the electrode. This behaviour can be
rationalised by considering that the electrochemical reaction rate is dependent on the local
polysulfide concentration and Li* flux to, and in, the electrode. From the surface of the
electrode, dissolved polysulfides can diffuse out to the bulk electrolyte, driven by the
polysulfide concentration gradient, keeping the local polysulfide concentration relatively low,
allowing further polysulfide dissolution. Similarly, the flux of Li* from the bulk electrolyte to
the cathode ensures that the conversion reactions can be sustained. The local polysulfide
concentration will be higher in the centre of the electrode since their diffusion is limited by a
longer and less effective diffusion pathway through the carbon-binder matrix. There will also
be a lower local chemical concentration gradient and a lower diffusivity due to increased
electrolyte viscosity arising from the increased local polysulfide concentration, slowing down
sulfur dissolution in the centre of the cathode. This can be seen as a local buffering effect,

similar to the effect previously discussed in Paper II in connection to catholytes.

This concept of polysulfide saturation of the electrolyte confirms what is observed with
operando Raman spectroscopy measurements. The increased polysulfide concentration within
the cathode structure increases the electrolyte viscosity, reducing the mobility of species in
solution. The results from the Raman spectroscopy demonstrates the catholyte with the lower
viscosity has higher mobility of species, with polysulfides diffusing from the anode to cathode,

and consequently, improved cell performance.

However, for Li-S cell discharge, the sulfur dissolution and subsequent polysulfide mobility
only account for part of the discharge mechanism. XTM was further applied to observe the final
stages of Li-S cell discharge and the precipitation of insoluble short chain polysulfide species

(Li2S;2 and Li>S) and the end of discharge.
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Figure 40 a-k) Tomographic slices of the cathode in the operando cell during discharge (330 to
1040 mAh g!). 1) Average normalised cathode intensity, as a function of depth of discharge.

To observe the presence of precipitated Li>S in the cathode structure, the slices in Figure 40
have been reconstructed using the Paganin method to obtain phase contrast data.[154] An
apparent increase in grayscale intensity is observed after 740 mAh g'! (Figure 40i), linked to
the deposition of LixS. This deposition is quantified in Figure 401, which shows that LisS is
continuously deposited throughout the 2.1 V plateau. However, individual Li,S particles cannot
be resolved and segmented, which suggests that they are smaller than measurement resolution
(~1 pm). in the experiment.[62] The deposition of small particles leads to a uniform coverage
of the cathode’s surfaces, forming a continuous LiS layer. Since Li>S is an electrical insulator,
this layer cannot act as a surface for electron transfer with remaining polysulfides dissolved in

the electrolyte, effectively blocking the surface and further polysulfide conversion.

The experiment presented in Paper IV was a showed a novel application of both XTM and
optical analysis of the electrolyte colour, a multimodal experiment to monitor the multiphase
discharge.[137] Future experiments could improve on this methodology by attempting a Raman
XTM set up to gain both physical and chemical information simultaneously. Additionally,
attention should be paid to the cell design, improving the E/S ratio, and considering engineering

a cell that can apply uniform pressure to cell components.[137]
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5.3 Lithium Deposition Mechanisms and the Role of the Electrolyte

Li-metal is considered an ideal anode material for high specific energy batteries due to its high
theoretical specific capacity (3862 mAh g'!) and low reduction potential (-3.04 V vs. SHE.).
However, its implementation in batteries is hindered due to uncontrolled growth of during
plating, forming porous, mossy, and dendritic Li-metal structures. The growth of such structures
has been mitigate through the use of interlayers,[157] surface modification,[ 158] and the careful

tuning of electrolyte compositions.[85]

Papers 11, III, and I'V all use LiNOs as an electrolyte additive to promote the growth of a stable
SEI on the Li-metal anode surface. Without LiNOs cells typical exhibit the polysulfide shuttle
mechanisms characterised by extended charge without cell polarisation reaching the cut-off
voltage. It is key that a stable SEI is formed on the Li-metal, not only to form a protective layer
that supresses the polysulfide shuttle, but to enable stable stripping and plating. However,
LiNO;s is known to be a sacrificial additive that is consumed during cell cycling, and once it is

consumed the cell will fail.[78] An alternative to LiNOs is the application of ionic liquid based

electrolytes which have been shown to form stable SEIs.[85]
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Figure 41 Prolonged cycling and coulombic efficiency comparison over 300 cycles. Cycling
rate C/30 = 56 mA g!; voltage cut-off: 1.4 — 2.8 V for the Py 14TFSI cell and 1.8 — 2.8 V for the

LiNOs cell. Figure 5 from Paper V, reproduced with permission from John Wiley and Sons.
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Figure 41 shows the cycling performance of a cell when the ionic liquid Py14TFSI is used as an
additive to a DOL/DME and LiTFSI electrolyte. The cell maintains a high coulombic efficiency
and discharge capacity up to 300 cycles, suggesting that a stable SEI was formed, and reversible
stripping/plating of Li-metal occurred. The cell containing LiNO3 sees a significant drop in
capacity and coulombic efficiency from cycle 150, suggesting that the SEI on the Li-metal starts
to fail, with the consequence of poor Li-metal stripping/ plating. XPS analysis showed the
addition of ionic liquid reduces the content of CF3 in the SEI, while simultaneously increasing

C-C content suggesting the SEI formed was polymeric in nature.
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Figure 42 a) Chemical structures of TEGDME (G4), LiTFSI, and the [Li(G4)] '[TFSI]  solvate
complex. b) Tafel curves for Li electrodes in different electrolytes and c¢) Corresponding
exchange current densities derived from Tafel curves. d) The Relationship between the
concentration of Li" and the exchange current density. SEM images of Li anodes cycled in the
electrolytes e) [Li(G4)][TFSI], f) [Li(G4)2][TFSI], g) [Li(G4)4][TFSI], and h) [Li(G4)s][ TFSI].
Li anodes were retrieved from Li-Li symmetric cells cycled at 0.5 mA cm™ for 50 cycles. Figure

2 from Paper VI, reproduced under Creative Commons Licence.
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To further explore the interaction between electrolyte and Li-metal, a series electrolyte that
were a mixture of LiTFSI and TEGDME in various ratios (1:1, 1:2, 1:4, 1:8, Figure 42a) were
investigated. The electrolyte with the highest salt content, the 1:1 composition is in fact known
as a solvated ionic liquid. It has been shown that at this composition the solvent and the Li*
form a stable complex acting as an effective cation. It is also this solvate ionic liquid that shows
the most stable stripping/plating behaviour. Figure 42e-h shows SEM images of the deposited
Li-metal in the various electrolytes. The deposition in the 1:1 ratio electrolyte seems to be the
most homogenous, suggesting the key to stable stripping/plating is the formation of a dense Li

layer.

To further investigate the Li deposition behaviour for different electrolytes at different salt
concentrations, phase field modelling was applied. It showed that electrolytes with a low
exchange current density had a more even local current density, and promoted Li nuclei with
larger radii, resulting in structures with a low aspect ratio which in turn maintained an even

electric field and continued homogenous plating of Li-metal.

The combined use of phase field modelling and SEM in this work presents a valuable insight
into the factors controlling the morphology of deposited Li. However, where the phase field
modelling provides insights into both the final morphology of Li deposits as well as the
evolution of the deposits during further deposition. In contrast the SEM images provided ex situ
analysis, it images the Li-metal surface thus information on the porosity of the Li-metal and
connectivity of structures cannot be revealed. To directly follow Li-metal deposition as it
happens and obtain 3D data on similar length scales as those in phase filed modelling, XTM is
placed as an ideal complimentary technique, with a comparable resolution and field of view.
XTM measurements used in Paper VII were acquired in 50 seconds, with a resolution of ~1
um, and field of view ¢ = 832 um. Short measurements times enabled accurate imaging of Li-
metal structures during cell operation, with the large field of view capturing a large portion of

the electrode area.

Figure 43, displays results of an XTM experiment imaging the growth of Li on Cu in an
electrolyte composed of 1 M LiTFSI in DOL/DME with um resolution. The results show the
Li-metal grows to form highly tortuous structures, similar to structures observed in Figure 42h
which were characterised by a high exchange current density. After plating Li-metal on Cu at

0.5 mA c¢m for 1 hour, structures are seen to grow to 60 pm in height. After stripping, this
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high structure is observed to be relatively unchanged (marked by the green circles, Figure 43d),
suggesting it has become electrochemically inactive, forming dead Li. Thus, we see the

formation of these highly tortuous need-like structures resulting in poor coulombic efficiency.

The current density of the plating process was further increased to 1.0 mA c¢m2, with the
increased current density additional plated Li-metal morphologies were observed. Mossy Li
forms (yellow dashed box, Figure 43¢) in addition to the previously observed tortuous needle-
like Li structure. The formation of the mossy Li-metal structure appears to coincide with a kink
observed in the voltage profile around 20 minutes into plating (Figure 43b), suggesting the

formation of these two structures is associated with different overpotentials.
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Figure 43 Operando XTM during plating and stripping in the Li-C cell at different current
densities. Voltage profiles of galvanostatic plating/stripping during operando XTM (a) at 0.5
mA cm for the first cycle and (b). at 1.0 mA cm™ in the second cycle. Dots and circles indicate
where X-ray tomograms were taken. ¢) Schematic diagram for the extraction of vertical slices
from reconstructed 3D tomographic datasets. d) Reconstructed vertical slices during the first
cycle (0.5 mA cm™?). Structures with dark colour are identified as metallic Li and grey
background is the liquid electrolyte (1 M LiTFSI in DOL/DME). Representative structures of
active and inactive deposited Li are marked by yellow and green dashed circles, respectively.
d) Reconstructed vertical slices during the second cycle (1.0 mA cm2). Region of deposited Li

with a small and mossy microstructure is marked by the yellow dashed boxes.
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Not only does Figure 43e present mossy and needle-like Li-metal growth, but a Li-metal
structure is also observed which reaches 95um in height. However, the tomograms presented
only show the growth of the structure in 2D, a key benefit of XTM is the microstructure
evolution can be observed in 3D. Figure 44 presents a 3D rendering of the needle-like dendrite
observed in Figure 43e. The growth of the dendrite structure is promoted by the growth of a
needle-like structure that combines with the mossy Li-metal structure, creating an integrated
foundation that is mechanically stable promoting further growth of the dendrite without

structural collapse.
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Figure 44 Evolution of Li microstructure formed by the integration of different Li dendrites.
The renderings are extracted from tomograms taken during the plating at 1.0 mA cm™! for 10
min (i), 20 min (i-0), 30 min (i1),40 min (ii-0), 50 min (iii), 1 hour (iii-0). The deposited Li is
shown in blue and the phases with heavier elements are shown in purple, including the Cu

substrate.

The renderings in Figure 44 demonstrate two segmented phases, the first phase assigned as Li-
metal (blue) and the second phase observed and assigned as heavier elements (purple). With
the second phase consisting of heavier elements and being highly integrated into the Li-metal
structure, this phase could be the SEI. If this phase is an SEI, it is observed to be
inhomogeneous, with many regions of bare Li-metal observed. Of course, the lack of segmented
SEI could be a limitation in resolution. However, this observed inhomogeneity of the SEI would

be closely related to growth of tortuous Li-metal structures.
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Figure 45 Vertical tomograms taken from Li-Cu cells a) 1 M LiTFSI in 1,2-dimethoxyethane
and 1,3-dioxolane (1:1v) after deposition of 0.5 mAh cm™ , b) 1 M LiTFSI, 0.25 M LiNOs in
1,2-dimethoxyethane and 1,3-dioxolane (1:1v) 1.0 mAh cm™, ¢) Pyr; 4 FSI, LiFSI (1:0.2 molar
ratio) 1.5 mAh cm, d) Pyr; 4 FSI, LiFSI, HFE (1:0.2:0.5 molar ratio) 1.5 mAh cm™.

Paper V has shown that cells using electrolytes based on LiTFSI and DOL/DME can be
characterised with unstable stripping/plating processes, and poor coulombic efficiency in Li-S
full cells. However, this poor coulombic efficiency was addressed through the use of LiNO3
additives and ionic liquids. Figure 45b shows the morphology of plated Li when 0.25 M of
LiNOs; was added to the electrolyte. A more homogenous Li phase grows across the entirety of
the Cu electrode and does not exceed 40 pm in height. Thus, the dominate morphology is mossy
Li, with no needle-like dendrites formed. This mossy Li growth can be associated with stable

cycling, and good coulombic efficiencies.

Improving upon morphologies formed with LiNO; are the morphologies formed when using
ionic liquid electrolytes. Figure 41 already showed that ionic liquids can promote stable
stripping/plating. Figure 45¢ shows the Li morphology formed in an ionic liquid electrolyte.
The morphologies formed can be characterised as dense, with a homogenous sub-structure
formed. Figure 45d shows the same electrolyte diluted with highly fluorinated ether, an
electrolyte with lower viscosity. In this electrolyte the Li-metal growth appears to be even more

homogenous across the Cu surface, and with a dense substructure formed. Both ionic liquid
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electrolytes initially seem to have a mossy Li structure at the surface, however it appears more
ordered than the mossy structures seen for the DOL/DME based electrolytes. The morphology
of the Li deposited in the ionic liquid can be characterised as globular, thus suggesting a
different mechanism of Li nucleation, and implication on the dynamics and reversibility of a

cell using this electrolyte.

From the SEM images shown in Figure 42e-h, a dense Li-metal growth can be associated with
stable stripping and deposition. XTM data presented in Figure 45c and d are able to go further
than the SEM images showing the substructure of the deposited Li-metal, despite the surface
structure appearing to be mossy in nature, the substructure formed is dense and homogenous.
Despite providing such detailed images, the resolution of the measurement should be
considered, only structures on the um level will be resolved, as such any porosity that is smaller
1 um will remain undetected. However, when combining the 1 um resolution with the extended
FOV (¢ = 832 um), the XTM measurements presented give a unique insight to the Li-metal
stripping/plating process. The fast measurements times of the operando experiment meant
measurements could be made regularly throughout the plating process, enabling correlative
analysis with the acquired electrochemical data. With the plating process have a continuous

rate, defined by the applied current, a measurement time of 50 seconds was suitable.
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6 Conclusions and Outlooks

Many investigations made on Next Generation Battery technologies, including the ones
presented in this thesis, target fundamental processes. Looking at processes that are difficult to
isolate and observe in a commercial full cells. Investigating fundamental processes is of huge
importance, as by increasing our understanding we drive forward new technologies, but such

investigations may not provide answers to all practical questions.

To continue such fundamental investigations, pairing experimental methodologies with
computational techniques would provide deeper understandings of novel systems, while
improving and validating the experimental techniques used. The phase field modelling
technique in Paper III provided invaluable insights to the growth process of Li-metal, and could
guide the interpretation of the observations from XTM experiments, such as the ones presented
in Paper VII. However, the spatial resolution of XTM partly limits the parallels that can be
drawn. Thus, methods that can be used for in situ measurements and provide sub-micron
resolution imaging would act as a perfect pairing to phase field modelling. Not only would
increasing the spatial resolution of measurements be beneficial, but so would improving
measurement times. Tomography beamlines have started to make kHz measurements, applying
such time to battery research could reveal discrete changes, even at higher discharge and charge

rates.

However, methodologies in this thesis could be applied in a more practical sense. The use of
investigative techniques that are able to provide real-time insights into batteries with realistic
configurations and cell designs would be truly exciting. E.g., using high loading electrodes in
full cell configurations, reasonable electrolyte volumes, and the application of uniform pressure
to cell components. With high resolution imaging of electrode materials over long-term cycling
times, one could directly gain key insights to degradation mechanisms over time, from sub um
to mm length scales, and link such information to electrochemical performance. Furthermore,

cell designs that provide realistic cycling environments would provide valuable insights.

Both lab and synchrotron techniques are ever pushing forward what is possible in terms of
measurement sensitivity, spatial resolutions, and temporal resolutions. By continuing to apply
these advancements in measurements to Next Generation Batteries we will continue to provide

novel insights to these systems.
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