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Abstract

Advanced power sources are urgently needed to meet the ever-increasing demand of
modern society, especially battery requirements for extended-range electric vehicles
and grid energy storage applications. [1] However, current rechargeable lithium-ion

batteries are not able to fulfil the demand for future energy demands.

The Li-S batteries represent a very promising electrochemical system for these
applications that offers high theoretical capacity of 1673 mAh g, low material cost,
and relative safety. [2] Despite these attractive advantages, Li-S batteries are still
hindered from large scale commercialisation, due to a number of challenges. [3] The
major concern is thought to be caused by the shuttle effect, originating from the
dissolution of cathode species into the electrolyte and migration towards the anode,
where they react with the lithium metal, resulting in loss of active sulphur material. [4]
This leads to poor cycling stability, low Coulombic efficiency, and Li corrosion. The
sulphur cathode undergoes very complicated reaction step during cell cycling but the

complete reaction mechanisms are still not established.

Herein, an operando XAS technique is employed to gain deep insights into the
mechanism of Li-S cell reaction. This measurement technique offers the advantage to
be element specific that is sensitive to oxidation states and chemical bonding of the
atoms of interest. XAS in the S K-edge region is a powerful tool for the detection of the
reaction product of Li-S batteries. The fingerprint analysis consisting of a comparison of
XAS spectra between different sulphur species and measured data is helpful for

distinguishing different species exist in the cell during the battery operation.

Operando measurements were performed utilising a modified operando cell
specifically designed for X-ray experiments and provide accurate information of
electrochemical process. The design and specification of the operando cell are

described in chapter 2.

The objective of chapter 3 was to investigate the differences in the sulphur reaction
mechanisms in variation of the electrolyte compositions including Li salts, solvent

systems, and LiNOs additive. The S K-edge XANES measurements demonstrated that
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the electrolyte compositions influence the self-discharge rate and the conversion

reaction mechanisms of sulphur chemistry.

Chapter 4 systematically investigated the function of inorganic metallic additives on
sulphur electrodes with the aim of redox-shuttle suppression, catalytic activities, self-
discharge mitigations, and adsorption of polysulphides. This chapter highlights the
unique operando XAS measurements of the S and Ti K-edges using a single test cell.
This revealed details about the response of the TiO, and S chemistry during lithiation
and de-lithiation. Reversibility of the oxidation states of TiO, was demonstrated.
Additionally, the importance of the operando analysis is demonstrated by comparison

with the post-mortem analysis.

Chapter 5 demonstrates the environmentally friendly and cost-effective fabrication
method of sulphur electrodes. Potential hazardous material is eliminated from the
sulphur electrode system and replaced with conductive polymers, PANI and PEDOT:PSS,

and their cell performances were investigated using operando XAS technique.
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Chapter 1

Literature Review

1.1 General Introduction

Energy demand is increasing worldwide linked to rising world population. It is also
linked to our daily life styles; relying on constant access to electricity, making

renewable energy sources as important in the future, as in the present.

We currently heavily rely on fossil fuels, e.g., coal, crude oil, and natural gas as the
primary energy sources. However, fossil fuels are limited and not sustainable. Burning
of fossil fuels also lead to CO, emissions that pollute our natures, creating global
warming. We, thus, need to reduce our reliance on fossil fuels adopting alternative
clean and renewable energy sources, including solar and wind power. However, to
work effectively, these energy sources are uncontrollable and heavily relying on the
weather or climate. There is also an absolute need of advanced energy storage system
that can utilise the energy when excess is produced and then be able to release it back
on demand in order to provide a constant power supply. [5] This is where batteries can
be a solution, owing to its ability to electrochemically store and release energy in a

controllable fashion.

The performance of the battery can be estimated by comparing a range of properties
summarised in Figure 1-1. Batteries are divided into two classes; primary and
secondary batteries. Primary batteries are non-rechargeable and designed as a
disposable battery. Those batteries are assembled in the charged state and the
reaction runs only once until exhausted and then discarded; resultant products not
arranged to allow the reaction to run in inverse. [6] The most common primary

batteries are alkaline battery, zinc-manganese battery, and carbon-zinc battery.

Secondary batteries are rechargeable batteries that generally have lower energy
storage capability than primary batteries. [6] The chemistry of a secondary battery is

different from a primary battery. Rechargeable cells can be fabricated in either the
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charged or discharged state and reversible reactions take place. [7] Currently, the most
common secondary battery technology available on market are lead acid (Pb-acid),
nickel cadmium (Ni-Cd), nickel metal hydride (Ni-MH), and Lithium-ion (Figure 1-1). Ni-
MH was used in the first hybrid electrical vehicle (HEV) application and invaded the
primary alkaline battery market due to its relatively high energy capacity and light
weight. [8][9] However, Ni-MH deteriorates the cell performance at low temperature,
[10] leading to low rate capability and low coulombic efficiency (CE). [11] Li-ion
batteries are currently the most popular portable electronics. They have also been a
demand for application in electrical vehicles (EVs) and HEVs, but the future
development needs better specifications. Lithium-sulphur (Li-S) batteries are one type
of secondary batteries researched for its potential applications in automotive industry
as could improve the performance compared to Li-ion technologies. Li-S system can be
considered as a potential alternative to traditional Li-ion batteries and, will therefore,

be discussed under post Li-ion batteries in this thesis.

The aim of this thesis is to understand the atomistic properties of Li-S batteries using
operando X-ray absorption spectroscopy (XAS) techniques in combination with

electrochemical measurements.
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Figure 1-1. Comparison of different secondary batteries in terms of volumetric and

gravimetric energy density. Reproduced from [12].
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1.1.1 Battery characteristics

This section provides an introduction to the terminology often used in this thesis to

describe batteries. [13]

The term ‘specific energy’, expressed in Wh kg corresponds to the energy of

battery per unit mass, whereas the ‘energy density’ measures energy of battery

per unit volume.

In Li-S system, voltage polarisation is ascribed to the concentrated polarisation

during Li2S nucleation from long-chain polysulphides. [14] This happens because of
the low electric and ionic conductivity of the elemental sulphur and intermediate
species, which elevate the internal resistance of the battery. Electronic and ionic
conductivity are significantly important for the efficient movement of electrons
and ions during battery cycling. [15]

Voltage polarisation is typically observed at the joint section between the high and
low discharge plateaus. Also, can be recognised by the large difference in current
plateaus between discharge and charge.

Internal resistance: the resistance within the battery. With increasing internal

resistance, efficacy of reduction kinetics decreases, and thermal stability is lowered
as more of the energy is converted to heat.

Open-circuit voltage (OCV): the voltage of the battery when no current is applied.

Cut-off voltage is the low end of the voltage window, defines the minimum voltage

to which the battery is allowed to discharge.

Coulombic efficiency (CE): describes the charge efficiency compared to the prior

discharge. In Li-S battery, low CE is mainly related to the redox shuttle reaction,

which is translated into excessive charging capacity.

1.2 Li-ion batteries

Li-ion batteries were commercially launched by Sony in 1991. [16] It has quickly

replaced the Ni-MH batteries and become one of the most successful and fastest

growing modern electrochemistry used for mobile applications, such as, portable

electronics and automotive applications. [6][17][18] Li-ion batteries hold great promise,

benefiting from being lighter and smaller, as well as demonstrating higher energy

density than Pb-acid, Ni-Cd, and Ni-MH systems. [11]
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A traditional Li-ion battery consists of two electrodes, the positive (cathode) and the
negative (anode) electrodes, separated by an electrolyte, which is a medium for ion
transfer between the two electrodes. Reversible chemical reactions at both electrodes

are required (Figure 1-2).
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Figure 1-2. Schematic of a typical Li-ion battery. Graph reproduced from [19].

1.3 Post Li-ion batteries

Despite the great progress achieved over the years, the energy density of Li-ion
technologies currently available on the market will not be able to satisfy the demands
by all future applications e.g., extended range of electric vehicles, heavy duty and grid
applications. [19][20] Recently, researchers have engaged in developing various types
of “next-generation” post lithium-ion batteries whose feasibility and performance still

need to be explored. [21]

The theoretical specific energy associated with the current Li-ion cells, applied in
recent electric vehicles, can only achieve a specific energy of ~ 450 Wh kg™, which is an

order of magnitude lower than that of gasoline (octane) at ~13000 Wh kg™. [19] Two
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promising candidates, Li-S and Li-air systems, can instead deliver a theoretical specific

energy of ~2600 Wh kg*and ~11000 Wh kg™, respectively (Figure 1-3). [22][23]

Considering that gasoline only have a practical specific energy of 1700 Wh kg, both Li-
S and Li-air are closer to the expected value than Li-ion that demonstrate a practical
specific energy of 250 Wh kg compared to 650 and 950 Wh kg, for Li-S and Li-air
batteries, respectively. The goals of the next generation Li-ion batteries are, therefore,
reachable. Moreover, the use of sulphur as a cathode material has the great advantage
of being both abundant and low cost, compared to the conventional Li-ion battery

materials. [2]

In the following section, Li-air battery is briefly introduced and after that, an overview
of the fundamentals of Li-S batteries is described, with details on the recent progress

of various elements, such as, lithium anodes, sulphur cathodes, and electrolytes.
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Figure 1-3. Bar graph compares the theoretical and practical specific energy of gasoline,

Li-ion, Li-S, and Li-air batteries. Graph reproduced from [23][24].
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Li-air battery

Based on excess Li* ion supply from the Li anode and a progressive flux of O, through
the cathode, the Li-air electrochemical reaction offers a remarkable theoretical specific
energy of ~11,000 Wh kg, which is identical to the value of gasoline. [19][25] There
are four types of lithium-air batteries, based on the electrolyte used; (i) agueous
electrolytic, (ii) aprotic/non-aqueous electrolytic, (iii) mixed/hybrid electrolytic, and
(iV) solid-state electrolytic. Among which the non-aqueous Li-air battery system has
been the most studied one, due to its higher theoretical energy density than other
types (Figure 1-4). [24] All the four systems listed above use metallic lithium as the

anode and O3 gas as the cathode.

Lithium
anode

Figure 1-4. An illustration of a non-aqueous Li-air battery, typically composed of a
lithium anode, electrolyte containing lithium salt and organic solvent, and a porous Oy

cathode made with carbon particles. Graph reproduced from [19][24][26].

Current Li-air batteries are still in the experimental stages, and practical application of
this technology is limited because of poor cycling performance and low energy
efficiency. These limiting parameters arise from its design; (1) insufficient electric
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conductivity of L0, and unstable cycling due to slow Li* diffusion coefficient, (2)
evaporation of electrolyte during cycling which severely shorten the cycle life, [26][27]
(3) potential risks of fire and explosion due to the concept of combining Li metal and
O, gas, particularly when a flammable liquid electrolyte is employed, [25] and (4)
limited depths of discharge potential applied to prevent ubiquitous side reactions. In
addition, unsatisfactory understanding of the fundamentals of chemical reactions, such
as, catalytic reactions. Those challenges still take a longer time to be resolved,
therefore, the commercialisation of Li-air batteries is still relatively far, unless a major

breakthrough is to be reported.

Li-S battery

Instead, Li-S batteries are expected to proceed to full commercialisation further than
Li-air batteries. [28] The industrial interest in Li-S battery has increased from few
dedicated research companies. Currently, the UK based company ‘OXIS Energy’ holds
more than 100 patents on Li-S batteries. An USA based company ‘Sion Power’ has a
manufactured 350 Wh kg™ Li-S battery sold into the unmanned aerial vehicle (UAV)
market. [29] In addition, Li-S cells are already available in a number of niche

applications. [3]

Li-S battery is expected to deliver a specific capacity of 1673 mAh g and offers high
theoretical specific energy of 2600 Wh kg when fully discharged, far greater than
current Li-ion batteries. [30] Additionally, sulphur is an abundant element, therefore,
inexpensive and environmentally friendly, making it particularly attractive for a low-

cost system. [4][31]
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1.4 Fundamentals of Li-S batteries

A classic Li-S cell is composed of a sulphur-based cathode and a metallic lithium anode,
separated by a separator soaked into an organic electrolyte, as illustrated in Figure 1-5.
The Li-S batteries operates by reversible reaction of sulphur to form series of

polysulphide species through a multistep redox reaction.
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Figure 1-5. A schematic illustration of a Li-S cell. Graph reproduced from [32].

Despite its promising attributes, there are several unresolved drawbacks with the Li-S
system, which have limited its practical applications, e.g., Li-S cell still suffers from low

energy utilisation and efficiency.

Herein, the limiting factors of Li-S batteries are described, and different approaches for
improvements of Li-S cells previously done are described. This thesis deals with the
issues in the Li-S system. Efforts has been made to improve the cathode and the

electrolyte compositions.
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Figure 1-6. Typical voltage profile of Li-S cell. Graph reproduced from [33].

The Li-S cell is based on conversion reactions (between Sg <> Li,S) rather than on
intercalation. [34] Li-S cell operation begins by a discharge process because of the
absence of Liions at the sulphur cathode when the cell is assembled. Hence the cell is
originally in a charged state. Figure 1-5 illustrates the working mechanism of Li-S
batteries during cycling and Figure 1-6 displays the typical galvanostatic
discharge/charge profile. A Li-S cell undergoes solid = liquid = solid transitions
involving dissolution precipitation, [35] which is completely different electrochemical
reactions to other conventional lithium ion battery systems (e.g, LiCoO, and LiMn;0a)
and makes Li-S batteries difficult to control. [7] The overall redox couple of a Li-S

battery can be simply described by Equation(1-1);

Sg+ 16 Li — 8 LixS (1-1)
In practice, the actual discharge and charge processes are extremely complex with
numerous side reactions co-existing simultaneously. Moreover, there are numbers of
publications suggesting different reaction equations and the real reaction mechanisms
are still not fully established. Currently, it is generally accepted that the discharge

process follows four stages;
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Stage I; Sulphur existing as elemental cyclooctasulphur (cyclo-Ss) is reduced by two
electrons to form dianionic long-chain polysulphide intermedites (Li»Ss) expressed by
Equation (1-2) with a first potential plateau appearing at about 2.3 V, denoted as a
high voltage plateau, Vg in Figure 1-6. The formed Li,Ss dissolves into the liquid

electrolyte activating the residual sulphur to become contact with Li*-ions.
Sg + 2 Li — LixSg (1-2)

Stage II; The chain lengths of the dissolved Li,Sg are reduced to medium/short-chain
polysulphides (Li2Sx, 4<X<6) expressed by Equation (1-3). The battery experiences a
gradual potential decrease during this stage and the electrolyte becomes more viscous

due to the increase in the concentration of dissolved polysulphides.
Li»Sg + 2 Li — Li2Sg.n + Li2Sy (1-3)

Stage III; In the beginning of stage III, the cell is saturated with long-chain
polysulphides. Medium/short-chain polysulphides are further reduced to form
insoluble Li»S; and Li,S, showing a second plateau at about 2.1 V (denoted as low
voltage plateau, Vg2 in Figure 1-6), contributing to the major capacity of the Li-S
battery. [37] This reaction can be expressed by Equation (1-4) an Equation (1-5), and
these two reactions are competing with each other. [33]
2 LizSh + (2n-4) Li — n LizS: (1-4)
LixS, + (2n-2) Li — n LixS (1-5)
Stage IV; Further reduction of Li;S; to LizS is associated with a voltage decrease, which
is defined by Equation (1-6).
LiS.+2Li— 2LiS (1-6)
The reverse reactions occur during the charging process, starting with a voltage drop
linked to oxidation of Li>S; and Li,S, indicated by an arrow in Figure 1-6. [33] This form

soluble polysulphides, which generate the conversion reaction and diffusion to the

cathode to be re-activated.

The chemistry behind these voltage plateaus can be further investigated by

understanding CV curves, from which each peak represents a chemical reaction.
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Figure 1-7. CV curve of a sulphur cathode scanned during the initial cycle at a scan rate

of 0.03mV s

A typical CV profile of a Li-S cell is represented in Figure 1-7. Three cathode current
peaks are located at about 2.4, 2.1 and 1.9 V, denoted as c3, ¢z, and c¢3, corresponding
to Stage I, II, and II in Figure 1-6, respectively. The c; peak can often be overlapped
with the c; peak, depending on the type of electrolyte and scan rate. [38] During the
oxidation process, two anodic current peaks are located about 2.5 and 2.6 V (denoted
as a; and ay respectively) partially overlaid with each other, where peak a;
corresponds to the oxidation of Li,S/Li»S; and peak a, accounts for the further
oxidation to Ss. [39] Again, different cell composition (electrolyte and electrode design)
and different scan rate may result in overlapping peaks representing these peaks as a

single broad peak. [40]

34



1.5 Challenges and improvements of Li-S technologies

Despite the progress with Li-S cell and the understanding of the reaction mechanisms,
there are still a number of factors causing rapid capacity fading, including dissolution
of active material in form of polysulphides leading to diffusional loss of active sulphur.

Other issues are associated with the insulating nature of sulphur and reaction products.

1.5.1 Positive electrode

This subsection describes the unsolved issues surrounding the sulphur cathodes.

1) Low conductivity of sulphur and reaction products formed during cell

operation. [35]

Sulphur has both low electronic conductivity (~¥5 X 103° S cm™ at room temperature)
and poor ionic diffusivity leading to poor electrochemical utilisation. [41][42][43][44]
Thus, the sulphur electrode requires supporting electronically conductive additives,
typically carbon. [45] As polysulphides are formed, they are dissolved into the
electrolyte and leaves remaining sulphur exposed to the carbon so the reduction
reaction of sulphur progressively moves forward. [33] Therefore, we cannot
completely exclude formation of polysulphides as they can act as redox mediator

species to improve the kinetics of the electrochemical reaction. [46][47][48]
2) Polysulphide dissolution into the electrolyte [49]

The polar nature of long chain lithium polysulphides and non-polar carbons do not
engage in strong interaction. [4] Common solvents used in Li-S electrolytes show polar
properties, allowing strong interactions with the long-chain polysulphide. The
intermediate polysulphide formed during the battery operation, therefore, dissolves
into the electrolyte. Dissolved lithium polysulphides can migrate through the separator
to the anode side, where they are further reduced to solid precipitates (Li,S2/Li>S). [50]
Some of which remain on the Li anode side and do not participate in further reactions,
leading to the loss of active materials. Also, some of the polysulphides remain
dissolved in the electrolyte, and do not precipitate back onto the cathode as lithium
sulphides instead becoming electrochemically irreversible (detached). [51] As a result,
poor discharge capacity and rapid capacity fade are often observed during cycling. [35]

This cyclic process is known as the ‘shuttle’ phenomenon of Li-S batteries and severely
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shorten the battery life. [52][53] The dissolution and distribution of sulphur species
heavily depends on the nature and volume of the electrolyte, the current density
(expressed as C-rate), and the composition and architecture of the sulphur electrode.

(54]
3) Large volumetric expansion and morphological change [55]

Sulphur particles experience large volume expansion and shrinkage (up to 80 %) upon
discharge and charge processes. [56] This causes irreversible morphological
pulverisation in the cathode and breaks the electrical connection between active

materials, leading to fast capacity decay. [20][57][58]
4) Self-discharge phenomenon

The self-discharge poses a large obstacle for the practical application of Li-S batteries.
The main cause of self-discharge in Li-S batteries is the fact that the active material
dissolves in the electrolyte during storage time, while there are no current applied
over the cell (OCV). This causes side reactions between the sulphur in the cathode and
lithium ion present in the electrolyte. The soluble polysulphides gradually diffuse out
of the cathode, reducing the amount of active sulphur in the electrode. Consequently,

the discharge capacity is lowered.

To address these issues, extensive efforts have been devoted to improving the sulphur
cathode structure and composition. The ideal sulphur electrode should meet the
following requirements: (i) Provide adequate room for polysulphides to diffuse and
reverse evenly, [32] (ii) controlled surface area for sulphur-electrolyte contact to
minimise polysulphide dissolution and side reactions, (iii) sufficient space to
accommodate sulphur volume expansion, (iv) a minimal conductive pathway to
facilitate both ion and electron transport to enable high-rate chemical transformations
of sulphur active materials, [56][59][60][61] (v) large conductive surface area for
insulating solid lithium sulphides deposition, in order to retain the morphology of
electrodes, [62] and (vi) an interconnected and closed architecture for polysulphides

containment. This section describes recent achievements on sulphur cathode materials.

36



1) Host materials

A large part of the research undertaken on Li-S batteries is devoted to control the
dissolution, diffusion, and redox mechanisms of polysulphides at the cathode and is
becoming the kernel of advanced electrode design. The group led by Nazar pioneered
the concept of a high-ordered, mesoporous carbon sulphur cathode in 2009, enabling
insulating sulphur to maintain a close contact with the conductive carbon framework.
[50] This work contributed to the rapid development in the field of Li-S batteries and
increased the number of publications progressing in the understanding of Li-S batteries
based on the analysis of sulphur cathodes. [63][64] A number of carbon frameworks,
such as, carbon nanotubes, [65][66] carbon nanofibers, 2D carbon sulphur structures
based on graphene materials, [67] as well as 3D materials including porous and hollow
carbon spheres have become popular strategies to develop the electrode architecture

for Li-S batteries. [68]
2) Conductive polymer additives

Another approach to solve the problems is to use electrically conductive polymers,
such as, poly3,4-ethylenedioxythiophene (PEDOT), [69] polyaniline (PANI), [70]
polypyrrole (PPY), [71] and polythiophene (PT) [72] to encapsulate the sulphur
particles within the cathode. Conductive polymers are promising materials for sulphur
cathodes due to; promoting electronic conduction; elastic and flexible properties,
which can accommodate the sulphur volume expansion; and large variety of functional
groups that offers effecting binding sites for lithium polysulphides, therefore, serving
as physical barriers to the diffusional loss of active sulphur out of the electrodes.

[50][73]
3) Inorganic host materials

The recent trend has been towards the employment of inorganic host materials
including metal oxides, nitrides and sulphides to confine lithium polysulphides within
the cathode via strong chemical bonding. A more detailed explanation of this concept

can be found in Chapter 5.
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4) Alternatives to sulphur cathodes

As an alternative to sulphur cathodes, the employment of fully lithiated Li,S as a
starting material is becoming a possible option, with a high theoretical capacity of
1166 mAh g. The advantage of fully lithiated sulphur, Li>S can be paired with different
kinds of lithium metal-free materials, such as, Si, Ge, and Sn. Such materials can be
pre-lithiated and employed as the source of lithium, which eliminates the use of the Li
metal. Hence, disadvantages arising from metallic lithium such as dendrite formation
and safety concerns can be eliminated. [63] Unlike sulphur, Li,S exists in fully expanded
state, therefore, undergoes volumetric contraction during its initial delithiation process
instead of expansions in the case of Sg cathodes, preventing structural damage to the
cathode. Moreover, the higher melting point of Li,S allows material modification at a

high temperature and surface coating can be more stable.

Despite the number of advantages over sulphur, it has some disadvantages to
overcome. Li,S still suffers from poor ionic and electronic conductivities and has very
large particle sizes. [74] It also highly sensitive towards moisture and air, therefore, Li,S
cathode fabrication requires to be in an argon atmosphere. [75] In addition, it shows
poor performance during prolonged cycling due to dissolution of lithium polysulphide
intermediates, which hinders the practical applications of Li,S cathodes. In attempts to
overcome this problem, Zheng and co-workers successfully developed in situ formed
Li>S/microporous carbon, which delivered a specific capacity of 650 mAh g after 900

cycles with a CE close to 100 % at 0.1 C rate. [76]
5) Lithium polysulphide catholytes

Another approach that recently have become attractive is to use the soluble lithium
polysulphide (so-called catholyte) as a replacement to the solid cathode. [73][74] Such
configuration provides a facile dispersion and homogeneous distribution of active
sulphur in the conductive matrix and eliminates the initial transition step from solid to
liquid conversion, potentially engaging to a faster reaction. As a consequence, high
utilisation of the sulphur active material is achieved. [35] Recently, the Manthiram
group demonstrated the use of a lithium superionic conductor (LiSICON) solid
membrane as a cation-selective electrolyte for catholyte batteries, which successfully

stabilises the ionic conductivity of the cell during electrochemical process. [78] As Li,S
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and catholytes have not been studied as a starting material in this thesis it will not be

further discussed.

1.5.2 Negative electrode

Li metal is commonly used as a negative electrode in the Li-S systems. Working with
pure Li metal as the anode is associated with various difficulties compared to
intercalation materials used in Li-ion batteries, including safety issues. It is very
complicated to stabilise the Li anode in Li-S cells due to double damage from an
uncontrolled growth of ‘Li dendrite’ and side reactions between the Li metal and

polysulphides during operation. [79]
(1) Polysulphide shuttle

Soluble polysulphides formed during the cell reaction can migrate to the anode side
through the separator and react with the Li metal by being reduced to lithium
sulphides (Li;S2/Li,S) at the Li surface. During the charge process, these lithium
sulphides are converted to lithium polysulphides. However, this reaction is difficult due
to the insulating nature and low solubilities of Li»S2/Li>S. Abnormally high charge
capacity (‘infinite’ charge phenomenon) appears making it difficult to reach complete
oxidation of polysulphides into elemental sulphur resulting in extremely low CE value
(Figure 1-8). [52][80] Moreover, diffusive anion transport of polysulphides opposes to
the electron transport also contributes to the infinite charging phenomenon. [81]
During the charging plateau, the redox shuttle reaction is a competing process with the

re-oxidation of short-chain polysulphides to long-chain polysulphides.
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Figure 1-8. Initial discharge-charge voltage profile of Li-S battery cycled in LiNOs-free
electrolyte. The cathode consists of S+AB+PVP (65:25:15 weight ratio). The electrolyte
consists of 1 M LiTFSI in DOL/DME. This cell can only deliver an initial coulombic

efficiency of 21.5 % due to the ‘infinite’ charging phenomenon.

(2) Non-uniform solid electrolyte interphase (SEI) formation

The highly reactive nature of lithium metal easily forms an SEl layer, which
contentiously causes irreversible side reactions with the electrolyte and blocks the
lithium deposition on anode upon charging. [82] This also leads to the infinite charge
phenomenon. Charging time for Li-S battery needs to be massively reduced to become

an alternative for vehicle batteries when introduced to the market. [83]
(3) Li dendrites

Li dendrite originates from uneven stripping/plating of a lithium layer when the battery
is discharged/charged. This grows over the repeated cycles eventually penetrating
through the separator to reach the cathode. This causes an internal short circuit which
may generate thermal runway posing a severe safety hazard (Figure 1-9). [84] Also,
dendrite growth leads to continuous breaking and reforming of the SEI layer, which
further consumes Li metal, causing the low utilisation of the Li metal and the cell will
eventually fail due to depletion of electrolyte and high impedance through the thick
SEl. [85] Moreover, the dendrites could be detached and lose contact with the lithium

anode, which become inactive, resulting in further loss of capacity. [35]
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Figure 1-9. Schematic of dendrite growth within Li-S battery. Graph reproduced from
(86]

Unlike the cathode, the Li anode has not gathered enough attention and number of
publications are significantly smaller than the ones focused on the sulphur cathode,
although it is directly involved in the parasitic reactions. [87] The behaviour of the Li

anode holds a pivotal role when overcoming the challenges of Li-S systems. [88]
(1) LiNOs additive

A general approach to address the above-mentioned drawbacks is to modify the
electrolyte system with the LiNOs additive. In 2008, Mikhaylik et. al, reported that the
addition of LiNOs hinders the lithium polysulphide shuttle reaction achieving a Li-S
battery with CE values of almost 100%. In the following year, the addition of LiNO3 was
found to enhance the rate of sulphur utilisation in the cathode. [89] These results gave
a significant impact and LiNOs has become the most-used additive in electrolyte

solutions in Li-S batteries. [90]

However, the mechanism for this improvement is still not fully understood. [91] The
current understanding on the function is that the presence of LiNOs in the electrolyte
plays different roles at the Li anode and sulphur cathode. [92] At the anode side,
reduction of LiNOs by Li metal directs deposition of the nonreactive passivation layer
(LiNOs-induced SEI film) on the surface of Li anode. Based on a comprehensive XPS and
FTIR data, Aurbach and co-workers identified the passivation layer as LixNOy. [89] This

layer protects the lithium anode exposed to dissolved polysulphides and thereby
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diminishes the shuttle reaction, thus improving the cycling performance of Li-S cells.
[30][38][88][90][93][94] Later on, Xiong et al. proposed the mechanism for the SEI
formation on Li metal using the XPS and SEM techniques. [87] They claimed that the
passivation film continues to grow during cycling due to the strong oxidative nature of
LiNOs. Hence, the Li metal progressively consumes LiNOs and results in a thick layer of

SEl film and deposit substantial debris on the Li metal. [31][95]

On the cathode side, LiNOs is instead irreversibly reduced at potentials below 1.6 V,
the discharge process and the resultant products may accumulate on the carbon
surface causing adverse effect on the reversibility of the sulphur electrode. [57][92]
This can easily be handled by raising the cut-off voltage, although the capacity needs
to be compromised by narrowing the voltage window. [38] Addition of LiNOs raises the
safety issues due to the strong oxidative nature of LiNOs. [33][82][87] Continuous
cycling exhausts the NOs3™ group, leaving the cathode composition similar to the black

gunpowder. Therefore, LiNOs should not be relied too heavily upon in the future. [14]

Against these adverse effects of the LiNOs salt, the Zhang group designed a LiNOs-free
electrolyte system, demonstrating a successful Li-S pouch cell achieving the specific
energy of 350 Wh kg? at the 0.05 C rate. This is so far the best Li-S performance
reported in the absence of the LiNOs salt in the electrolyte. [14] The single solvent of
DOL containing 2 M LiTFSI was used as the electrolyte and this observed an excellent
reversibility of lithium anode benefiting from low solubility and low permeability of
polysulphide along with high conductivity of Li*. Using pure DOL as the solvent was

found to contributed to lithium anode protection.
(2) Li anode protection

Several groups have been developing different pathways to protect the lithium anode.
Yang et al. proposed the pre-treatment of Li metal by crown-ether containing
electrolytes, forming a polymer-like film on the surface of Li metal. This film can
selectively permeabilise the Li*-ions while blocking the polysulphide access to the Li
anode. [96] Wen and co-workers demonstrated the fabrication of LisN protective
layers on the surface of the Li anode via in situ reaction between Li and N, gas. [82]
The Cui group pioneered the synthesis of an anode composed of molten lithium

infused into 3D ‘lithiophilic’ layered graphene oxide. [97] Jin et al. proposed the
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fabrication of 3D current collector composed of carbon nanotubes connected to an
ultrathin graphite foam via carbon-carbon covalent bonds, which can be used for both
the lithium anode and sulphur cathode. [98] A drawback is that these sophisticated

anode synthesis methods are both complicated and costly.
(3) Elimination of Li metal

An alternative to lithium metal anode, silicon is considered as a promising anode
material for Li-S batteries due to its high theoretical capacity of 3580 mAh g*. [99]
Although the silicon suffers from large volume change during lithiation and de-
lithiation, it can be solved by employment of nanosized Si. [100] To employ Si as an
anode, prelithiation is required. Yang et al., proposed a lithium metal-free battery
consisting of a Li2S mesoporous carbon composite cathode and a silicon nanowire
anode. [101] Cui and co-workers successfully proved the concept of pre-lithiated
silicon nanowire anode, paired with a sulphur cathode. [102] However, this approach
still needs further improvements regarding to the insufficient supply of Li-ions and

uncontrolled voltage of the electrodes. [103]

1.6 Electrolyte

It is widely accepted that the solvent holds a key role in the electrochemical
performance of the Li-S system. [104] The electrolyte design is a dominant factor to
manipulate dissolution, diffusion of polysulphide and subsequent shuttle reactions.
[37]1[105] The soluble polysulphides are highly reactive with the carbonate-based
electrolytes via nucleophilic reactions and generally excluded as potential solvents.
[106] Hence, common solvents used for other Li-ion batteries are chemically
incompatible with Li-S cells. [107][108] Thus, the choice of the electrolyte solvents in
Li-S cells are mainly limited to ether-based electrolytes, such as, 1,3-Dioxolane (DOL),
1,2-Dimethoxyethane (DME), and Tetraethylene glycol dimethyl ether (TEGDME).
[109][110] Currently, the most commonly used electrolyte for Li-S cells is 1M LiTFSI in
DOL/DME with small amount of LiNOs. However, the ether solvents are highly volatile
and flammable, posing serious safety concerns on the practical applications of Li-S

batteries. [111]
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For the successful operation of a Li-S battery, the electrolyte should satisfy many
criteria; (i) good ionic conductivity (103~ 102 S cm™ at ambient temperature), (ii) good
polysulphide solubility, but low polysulphide permeability through the separator (iii)
low viscosity, (iv) electrochemical stability, (v) chemical stability with lithium anode
and in the presence of polysulphide dianions and anions radicals, and (vi) low volatility,

low flammability, and low toxicity to ensure the safety. [109]

High ionic conductivity is crucial for the electrolyte as for any other electrochemical
cells, high efficiency of ion transportation between the electrodes is essential. [112]
Electrolytes for Li-S cells should also hold a suitable degree of polysulphide solubility.
Dissolution of polysulphide brings the reaction forward, therefore, complete
prevention of polysulphide dissolution will largely reduce the utilisation of sulphur.

Hence, the solubility of polysulphide should need to be carefully tuned. [107]

To surmount these obstacles, various modifications have been developed. Electrolytes
can be optimised by changing the solvents, salts, and additives and there is a wide

variety of choices available. [14]

1.6.1 Electrolyte systems
In this section we start by giving an introduction of solvents used in the electrolyte
systems for Li-S batteries, followed by an introduction to various salts currently

researched in the field of Li-S batteries.
(1) Ether-based solvents

Ethers are not commonly used in other Li-ion batteries as they decompose at high
potentials (~ 4.0 V vs Li/Li*), but could be used in Li-S batteries as these are not cycled
above 3 V vs Li/Li*. [113] Among the wide variety of ether choices, chain-ether, such as,
DME, DOL, TEGDME, polyethylene glycol dimethyl ethers (PEGDME), and
tetrahydrofuran (THF) are commonly used in Li-S systems owing to its excellent
polysulphide solubility, which contributes to a series of polysulphide chemical

reactions as well as electrode reactions of polysulphides. [50][114]

Barchasz and co-workers reported that a single solvent of TEGDME contributes to an
excellent electrochemical performance in Li-S batteries among a series of ether-based

solvents. This is because TEGDME has a relatively high donor number, which has been
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associated with more solvating O atoms in its structure, enabling to dissolve and
dissociate the Li salt and polysulphides well. [115] However, it is difficult to achieve all
the above-mentioned requirements of the electrolyte for the Li-S system with the use
of a single solvent. Therefore, mixed solvents, binary as well as ternary mixtures, have
become popular choices to design Li-S electrolytes. It was later found that a mixture of
TEGDME and DOL solvent in the volume ratio of 25:75 provides a high ionic
conductivity electrolyte with good polysulphide solvation ability. [113] Thus, it is
concluded that the solvation ability is a key factor to achieve high battery performance.

[116]
(2) Sulphone-based solvents (EMS, TMS, MiPS)

Further, there have been a few reports on sulphone-based electrolytes, such as,
tetramethylene sulphone (TMS) [117] and ethyl methyl sulphone (EMS). [118] TMS has
excellent advantages of low volatility, low toxicity, and high safety compared to ether-
based solvents, while EMS offers high ionic conductivity due to its low viscosity
property. [112] In the work of Yoon et al. TMS was found to have low donor ability,
which prevents dissolution of Sg into the electrolyte. Combining the sulphone-based
and ether-based solvent is also common for Li-S electrolytes. [119] A binary solvent
mixture, TMS/DME electrolyte containing 1 M LiTFSI combined with sulphur-multi

walled carbon nanotube cathode achieved stable electrochemical performance. [120]

(3) Carbonate-based solvents (Ethylene carbonate (EC), Dimethyl carbonate

(DMC), Propylene carbonate (PC))

Although carbonate-based solvents are chemically incompatible with most sulphur
cathodes, they are occasionally used if sulphur is strongly confined in a porous host,
which avoids the formation of long chain polysulphides, thus eliminating the strong
nucleophilic reaction of dissolved polysulphides with the electrolyte. For example, Xin
and co-workers demonstrated that small S;.2 molecules confined in carbon micropores
paired with a carbonate-based electrolyte (1M LiPFs in EC/DMC (1:1 wt %)) exhibited
the initial discharge capacity of 1670 mAh g at 0.1 C, retaining over 1000 mAh g*
after 200 cycles. [121] They claimed that the active small sulphur allotropes (S, S3, and

S4) are confined in microporous carbon with the pore size smaller than the diameter of
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a Sg ring, which excluded the transition between Sg and S4> during cell cycling. [121]

Although the real state and the true mechanism for this material are still unclear. [31]

Instead the Zheng group have prepared a sulphur cathode suitable for a carbonate-
based electrolyte (1M LiPFs in EC/DMC (1:1 wt %)). Based on a composite design of
copper-stabilised sulphur-microporous carbon. They obtained a specific capacity of

more than 600 mAh g after 500 cycles and the average CE value close to 100%. [55]
(4) Choice of Li salt

The Li-salt is the source of Li* in the electrolyte. [112] To achieve the desired Li-S cell
performance, lithium salts should be compatible with the electrolyte solvents. Good
solubility and high dissociation ability are essential to obtain good ionic conductivity.
Moreover, they need to be chemically and electrochemically stable, as well as

thermally stable.

Currently or potentially used Li salts in Li-S battery includes; LiTFSI, LiClO4, LiPFs, LiTDI,
LiNOs, LiBOB, LiBETI, and LiTf (see Table of abbreviation in Appendix A-1). Among
these, LiTFSI and LiTf are presently the norms as both of those satisfy the requirements
mentioned above. It is worth pointing out that LiTf is not a suggested salt for most of
other Li-ion batteries, as the Al current collector starts to corrode at 2.8 V in LiTf
electrolytes. Nonetheless, this should not be a problem with Li-S cell as it is normally

cycled below 2.8 V vs Li/Li*.

The importance of the lithium salt is often overlooked and there are only a few studies
focused on the effect of lithium salt alone. [112] Different studies use different
compositions of lithium salt, solvents, and concentrations, which makes it difficult to
compare the effect of individual lithium salts between the work of different
researchers. [112] However, there are few studies where the lithium salt is the only
variable and all other parameter consistent. Ueno et al. analysed the difference in a
series of equimolar mixtures of glyme solvents (triglyme and tetraglyme) and lithium
salts (LiTFSA, LiBETI, LiTf, and LiNOs), [122] while Han et al. measured the counter
anion effects of common Li salts (Tf, TFSI,, FSI, and TDI') when dissolved in DOL/DME

solvents with various concentrations. [123]
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In the work of Ueno et al., a heavy redox shuttle was observed when LiNOs and LiTf are
paired with the triglyme solvent. Attempts were made at the molecular level to explain
the poor performance of this electrolyte; the strong interaction between NOs  and OTf
anions was suggested as a result of slightly less stable [Li(triglyme)]* complex. Hence,
lithium polysulphide species are highly solubilised in the electrolyte thereby causing
unfavourable redox reactions. Additionally, BFs was found to decompose in the
presence of polysulphides and LiNOs showed an irreversible reduction at the

composite cathode during the discharge.

Han et al. claimed that anion plays an important role in SEIl layer formation as well as
the dissolution of polysulphide species. The higher mobility anion, such as, TFSI
increases the concentration of anions in the electrolyte causing salt decomposition
with the formation of thick SEI layer as a result. On the other hand, lower mobility
anion, such as, Tf" can accelerate the undesired polysulphide dissolution due to the
strong interaction between anions and polysulphides. In this aspect, the TDI" anion has
relatively low mobility and weaker interaction with polysulphides and exhibited the

better cell performance.

On the other hand, Gao et al. measured the impacts of three different Li salts; LiCF3SOs,
LiPFs, and LiClO4 in TEGDME solvent and claimed that the electrochemical behaviour is

virtually the same and the choice of lithium salt had no significant effect. [118]

The concentration of the Li-salt is also proven to influence the Li-S cell performance.
Hu et al. reported that the use of a non-aqueous liquid ‘Solvent-in-Salt’ electrolyte
with ultrahigh salt concentration, composed of 7 M LiTFSI in DOL/DME (1:1 by volume),
controls both the thickness of a SEl layer and lithium deposition, therefore, protects
the lithium anode against the dendrite growth, resulting in better cell performance.
Additionally, the cell shows excellent cycling performance in a wide temperature range

down to - 20 °C. [79]

1.7 Characterisation techniques of Li-S cells

The discharge and charge of Li-S cells involve complicated multistep processes and the
precise state of sulphur reaction and the true mechanism is still a subject to debate,

and may not even be the same in different Li-S cell compositions. [31][124][125]
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Characterisation techniques of Li-S cell applied in previous studies are briefly described
here and detailed explanations can be found in Chapter 2 for the methods used in this

study.

1.7.1 Ex-situ measurement

Most electrochemical cell investigation techniques are conducted via post-mortem (ex-
situ) analysis to presume the electrochemical mechanism. [126] Unfortunately, it is
difficult to obtain accurate information using ex-situ techniques due to the following

reasons:

(1) Sulphur can be stable only for a short time under high vacuum because of its
low melting point and high vapour pressure at ambient temperature.

(2) Ex situ samples are extracted from cells cycled at the desired potential and
those samples generally require post-treatment, for instance, washing away
the electrolyte to obtain a clean sample for XRD measurement may result in
changed properties. There is also a chance of the material exposed to air, which
disturbs the accuracy of the measurement because sulphur intermediate
products are highly sensitive to the external environment and spontaneous
reaction may occur during or before the measurement.

(3) The high solubility of polysulphides in the electrolyte makes it difficult to
exactly detect and track with conventional methods.

(4) Sulphur cathodes may be metastable and may not be stable when electrically
disconnected. Therefore, the relaxation time between material extraction and

measurement may reduce the accuracy of the characterisation.

1.7.2 In situ/operando measurement
In situ/operando characterisation give more unambiguous information of the
electrochemical reaction process under real working conditions, which eliminates the
artefacts from additional treatment steps. [125][127] In situ measurements involve the
materials cycled in desired cells and stopped during the measurement, which is carried
out directly inside the cell at OCV. The term ‘operando’ refers to a continuous

measurement of the cell without disturbing the battery reaction.
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The intermediate products formed during Li-S cell cycling are highly sensitive to water
and oxygen. Also, the chain lengths of polysulphide species are sensitive towards
complex equilibria in solution. Therefore, mechanistic analysis operated during the Li-S
cycling brings significant advantages of obtaining an accurate information of the
nature of the electrochemical processes. [128] However, operando measurements are
also associated with few drawbacks. For in situ/operando characterisations,
compromises may have to be made between having standard electrochemistry during
measurement and the characterisation limitations due to cell configurations. [129] For
example, characterisation using X-ray requires an X-ray transparent cell, which may
affect the electrochemistry of the battery and alteration may be required in the cell
compositions, hence, measurements cannot be carried out under the real working
conditions. Designing a cell configuration to achieve both standard electrochemistry

and in situ/operando measurement is crucial to obtain accurate results.

1.8 Aim of the thesis

This chapter introduced the field of batteries and the gap between the current battery
technology and future energy storage demands. More specifically, the fundamentals of
the Li-S technologies are explained, including current understanding of the cell
operation mechanisms, recent progress, technical obstacles, and material

developments of this system.

The aim of this thesis is to better understand the Li-S operation system and sulphur
reaction mechanisms using operando synchrotron radiation XAS techniques. For this
purpose, advanced electrode and electrolyte materials for Li-S batteries are fabricated
and the behaviour of the sulphur reaction products are analysed under real operating
conditions. The following chapter 2 describes material synthesis and characterisation
techniques employed for this study, including the design of X-ray transparent Li-S cell.
In chapter 3 various electrolytes were investigated to better understand the influence
of the electrolyte systems towards sulphur reactions. Effects of lithium salt, organic
solvents, and the LiNOs additive are discussed. Chapter 4 presents the modification of
the sulphur cathode using several inorganic metallic additives, which offers the
adsorption of polysulphide intermediates as well as additional specific capacity.

Chapter 5 investigates the possibility of the replacement of an insulating binder with
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conductive polymer additives to facilitate in a similar fashion as well as providing the
architecture for sulphur and polysulphide confinement within the cathode.
Additionally, binder-free electrodes are investigated that eliminates the safety concern
originating from potentially hazardous material. The electrodes in chapter 5 are
fabricated using an environmentally friendly method replacing hazardous NMP

solution with methanol.
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Chapter 2

Materials and Methods

This chapter demonstrates the experimental procedures, preparation of Li-S batteries,
including sulphur composite cathode synthesis, slurry coating, electrolyte preparation,
and battery analysis techniques used in this work. The list of materials and chemicals

used are summarised in Appendix A-1.

2.1 Material synthesis

2.1.1 Cathode preparations

All sulphur cathode composites prepared in this thesis were synthesised via a

hydrothermal method unless otherwise stated.

1. S+ AB+ PVP composite (used for Chapter 3 and 4)

Sulphur was melt-diffused into acetylene black carbon (AB), which is the most
prevalent technique to prepare sulphur cathodes. The S+AB+PVP cathode was
synthesised by following steps; (i) 70 wt% sulphur and 30 wt % AB were mixed using an
agate mortar followed by heating in Teflon-lined autoclave at 155 °C for 12 hours, this
mixture is hereby denoted as S+AB. (ii) NMP solution containing 6 %
polyvinylpyrrolidone (PVP) (denoted by PVP-6) is prepared to use as a solvent to form
a slurry. (iii) A slurry consisting of 85 wt. % of S+AB and 15 wt. % of PVP is prepared by
using the desired amount of PVP-6 solution and stirred for about 16 hours for
homogenisation. The final composition of S+AB+PVP (60:25:15 by mass ratio) were
prepared. (iv) The slurry was coated on an aluminium current collector using a doctor-
blade with a wet thickness of 180 um. (v) The electrodes were dried under vacuum at
60° for about 16 hours to eliminate residual solvent and moisture (Figure 2-1a). (vi)
The cathode sheet was cut into 12.7 mm size circles (Figure 2-1b) and stored in an

argon-filled glove box until use. This is used as a reference cathode in Chapter 3 and 4.
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Figure 2-1. Schematic diagrams of the S+AB+PVP cathode synthesis steps. (a) A

(

photograph of slurry coated on Al current collector sheet using a doctor blade and (b)

cathode discs cut into 12.7 mm.

2. Sulphur cathodes with metal oxides (sulphide) additives (MX@S5)

80 wt. % sulphur and 20 wt. % metal oxides or sulphide (MX) were mixed using an
agate mortar followed by heating in Teflon-lined autoclave at 155 °C for 12 hours. A
slurry consisting of 12:48:25:15 equals to MX: sulphur: AB: PVP is prepared by addition

of the desired amount of AB and PVP-6 solution into the MX+S mixture and stirred for
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about 16 hours to for homogenisation. The slurry coating method is the same as

described above.

2.1.2 Electrolyte preparations
All electrolytes were prepared in an argon-filled glove box containing less than 0.5 ppm
of oxygen and water. All lithium salts were dried under vacuum at 120 °C for 12 hours
prior to use. The dried salts were dissolved at desired concentration in the electrolyte
solvents and stirred for about 16 hours. In this thesis, each chapter uses different
electrolyte systems. The details of the electrolyte compositions and concentrations are

stated in each experiment.

2.1.3 Separator preparations
In this work all cells were assembled using glassfibre separators (purchased from
Whatman GF/C, [2]). Separator was punched into 15.8 mm and dried under vacuum at

80 °C for 24 hours and kept under argon until use.

2.1.4 Coin cell configuration
All cell parts (top cap, 0.5 mm spacer, bottom case with gasket) were dried under
vacuum at 80 °C for 24 hours before transferred into an argon-filled glove box
(Mbraun; < 0.5 ppm Oz and H;0). Coin cells were assembled using a coin cell crimper
purchased from MTI [3]. All Li foils used were cleaned with brush to remove oxidised

layer and punched into 12.7 mm diameter prior to assembly into coin cells.
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Figure 2-2. Schematic diagram of 2016 coin cell configuration.

2.2 Material characterisations

This section introduces the techniques employed to characterise the as-synthesised

materials.

2.2.1 Laboratory electrochemical characterisation methods
Cycling voltammetry (CV) and galvanostatic charge/discharge were tested to evaluate
the electrochemical performances of batteries. All measurements were carried out
using Bio-Logic VMP-3 potentiostat (Bio-Logic) [4] or Maccor Battery Tester [5] at room

temperature.

2.2.1.1 Cyclic Voltammetry (CV) curve
In CV measurements, a series of voltage is applied to the battery through the fixed
voltage window at a constant scan rate. During the CV scan, the analyte is either
reduced or oxidised, which produce currents and plotted as a function of voltage. This
is called a cyclic voltammogram (CV), allowing acquisition of the cathodic and the

anodic peaks which can be employed to investigate the redox potential of the
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electrodes and electrolytes. In this study, we applied two-electrode cells consisting of a

metallic Li and sulphur cathode in CR2016 coin cells for all CV measurements. [6]

2.2.1.2 Galvanostatic cycling (Discharge and Charge) curve
Galvanostatic discharge/charge curve is used to determine the practical capacity and
cycle performance of the electrode materials. The specific capacity is generally
expressed as mAh g*. When describing batteries, the term ‘C-rate’ is often used, which
is a measure of the battery discharge (charge) rate relative to its maximum capacity.
The C-rate of 1 (1 C) means to allow the cell to reach its theoretical amount of
discharge capacity in one hour. [7] In this study, the applied C-rate was calculated
based on the theoretical specific capacity of sulphur active material (Q = 1673 mAh g?)
and stated for each experiment. From the galvanostatic discharge/charge curves,

Coulombic efficiency (CE, %) can be calculated using Equation (2-1):

Discharge (mAh g~%)
%) = 2-1
CE (%) Charge (mAh g1 < 100 (2-1)

This gives the information about the degree of polysulphide shuttle. Lower than 100 %
indicates the presence of redox shuttle occurring from the ‘infinite’ charge. The CE
value higher than 100 % implies the incomplete charge (irreversible charge), therefore,

leading to the capacity fade in following cycle.

2.2.2 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) is a non-destructive method for determination of the structure
of crystalline materials, providing information of spacing between atoms and
orientation of crystals based on their diffraction pattern. The atomic places of a crystal
cause an incident beam of X-rays to interfere with one another as they leave the
crystal, generating a diffracted ray called X-ray diffraction. The scattered X-ray
undergoes constructive interference and observes a well-defined pattern of X-ray
intensities, which satisfies the Bragg’s law expressed by Equation(2-2).
nAd = 2dyy; sinf (2-2)

Where n is an integer (= 1), is the wavelength of the X-ray wave dhx is the crystal plane
spacing (d-spacing), and is the angle of incidence between the X-ray beam and the
selected lattice plane. Each diffracted rays can be associated to the d-spacing which

determines the crystal structure. [8]
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Figure 2-3. Schematic illustration of Bragg condition. Graph reproduced from [8].

2.2.2.1 Sample preparation for XRD measurement
XRD patterns were recorded using Rigaku MiniFlex equivalent with Cu K, radiation.
(See [9] for the specification of XRD instrument used.) Samples were finely ground
using an agate mortar prior to the measurement. All samples were deposited on zero-
background diffraction plate using some grease, and the patterns were acquired within

the 10-80° (26) range, using a step size of 0.02°.

2.2.3 Synchrotron radiation

Synchrotron radiation is emitted when an electron beam is moving near the speed of
light and forced to change its direction by the bending magnet. [10] Important
properties of the synchrotron radiation are; high intensity, broad and continuous
frequency range from infrared up to the hard X-ray region, high degree of polarisation,
pulsed time structure, high brightness of the X-ray source due to small cross section,
ultra-high vacuum environment and high beam stability. [11] The benefit of
synchrotron X-ray is the tunability of the energy, which provides element specific
information of local and each atomic species. [12] Also, synchrotron X-ray sources are
highly intense, which give a trace amount detection sensitivity and measurements can
be collected in shorter amount of time than when using conventional lab-based X-ray

instruments. Therefore, for synchrotron-based method, the experiments can be
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designed to take advantage of the penetrative power of X-rays to carry out operando

measurements. [13]-[16]

2.2.4 X-ray Absorption Spectroscopy (XAS)

X-ray Absorption Spectroscopy (XAS) is a strong analytical tool to provide an element-
specific probe of local electronic structure, which allow us to determine detailed
information about the oxidation state, bonding configuration, and chemical
environment around the excited atom without being interfered by other elements
present in the sample. [13] Since XAS probes short range order, the state of the sample
is not limited. The sample can be in an amorphous, liquid, or gas phase. [14] Therefore,
XAS is predominantly advantageous for the Li-S battery material characterisation
because during battery reaction of discharge and charge, the material undergoes
structural transformations and can exist in crystalline, amorphous or even liquid phase.
[15] In this thesis, benefits of the XAS technique was used to elucidate the reaction
mechanism of the electrodes during the electrochemical process of the Li-S battery.
Generally, for Li-ion battery materials, XAS measurements are done at the K-edge. The
K-edge is due to 1s core level (a K-shell) absorption, which is suitable for measurement
for elements with low atomic number and transition metals in the first row. The XAS
technique is extensively applied to Li-ion battery materials to understand the
mechanism of the electrochemical reaction in the material during cell operation. [16]
XAS measures the absorption behavior of atom due to its chemical and physical state.
Generally, the intensity of X-ray absorption is calculated according to Beer-Lambert
law expressed by Equation (2-3):
I =I,e™ ™ (2-3)

Where I is the intensity transmitted through the sample, /o refers to the intensity of the

incident beam, is the absorption coefficient and t is the sample thickness.

The simple mechanism is displayed in Figure 2-4. When an X-ray photon is absorbed by
an electron, one of the core electrons is excited to the continuum and leaves a core
hole at the core level (Figure 2-5a). This vacancy leads to two types of relaxation
process to lower the overall energy of the atom, either by emission of an X-ray

fluorescence photon (Figure 2-5b) or Auger electron (Figure 2-5c).
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Figure 2-4. (a) X-ray is absorbed, and a core electron is excited from the atom.
Relaxation state by (b) fluorescence X-ray emission and (c) Auger electron emission.

Graph reproduced from [17].

In X-ray fluorescence, a higher energy electron fills the core hole, ejecting a photon of
well-defined energy (Figure 2-5b). The fluorescence energy emitted during this process
is characteristic of the atom. At the S K-edge, XANES spectra are correspond to the S 1s
- 3p orbital transition. [13] This is due to restriction of the lowest un-occupied
antibonding states on the S atoms by dipole selection rules of AL =41, AJ=0or #1. [18]
[35][58] When there is an excess energy, additional electron is emitted either from the
same core level involved in the relaxation process or from different shells. This
secondary ejected electron is called an Auger electron (Figure 2-5c). XAS measures
these transitions from core electronic states of electrons to the excited states and the
continuum as a function of the energy of the incident X-ray. The XAS spectrum is
generally divided into two regions: (i) the X-ray absorption near edge structure
(XANES) and (ii) the extended X-ray absorption fine structure (EXAFS) (see Figure 2-6).
[18]
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Figure 2-5. XAS spectra of TiO, showing the XANES and EXAFS regions, as well as the
inset showing the pre-edge region in XANES. The inset shows an expanded view of the

XANES region. Graph reproduced from [19].

2.24.1 XANES
The X-ray absorption near-edge structure (XANES) region is from about 20 eV below
the edge position to about 50 eV above the absorption energy edge (Eo). XANES
measurement provides information about coordination geometry, oxidation states,
and density of states of the material. The edge energy increases with increasing atomic
number and oxidation number due to higher charge of the nuclei, because the binding
of the core electrons is tighter. It, thus require more energy to excite an electron. [14]
Most importantly, multiple scattering (scattering involving several atoms) has to be
considered while EXAFS is dominated by single-scattering. The multiple scattering
depends on the interatomic distance, in which the photo-electron scatters from 2 or
more atoms prior to returning to the absorbing atom. [17] Unlike the EXAFS region,
XANES does not have a simple equation therefore used as a fingerprint to identify

phases.
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2.2.4.2 EXAFS
The extended X-ray absorption fine structure (EXAFS) region is from about 50 eV to
about 1000 eV above the Eo. The atomic arrangement of the neighboring atoms causes
the oscillation of the absorption coefficient. EXAFS provides structural information
such as bond distance of the nearest neighboring atoms and coordination spheres. The
EXAFS oscillation result from the interference between the outgoing and back-
scattered photoelectron from neighboring atoms in the molecule as presented in
Figure 2-7. With the increasing scanning energy above the absorption-edge energy, the
electrons entered to the continuum is backscattered off neighboring atoms. At a
particular energy E;, the outgoing and the back-scattered X-rays are in phase, resulting
in constructive interference, increasing the absorption coefficient. At a higher energy
E;, the outgoing and backscattered waves are out of phase due to destructive
interference, decreasing the absorption coefficient. [14][20] This modulates the

energy-dependent fine structure of the absorption coefficient.
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Figure 2-6. A schematic of EXAFS process representing the origin of EXAFS oscillations,
where ‘A’ represents the absorbing atom and ‘N’ represents the neighbouring atom.

Graph reproduced from [18][21].
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XAS can be measured either by transmission or fluorescence mode. The basis of
experimental geometry is displayed in Figure 2-8. Transmission or fluorescence
measurements are processed depending on the sample thickness and concentration,
and the energy region of interest. It also depends on the range of energy. For the
sulphur K-edge, fluorescence is the preferred measurement setup because most of the

energies will be absorbed by the time the beam goes through the sample.

2243 Transmission measurement
Transmission-detection mode is the simple setup for XAS measurement. In a
transmission measurement, the intensity of the X-ray beam is measured before and

after a sample and the absorption coefficient is calculated by Equation (2-4);

u(E)x = —In(ly/1) (2-4)
Where x is the sample thickness, Iy is the X-ray intensity incident on a sample, and / is

the intensity transmitted through the sample. [18][20]

2.2.4.4 Fluorescence measurement
In a fluorescence experiment, the incoming beam /¢ is measured using an ion chamber
while monitoring the intensity of the X-ray fluorescence using energy dispersive Si solid

state detector. [22] The absorption coefficient can be expressed by Equation (2-5).
u(E) < I /I, (2-5)
Where [r is the intensity of a fluorescence line (electron emission). Generally, the

sample is placed at 45° against the beam and the fluorescence detector oriented at 90°

degree against the incoming beam (Figure 2-7). [17]

I; Fluorescence

detector
Incident X-rays
_ — — L Ion chamber
Sample

Figure 2-7. An illustration of a typical apparatus for XAS measurements.
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2.2.4.5 Self-absorption (SA) correction
In fluorescence measurement, all matter attenuates the fluorescence intensity, hence,
the XAS oscillations can be damped due to the self-absorption (SA) effects. The total

absorption in the sample will be expressed by Equation (2-6).

teot (E) = 1y (E) + Hother (E) (2-6)
For concentrated samples, and are equivalent, thus XAS will be disturbed by the SA
effects, which can alter the shape of the spectrum. [23] This is a common problem with
sulphur samples, where measurement is taken in fluorescence mode in concentrated
samples. [25]-[27] In principle, SA effects and distortion of XANES spectra can be
avoided by dilution of sulphur concentration in samples and reducing the particle size
of sulphur. [24] The low sulphur content and low sulphur loading, so-called ‘two lows’,
considerably reduces the overall energy density per gram of the cathode that is not
suitable for practical application. [25][26] During the discharge and charge processes,
polysulphides are formed and dissolved into the electrolyte and vice versa. This can
alter the concentration of sulphur species detected by the X-ray, therefore, even if a
SA correction is applied, the concentration of sulphur species at the probed area
cannot be determined precisely enough. [27] Additionally, the thickness of the sulphur
electrode is expected to change due to the deposition of Li;S and intermediate
polysulphide species. [28] Therefore, in this study, SA correction was not applied in any
of the samples and focused on a qualitative analysis of operando XANES spectra and
the quantitative analysis of XANES spectra using linear combination fit (LCF) or
principal components analysis (PCA) was not performed because the good fit was not

obtained in most of the spectra.

2.3 XAS measurements

In this thesis, XAS experiment was conducted at two different beamlines, B18 at the
Diamond Light Source (DLS) and BM28 at the ESRF. The basic operation specification of
each beamlines are as listed in Table 2-1; [26][27]

Table 2-1. List of beamline specifications. [32]-[34]

Beamline B18, DLS BM28, ESRF
Energy range (keV) 2.05-35 2.4-15
Energy resolution 1.4 x10% 1.74 x10*
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200 x 250 u
Beam size (H x V) 500 um x 500 um
uptolmmx1lmm

Flux at sample

1.3 x 10%3 (300 mA) 3 x 10%2 (200 mA)
(@ 10 keV)

The experiment set up for B18 (DLS) is explained in Appendix A-3. The section below is
focused on the set up for the beamline XMaS (X-ray Magnetic Scattering, BM28) at the

European Synchrotron Radiation Facility (ESRF, Grenoble, France).

2.3.1 XMaS instrument

The beamline set-up at the XMaS beamline (BM28) at the ESRF is shown schematically
in Figure 2-9, consisting of a double-crystal monochromator followed by a toroidal
mirror. There is a total of three slits where the beam goes through. The slits control
the width of the beam and its angular spread. The monochromator filters a narrow
energy bandwidth from the X-ray source to a single desired wavelength. [31] The
mirror is used for harmonic rejection to remove the harmonic contamination from the
monochromator and vertical focusing, which greatly helps in performing low-energy
measurements. [22] In our experiment, a double mirror harmonic rejection was used.

[32]

Monochromator

Slit 2 Slit 3

L )
Second crystal | |
I I I
I / Torodial

First crystal Mirror

Synchrotron Be window

Figure 2-8. An overview of XAS experiment set-up at XMasS. [33]

For the S K-edge, EXAFS measurement would be very difficult, if not impossible. This is
highly related to the energy adjustment system using a double crystal monochromator.

The schematic for a double crystal monochromator is shown in Figure 2-10.
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Figure 2-9. Schematic of a double crystal monochromator. Graph reproduced from [11].

Energy adjustment is done by rotation and vertical movement of the monochromator
along the desired Bragg’s angle corresponding to a given energy. The direction of the
incident and exit beam remains constant while the vertical offset (h) between these

two changes with energy according to Equation (2-7). [11][23][36][37][38]

h =2gcos@ (2-7)
Where g is the distance between the two crystals and is the Bragg angle. At such
lower energies of S K-edge (2.47 keV), the monochromator Bragg angle becomes a lot
larger, hence the distance between the first and second crystal increases considerably,
leading to a large vertical displacement of the beam after the monochromator (Figure
2-10). [22] Normally, to fit the EXAFS data, a k-range of 8 — 15 A is required, which
makes the EXAFS measurements for the S K-edge is difficult, if not possible. In this
thesis, EXAFS analysis have not been employed and only the XANES regions
measurements were collected, which is sufficient to detect the type of sulphur species
formed during the Li-S cell reaction. The narrow energy region of EXAFS collected after

the XANES regions was only used for normalisation.

2.3.2 Soft X-ray spectroscopy

X-rays region are generally divided into two classes; soft X-ray and hard X-ray. Soft X-
rays are assigned to the energy range typicallsy less than 10 keV, whereas hard X-rays
referred to the energy range of 10 — 200 keV. [34] Soft X-rays are located in between
hard X-rays and extreme ultraviolet radiation (EUV), and probes core to valence
transitions of K-edges of the so-called life-elements, such as, oxygen, nitrogen, carbon.

[35] Recent work has shown that the XMa$S beamline (BM28) at the ESRF can be a high
77



flux source for XAS in the 2 - 4 keV energy regime. There are only few beamlines
available at those energies region. The K-edges of P, S, Cl, K, and Ca exists in this
energy window. [22] A modular vacuum chamber made it possible to conduct such low
energy K-edge studies (Figure 2-10). [22] This vessel fits within the Eulerian cradle,
which allows the sample environment to be maintained under vacuum or pure helium
atmosphere, as well as providing the ports for the fluorescence detector. To measure
the S K-edge, it is essential to carry out the experiments in such conditions to minimise
absorption and scattering from the atmosphere. XMa$S beamline is facilitated with a

Keytek detector, which is suitable for such a bespoke sample environment. [36]

For the fluorescence measurements, the choices of X-ray window materials are limited
at the emission at these lower energies can easily absorbed. We have successfully
designed a cell for this low energy regime using a thin Mylar film window. On the other
hand, this means that vacuum cannot be used because the fragile Mylar film may
break and cause evaporation of the electrolyte. Instead, the vessel chamber is filled

with He gas. [32]

2.3.3 Beamline set-up

All operando XANES measurements were performed at the XMaS beamline (at the
ESRF) [32] using a double crystal monochromator to adjust the energy at the S K-edge
energy (2.47 keV) or the Ti K-edge energy (4.98 keV). The XAS measurements were
performed in fluorescence mode mostly using a Ketek detector, unless otherwise
stated. [22] A detector is placed in plane at 90° to the X-ray beam and a sample
oriented at 45° to the incoming beam. [22] Reference compounds made into pellets
and measured under vacuum of ~ 10® mbar. Whereas all operando measurements
were carried out at room temperature under constant He-gas flow. The measured coin
cell samples were mounted on a sample holder which is equipped with a high precision

XYZ-motorised mount and electrical cables (Figure 2-12).
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Figure 2-10. Experimental set up for operando XANES measurement (S K-edge and Ti K-
edge) conducted at XMaS beamline (BM28) at the ESRF.

Figure 2-11. A photo of a coin cell sample mounted on the electrically connected
sample stage.
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2.4 Operando cell preparation

This section describes the X-ray transparent coin cell, which was especially designed
for operando XAS measurements at BM28 at the ESRF. All procedure and fabrication
methods described here are used in Chapter 3 and Chapter 4. The X-ray transparent
cell composition and fabrication method used for Chapter 5 is described separately in

Section 5.2.

2.4.1 Slurry coating for operando cells

In fluorescence detection mode the beam is reflected at the sample. This means that
the beam goes through the Mylar window and sample twice. At such low energies of
the sulphur K-edge (2.47 keV), the beam cannot go through an Al current collector,
therefore, modification of the electrode was necessary. The slurry preparation
procedures are the same as described in Section 2.1.1. The slurry coating method is
modified to fabricate cathodes suitable for the XAS measurement. Prior to slurry
coating, 2 mm diameter holes were punched through an aluminium sheet for the
preparation of the current collector. Mylar films were placed underneath the pre-cut
aluminium sheet to cover the holes during the coating process. A slurry was coated
using a doctor-blade, as shown in Figure 2-13, using the wet thickness of 180 um. The
cathode sheet was dried at 60 °C under vacuum for about 16 hours and cut into 12.7
mm sized discs. The Mylar film on the back of the current collector were removed

carefully and cathodes were kept in an argon-filled glove box until use.
Mylar film as a support
Which is removed after drying

4

Figure 2-12. Schematic illustration of X-ray transparent cathode preparation.

In an argon-filled glove box, X-ray transparent operando, coin cells were assembled

using Li foil as the anode, glass fibre as separator, and the as-prepared (window)
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cathodes. The electrolytes used are different for each study and stated for each
experiment. A stainless spacer (0.5 mm thickness) is placed between the Li metal and a
bottom case to ensure good pressure within the cell. Operando coin cells were
assembled in an argon-filled glove box utilising a coin cell crimper, unless otherwise

stated. The configuration of the operando cell is described as below.

2.4.2 Operando cell configuration

As previously described, to undertake the S K-edge measurements at XMaS (ESRF)
beamline, all measurements need to be done in a vessel chamber. This introduces
limitation on the cell size, excluding a pouch cell design, which need to be large
enough to ensure no electrolyte evaporation is taking place during cell assembly. A
Swagelok cell is also excluded, as it cannot fit in the chamber. Instead, an X-ray
transparent coin cell is designed, which is presented in Figure 2-14, including the

overall cell design and the electrode arrangement.

Top cap with 4mm hole covered
with 3.4 um Mylar window

Al current collector
with 2 mm hole
Active material

. Glass fibre separator

- Lithium metal slice

Q Spacer (0.5 mm thick)

Bottom cap with sealing gasket

Figure 2-13. Schematic diagram and a photograph the of X-ray transparent operando

coin cell configuration.
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2.5 Benchmark test of operando cell

For a successful operando XAS measurement, the operando cell needs to achieve both
(i) standard electrochemical behavior and (ii) X-ray to access to the material of interest.

These two important factors are examined and discussed below.

2.5.1 Electrochemical performance of operando cell

A benchmark analysis of operando coin cell was performed to test the reproducibility
of the electrochemical performance. Figure 2-15 compares the first discharge and
charge profiles of conventional and X-ray transparent in operando coin cell as a
function of specific capacity. Both cells were tested under the same condition using the
same slurry batch, at a rate of 0.1 C using electrolyte composed of 1M LiTFSI and 0.25
M LiNOs dissolved in DOL:DME (1:1 by volume). Voltage profile of operando coin cell
resembles that of the conventional coin cell including the plateau voltages,
demonstrating that the operando window modification to the coin cells does not alter
the electrochemical performance of the cells. In operando cell achieved the first
discharge capacity of 1036 mAh g, whereas that of the conventional cell is 1074 mAh
gl. We believe the slight capacity loss is due to reduced pressure of the coin cell where
Mylar window is placed. From this test, we established the -electrochemical
performance retention of in operando coin cell is reminiscent of the conventional cells,

hence modified coin cells are suitable for the operando XAS analysis.
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Figure 2-14. Discharge/charge curves of sulphur electrode cycled using operando cell

(dotted lines) and conventional coin cell (solid lines).

Operando cells were assembled in-house at University of Kent and transferred to the
beamline in argon atmosphere. The coin cell assembly process requires a special
equipment (coin cell crimper), which means, it was not possible to build coin cells at
the synchrotron facility. All cells were stored and cycled with equipment available at
the ESRF. Generally, there were up to 5 days after cell assembly until the start of
measurements. However, this should have not affected the electrochemistry of the
cells, as the operando cell stored for 5 days demonstrated a standard electrochemistry
behaviour, as shown in Figure 2-15, again compared with the fresh cells without an X-
ray window. Both cells are assembled using the same electrolyte and the same sulphur
electrode compositions. Both exhibited two discharge voltage plateaus with following

single charge plateau, with capacities in acceptable difference.

83



30 T T | T | ! |
»g | [LITDITMS] | )

26

24

22

20

Potential (V) vs Li/Li"

1.8

16

Conventional cell 3
-------- Operando cell stored for 5 days *

1 2 | L | L | L |
0 200 400 600

1.4

Capacity (mAh g™)

Figure 2-15. Discharge/charge profiles of sulphur electrodes cycled in conventional
CR2016 cell (black line) and operando cell after 5 days of storage (dotted red line).
Both cells are cycled in the same electrolyte (LiTDI/TMS) at a rate of 0.1 C between 1.3
-2.8V.

2.5.2 XAS resolution of operando cell

After confirming the electrochemical performance of the operando cell, we examined
its resolution capability at the beamline. Figure 2-17 represents the raw XANES spectra
of Mylar film and sulphur cathode assembled in coin cell before applying a current.
Here, we chose to display the raw spectra to prove the X-ray access to the material of
interest. Raw spectrum provides the measure of the relative content of sulphur species

in measured samples.

Since the beam goes through a Mylar window before detecting the sulphur cathode,
Mylar window must not contain or be contaminated by any sulphur species as it

interrupts the measurement of the active sulphur species. No sulphur peaks were
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detected in the Mylar film, which successfully confirms the no sulphur contamination

in the Mylar window.
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Figure 2-16. Raw S K-edge XANES spectra of Mylar-film compared to LiTDI/TEGDME

cell at the pristine state.

2.6 Sulphur K-edge reference samples

2.6.1 S K-edge reference compounds
S K-edge XANES spectra for sulphur-containing reference compounds were collected
using commercially available compounds, i.e., Ss, FeSO4, Na;S0s, and Na;S$,0s. These
reference compounds were diluted in PVP binder by grinding into a fine powder using
an agate mortar. The diameter of 12.7 mm pellets were then made with the resultant
mixture using a hydraulic press. The amount of material was calculated to optimise the
signal to noise ratio using the Absorbix software. [37] Commercially available Li,S
(Sigma-Aldrich, stored in an argon-filled glovebox.) was mounted in an X-ray
transparent operando coin cell without modification or dilution in a solvent. This was
processed in argon atmosphere is due to moisture sensitivity of the compound.
Polysulphide references were synthesised by stoichiometric mixing of Ss and Li,S

described below.
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2.6.2 Preparation of polysulphide
Polysulphide samples were prepared following the method established by Rauh et al.
[38] Stoichiometric amounts of elemental sulphur and Li,S calculated using Equation
(2-8) were mixed for 24 hours in TEGDME at 50 °C, followed by centrifuging for 10 min
at 5000 rpm. [39]-[44] However, only Li,S4 is discussed in this thesis for clarity, as all

synthesised Li»S;-s compounds displayed similar features in the XANES.

8Li,S+ 3Sg — 8Li,S, (2-8)
The resultant solutions were sealed in X-ray transparent operando coin cells for XANES
measurement. All the operations were conducted under argon atmosphere with less
than 0.5 ppm of H,0 and O;. The use of Li»S4 here represents fingerprint detection of
the linear polysulphide chain contribution, as shown by Figure 2-18, which compares
the S K-edge XANES spectra of three different references (Ss, Li2Ss, and Li,S) expected

to form during Li-S cell cycling.

2.6.3 Reference compounds; Sg, Li,S, Li,S4

T T T | ! | I ! ; v
2472.0 Oxidised sulphur region -

(2477 - 2482 eV) i
. LIS @ |

3.0 -

25

2.0

2473.0

2475.7
1.5

Intensity (a.u.)

1.0

0.5

| i 1 i 1 i 1 i I i I
2468 2472 2476 2480 2484 2488

0.0

Energy (eV)

Figure 2-17. S K-edge XANES spectra of reference compounds; Ss, Li2S, and Li;S4. The

spectra of Li,S and Li>Sa are offset for clarity by 0.8 and 1.6 units, respectively.
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The elemental sulphur (Sg) exhibits a prominent peak at 2472.0 eV arising from 1s to

unoccupied 3p transition, denoted as the main-edge, [45] together with a concave

feature at 2476.2 eV and broad feature centred at about 2479 eV.

Li>S is composed of two peaks at 2473.0 eV and 2475.7 eV, with a distinct concave
feature in between these peaks at 2474.5 eV, which agree with other references in the
literature. [39][46] Although Li,S is in more reduced state than Sg and Li;S4, the ionic
character of the Li-S bond result in two main peaks exist at higher energies than that

observed in Sg with its main-edge at 2472.0 eV. [47]

Lithium polysulphides (Li»Sa4), contain reduced form of sulphur atoms with an overall

oxidation number of S¥, characterised by the shoulder resonance at 2470.3 eV
(denoted as the pre-edge), additional to the main-edge at 2472.0 eV. This shoulder
clearly indicates the presence of a reduced form of sulphur in the sample. [46] After
the main-edge, a notable concave shape is recognised at 2474.5 eV. The main- and the
pre-edge resonances strongly depend on the local symmetry of sulphur atoms in the
compound. [48] Coordination of sulphur atoms in polysulphide are mainly divided into
two types; (i) terminal sulphur atoms placed at the end of the linear polysulphide chain
and adjacent to a lithium atom [13][44][45] and (ii) internal sulphur atoms acting as a
bridge between the terminal sulphur atoms (Figure 2-19). [39][51] Atom (i) and (ii)
types are presented as the pre-edge and the main-edge, respectively. [51][52] These

peak assignments agree well with previously published data. [7][17][57][35]

Additionally, it was confirmed that the reference compounds, Ss, Li2S, and Li2S4 do not
exhibit any characteristic resonance after 2477 eV, whereas oxidised form of sulphur
compounds (52037, SOs%, and SO4%) involve distinct peaks at higher energy region (see

Figure 2-20).

All features identified in this subsection of the thesis will be used in the following
chapters to identify the different sulphur species that may appear in the electrodes at

different stages of the cycling.
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Figure 2-18. Schematic illustration of the S K-edge XANES; the pre-edge and the main-

edge region corresponding to terminal sulphur and internal sulphur, respectively. [13]

2.6.4 Qualitative analysis of Sg, Li,S4, and Li,S
The chain lengths of polysulphides can be identified by two methods based on the
main and pre-edge features, i.e., by looking at (i) the absorption energy position of the
main-edge and (ii) the ratio between the intensities (peak area) of the main/pre-edge

resonances.

First-principles calculations by Pascal et al, has given a guideline to measure the chain
length of different polysulphides based on the energy position of the pre-edge and the
main-edge. [13] A linear polysulphide has more negatively charged terminal S atoms
compared to internal S atoms. [51] It was found that there is a linear correlation
between the peak splitting of the terminal and internal S atoms and partial atomic
charge difference. In long-chain polysulphides, the charge is more distributed and lead

to weak splitting of the internal and terminal S atoms, while in shorter polysulphide
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chains, the charge is more localised leading to well-resolved peaks of the pre-edge and
main-edge spectra. Thus, for internal S atoms (main-edge), the peak position shifts to
higher absorption energy with decreasing S-S chain length, due to increased core-level
binding offered by a decreased local valence electron density around the excited
sulphur atoms. [13][58] Also, the main-edge signal will become smaller with decreasing
chain-length of polysulphide, as the total proportion of the internal sulphur is smaller.
Therefore, the area ratio between the main-edge and the pre-edge is proportional to
the chain length of polysulphides. For example, long-chain polysulphide Li>Sg consists
of 6 internal S atoms with 2 terminal S atoms adjacent to Li atoms. Therefore, the
intensity of the main-edge would be much higher than that of the pre-edge. Thus, the
main-edge to pre-edge area ratio reflects the relative population of sulphur atom types
in a given sample, and this could be regarded as an estimate of the average
polysulphide chain length. [59] However, this will not have a simple linear relationship
when insoluble Li,S2/Li,S are involved in the reaction. [27] This is because the XANES
spectrum of crystalline Li;S has significantly different spectral features compared to
those of linear-chain polysulphides and elemental sulphur. [28][40][41][47][62] This is
because, these peaks are not arising from terminal and internal sulphur atoms, as
there are no internal sulphur in Li;S compounds, instead, these two peaks can be
explained by the ionic character of the Li,S bond. [47] Thus, the area ratio of main/pre-

edge can only be useful to indicate polysulphide chains, but not insoluble LiS.

For an estimation of the number of intermediate states that exist in a reaction, an
isosbestic point can be a useful identification tool. [63] Isosbestic point is the crossing
point of a set of curves indicating the stoichiometric conversion of one species to
another, which result from the fact that in a reaction the reactants and products have
equal absorption coefficient at a specific energy, while the analytical concentration
remains constant. [64] A clear isosbestic point indicates a two-step conversion reaction,
whereas a nearly or imperfect isosbestic point means that the spectra are dominated
by a two-step conversion reaction but are still affected by the presence of side

reactions. [65]
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2.6.5 References compounds— oxidised sulphur

Figure 2-19 shows the sulphur containing reference compounds NaxS;03, Na;S03, and

FeSO., to identify possible oxidised sulphur species formed during Li-S cell reaction.

[55](66]
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Figure 2-19. XANES spectra of reference compounds — Na;S,03, Na,S03%, and FeSOa.

The spectra are shown offset for clarity.

The distinct features of Na;S5,03 (2478.2 eV and 2480.0 eV) [55][67], Na;SOs (sharp
peaks at 2477.3 eV and 2481.3 eV and broad feature at 2497 eV) [68], and FeSO,
(dominant peak at 2482.0 eV and broad peak at 2498.0 eV) [69] are used to determine
the oxidised sulphur products formed after the electrochemically active sulphur main-

edge. These peak positions are in agreements with previous publications.

2.7 Data analysis

XANES data processing and analyses were conducted with the Athena program under

the IFEFFIT package. [70] All collected XAS spectra were converted to u(E) spectra

using Equation (2-5), yielding the raw absorption spectra of the sulphur K-edge. These
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raw spectra were then imported to the Athena software to process background
subtraction and normalisation. The X-ray energy calibration was performed with an
absorption measurement on pure sulphur in fluorescence-mode, where the peak was
centroid to 2472.0 eV. [40][46] Depending on the focus of the spectral representation,
whether it is on the concentration or the changes in the type of sulphur species, either

the raw or the normalised spectra are displayed and indicated in each figure.

2.8 Conclusions

In this chapter, fabrication of the samples and experimental techniques are described.
Also, the principle and overview of the characterisation techniques are explained,

including laboratory-based XRD technique and the synchrotron radiation techniques.

For the rest of this study, XAS will be used as an analysis technique to qualitatively
measure the reaction of sulphur in Li-S cells. In this work, X-ray transparent
electrochemical cell was designed, with configuration allowing for measuring the S K-
edge XAS spectra under fluorescence mode during cell cycling. We have used sulphur
containing reference compounds (Ss, Li2Ss, and Li;S) to establish the possible
intermediate products formed within the cell during cycling. The variety of the S K-
edge spectral feature of the main/pre-edge area ratio, isosbestic points, and energy
shift of the main-edge is discussed to give a guideline, which can be used to analyse

the intermediate species formed during cell reaction.
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Chapter 3

Effects of Electrolytes

3.1 Introduction

The performance of Li-S cells can be strongly influenced by the choice of the
electrolyte compositions. The important role of the electrolyte is to dissolve the
polysulphides formed during the cell operation and to bring the reaction forward. With
increasing concentration of the polysulphide dissolved into the electrolyte, the
viscosity of the electrolyte is increased hence lowering the ionic conductivity of the cell.

[1]

Generally, ether-based solvents are used in Li-S batteries as oppose to carbonate-
based solvents commonly used in other Li-ion batteries. This is because carbonate-
based solvents, such as ethylene carbonate (EC) and diethyl carbonate (DEC) are
known to react irreversibly with polysulphides. One possible explanation for this is the
nucleophilic reaction involving a radical attacking the carbonate species in the
electrolyte. However, the nature of the nucleophile (radical species) has not yet been
clearly determined. [2] Currently, the most-common electrolyte used for Li-S battery is
1 M LiTFSI dissolved in 1:1 volume ratio of DOL:DME binary solvent with an addition of
LiNOs. It is generally accepted that DOL and DME are appropriate solvents to
encourage the reduction of soluble polysulphides during cycling. However, the low
boiling points and high vapour pressures arising from two small ether molecules pose
problems for practical use of a long-term cycling due to its self-evaporation issue. [3]
Also, the volatility of DOL:DME solvent raises the flammability, thus leading to a safety

concern. [4]

Despite the fact that it is widely accepted that the Li-S cell reaction heavily depends on
the electrolyte compositions, less attention has been paid for the improvement of
electrolytes for the superior performance of Li-S battery. The reason for this may be
due to a number of requirements that should be fulfilled in the development of new
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formulations. A successful electrolyte solvent should meet the criterion of; (i) high
ionic conductivity, (ii) good polysulphide solubility, but low polysulphide permeability
through the separator (iii) low viscosity, (iv) electrochemical stability, (v) chemical
stability towards lithium, and (vi) high safety (low volatility, low flammability, as well as

low toxicity). [5]-[7]

Unlike traditional Li-ion batteries, the electrochemical tests of Li-S batteries involve a
full-cell configuration, hence it is difficult to optimise each component individually.
Therefore, it is indispensable to have a good understanding of Li-S reaction
mechanisms to see the influence of each component on its electrochemical properties.
[8] The configuration of Li-S varies significantly between each study, including the
cathode fabrication methods and electrolyte compositions, which makes direct

comparisons between different studies difficult. [9]

The fact that the Li-S cell performance is heavily influenced by the electrolyte, the
motivation of this work is to explore the optimal electrolyte composition to achieve
successful Li-S battery performance. Within this chapter, an overview of different
electrolyte compositions is presented using electrochemical measurement as well as
operando XANES (X-ray absorption near-edge structure) techniques to understand the
reaction mechanisms of sulphur during battery cycling associated with the different
electrolyte systems. The recent trend of the analytical technique for Li-S cell has been
focused on operando/in situ measurements. [10] It is widely accepted that the spectral
feature of the S K-edge XANES in Li-S batteries provides information about the types of
sulphur species that exists in the cells, such as, Li,S, elemental octasulphur (Ss), and
Li2Sx (2 £ x < 8). The energy position of the absorption edge, in which XAS is dependent
on the sulphur species, provides information about the oxidation state of the probed
atom. [5][11] Additionally, the XAS can give us information of the estimated overall
chain lengths of polysulphide species present in the probed area. [12] Therefore, it is a
precise method to obtain the picture of polysulphide intermediate formation

processes and their behaviour within composite electrodes. [2][3][5][6][13]-[17]

The electrolyte components analysed in this study were chosen based on their
availability, properties, and more importantly, spectroscopic suitability. The properties

of the solvent and salts used in this study are described below.
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Solvents:

The solvents used as electrolytes in this work are listed in Table 3-1. Here, the
properties of each electrolyte solvent are explained based on the dielectric constant,
viscosity, and donor number (DN). Dielectric constant expressed in ‘e’ is a rough
measure of the polarity of solvents. [18] Generally, a high dielectric constant means
that the solvent has high polarity, hence, greater ability to dissolve and dissociate the
conducting lithium salt. [19] A high viscosity means that the migration of ions in the
solvent is slow. [20] DN is a measure of the Lewis base behaviour of the solvent, and a
good metric for explaining the solvating power of lithium polysulphides in organic
electrolytes. [21] A high DN indicates that it will dissolve solutes more readily. [20]

Considering all these parameters, high dielectric constant with low viscosity, and high

DN are, therefore, the preferred solvent for Li-S batteries.

DOL (1,3-dioxolane) is a common solvent choice for the Li-S cell electrolyte known to
generate an insoluble and flexible surface electrolyte interface (SEl) layer of dioxolane
oligomer (-(OCH2CH,0CHj3)n-), which prevents dendrite formation. A SEI layer offers to
accommodate Li morphology/volume changes upon cycling, while enabling highly
facile Li-ion transport. [22][23] Despite these attractive advantages, DOL provides low
polysulphide solubility and slow polysulphide reaction kinetics due to slightly low

dielectric constant. [24]

DME (1,2-Dimethoxyethane) is a polar solvent with relatively higher dielectric constant
than DOL and low viscosity, which makes it a suitable solvent for Li-S cells because it
offers good polysulphide solubility and faster polysulphide reaction kinetics so the

complete redox reaction can be expected. [21][24]

TEGDME (Tetraethylene glycol dimethyl ether) has a glyme structure with dielectric
constant similar to DOL and DME solvents with relatively high DN. Additionally, it

contains more solvating oxygen atoms in its structure than DME, which greatly dissolve
and dissociate the lithium salt as well as sulphur active materials. [19] Additional
advantages of TEGDME are the high boiling point, low vapour pressure, and lower
flammability of glyme-based solvents in comparison to the small-molecular ethers DOL

and DME. [3][4]
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TMS (Tetramethylene sulphone) has a considerably high dielectric constant, hence

considered as a solvent with high polarity. It is an excellent solvent with regards to

safety concerns, as it shows low volatile toxic properties. [20] However, the limitation

may arise from its high viscosity with relatively low DN. [21]

Table 3-1. Basic properties of organic solvents tested for this study [5][25]

Dielectric Donor

Viscosity
Solvents constant number
(cP)
() (DN)
DOL O\ O/ 7.0 24 0.6
1,3-Dioxolane
@)
P \/\O/
DME 7.4 17 0.455
1,2-Dimethoxyethane
O e
TEGDME O 7.3 20 4.05
4
Tetraethylene glycol dimethyl ether
O\\ //O
S
TMS 43.4 14.8 10.34

Tetramethylene sulphone

Lithium salts:

Lithium salt is used as the source of Li*-ions in the electrolyte, which is required to

provide an ion carrier hence required to easily dissolve in the non-polar solvents. [26]
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Two different salts (Figure 3-1), LiTFSI and LiTDI were tested in this study. Among these
two, LiTFSl is more commonly used in Li-S batteries compared to LiTDI. [26] Both LiTFSI
and LiTDI salts are composed of weakly coordinating anions (WCA), enabling them to
dissolve in non-aqueous organic solvents. [27] The WCA nature of those salts is also a
key parameter to dissolve lithium polysulphides in the electrolyte to achieve successful

cell operation. [21]

@ F O O F (b) - N
— N
F%s N— S+F Fy—_ |
F 0 .0 F Ty,

Li Li

Figure 3-1. Structures of lithium salts used in this study, (a) LiTFSI and (b) LiTDI.

LiTFSI is internally flexible, it can adopt different conformations by rotating the two

groups attached to the central N atom, [13] whereas LiTDl is rigid (Figure 3-1). [14]

The popularity of LiTFSI is based on its high thermal stability, stable and high tolerant
to water, good compatibility with the ether-based solvents, and a high dissociation
ability. [15] The highly delocalised negative charge distribution of TFSI" effectively
reduce the interaction between Li*-ion and TFSI-anion hence dissociate easily with
increasing the solubility of LiTFSI in ether-based solvents, resulting in enhanced ionic

conductivity at room temperature. [23]

On the other hand, LiTDI is a relatively new salt, which is also thermally and
electrochemically stable, [16] as well as fully stable against water. [17][28] In the work
of Han et al., LiTDI is reported to give intermediate anodic stability and found to be a
successful salt, which effectively reduced the permeability of polysulphides thereby
minimising the shuttle effect. [29] Later on, the Han group demonstrated that this
improvement is due to the slow mobility of TDI-anion and weak interactions with

polysulphides. [30]

Though the LiTFSI is the most commonly used salt in Li-S batteries, it is not the best

choice of salt when the cell is analysed using an element specific XAS technique,
104



because the sulphone group of LiTFSI contributes to a dominant peak at 2480 eV in the
S K-edge XAS, which potentially masks the peaks originating from electrochemically
active sulphur species. Therefore, LiTDI was chosen as an example of a sulphur-free Li

salt for the XAS measurements.

LiNOs is currently considered as a standard component in Li-S electrolytes due to its

effectiveness to control the polysulphide shuttle reaction since the first proposal by
Mikhaylik. [31][32] LiNOs is oxidised to form LixNOy which functions as a protective
layer to the Li metal, preventing the parasitic reaction between polysulphide species
and the Li anode. Additionally, the introduction of LINO3 was found to give a synergetic
effect to improve the sulphur utilisation in the cathode. [33][34] These promising
results have made LiNOs; the major additive for electrolytes and almost appear in every
reports of Li-S cell. Nevertheless, the relevance of LixNOy layer towards redox shuttle
mitigation is still a matter of debate. [35] Ding et al. claimed that the LixNOy layer is
ineffective towards polysulphide suppression. Instead, LiNOs function through the NOs"
anions which strongly binds with polysulphides, facilitating the fast conversion reaction
from lithium polysulphides to sulphur, which mitigates the diffusion of polysulphide to

the anode side during charging process. [36]

Despite its excellent merits in suppressing the shuttle reaction, the use of the LiNO3
salt in the electrolyte introduces few drawbacks to the Li-S cells. Unfortunately, it is
consumed over time and progressively reduced on the Li anode, elevating the internal
resistance of the cell, lowering the output voltages of the discharge plateaus. [37] Also,
the strong oxidising nature of LiNOs raises safety concerns, as it can be explosive in
nature under high concentration and high temperature. [38] For these reasons, the
LiNOs salt should not be relied too heavily upon in the future, and searching for a
replacement or the new design of electrolyte available to work without the LiNOs salt

becomes necessary for practical applications. [39]

3.2 Material preparations

3.2.1 Electrode preparations
To study the effect of the different electrolyte systems on Li-S cells, conventional
sulphur cathode electrodes were prepared and characterised, and these electrodes

were assembled in CR2016 cells and electrochemically tested using VMP-3
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potentiostat in-house. Fabrication of the sulphur composite was done by impregnation
of sulphur in active carbon and mix with PVP in a ratio of 60:25:15, then stirred in NMP
to become a homogeneous slurry. The slurry was then cast on an Al-sheet, dried in a
vacuum oven, and cut into 12.7 mm cathodes and kept in an argon-filled glovebox until
cell assembly. In operando electrodes were prepared using Al-sheets with pre-cut
holes with a diameter of 2 mm. Again, the slurry was coated on the Al-sheet, dried and
cut into 12.7 mm and stored under argon atmosphere. These electrodes were
assembled in X-ray transparent coin cells (see Section 2.4.2) to be characterised at the
BM28 beamline at the ESRF. Details of the composite cathode fabrication and slurry

coating methods can be found in Section 2.4.

In this chapter, all sulphur electrodes are prepared using polyvinylpyrrolidone (PVP)
binder, which is one of a common binder used in Li-S batteries. Recently, PVP was
reported to utilise sulphur more sufficient than PVDF, which is also used as a common
binder in Li-S cells. [40] PVP is advantageous due to its amphiphilic nature. The
oxygenated groups offer strong bonding with the polarised lithium polysulphides and
hydrophobic groups bind with the non-polarised carbon surface. [41][42] Using the
same electrode composition in all cells allowed a direct comparison of the electrolyte

systems.

3.2.2 Electrolyte preparations
Electrolytes were prepared as described in Section 2.1.2. The compositions of
electrolytes tested are represented in Table 3-2 with their acronyms. In order to
observe the effect of LiNO3 salt towards the Li anode and the sulphur cathode, each
electrolyte was prepared with and without LiNO3 and electrochemically tested. The
concentration of LiTFSI and LiTDI were kept constant at 1 M and 0.25 M LiNOs; was
used for LiNOs-containing electrolytes, unless otherwise stated. In this chapter, the

amount of electrolyte was standardised to 80 pL mg™ of sulphur.
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Table 3-2. List of electrolyte compositions examined in this study. (a) 1 M LiTFSI used

as the lithium salt and (b) 1 M LiTDI used as the lithium salt. All combinations have

been studied both with and without LiNOs.

(a) 1 M LiTFSI
Solvent Volume ratio Acronym
LiTFSI/DOL:DME
DOL:.DME 1:1
LiTFSI/DOL:DME/LiNO3
LiTFSI/TEGDME:DOL
TEGDME:DOL 1:1
LiTFSI/TEGDME:DOL/LiINO3
LiTFSI/TEGDME
TEGDME
LiITFSI/TEGDME/LINO3
LITFSI/TMS
TMS
LITFSI/TMS/LiNO3
(b) 1 M LiTDI
Solvent Volume ratio Acronym
LiTDI/DOL:DME
DOL:.DME 1:1
LiTDI/DOL:DME/LINO3
LiTDI/TEGDME:DOL
TEGDME:DOL 1:1
LiTDI/TEGDME:DOL/LINO3
LiTDI/TEGDME
TEGDME
LiITDI/TEGDME/LINOs
LITDI/TMS
TMS
LITDI/TMS/LiNO3

Additionally to those electrolytes listed above, ultrahigh concentration electrolyte (7 M

LiTFSI in DOL:DME) is also investigated.
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3.3 Material characterisations

XRD measurements

The phase purity of sulphur cathode composite was confirmed by X-ray Diffraction
(XRD). As-prepared cathode composite powder (mixture of S and acetylene black (AB),
heated at 155 °C), pure sulphur, and pure AB were measured on the zero-background

sample holders and displayed in Figure 3-2.

Intensity (a. u.)

Sulphur, JCPDS No. 08-0247

S I’l’|“ bt b b L v g,
10 20 30 40 50 60 70 80

2 Theta (degree)

Figure 3-2. XRD patterns of pure AB, S+AB powder after heating, and pure sulphur.

The XRD patterns of pure AB show a broad peak around 26°, indicating an amorphous
structure, in agreement with the literature. [43] All the diffraction peaks of the
synthesised sulphur cathode are in good agreement with the XRD standard patterns of
the orthorhombic phase of sulphur (JCPDS #08-0247), except a broad peak around 26°,
arising from the addition of AB. [44] It should be noticed that diffraction peaks of the
synthesised cathode are distinctly lower than that of the pure sulphur, which is
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ascribed to the decreased crystallinity of sulphur or the even dispersion of S within the
composites through the melt-diffusion process. Additionally, none of the new peaks
was found in the synthesised sulphur composite, indicating that no additional phase

was formed during the fabrication of the sulphur composite cathode material.

3.4 Electrochemical measurements

In this section, the electrochemistry characterisations of the as-prepared electrodes
using variety of electrolyte systems were performed in-house using a VMP-3
potentiostat. All cells were assembled using conventional CR2016 coin cells with a help

of a coin cell crimper. The detailed cell configuration can be found in Section 2.1.4.
Reference electrolyte - LiTFSI/DOLDME/LINO3

The first system to investigate electrochemically is the S+AB+PVP cathode in the
LiTFSI/DOL:DME/LINOs electrolyte, as this battery is used as a reference in our study to
confirm that reported results are in agreement with previous publications. [45][46]
Figure 3-3a-c represents the cyclic voltammetric (CV) curves of the reference cell
recorded at a scanning rate of 0.10 mV s between 1.3 — 2.8 V. The first cycle shows
the first cathodic peak at 2.10 V corresponding to the formation of long-chain
polysulphides (Li»Ss) from elemental sulphur (Ss). A dominant broad cathodic peak is
exhibited at 1.47 V accompanied by a shoulder at 1.7V, corresponding to the
irreversible reduction of LiNOs. This is a typical behaviour of the LiNOs; contained cell
when the cathodic peak is scanned at a lower current of 1.3 V. [24][47] This peak is not
observed in the absence of LiNOs as shown in Figure 3-5a (LiTFSI/DOL:DME). The size
of this peak greatly diminished in the second cycle as indicated by curve 2 in Figure 3-
3a, suggesting that the major reduction of LiNOs occurs mostly in the first cycle. This
observation is an indication that the SEl-layer formation associated with LiNOs is
particularly important in the 1st cycle, suggesting that any SEl-layer formed is stable
and protecting the anode in the following cycles. One anodic peak located at 2.48 V in

Figure 3-3b represents the re-oxidation of polysulphides to elemental sulphur.

In the following cycling, there are two cathodic peaks observed at 2.33 V and 2.05 V
(Figure 3-3c), corresponding to the reduction of Ss to long/medium-chain polysulphide

and long/medium-chain polysulphide to short-chain polysulphide, respectively. From
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the 3rd cycle onwards, these two cathodic peaks become clearer with the increasing
numbers of cycles. This could be attributed to the distribution of polysulphides within
the cell, which could explain the increasing discharge capacity between cycles 3 to 10

in the discharge capacity plotted in Figure 3-4b.

Additionally, CV curves of another reference cell are obtained with higher cut-off
voltage (1.8 — 2.8 V) to avoid the LiNOs reduction peak (Figure 3-3d). Positions of the
two cathodic peaks and one anodic peak resemble those observed in Figure 3-3,
indicating that cut-off voltage alteration does not influence the redox potential, which

was expected.

(a) LITFSI/DOL:DME/LINO, (1.3 - 2.8 V)
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Figure 3-3. (a) CV profiles of the S+AB+PVP cathode cycled in LiTFSI/DOL:DME/LiINOs
electrolyte, recorded by scanning rate of 0.1 mV s between 1.3 — 2.8 V, (b) an
expanded view of the cathodic peaks in the potential range between 1.95V and 2.50V,
(c) an expanded view of the anodic peaks, and (d) CV profiles of another cell recorded

at the same scanning rate between potential window of 1.8-2.8 V.
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electrolyte cycled at a rate of 0.1 C. (a) Galvanostatic discharge and charge curves, and

(b) Cycling performance and Coulombic efficiency.
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The reference electrolyte cell demonstrated an initial discharge capacity of 1065 mAh
gl with two expected voltage plateaus at 2.30 V and 2.04 V (Figure 3-4a). This
observation is consistent with the CV results reported earlier. In
LiTFSI/DOL:DME/LiINOs electrolyte, it was observed that the discharge capacity
increases slightly with the increasing number of cycles up to 15 cycle where it reaches
a maximum, and decreases gradually afterwards (Figure 3-4b). This behaviour is not
observed in any other electrolytes (Figure 3-6e, f). This might be closely related to the
distribution behaviour of polysulphide in the cell, which agrees with the CV results
where two peaks at 2.33 V and 2.05 V are becoming more obvious after few scans
(Figure 3-3c). [48] We postulated that this behaviour is observed because at the
beginning of the cell operation, only small amount of active sulphur is involved in the
reaction and utilisation of sulphur increases with increasing cycling number when
more polysulphide species are dissolved into the electrolyte. Therefore, the full
capacity is not achieved at the beginning of the battery operation until 15 cycles. After
30 cycles, a reversible capacity of 700 mAh g is achieved (65% capacity retention).
This cell had an excellent CE value of average 92 % (inset of Figure 3-4b) over 100
cycles. This cell was further investigated using in operando XAS characterisation

techniques in Section 3.6.3.1.

3.4.1 Electrochemical performances of S+AB+PVP electrode in

various electrolyte systems
A number of studies have shown that the choice of electrolyte composition may
change the reaction mechanism of the Li-S batteries and, thus, change the potentials
of a plateau values by 10 - 100 mV. [49] As part of the study, as-prepared sulphur
electrodes were assembled in cells using different electrolyte systems to evaluate the

electrochemical properties.

First, the reduction/oxidation of the sulphur electrodes in different electrolyte
compositions were investigated using CV measurement at a scan rate of 0.1 mV s and

results are shown in Figure 3-5.
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Figure 3-5. CV curves of sulphur electrode of 1 M LiTFSI in different solvents recorded

at a scan rate of 0.1 mV s%; (a) DOL:DME, (b) TEGDME:DOL, (c) TEGDME, and (d) TMS.
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The cathodic scan of the LiTFSI/DOL:DME cell is dominated by a broad peak centred at
2.12 V with a broad shoulder at around 1.9 V (Figure 3-5a), indicating that two
reductive peaks of Sg to long-chain polysulphides and subsequent formation of short
chain polysulphides overlap with each other. Following the anodic curve shows a broad
peak at 2.55 V, assigned to a reversible conversion of polysulphide to Ss. The
overlapped single broad cathodic and anodic peaks are most likely caused by the high

polarisation between long-chain, short-chain, and insoluble polysulphides. [50]

For the LiTFSI/TEGDME:DOL cell (Figure 3-5b), the absolute magnitude of the current is
much lower than that of the other electrolytes by a factor of 10, suggesting that this
electrolyte cannot contribute to the capacity due to low utilisation of active sulphur.
This agrees with the discharge/charge data, as the LiTFSI/TEGDME:DOL cell could only

reach ~ 400 mAh g in the initial discharge (Figure 3-6a).

Similar peak trends were observed in the LiTFSI/TEGDME cell (Figure 3-5c) but with
higher currents of the first cathodic peak centred at 2.31 V, followed by the second
peak at 1.86 V. It is noticeable that those peaks were shifted to lower potential than
the TEGDME:DOL cell, indicating a higher polarisation. Also, a shift in the anodic peaks
is recognised. The cathodic peaks of the LiTFSI/TMS cell (Figure 3-5d) is similar to what
was observed in the LiTFSI/TEGDME:DOL cell. Both exhibited a sharp anodic peak

around 2.4 V attributing to stable charging reaction.

Overall, the CV scans of S+AB+PVP electrode in four different electrolyte solvents
displayed different positions of the potentials and intensities of currents, indicating
that that the solvents influence the reduction/oxidation behaviour of the sulphur

cathode.

3.4.1.2 Discharge/charge curves
All electrolyte compositions listed in Table 3-2 were then tested by the galvanostatic

discharge/charge cycling (Figure 3-6).

114



3.0

= T T T T 3.0 T T T
[(a) 1 M LiTFSI - 1st cycle |
28 |
2.7 B
s 26
|
= PRI
3 N CEEEEEEE LSS S 4 e eeccememmmeemmemmaemmamem ==
o« 24 ——LTFSIDOL:DME/LINO, o 24 e b
=z —— LiTFSITEGDME: DOLILINO| ]
S 221 ——LiTFSITEGDME/LINO, 4
= ——LiTFSITMS/LINO, ~ 21 -
S 20} = = -LiTFSIDOL:DME >
= = = -LiTFSITEGDME:DOL =
= = -LiTFSITEGDME ; ;
2 i = —— LITDVDOL:DVE/LING,
g 18r = = LTFSITMS s 18 —— LiTDITEGDMEDOLLINO]|
3 = LiTDITEGDME/LINO,
16 o = LiTDITMSILINO,
H 15 = -LiTDI/DOL:DME H
14 | v LiTDVTEGDME:DOL
E . v LiTDITEGDME
' = = =LiTDITMS
12 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 n 1 1 2 1 1 1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400 1600 0 200 400 600 800 1000 1200 1400 1600
. A . E
Capacity (mAh g™) Capacity (mAh g™)
3.0 - T T 3.0 - T T
l(c) 1 M LITFSI 20th cycle | [(d) 1 M LiTDI - 20th cycle |
2.8 g in N ]
’ 4 -
P ‘" 27 U
i 26} o E ement
5 = e "
= P
O o4 -, —— LITFSIDOL:DME/LINO, ooal J——
@ = ——LiTFSI/TEGDME:DOLILINO, =
& 99 DN ~———LiTFSITEGDME/LINO, -
DIl B A | LITFSITMSILINO, g
T i) = = =LiTFSITEGDME:DOL <21k 1
= 20F | %\ - = -LiTFSITEGDME o}
c s e S - = -LiTFSITMS =
) Ny - 0y c
- . S v 2
g 18r Y - 1 o 18| ——LTDVDOLDMEILING,
F ' 'l\\ o e LiTDI/ TEGDME:DOL/LINO,
16 | H [ B —— LiTDITEGDMEILINO,
L ' 4 \ 15k ——LiTDITMS/LINO, i
1al ' ' \ i : = = -LiTDITEGDME:DOL
- ‘- 9 ) = = -LiTDVTEGDME
L} = = «LiTDI/TMS
12 1 1 1 1 1 12 1 1 n 1 " 1 " 1 " 1 1 n 1 "
0 200 400 600 800 1000 0 100 200 300 400 500 600 700 800
- A . -
Capacity (mAh g™") Capacity (mAh g™)
T T T T T T T T T T T T
1600 i —#—LITFS/IDOLDME/LINO, 1600 —=— LiTDVDOL:DME/LINO, e
—e— LiTFSITEGDME:DOLILINO, —e— LITDITEGDME:DOL/LINO,
—— LiTFSITEGDME/LINO, —A— LiTDITEGDME/LINO,
— 1400 |- —y—LiITFSITMSILINO, — 1400 |- —¥—LiITDITMS/LINO,
2 200 5" LTrsiTecomE oL h TR mesoe,
= I p 3 < 1200 |- —O— LiTDITEGDME: DOL .
< ~A~ LiTFSITEGDME < ~/+ LiTDITEGDME
c —— LiTFSITMS I r —-LiTDITMS
~~ 1000 " 1000
> >
@
S g 800
3 3
° o 600
g =
£ 8 400
2 2
[a} Q200
0
Cycle Number Cycle Number
H T T _alLiTFS/DOLDMELIN, 160 ’ T T ! ' T T !
#— LITFSI/TEGDME: DOLILINO:_
A LiTFSITEGDME/LINO, E
‘v~ LITFSITMSILINO, Y J
—0O-LiTFSI/DOL:DME b h
< v 7 Zo-LiTFSITEGDME DOL < 1204 T
< v i ~A~LiTFSITEGDME & \
3 100 =, : fungasunesssgbanas 3 100 [
% AV!VW %ll ouey 644 20000446847 §
2 ﬁ ] i | ) 2
2 = 80
% e e "IN R AAABABAL 5
£ X 2TR0000,4,6000090086655656600000000000 2 6
£ 5l ) v 1€ ae g —=—LiTDIDOL.DME/LINO, |
o v v o o / —e— LiITDITEGDME:DOLILINO,
3 v 3 40 - [ —A—LITDITEGDME/LINO,
(&) o > -y LITDITMSILINO,
1 20 | - O- LiITDITEGDME:DOL
£\ - LiTDITEGDME
L] -¥- LTDITMS 4
0 " 1 " L L 1 L 1 " 0 P Ll | NI S| 1 [ PR
0 10 20 30 40 50 0 5 10 15 20 25 30 35 40 45 50

Cycle Number

Cycle Number

Figure 3-6. Electrochemical performances of S+AB+PVP electrode in various electrolyte

systems with LiTFSI and LiTDI salt, and with/without LiNOs. (a) (b) The first
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show the coulombic efficiencies.

115



Overall, the discharge curves of the most of cell have two voltage plateaus, indicating
that the reaction mechanisms of sulphur in these electrolytes follow the traditional

two-step conversion process.

TEGDME:DOL

The LiTFSI/TEGDME:DOL electrolyte (dashed red line in Figure 3-6a) was an exception,
the high voltage plateau is almost diminished in the initial discharge, resulting in very
low discharge capacity of 400 mAh g1, which is less than a quarter of the theoretical
capacity. This agrees with the CV plots represented in Figure 3-5b, which exhibited
extremely low current. There are two possible explanation to this behaviour described
as follows. Firstly, the disappearance in the high voltage plateau may be explained by
the high rate of self-discharge phenomenon. Secondly, this behaviour may be caused
by the extremely low sulphur utilisation, which is more possible, because the high
voltage plateau is still very small in the 20™" cycle (Figure 3-6c), suggesting that the
amount of active sulphur engaged in the reaction is little. The introduction of the LiNO3
salt to this electrolyte, (LiTFSI/TEGDME:DOL/LiNOs, solid red line in Figure 3-6a)
showed an improvement in the extension of the high voltage plateau, but experienced
very quick capacity decay (Figure 3-6e, red filled circle). Among all LiTFSI salt
containing electrolytes, the binary solvent mixture of TEGDME and DOL was the worst
behaving solvent showing the lowest capacity contribution independently of the

presence of the LiNOs3 salt (Figure 3-6e, filled and open red circles).

Instead, with the LiTDI salt, the TEGDME:DOL solvent maintained the voltage output
and achieved high initial discharge capacity of 1050 and 980 mAh g using
LiTDI/TEGDME:DOL and LiTDI/TEGDME:DOL/LiNOs electrolytes, respectively (red lines
in Figure 3-6b, respectively). Particularly, the LiTDI/TEGDME:DOL/LINOs cell showed
very good cycling stability, with a decay rate of 1.1 % per cycle between the 5th and
50th cycles while retaining the high CE values nearing 100 % (Figure 3-6f, h, filled red

circles).
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T™MS

On the contrary, TMS electrolyte exhibited short voltage plateaus in the initial
discharge in the presence of the LiNO3, when combined with the LiTDI salt. LiTDI/TMS
(dashed blue line in Figure 3-6b) and LiTDI/TMS/LiNOs (solid blue line in Figure 3-6b)
both exhibited initial discharge capacities of 611 and 414 mAh g, respectively, which
are relatively lower compared to other LiTDI-based electrolytes. Whereas the LiTFSI
salt in TMS solvent, (LiTFSI/TMS, dashed blue line in Figure 3-6a), exhibited a high
initial capacity of 1012 mAh g, which is almost similar to that of the reference
electrolyte (solid black line in Figure 3-6a). For LiTFSI/TMS/LiNOs cell, a relatively high
discharge capacity is delivered up to 20 cycles (Figure 3-6e, filled blue triangles), but
the charging capacity fluctuated between each cycle after cycle number 10, leading to
low CE values and eventually the cell was terminated by the endless polysulphide

shuttle.
TEGDME

LiTFSI/TEGDME/LINOs (solid green line in Figure 3-6a) observed very clear plateaus in
the initial discharge and achieved an excellent capacity retention with a decay rate of
1.0 % per cycle between the 5th and 50th cycles while retaining an excellent CE values
nearing 100 % (green filled triangle in Figure 3-6g), indicating that the shuttle reaction
is largely minimised in this systems. Moreover, after 20 cycles, both the
LiTFSI/TEGDME/LINOs (solid green line in Figure 3-6¢) and the LiTFSI/TEGDME (dashed
green line) cells maintained their voltage output at the same level with their first

discharge, suggesting that the polarisation is very little in this system.

In contrast, large voltage polarisation was observed in LiTDI/TEGDME/LiNOs electrolyte
in the initial discharge (solid green line in Figure 3-6b), indicating the low ionic
conductivity and elevated internal resistance of this cell. However, this was only seen
in the initial cycle, and voltage plateaus were elevated to about 2.4 V and 2.0 V at the
20 th cycle (Figure 3-6d). The cycling performance of this cell is the best among all
LiTDI salt-based electrolytes, (Figure 3-6f) showing a small capacity decay rate of 1.7 %
per cycle between the 5th and 50th cycles. However, this electrolyte is impractical

without the support of LiNOs salt, experiencing very fast capacity decay falling to less
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than 100 mAh g capacity within 20 cycles for LiTDI/TEGDME electrolyte (dashed

green line in Figure 3-6d).
DOL:DME

The binary solvent mixture of DOL and DME used with LiTFSI salt showed very poor
cycling performance in the absence of the LiNOs salt. The initial discharge capacity of
the LiTFSI/DOL:DME cell is 690 mAh g (dashed black line, Figure 3-6a) which is only
41 % of the theoretical capacity value (1673 mAh g?). In the following charging process,
charge ending is drastically delayed and an extremely low CE of 21.5 % is found (Figure
3-7a). The strong overcharge can be explained by the reaction of dissolved
polysulphide at the negative electrode, encouraging the shuttle mechanism. The
fluctuating charging process eventually lead to a premature failure of the cycling
process at the cut-off voltage (Figure 3-7a). This is associated with lithium dendrite
growth inducing internal short circuiting, owning to the inability of this electrolyte to
function without the LiNOs salt protecting the Li anode. The DOL:DME solvent is not
usable with LiTDI salt, exhibiting a similar observation to the LiTFSI/DOL:DME cell
(Figure 3-7b,c). These observations suggest that the binary solvent of DOL:DME is not
as variable as other solvents and only able to work with the LiTFSI salt in the presence

of LiNOs salt.

118



3.0

238 .
R 26 -
o
= 24 4
g F
22 -
S0
® 20 u
c H CE 1st cycle: 21.5 %
% 18 H 2nd cycle: 28.5 % |
o 1.6: Cycle No4_; ]
r —_
14 H i
12 _I 1 1 1 1 1 1
0 500 1000 1500 2000 2500 3000 3500
Capacity (mAh g™)
|(b) LITDI/DOL:DME | |(¢) LITDI/DOL:DME/LINO, |
Eh =
=
%)
>
S 20F
©
c Cycle No. ——1
2 —_—2
°
o 15F 4
—6
(I) 10|00 20I00 30I00 0 10I00 ZObO 30|00
. -1 . -
Capacity (mAh g) Capacity (mAh g™")

Figure 3-7. Discharge/charge curves for S+AB+PVP electrode cycled at a C-rate of 0.1 C
in (a) LiTFSI/DOL:DME, (b) LiTDI/DOL:DME, and (c) LiTDI/DOL:DME/LINOs electrolytes.

Concentrated electrolyte; 7M LiTFSI/DOL:DME

Additionally, a concentrated electrolyte, 7M LiTFSI in DOL:DME (1:1 volume ratio),
close to the saturation limit is tested using the same sulphur electrode material. Figure
3-8 shows the galvanostatic discharge/charge curves for the first 8 cycles of this cell
cycled at a rate of 0.1 C with the inset showing the CV curves scanned at a rate of 0.1

mV s,
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Figure 3-8. Discharge/charge curves from 1st to 6th cycle of S+AB+PVP electrode using
7M LiTFSI/DOL:DME electrolyte cycled at a rate of 0.1 C between 1.3 — 2.8 V. Inset

shows the CV response of this cell scanned at a rate of 0.1 mV s™.

This cell showed an unusual voltage profile. No apparent plateau was observed in the
discharge curves. Instead, they consist of a slope-shaped curve and very low initial
discharge of 320 mAh g was found (Figure 3-8). This may be indicating that the
reaction mechanism in this electrolyte does not follow the two-step conversion
process and is highly related to the decreased ionic conductivity due to increased
concentration of salt. [51] The CV curve of this cell exhibits a very broad cathodic peak
with the lowest current at 1.73 V, indicating a high polarisation of the cell (inset of
Figure 3-8). This may suggest that the thermodynamic stabilisation of the soluble
polysulphide is altered in the high concentration of lithium salt in the electrolyte. [52]
Overcharge phenomenon is not observed in this cell, suggesting that the polysulphide
shuttle reaction is inhibited. In this ultra-high concentration of salt, long-chain

polysulphide intermediates (Li,Sx) are poorly soluble due to the saturation of lithium
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salt in the electrolyte. Therefore, polysulphide species are not diffused out of the
cathode, strongly preventing the redox shuttle. However, because the polysulphides
are not dissolved in the electrolyte, sulphur utilisation was very low, resulting in poor

discharge capacity. Similar results were observed in other reports. [51][53]

3.4.2 Summary of electrochemical observations

1. Effects of the solvents

Overall, for the LiTFSI salt, the reference LiTFSI/DOL:DME/LINOs electrolyte
demonstrated the best cell performance as shown in Figure 3-6e,f, representing the
highest capacity retention over the 50 cycles. However, this solvent system (DOL:DME,
1:1 by volume) can only access the standard electrochemical performance when used
with 1 M LiTFSI salt in the presence of 0.25 M LiNOs salt. Modification of the salts
introduces severe shuttle effect as highlighted in Figure 3-7. Therefore, DOL:DME is
not as flexible as other solvents and we cannot expect for further improvement of this
solvent system. On the contrary, the single solvent of TEGDME was capable to work
with both LiTFSI and LiTDI salts in the presence of LiNOs, which shows the flexibility of

this solvent system.

2. Effects of the LiNOs salt

Most of the systems exhibited better capacity retention and higher CE values in the
presence of the LiNOs salt, except for the TMS solvent, which showed a better cell
performance in the absence of LiNOs, independently on the choice of LiTDI or LiTFSI.

This result highlighted the capability of the TMS solvent in the absence of LiNOs salt.

3. Effects of the LiTFSI and LiTDI salts

Over the prolonged cycling, LiTFSI-based system pronounced heavier voltage
depression (Figure 3-6¢) compared to those with the LiTDI salt (Figure 3-6d). This
indicates that the internal resistance is mitigated when using the LiTDI salt. This
capacity decay mechanism, due to voltage depression, should be distinguished from
other cases, where the capacity loss occurs simply from shortening of voltage plateaus,

while the plateau potentials are still maintained. [54]
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Overall, the reference electrolyte system exhibited the best cell performance among
all the electrolyte components tested here. However, there is no room for further
modification and improvements can be expected for this system. In contrast, the single
solvent system, such as, TEGDME and TMS, proved the potential capability to work
with variety of Li salt choices. These electrolytes are, therefore, worth investigating
further to gain a clear understanding of their effects towards the sulphur reaction

mechanisms.

3.5 Visual examinations of the transparent cells

The electrolyte composition influences the solubility and mobility of polysulphide,
which subsequently affects the Li-S cell performance. [29][30] A direct visual
observations allow us to identify the different chains of polysulphides exist in the
electrolyte, which are known to promote different colour. Herein, we assess the
polysulphide dissolution behaviour of two cells using optically transparent glass cells,
which gave a good identification of the polysulphide dissolution behaviour. First, we
started by comparing the electrolyte colour change upon contact with the sulphur
electrode. Figure 3-9 shows the two different electrolytes systems
(LITFSI/DOL:DME/LINOs and LiTFSI/TEGDME:DOL/LiINOs) immediately after the cell

assembly.
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(a) LiTFSI/DME:DOL/LINO;

Figure 3-9. The appearance of transparent cells immediately after the cell assembly. (a)

LiTFSI/DOL:DME/LiNOs and (b) LiTFSI/TEGDME:DOL/LiNO3

LiTFSI/DOL:DME/LiINOs; does not exhibit any colour change at the point of the cell
assembly (Figure 3-9a). On the contrary, the LiTFSI/TEGDME:DOL/LiNOs electrolyte in
Figure 3-9b exhibited an immediate colour change to green upon contact with the

electrode.

The Nazar group reported that the different donor number of the solvents give rise to
different colouration in contact with polysulphide species. [2] Ultraviolet-visible (UV-
VIS) spectroscopy study of Barchasz et al. demonstrated that the coexistence of free
radicals and dianions in equilibrium in TEGDME solution introduces green colouration
of the solvent. [2][55][56] Therefore, immediate colourisation observed in the
LiTFSI/TEGDME:DOL/LINO3 suggests that the active sulphur is dissolved into the
electrolyte, leading to self-discharge phenomenon soon after the cell assembly. Also,

this may be a sign of possible presence of radical species. This could explain why
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LITFSI/TEGDME:DOL and LiTFSI/TEGDME:DOL/LINOs; exhibited very poor cycle
performance in Figure 3-6e (red circles). We further investigated the colour change of

these electrolytes at different depths of discharge.
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Figure 3-10. Visual examination of the LiTFSI/DOL:DME/LiNOs cell.

LITFSI/DOL:DME/LINO; changes from colourless to yellow in the beginning of the
discharge. It is widely accepted that dissolution of polysulphides in the electrolyte
result in yellow to brown colour, therefore, this indicates the polysulphide formation
and dissolution in the electrolyte (#1 in Figure 3-10). At the end of the low voltage
plateau, (#3 in Figure 3-10) yellow colour is slightly diminished and the solution is
returning to colourless, suggesting that the concentration of polysulphide is decreased
and converted into insoluble Li,S. Li;S deposition can only happen on the carbon
surface. Due to the insulating nature of Li;S and lithium polysulphide, these
intermediates require conductive support for reduction. Therefore, if any Li.S is
formed during the discharge process, it would be on the surface of the carbon material,
rather than seen as crystals in the solution. This reflects the disappearance of the

yellow colour in the #3 and #4 in Figure 3-10.
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The colour change of the LiTFSI/TEGDME:DOL/LiINOs electrolyte upon discharge

reaction is represented in Figure 3-11.
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Figure 3-11. Visual examination of the LiTFSI/TEGDME:DOL/LiNOs cell.

The LiTFSI/TEGDME:DOL/LINOs electrolyte turned dark reddish-brown colour with
increasing depth of discharge. Again, this is considered as the dissolution of
polysulphides in the electrolyte. [57] The electrolyte colour is observed much darker
than that in the LiTFSI/DOL:DME/LiINOs cell, suggesting that the dissolution of
polysulphide is more severe in this electrolyte. Also, the colour does not disappear at
the end of discharge (#3 in Figure 3-11), indicating that the soluble polysulphides still
exist in considerably high concentration. Additionally, this colourisation of the
electrolyte can also be considered as the reduction of LiNOs to LiNO2, where NO; is
known to exist in reddish-brown colour, [58] which could be causing the oxidation of

active sulphur material.
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Summary of visual examinations

An in situ visual electrochemical study of different electrolytes demonstrated that
dissolution rate of the Sg in the electrolyte upon cell assembly is influenced by the
electrolyte solvent. The LiTFSI/DOL:DME/LINOs electrolyte is effective in inhibiting and
recapturing polysulphide diffusion during the discharge process. When DME is
replaced with TEGDME (LiTFSI/TEGDME:DOL/LINOs), the cell shows an immediate
dissolution of sulphur into the electrolyte and diffusion of polysulphides into the

electrolyte was more severe.

TEGDME has stronger solubility power of polysulphides in the electrolyte solvent. This
may be explained by the difference in DN, of which TEGDME is 20 whereas that of
DME is 17 (Table 3-1). Also, this result suggested potential reduction of LiNOs in the
cell when TEGDME:DOL solvent is used.

3.6 Operando sulphur K-edge XAS analysis

To better understand the influence of the electrolyte on the sulphur reaction
mechanism, operando XANES measurements were performed at the sulphur K-edge
during galvanostatic cycling for the selected electrolytes. The LiTFSI/DOL:DME/LiNOs
cell was used as a reference system to compare with other systems, as this electrolyte
is most widely used for Li-S batteries. [23] LiTFSI/DOL:DME and LiTDI/DOL:DME
electrolytes were investigated to examine the failure mechanisms. Additionally, single-
solvent electrolytes, TEGDME and TMS were examined with LiTDI salt in the absence of

LiNOs.

3.6.1 Operando cell
For XAS experiments, cathodes were prepared to transmit the X-ray with 2 mm hole in
the Al current collector. The detailed configuration of the X-ray transparent cell can be
found in Figure 2-14 in section 2.4.2. All cells were assembled using a coin-cell crimper
(MTI, USA) to ensure the perfect sealing, which prevents the evaporation of the

electrolyte while maintaining enough pressure.
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Operando XANES data collection

All XAS measurement represented in this chapter were collected at the beamline
BM28 at the ESRF (Grenoble, France) using a double crystal Si (1,1,1) monochromator
and a Keytek fluorescence detector. Measurements for reference compounds were
carried out under vacuum, whereas all operando cells were measured under He
atmosphere. XANES spectra were recorded over the energy range between 2450 and
2520eV, with a step size of 1.5 eV before the pre-edge (2450 — 2465 eV), 0.16 eV in the
pre-edge, main-edge, and electrolyte region (2465 - 2495 eV), and 1 eV in the EXAFS
region between 2495 — 2520 eV, with a counting time of 3 s per point, resulting in a

total acquisition time of 14-15 minutes per spectrum.
The electrolytes analysed in this study are summarised in Table 3-3.

Table 3-3. List of electrolyte compositions measured by operando XAS.

XANES
Li salt Solvent Acronym
1st cycle 2ndcycle
1 M LiTFSI, 0.25 M LiNO3s DOL:DME  LiTFSI/DOL:DME/LINO3 v v
1 M LIiTFSI DOL:DME LiTFSI/DOL:DME v v
1 M LITDI DOL:DME LiTDI/DOL:DME v x
1 M LITDI TEGDME LiTDI/TEGDME v Discharge
1 M LITDI TMS LiTDI/TMS v v

3.6.2 Validation of sulphur cathode and electrolytes.
To ensure that the impurities or oxidised form of sulphur species do not exist in the
cathode composite (S+AB+PVP), the S K-edge XANES spectrum of the sulphur electrode
was collected and compared to that of the Sg reference compound (Figure 3-12).
Because XAS is an element specific technique, it probes all sulphur species exist in the
sample, therefore, extreme care is required that the spectra are only arising from the

cathode composite.

127



1.6 I T I T l

-
N
I
|

-
N
I

N
o
I

Intensity (a.u.)
o
(0]

06 |

04

0ol S+C+PVP electrode |
' —S8 reference

0.0 ' : ' : '

2470 2480 2490
Energy (eV)

Figure 3-12. S K-edge XANES spectra of the sulphur electrode (S+AB+PVP) and Ss

reference compound.

The sulphur electrode was directly measured on the sample holder, without any
window in front of it. In the sulphur electrode spectrum, only the signature of Sg was
seen, demonstrating that the sulphur particles in the electrode do not experience the

change in their atomic environment.

3.6.2.1 Sulphur-containing electrolytes
Sulphur containing electrolytes, such as, LiTFSI and tetra methylene sulphone (TMS)
can also contribute to the S K-edge XANES spectrum. It is important to distinguish
between the electrochemically active sulphur species and other sulphur species
originating from the electrolyte components. To determine the electrolyte sulphur
peaks, we measured the pure electrolytes under exactly the same conditions as were
measured using operando cells (using X-ray transparent cells with Mylar window) and

those were compared with the cells at the pristine states collected immediately before
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starting the discharge process. Here, it is worth remembering that no sulphur peak was

detected in the Mylar film (Figure 2-17 in Section 2.5.2).

1. LiTFSI/DOL:DME/LiNOs electrolyte
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Figure 3-13. Normalised S K-edge XANES spectra of the LiTFSI/DOL:DME/LiINO3
electrolyte and the LiTFSI/DOL:DME/LiNOs cell at the pristine state.

Hereby, we divide the S K-edge XANES spectra into the four regions, pre-edge, main-
edge, Li,S signal, and the electrolyte region marked as I, II, III, and IV, respectively in
Figure 3-13. Pure LiTFSI/DOL:DME/LINOs electrolyte exhibits a small peak in the
sulphur main-edge and a dominant peak at 2480.0 eV arising from the sulphonyl
functional group in Li salt (LiTFSI). In the pristine cell, the electrochemically active
sulphur peak (main-edge) is observed at 2472 eV together with the small pre-edge
resonance. These peaks are accompanied by the dominant electrolyte peak at 2480.0

evV.
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2. LiTDI/TMS electrolyte
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Figure 3-14. Normalised S K-edge XANES spectra of the pure LiTDI/TMS electrolyte and
the LiTDI/TMS cell at the pristine state.

In the pure LiTDI/TMS electrolyte, again a dominant peak is observed at 2478.9 eV,
attributed to the sulphone group in TMS solvent (Figure 3-14). The pristine state of the
LiTDI/TMS cell exhibited the main-edge at 2472 eV arising from the electrochemically
active sulphur in the electrode, and again, the dominant peak at 2478.9 assigned to

the TMS solvent.

Although these two electrolytes exhibit the dominant peaks in the region IV of the S K-
edge XANES spectra, they do not hinder the evaluation of polysulphide formation
during electrochemical reaction because the pre- and the main-edges arising from the

active sulphur species are well below the electrolyte peaks and easily distinguishable.
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3.6.2.2 Sulphur-free electrolytes
We then measured the electrolytes free from sulphur species. For the pristine spectra
of each sulphur-free electrolyte cell, we expected to see no oxidised sulphur peaks in

the regionIV.

1. LiTDI/DOL:DME electrolyte

Figure 3-15 shows the S K-edge XANES spectra of the pristine LiTDI/DOL:DME cell
compared with Li»S4 reference compound to show that no oxidation of the sulphur was

reported after assembly of the cell.
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Figure 3-15. S K-edge XANES spectra of the LiTDI/DOL:DME cell at the pristine state

compared to Li2Sa reference compound. The spectra are shown offset for clarity.

The XANES spectra collected at the pristine state of the LiTDI/DOL:DME cell is
dominated by the polysulphides and the spectral features were very similar to those
observed in the Li;Ss reference compound represented by the pink dotted line in
Figure 3-15. Both spectra observed the distinct pre-edge feature at 2470.3 eV (region

I), accompanied by the main-edge feature at 2472.3 eV (region II). After the main-
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edge, a concave shape is recognised at 2474.5 eV followed by a single broad peak in
region IV and no oxidised peaks is exhibited. This observation indicates that this cell is
drastically influence by self-discharge phenomenon during the cell storage and sulphur

species are already in the form of linear-chain polysulphides.

2. LiTDI/TEGDME electrolyte

The XANES spectrum of the LiTDI/TEGDME cell at the pristine state (Figure 3-16)
exhibits a weak sign of the pre-edge and a dominant main-edge arising from the
sulphur electrode at 2470.3 and 2472 eV, respectively. Additionally, two absorption
peaks are exhibited at the higher energy region (IV) at 2478.0 and 2480.0 eV, hereby
denoted as peak A and B, respectively, as shown in Figure 3-16. The LiTDI/TEGDME
electrolyte does not contain any sulphur species. It is, therefore, unexpected to find
these oxidised sulphur peaks. There are four possibilities to describe these oxidised
sulphur peaks; (i) impurities introduced by the electrolyte, (ii) air-exposure damage of
the cell, (iii) beam-induced damage, and (iv) chemical reaction between the Li, S, and O
within the cell upon contact of the electrolyte and the electrode. These possibilities are

investigated and presented in the below discussions.

(i) These peaks were first thought to be originated from the impurities in the
electrolyte. To investigate this, the XANES spectrum was collected for pure
LiTDI/TEGDME/LINOs electrolyte and compared with the pristine spectrum of the
LiTDI/TEGDME cell as displayed in Figure 3-16. The raw spectra were chosen in order
to directly probe the relative amount of the sulphur species present in the two
samples, rather than the normalised spectra which show the relative ratio of
components. In the raw spectrum, the edge step at 2500 eV presents the ‘total
population of sulphur’ (a value beyond the edge where all sulphur species are excited)
that is contained in the sample. [59][60][61] As can be seen in Figure 3-16, pure
LiTDI/TEGDME/LiINOs electrolyte does not contribute to the S K-edge XANES spectrum.

This eliminates the possibility of the contamination of the cell.
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Figure 3-16. Raw XANES spectra of pure LiTDI/TEGDME/LINOs electrolyte compared
with the LiTDI/TEGDME cell at the pristine state, validating that the

LiTDI/TEGDME/LiINOs electrolyte does not contain any sulphur species.

(ii) Other possibility is the oxidation of the electrode due to air exposure. The Mylar
window used in this experiment is 3.4 um thick, and damage can be caused anytime
between the cell assembly and the operando measurement, leading to the oxidisation
of the cell, resulting in oxidation of the sulphur species. To evaluate this, the Mylar film
on one of the fresh back-up cells with the same cell components was poked to expose
the electrode to air to mimic the Mylar window damage situation and measured at the
S K-edge. Figure 3-17 compares the S K-edge spectra of the air-exposed cell,
thiosulphate reference compound, and the LiTDI/TEGDME cell at the pristine state. As
can be seen, the spectral feature of the air-exposed sample is very similar to that of
the thiosulphate reference compound and peak at 2480.0 eV is much more
pronounced than that at 2478.2 eV, exhibiting different spectral feature to the
LiTDI/TEGDME pristine spectrum. This confirms that two peaks at higher energy region

in LITDI/TEGDME pristine cell is not arising from air-exposure of the cell.
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(iii) It was also thought that these two peaks are caused by the beam-induced damage
of sulphur. However, operando measurement confirmed that these peak features and
intensities are relatively stable throughout the discharge and the charge processes
(Figure 3-28a). If those peaks were due to beam-damage oxidation of sulphur, then the

intensity would progressively increase.

30 . | 2|478 e:V !2480 eVl

25 -

20

1.5

1.0 -

Intensity (a.u.)

05

—Na,S,0,

;—Air-exposed LiTDI/TEGDME cell
{=—— LiTDI/TEGDME Pristine

.0'5 | 1 1 1

2460 2470 2480 2490 2500
Energy (eV)

0.0

Figure 3-17. Sulphur K-edge XANES spectra of the LiTDI/TEG cell at the pristine state
(red line) compared with Na»S,03 reference (green line) and the air-exposed cell (blue

line). The spectra are shown offset for clarity.

(iv) Elimination of these three possibilities leaves the last postulation, that the oxidised
sulphur peaks are arising from the chemical reaction within the cell. According to the
previous publications, peak at 2478.0 eV is assigned to S* o* and/or SO3% o*, and peak
at 2480.0 eV is attributed to R-OSO, (where R represents alkyl group) o*. [62][63]
These insulating species are possibly caused by the reactions between Li, S, and oxygen
containing functional groups present in the electrolyte. [64][65] This is therefore

ascribed to partial oxidation of active sulphur within the cell.
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To conclude, these features were not found in the other electrolytes, and the visual
colour analysis in Section 3.5, as well as the absence of oxidised sulphur impurities in
pure LiTDI/TEGDME electrolyte suggests that it is reasonable to believe that the

postulation (iv) is the most probable.

Very similar peaks of oxidised sulphur were seen in the previous publications upon
cycling of sulphur-graphene nanocomposite [63] and CTAB-modified sulphur-graphene
oxide composite (CTAB: cetyltrimethylammonium bromide) [65] both in
PYR14TFSI/DOL:DME (PYR14TFSI: N-methyl-N-butyl-pyrrolidinium
bis(trifluoromethanesulphonyl)imide) electrolyte in the presence of LiNOs salt. Both
studies used total electron yield (TEY) and total fluorescence yield (TFY) XANES

techniques probing at the cathode surface.
3.6.3 Operando measurement

3.6.3.1 Reference electrolyte system - LiTFSI/DOL:DME/LiNO3
Operando XANES measurements were performed on the sulphur electrode assembled
in the reference electrolyte system, LiTFSI/DOL:DME/LiNOs. Figure 3-18a presents the
operando XANES spectra set recorded during the cell cycling and Figure 3-18b shows
the corresponding electrochemical data. The cell is discharged at the 0.05 C rate and

charged at the 0.1 C rate. Before starting of the cell cycling, the pristine spectrum was

recorded (black line in Figure 3-18a).
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Figure 3-18. (a) Operando XANES spectra of the LiTFSI/DOL:DME/LINOs cell and (b)
corresponding experimental voltage profiled during the initial discharge (green line)

and following charge (orange line).
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The pre-edge feature was detected at the pristine state (Figure 3-18a, black line) and
the spectrum was dominated by the polysulphide species, indicating the dissolution of
active Sg and reaction with Li-ions present in the electrolyte during cell storage. This is
due to the non-negligible solubility of sulphur in DOL:DME binary solvent, especially
DOL has considerably higher DN. During the first discharge and sequential charge,
spectral feature remains unchanged including the absorption energy positions and
peak intensities, suggesting that the sulphur species in the detected area do not
engage in the reaction. The lack of evidence for change in sulphur chemistry in the
spectral features of the S K-edge is not consistent with the electrochemical curve
represented in Figure 3-18b. The discharge capacity of ~ 800 mAh g is obtained with
two clear voltage plateaus with subsequent ~ 1000 mAh g charge capacity, which
clearly indicates that the active sulphur undergoes conversion reaction. It is important
to note here that the reaction products may be different in different positions of the
electrode, therefore, it is possible that the sulphur undergoes structural change within

the cell but not appeared in the detected area.

We postulate that this is because the polysulphide species formed during storage are
not dispersed into the electrolyte and masking the probing of the active sulphur that is
involved in the electrochemical reaction. This explains the unique cycling performance
of the LiTFSI/DOL:DME/LiINOs; cell exhibited in Figure 3-4b, where the discharge
capacity increased slightly with increasing cycle number in the beginning of battery
operation up to 15 cycles. The increasing discharge capacity is due to low utilisation of
active sulphur in the first few cycles, which is related to the distribution of the
polysulphides in the cell. Polysulphides formed during the cell storage did not dissolve
into the electrolyte and stayed on the surface of carbon, which hindered the access of
Li-ions to the remaining active sulphur underneath the layer of polysulphides. Due to
the insulating nature of sulphur and intermediate species, reduction of these species
can only take place on the surface of conductive carbon. Dissolution of polysulphide
into the electrolyte disconnects the polysulphide from the carbon so that the
remaining sulphur is exposed to the conductive carbon and reduction can

progressively move forward.
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3.6.3.2 LiTFSI/DOL:DME
Although this cell failed to cycle successfully in the conventional coin cells (Figure 3-7a),
operando XANES measurement was performed to evaluate the failure mechanism of
this system. LiTDI/DOL:DME cell was characterised under the same conditions as the
cell measured above, but maintaining the constant C-rate at 0.1 C throughout

discharge and charge processes. Figure 3-19 shows the summary of this measurement.
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Figure 3-19. Operando measurement of the LiTFSI/DOL:DME cell. (a) Discharge and
charge profile of the measured cell at a 0.1 C rate. The symbols on the voltage curve
indicate the point where the XANES spectra were collected. (b) S K-edge XANES spectra
collected during the initial discharge. Spectrum number O corresponds to the pristine
spectrum collected before applying the current to the cell. The inset represents the
area ratio of the main-edge to the pre-edge which guides the chain length of
polysulphide species exist in the sample, and (c) S K-edge XANES spectra collected

during the charging process.
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Again, the pre-edge is found at 2470.3 eV in the pristine state and the spectrum is
dominated by polysulphide (Figure 3-19b, black line), indicating the self-discharge
reaction. As the extent of discharge process, the pre-edge feature and its
accompanying main-edge feature at 2472 eV become more dominant, indicating the
overall proportion of polysulphide is increasing, as a result of the polysulphide
diffusion into the electrolyte. [66] The area ratio of the main/pre-edge for each
spectrum is calculated to estimate the average chain-lengths of polysulphides formed
during the reaction (inset of Figure 3-19b). The values decrease slightly from 6.3 to 5.1
throughout the discharge process, corresponding to the reduction of polysulphide
chain-length but only slightly. No spectroscopic evidence for insoluble Li,S,/Li2S
formation was found during this reaction, as the energy position of the main-edge

remained unchanged.

During the charging process, spectral change is not observed in the S K-edge XANES.
This result indicates that the sulphur did not experience any phase change at the
detected area. Polysulphides formed during discharge remained unchanged and did
not undergo oxidation reaction to form Ss, which explains the extremely low charge

capacity of this cell (~ 120 mAh g).

Difference in the higher energy region between with and without LiNO3

We have noticed some difference in the electrolyte region between these two cells.
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Figure 3-20. Normalised S K-edge XANES spectra set of (a) LiTFSI/DOL:DME/LiNOs cell
and (b) LiTFSI/DOL:DME cell.
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Figure 3-20 shows the collective results of LiTFSI/DOL:DME/LiINOs and LiTFSI/DOL:DME
cells highlighting the spectral change in the electrolyte region. During the cell reactions,
the electrolyte region remained unchanged in both cells. However, we have noticed a
weak shoulder at 2477.7 eV in the LiTFSI/DOL:DME cell, suggesting the presence of
oxidised sulphur. Zhang et al. found a similar feature in the presence of LiNOs salt,
where the XANES spectra were recorded on the separator from the cathode side. It
was demonstrated the formation of Li2SOs and Li»SO4 via reduction of LiNOs and
identified as a SEl layer. [67] However, this cell does not contain LiNOs salt, and the
shoulder peak is already present at the pristine state. Therefore, in this cell, the
sulphur is already oxidised by the reaction of S, Li, and oxygen present in the
electrolyte, which adversely influenced the active sulphur loss. Although it is not
possible to identify whether this peak is originating from the oxidation of active
sulphur species or side reactions of sulphur species in the electrolyte (LiTFSI), the
formation of oxidised sulphur may be the reason why the cell without LiNOs is

incompatible in DOL:DME solvent.

3.6.3.3 LiTDI/DOL:DME
To compare the salt effect of between LiTFSI and LiTDI in DOL:DME solvent (1:1 by
volume), LiTDI/DOL:DME electrolyte was examined in a similar fashion. Figure 3-21

summarises the operando dataset.
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Figure 3-21. Operando measurement of the LiTDI/DOL:DME cell. (a) Discharge/charge
curve of the cell cycled at the 0.1 C rate, and the normalised S K-edge XANES spectra

set during the initial (b) discharge and (c) charge processes.

Polysulphides are clearly detected in a significant amount in the pristine spectrum,
indicated by the presence of the pre-edge at 2470.3 eV, suggesting a high rate of self-
discharge reaction of this cell (Figure 3-21b). During the initial discharge and charge
process, it is seen that the XANES feature remains unchanged. The pre- and the main-
edge features are stable at the absorption energy of 2470.3 and 2472.4 eV,
respectively, including their intensities. This indicates that the sulphur species do not
undergo any change in the structure where the cell is probed by the X-rays. This means,
polysulphides formed during self-discharge are blocking the access of Li-ions from
other sulphur active materials, resulting in extremely low discharge capacity (250 mAh
g1). The recent work of Chen et al., demonstrated that LiTDI salt in DOL:DME solvent
decreases the solubility of Li2Ss by 83 % compared to LiTFSI in DOL:DME. [29] This

agrees to the reduced capacity found in LiTDI, limiting the utilisation and conversion
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reaction of active sulphur, hence reducing the access of Li-ions to electrochemically

active sulphur particles.

Although this cell has not shown a successful polysulphide conversion reaction, the
XANES spectra set can be used as an indication of whether the active sulphur species
are oxidised by the beam or not. Beam-induced damage is one of a major obstacles for
operando analysis of Li-S batteries using XAS techniques because it can change the
composition of the electrolyte species and oxidises the sulphur, significantly
influencing the XANES spectra. The beam-induced damage of sulphur was found in the
work of Gorlin et al, in which the increasing concentration of sulphate is found with
the increasing irradiation time. Typically, sulphur is oxidised to sulphate (SO4%), giving
rise to two features at incident energies of 2482 eV and 2498 eV growing with
increasing incident time. This may alter the electrochemical and spectroscopic

response, therefore, an extreme care is needed to avoid this effect. [68]

Figure 3-22 displays the S K-edge of higher energy region of this cell, where beam-
damaged sulphate peaks can be expected at 2482 and 2498 eV. [69]
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Figure 3-22. A series of operando XANES spectra of the LiTDI/DOL:DME cell
demonstrating spectral changes during the (a) discharge and (b) charge. Time between
each measurement was about 15 min, the spectra are shown offset for clarity.
Reference spectra of FeSO4 (black line) is shown for comparison. Indication of stable

features at the higher energy region confirms that beam-damaged sulphur is absent.

As clearly seen in Figure 3-22, there was no change in the peak intensities at 2482 and
2498 eV during the period of data collection of over 7 hours of multiple scans, which
confirms no spectroscopic evidence for beam damage with increasing acquisition time.
In addition, other oxidised sulphur peaks, such as, SO3% and S,03* were not found.
Therefore, it is confirmed that our measurements were performed without beam-
induced material damage, hence the change of XANES feature during operando
measurements is caused by the electrochemical reaction of the electrode. Also, none

of the other cells show any sign of such beam damage.
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3.6.34 LiTDI/TMS
LITDI/TMS electrolyte gained considerable interest as its discharge/charge voltage
plateaus were very stable throughout the number of cycling as observed in Figure 3-6d.
Figure 3-23 shows a summary of the S K-edge XANES spectra set during the initial cycle
of the LiTDI/TMS cell.
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Figure 3-23. Operando measurement for the LiTDI/TMS cell. (a) Discharge/charge
curve of the cell cycled at the 0.1 C rate. (b) Waterfall plot of the S K-edge XANES

spectra.
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Figure 3-24. Normalised S K-edge XANES spectra set of the LiTDI/TMS cell during the

first discharge. The inset shows the calculated area ratio of the main/pre-edge peak.

The pristine spectrum is presented in Figure 3-23b, black line. The main-edge is
exhibited at 2472.5 eV, accompanying with a convex shape nearing 2475 eV. The pre-
edge signature was not detected at the lower energy, indicating the minimised self-
discharge reaction, and the structure of sulphur is identified as Ss. The mitigation of
self-discharge reaction is highly related to the DN of the TMS solvent. As previously
shown in Table 3-1, TMS has the lowest DN among four solvents used in this study.
The weaker solvating power prevented the dissolution of active sulphur species in the

electrolyte, resulting in the low rate of self-discharge reaction.

As soon as the current is applied, a distinct increase in the main-edge intensity is
observed (Figure 3-24). This is assigned to the dissolution of sulphur species in the
electrolyte, hence concentration of the sulphur at the detected area is lowered, which
decreased the self-absorption (SA) effect, and resulted in the higher intensity of the

resonances. It is worth nothing that in Figure 3-23b, the sign of polysulphide is not yet
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seen in the beginning of the discharge, which means, at this point, majority of sulphur
species are still in the form of Sg. This suggests that in LiTDI/TMS electrolyte, not only
the polysulphide is formed during storage but also the dissolution of the Ss is
significantly inhibited. Again, this can be related to the low DN of the TMS solvent.
With increasing depth of discharge, the concave feature around 2475.5 eV flattens out
and the pre-edge peak growth is recognised after the end of high voltage plateau,
corresponding to 150 mAh g%, as indicated by the red circle in Figure 3-23b, confirming
the polysulphide formation. With increasing depth of discharge, the pre-edge feature
became more pronounced, suggesting the shortening of the overall chain-lengths of
polysulphide species. This spectra set did not involve any isosbestic points in the
energy region ascribed to the active sulphur (region I, II, and III). This means that
conversion reaction happened sequentially, rather than two reaction happening
simultaneously. Therefore, the reaction mechanisms are suggested as follows; Sg >
Li,Ss = Li2Se = LiSa. These changes are visualised in the inset of Figure 3-24 by
plotting the area ratio of the peak intensities of the main-edge to pre-edge, which
shows a steady decrease, indicating that the polysulphide chain lengths are

sequentially reduced.

Although, the absorption energy edge position of the main-peak remains unchanged,
suggesting that the formation of insoluble Li,S,/Li>S was not achieved. This may be
explaining why this cell exhibits the shortest discharge capacity in the initial cycle with
significantly short voltage plateaus compared to other systems (Figure 3-4b, solid blue
line), but capable to maintain the voltage plateau output because the volume
expansion and contraction of the cathode is suppressed by limited formation of Li,S

particles.
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Figure 3-25. Normalised S K-edge XANES spectra dataset during the first charge of the

LiTDI/TMS cell. The inset shows the evolution of the main/pre-edge area ratio.

During the charging process, similar spectral feature as observed during discharge
process but in reverse sequence is indicated by the blue arrows. The pre-edge at
2470.3 eV diminishes with increasing depth of charge, suggesting the conversion
reaction of short chain polysulphides to long-chain polysulphides. Again, this reaction
proceeds without involving isosbestic points in energy region ascribed to the active

sulphur, indicating the sequential re-oxidation process.

Figure 3-26 compares the normalised spectrum collected at the pristine state and the
last spectrum of the charging state, which directly reflects the reversibility of the
sulphur structure at the cathode as a result of cycling. The weak pre-edge at 2470.3 eV
is still observed near the end of charging process, indicating that polysulphide species
still exist in a small amount. The inset of Figure 3-26 represents the raw S K-edge
spectra, which shows the direct concentration of sulphur species present in the sample

at the edge step of 2500 eV. The edge-step exhibited at the end of the charging

146



process is significantly lower than that of the pristine state, suggesting the loss of

active material during battery cycling process.

, .
LiTDI/TMS

16 - o012} : -
1
- 010f !
3' 1
1 4 — 5”0_08 L : 7]
C
" 2 006
[o T i 1
12F5 l
§ 004l '
- 1
002} L —
10 Raw spectra i p—
0.00 s '

- 2470 2480 2490 2500 2510 2520
08 Energy (gY)

Normalised absorption (a.u.)

06 .
04 -
02 Pristine | -
— Charged
0.0 ' ' :
2465 2470 2475 2480 2485

Energy (eV)

Figure 3-26. Normalised S K-edge spectra of LiTDI/TMS cell at the pristine state and
end of the charging process, with the inset showing the raw spectra to show the direct

concentration of sulphur species present in the sample.

From these results, it can be speculated that the mitigation of the voltage polarisation
in this electrolyte system is due to the sequential conversion reaction of long-chain
polysulphides to medium/short-chain polysulphides, and limited formation of Li,S
species. Polarisation happens during nucleation of Li;S. The delay or elimination of Li,S
nucleation prevents the elevation of internal resistance of the cell, contributing to
maintain the output voltage of the discharge plateaus. In fact, there are no signs of Li,S
formation observed in the XANES spectra and the discharge capacity of the low voltage
plateau is considerably shorter than other electrolyte systems in the first cycle, further

supporting that Li,S is not formed in this electrolyte system.
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3.6.3.5 LiTDI/TEGDME
The LiTDI/TEGDME cell is investigated by operando XAS under the same conditions as
other cells, but with the cycling rate of the 0.1 C rate during the first discharge,

followed by the charging at the 0.05 C rate. Figure 3-27 shows the summary of the

operando dataset.
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Figure 3-27. Operando measurement for the LiTDI/TEGDME cell. (a) Galvanostatic
curve for the first discharge at the 0.1 C rate, followed by the charge at the 0.05 C. (b)
waterfall plot of the S K-edge XANES spectra.

148



ST T T T, T, T, T T T T
-(C) Main/pre-edge area ratio 5™
8 - Discharge | Charge .
9 - ..l.
S F ..l... ]
© i ....
O 6 -
< (mg Illl.lll..... ]
Sk ...Ill. ]
4 | : | L | L | 1 | 1 | L | L |
0 5 10 15 20 25 30 35

Spectrum number
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Figure 3-28. Normalised S K-edge spectra collected during operando measurement of

the (a) initial discharge of the LiTDI/TEGDME cell.
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Figure 3-28. Continued. (b) XANES spectra collected during the following charge.

There was a unique spectral feature trend compared to the previous electrolyte
systems studied. In the pristine state, the pre-edge is evident at 2470.3 eV (Figure 3-
27b, solid black line), indicating the influence of the self-discharge phenomenon during
cell storage. TEGDME has a relatively high DN of 20 (Table 3-1), and it is, therefore,
dissolving polysulphides in the electrolyte easily. However, the rate of the self-
discharge is lower than that in the LiTDI/DOL:DME electrolyte. This can be confirmed
by the less pronounced pre-edge feature in the pristine state of LiTDI/TEGDME cell
compared to that in the LiTDI/DOL:DME cell (Figure 3-21b). Very similar results have
been reported in the literature by the group of Abruna, using an in situ XAS analysis.
[70] The self-discharge reaction resulted in the elimination of the high voltage plateau
corresponding to the reduction series of Ss to Li»Sg in the initial discharge (Figure 3-
27a). Instead, the conversion reaction started from Li,Sg to Li;Ss, which resulted in the

low discharge capacity due to the limited utilisation of active sulphur species. During
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the discharge, the main-edge intensity progressively becomes weaker while the pre-
edge becomes more pronounced. This means that the concentration of terminal
sulphur grows while the population of the internal sulphur decreases, confirming the
formation of shorter chain polysulphides (Li2Ss-6). This can be recognised by the area
ratio values of the main/pre-edge plotted in Figure 3-27b, which decreases slightly in
the beginning of the discharge process. Detection of isosbestic points (indicated by the
red circles in Figure 3-28a and the inset figure) suggests that there is a two-step
conversion reaction. The last scan of the discharge (corresponding to 1.51 V)
experience an abrupt disappearance of the pre-edge while the main-edge absorption
energy shifts to higher energy by 0.3 eV, as indicated by the red arrow in Figure 3-28a,
which is an indication of the further reduction of polysulphide chain lengths to even
shorter ones, possibly forming insoluble Li,S,/Li,S. This result indicates that the sulphur
reaction mechanism in the LITDI/TEGDME electrolyte is different from other
electrolyte systems and the shortening of long-chain polysulphide to medium-chain
polysulphide happens simultaneously with the conversion of medium to short-chain

polysulphides.

In the following charging process, again, the pre-edge grows in the beginning before it
starts decreasing (Figure 3-27b). Simultaneously, the main-edge shifts to the lower
energy values with increasing depth of charge (Figure 3-28b), which was an inverse
effect to what was observed during the discharge process, hence indicating the
reversibility of the energy position. In the beginning of the charge, a flat feature is seen
at 2475.7 eV, which evolves to a concave shape throughout the charging process, as
indicated by the black arrow in Figure 3-28b, further confirming the re-oxidation of
polysulphides to Ss. This reaction also involve isosbestic points (indicated by the blue
circles in Figure 3-28b) at the same energy positions detected during the discharge

process, confirming that the oxidation process also involves two-step reaction.

Throughout the first discharge/charge process, the oxidised sulphur peaks at 2478 and
2480 eV do not experience in significant spectral change. Therefore, these peaks are
not considered as one of the influencing factors to the sulphur reaction mechanisms,
but oxidation of sulphur might have caused the inactivation of the active sulphur

leading to the fast capacity decay.
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To compare the structural difference and relative concentration of sulphur species at
the pristine and charged state, the normalised (a) and raw (b) spectra are shown in

Figure 3-29.
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Figure 3-29. (a) Normalised and (b) raw S K-edge XANE spectra of LiTDI/TEGDME at the

pristine state and charged state.

At the end of the charging process, the concave shape after the main-edge became

deeper than that of the pristine and the minimum intensity is located at higher energy
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position, as seen in Figure 3-29a. Also, the pre-edge is vanished in the charged state,
indicating that the polysulphide species are not present. This result indicates that the
complete conversion of polysulphide to Sg is achieved. Although the loss of active
sulphur after the cycling was inevitable as recognised by the difference in the edge-

step at 2500 eV in Figure 3-29b.

It can be concluded that the LiTDI/TEGDME electrolyte is effective in enhancing the
conversion reaction from long-chain polysulphides to short-chain polysulphides, and
possible formation of Li,S is also suggested. Although the successful redox kinetic of
polysulphide is achieved using LiTDI/TEGDME electrolyte, very poor cycling
performance is observed (Figure 3-6f, open green triangles), which decays the
discharge capacity to less than 300 mAh g in the initial 10 cycles and almost no
capacity is obtained after 30 cycles. This is possibly caused by an inverse effect of the
active sulphur oxidation by the presence of the electrolyte, detected as two peaks in
the S K-edge XANES at higher energy region of 2478 and 2480 eV. The cycling
performance and CE values of this cell are greatly improved by the addition of LiNOs
salt, therefore, the severe capacity decay of this cell is also caused by the polysulphide
shuttle reaction. One valuable objective for future work would be to conduct in-
operando XAS measurements on the anode side and the separator of the
LiTDI/TEGDME/LINOz cell and LiTDI/TEGDME cell. These data would then allow
investigation of a SEl layer formation and contribution of the LiNOs salt towards the

cell reactions.

3.6.4 Radical polysulphides
Additionally, we investigated the presence of polysulphide radicals. Currently, the
presence of radicals during the cell reaction is a subject to some debate. [27]
[56][68][71] In the S K-edge XAS studies, polysulphide radicals are reported and can be
identified in an XAS signal as a shoulder peak at lower energy nearing 2468-2469 eV.
[69] Based on the XAS studies, it has been reported that radicals species are present
when a sulphur electrode is cycled in the high dielectric DMAC electrolyte, [71] while in

the low dielectric DOL:DME electrolyte, radical species is not recognised.

Alloin et al. demonstrated the presence of radical species in TEGDME electrolyte using

the UV-VIS technique. [55] Wujcik et al. also agreed to the presence of such species in
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ether-based solvents, TEGDME and PEO based on UV-VIS and electron paramagnetic
resonance (EPR) spectroscopy. [56] To verify the existence of radical species, we have
done a close inspection of the XANES spectra in the lower energy region. Figure 3-30
shows the S K-edge XANES dataset of DOL:DME, TEGDME, and TMS electrolyte cells at

the low energy region where shoulder peaks of radical species are expected.
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Figure 3-30. Sulphur K-edge spectra; the region before the pre-edge shows no peaks of

radical species.

As can be seen in Figure 3-30, signature of polysulphide radicals were not detected in
any of our electrolyte compositions reported in this work. [47][48][50][51][53][70]
Nevertheless, it is worth noting that the polysulphide radicals would need to be long-
lived and present in relative high concentrations in order to be detectible in the S K-
edge XAS. [12] To obtain more accurate results, combination of UV-VIS spectroscopy
and EPR spectroscopy study is ideal, where UV-VIS can detect the difference in colour
arising from different chain lengths of polysulphides, and EPR can provide information
about the interaction of unpaired electrons with the surrounding nuclei. [8][71]
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3.7 Conclusions

In this study, a large variety of the electrolyte systems were investigated to search for
the most optimal system for the Li-S batteries. Our collective results indicated that the
best performing electrolyte for LiTFSI salt was found to be the binary solvent of
DOL:DME with the presence of 0.25 M LiNQOs, which is the standard electrolyte mostly
used in the Li-S cells. However, this electrolyte system is also found non-flexible, as the
DOL:DME could only work in those salt combinations. A single solvent of TEGDME was
found to be a compatible choice for both LiTFSI and LiTDI salts, in the presence of

LiNOs.

Operando XANES measurements of some of the systems were carried out, which have
provided important fundamental insights in the reaction kinetics and polysulphide
evolution during battery operations by real time observations. This revealed that the
self-discharge rate and sulphur conversion reaction of intermediate species differs by
the electrolytes used in the cell. It is demonstrated that LiTDI/TMS electrolyte has an
excellent merit in preventing the self-discharge phenomenon during cell storage, i.e.
the dissolution of Sg was strongly limited. It was also revealed that the sulphur
conversion reaction takes places sequentially rather than simultaneously in LiTDI/TMS
electrolyte. On the contrary, LiTDI/TEGDME electrolyte is advantageous in faster
reaction kinetics of the reduction reaction favouring the conversion of long-chain

polysulphides to short-chain polysulphides.

Additionally, this work demonstrated that no radical species is recognised in any of our
S K-edge XANES spectra, which decreases the possibility of formation of radical anions
during cell cycling in ether based and sulphone based electrolytes. To support this
finding, EPR analysis is necessary for a clear detection of radical anions. For a further
analysis, we will be conducting more detailed optical studies using open-cell
investigations, combined with UV-vis measurements to investigate dispersion
behaviour of polysulphides. Based on these results, we conducted more operando
XANES measurements using sulphur electrodes modified by inorganic additives and

represented in Chapter 4.
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Chapter 4

Sulphur Cathodes with Inorganic Additives

4.1 Introduction

Diffusional loss of sulphur active material during Li-S cell cycling is a serious issue,
strongly affecting the cycle life and rate performance of the system. The optimisation
of the electrode structure is one of the most appropriate and promising approaches to
this problem. In this chapter, attention will be given to the effect of using metal oxides
and sulphides (hereby denoted as ‘MX’) as additives in the sulphur cathode. MXs are
expected to control the polysulphide shuttle mechanism by trapping lithium
polysulphides via electrostatic attraction between the lithium polysulphide and MX
particles preventing a diffusional loss of polysulphides [1] It has also been proposed

that some MX additives behave as catalysts favouring the conversion of polysulphides.

(2]

Recently, there has been a trend for the utilisation of materials that adsorb
polysulphides, such as, metal oxides, [3] metal sulphides, [2] metal carbides, [4] metal-
organic frameworks (MOFs) [5] into the cathode to entrap polysulphides within the
sulphur cathode stabilising the battery cycling performance. [6][7] Metal oxides tend
to be insoluble in most organic solvents due to their strong ionic and covalent bonding
between the oxygen and metal. [2] Such materials, including MgO [8], TiO2 [9], Al.O3
[10][11] are inherently polar that can strongly bind with polar polysulphide molecules
preventing the detachment of lithium polysulphides into the electrolyte as well as
providing the enhanced utilisation of sulphur active material. [2][12][13] It is also
known that the bonding energies between some metal oxides and polysulphide
species are higher than those with classic carbon materials and polymers. [14] Thus,
the inorganic non-carbon materials and bonding mechanism have been attracting

great attention. Additionally, these materials offer the possibility of accelerating the
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reaction kinetics of soluble lithium polysulphides to insoluble Li,S,/Li,S, or the inverse

process, [2] explaining why MX additives sometimes are referred to as catalysts. [12]

However, most of these inorganic non-carbon materials cannot achieve the high rate
performance on its own due to their poor-conductive nature. Therefore, they are often
fabricated with a combination of carbon supporters, such as, graphene/carbon
nanotubes, mesoporous carbon, and hollow carbon nanofiber [14], forming composite
cathodes. These carbon supporters also serve as additives and boost the conductivity
of the overall electrode and improving the performance of the batteries. [15]
Therefore, it is difficult to solely measure the effect of the inorganic materials. For this
reason, despite these attractive attributes of MXs, the direct effect of these materials
is less investigated at the moment and the exact mechanisms of interactions between
metal oxides and polysulphides are still unclear. [2][16] The polysulphide shuttle effect
has been extensively studied in the presence of MX particles, but manipulating the
redox reactivity of polysulphides and how this influences the polysulphide formation

are rarely investigated.

In this study, to gain insights into the effect of these materials towards the sulphur
reaction mechanisms, operando XANES analysis was conducted as well as
electrochemical analysis. There is a wide range of selections of such inorganic
materials. To help choosing the materials to investigate for this study, we followed the

guidelines discussed below.

The Nazar group proposed their ‘goldilocks’ principle to search for the best metal
oxides. [3] It was demonstrated that entrapment of polysulphides relies on the
chemical catenation of lithium polysulphides by the thiosulphate or/and polythionate
conversion. The anchor mechanism differs by the redox potential of metal oxides,
which are divided into three groups in terms of their redox potentials versus Li/Li*
summarised schematically in Figure 4-1. It was reported that the metal oxides with
redox potential in a target window of 2.4 to 3.05 V effectively adsorb the polysulphide
and engage in surface redox chemistry which oxidise lithium polysulphide to form
thiosulphate or/and polythionate groups to chemically bind with reduced metal oxide

surface. On the other hand, materials with the redox potential below 1.5 V do not

contribute to the redox reaction with polysulphide, although strong surface
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interactions still exist to hinder the polysulphide dissolution, while materials with

excessive redox potential (> 3.05 V) oxidise polysulphide to inactive sulphate groups.

[17][18][19][20]
0.60V]/1.70V| 1.78V]| |2.53V 340V
sno, || Tio, || 2.14 | | cuo V,0,
CuS
| |
No redox | Redox to thiosulphate| Redox to thiosulphate
240V 3.05V & sulphate

Redox potential

Figure 4-1. Reactivity of different MXs with lithium polysulphides as a function of redox

potentials vs Li/Li*. Graph reproduced from [17].

Nazar and co-workers also proposed the use of the Magneli-phase of Ti,O;, it was
demonstrated that TizO; strongly binds polysulphide and Li:S, enhancing surface-
mediated redox reaction. [21] The Cui group [22] recently reported a standard
procedure to quantitatively compare the polysulphide adsorption capability of several
metal oxides, sulphides, and nitrides using Ultraviolet-visible spectroscopy (UV-VIS), X-
ray Photoelectron Spectroscopy (XPS), and inductively coupled plasma atomic emission
spectroscopy (ICP-AES). UV-VIS determines the polysulphide adsorption capability,
while XPS detects the species adsorbed, and ICP-AES is used to measure the total
concentration of lithium and sulphur atoms in the sample. It was reported that MnO;

and V,0s are significantly strong polysulphide adsorbing additives.

In this work, the impact of the MX additives on polysulphide shuttle phenomenon in Li-
S cell is examined with the aim of understanding the function of MXs redox reactions
and polysulphide formation during the electrochemical cycling. Based on interest and
availability, four metal oxides and one metal sulphide, TiO,, CuO, SnO,, V205, and CuS
are tested. When referring to MX in this chapter, M = metal and X = oxides or sulphides.

Advantageous properties of those selected MXs are explained below.

V205 is a good solid-state lithium ion conductor and commonly used as a cathode

material for Li-ion batteries. [23] In the work of Kim et al, [24] it was found that
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excessive formation of Li;S degrades the capacity retention due to large volume
expansion, which disturbs the network between active sulphur species and carbon.
V,0s-carbon nanocomposite was fabricated as an additive to sulphur electrode and
demonstrated to suppress the excessive formation of Li»S and contribute to minimise
the shuttle reaction by capturing polysulphides. [24] Another approach is the use of
V,0s-decorated carbon nanofibers as an interlayer between the cathode and the
separator, which effectively restrained the shuttle effect and remarkably mitigated the
self-discharge phenomenon in Li-S batteries. [25] Nevertheless, slow Li*-ion diffusion
coefficient (1012 cm? s?) and low electrical conductivity (10~ 10> S cm™) of V,0s

hinders its practical application.

TiO, has proven effective in promoting the chemical attractions with polar
polysulphides due to its high chemical adsorption ability. [26] TiO, is known as a
nontoxic and economical material. [27] The hydrophilic properties of Ti-O groups and
surface hydroxyl groups favors the binding with polysulphide anions, which can
mitigate the dissolution of polysulphides. [9][28] Application of TiO; in the Li-S battery
systems became attractive after it was first report by Cui et al, [29] proposing the use
of yolk-shell structured TiO2 which provide sufficient voids to comfortably
accommodate the volume expansion of sulphur associated with the lithiation process.
The yolk-shell design contributes to maintain the structural integrity of the shell to
effectively control the polysulphide dissolution. [30] Moreover, these metal oxide
materials also render the possibility of catalytic effect to favour the conversion of

lithium polysulphides to Li>S2/Li2S or the inverse process, directing the relatively less

diffusion of polysulphides in the electrolyte. [31]

CuO is a well-known semiconductor material with a redox potential of 2.53 V, which is
in the lower end of the ‘goldilocks’ principle target range and expected to promote
polythionate formation to improve the cycling performance of Li-S cell. [17]
Additionally, CuO can be an efficient material in restricting sulphur and polysulphide in
the cathode of Li-S batteries [32] With these merits, the sulphur cathode fabricated

using CuO additive is expected to show significant improvements in both cycling

stability and efficiency.
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CusS is a good electric conductor (870 S cm™) and a promising material researched as
cathode material in Li-ion batteries. Among the variety of different transition metal
sulphides, CuS exhibits a high theoretical capacity (560 mAh g!) with a flat discharge
plateau and ability to retain good capacity over repeated cycles. CuS gives the
opportunity for additional capacity when used as an additive for Li-S cathode, because

its redox potential (2.14 V vs Li/Li*) is in the vicinity of the working voltage of Li-S cell.
(33]

SnQ; is typically studied as an anode material for Li-ion batteries, [34] but also

reported as an effective adsorbent for polysulphides although it has low electrical
conductivity. Jing et al. [15] demonstrated the use of SnO, as an interlayer between

the cathode and the separator to efficiently trap lithium polysulphides.

To investigate the influences of these MX additives listed above, cathodes were
prepared with sulphur content of 48 wt% and 12 wt % of MX additives using a cost-
effective method. Electrochemical characterisation along with comprehensive
chemical analysis using operando XAS measurement was performed to understand the
impact of the MX additives on polysulphide shuttle phenomenon in Li-S cell. Also, a
unigue XAS measurement technique of simultaneously probing at the K-edges of two

elements is demonstrated in this study.

4.2 Material preparations

4.2.1 Electrode preparations

Cathodes were composed of sulphur, MX additives, acetylene black (AB) and PVP
binder with a mass ratio of 48:12:25:15. MX@S composites were synthesised via
hydrothermal process as described in Chapter 2. Sulphur was melt diffused in MXs by
heat treatment at 155 °C for 12 hours prior to mixing with carbon and PVP in NMP
solution to make a slurry. For CuS@S electrode, composite mixing step is carried out in
an argon glove box due to the sensitivity CuS towards moisture and oxygen. The
sulphur impregnated MXs were denoted as “MX@S” where MX = CuO, Cus, SnO,, TiO;
or V,0s. Slurry coating and coin cell fabrication are described in Section 2.1.1. Simple
and standardised electrode fabrication method was chosen to elucidate only the effect
of the MXs on the electrochemical performance, avoiding the possible contribution

from advanced carbon materials.
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4.3 Material characterisations

XRD measurements
To characterise the composite cathodes, the structural features of the as-prepared
electrodes were analysed using powder XRD and displayed in Figure 4-2a-e. No new

peaks were found, indicating phase purity of these materials.
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Figure 4-2. XRD patterns of prepared composites. (a) V.0s@S and (b) TiO,@S.
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4.4 Electrochemical measurements

Galvanostatic discharge/charge were performed on each electrode to evaluate their
electrochemical performances. These measurements were undertaken using
conventional CR2016 coin cells. All cells were cycled using TEGDME solvent with 1 M
LiTDI salt as the electrolyte. Electrolytes were prepared both with and without LiNOs as
an additive and denoted by the acronyms “LiTDI/TEGDME” for the LiNOs-free
electrolyte and “LiTDI/TEGDME/LINO3" for the 0.25 M LiNOs-containing electrolyte.

The summary of discharge/charge curves, cycle performance, and colombic efficiency
of sulphur electrode with different MX additives are represented in Figure 4-3 (without
LiNOs) and Figure 4-4 (with LiNOs), compared with pure sulphur electrode. Table 4-1
summarises the redox potential of each MX additives and 1st discharge capacities of
each cell. In this study, pure S electrodes (S+AB+PVP) were used as a reference

electrode to compare the electrochemical behaviour without MX additives.

Table 4-1. Redox potentials of the MX additives studied in this work and the initial
discharge capacities of each MX@S «cycled wusing LiTDI/TEGDME and
LiTDI/TEGDME/LiINOs electrolytes. (* indicates the higher capacity compared between

an electrolyte with and without LiNO3s)

Supporting Redox potential 1st discharge capacity 1st discharge capacity

additive (V) vs Li/Li* LITDI/TEGDME LiTDI/TEGDME/LINO;
Pure S 2.4,2.0 * 970 mAh g! 950 mAh g
Sn0> 0.6 [35] 1345 mAh gt *1545 mAh gt
TiO: 1.70 [36] 1285 mAh g! *1290 mAh g!
CusS 2.14,1.78 [37] 1335 mAh gt *1560 mAh gt
Cuo 2.53 [32] *1390 mAh g! 1175 mAh g
V205 3.40[17] *1270 mAh gt 1040 mAh g

Firstly, the electrochemical performance of each electrode cycled in LiTDI/TEGDME

electrolyte is discussed followed by the discussion of LiTDI/TEGDME/LINOs electrolyte.
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Figure 4-3. Electrochemical performances of sulphur composite electrodes with
different MX additives assembled in LiTDI/TEGDME electrolyte cycled at the 0.1 C rate.

(a) Discharge/charge curves and (b) Cycling performances and coulombic efficiencies.
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Overall, the initial discharge profiles of most of the electrodes with MX additives
exhibit a two-step lithiation process as in the reference cell (Figure 4-3a). The two
voltage plateaus obtained during the discharging curves located around 2.4V and 2.0V
are generally regarded as the reduction of Sg to long/medium-chain polysulphides for
the high voltage plateau and long/medium chain to short chain polysulphides for the

low voltage plateau, respectively.

An important observation in Figure 4-3a is that all cells with MX additives achieved
higher initial discharge capacity than that of the pure sulphur (also reported in Table 4-
1). This is probably because MX additives provide additional surface area where
polysulphide can adhere increasing the utilisation of sulphur. [24] Based on the initial
discharge and charge profile, it is clear that the variation of MXs selected have positive
effect on the Li-S cell capacities independently of the presence of the LiNOs salt.
However, only V205 and SnO; additives seem to give comparable results with the pure

S electrode in the reference cell in prolonged cycles.

The electrochemical performances of each MX@S electrode cycled in LiTDI/TEGDME
electrolyte will be discussed individually starting with the SnO; additive as it appears to

have a positive effect to on the cell stability (Figure 4-3b).

In the initial discharge, SnO.@S suffers from large voltage polarisation, with the high
voltage plateau decreased from 2.4 to 2.25 V and low voltage plateau decreased from
2.0 to 1.8 V (Figure 4-3a, yellow line), which is a result of the low efficiency of sulphur
reduction kinetics due to elevated internal resistance. [21] Despite this negative effect,
the SnO, additive improved the initial discharge capacity from 970 mAh g (pure
sulphure electrode) to 1345 mAh g and maintained a larger capacity than pure S

electrode after 100 cycles (Figure 4-3b).

CuO@S cell presented the highest initial discharge capacity of 1390 mAh g among all
the cells studied in Figure 4-3a, but exhibits endless charging associated with a
polysulphide shuttle as marked by the green arrow in Figure 4-3a. Despite its high
initial discharge capacity, this cell exhibits very fast capacity decay, indicating a
significant impact of the shuttle effect of polysulphides (Figure 4-3b). The redox
potential of CuO (2.53 V) lies between the targeted range of the ‘goldilocks’ principle

(Table 4-1), 2.4 V < E < 3.05 V vs Li/Li*, proposed to effectively promote the
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polythionate formation and suppress the shuttle reaction. From this guideline, we
expected the CuO@S electrode to show the best cycling performance among other MX
additives studied here. However, in fact, the CuO@S electrode exhibited the worst cell
performance as oppose to our speculation. This suggests that the simple sulphur
impregnation synthetic route is not good enough to prepare a CuO stabilised sulphur
cathode. More sophisticated preparation method is required to employ CuO as a
successful additive in sulphur cathode composite. CuS@S cell exhibited a similar
electrochemical performance as the CuO@S cell (Figure 4-3); very high initial discharge

capacity but significantly fast capacity decay phenomenon.

The TiO,@S electrode shows a slightly better capacity stability than the pure S
electrode (Figure 4-3b), but still suffers from fast capacity decay that falls below 400

mAh g within 10 cycles.

While most of the cells (pure S, CuO@S, CuS@S, and TiO,@S) shown in Figure 4-3b
failed to reach 100 mAh g™ after 25 cycles (average < 10% capacity retention), V.0s@$S
and Sn0,@S cells showed stable cycling performance retaining 445 mAh g* and 175
mAh g after 50 cycles, respectively. For the V,0s@S cell, although a considerable
irreversible charging capacity found in the initial cycle (Figure 4-3a) and the CE values
are inferior to that of other cells (Figure 4-3b), this electrode showed the slowest

capacity fading rate after 10 cycles.

From these results, we can conclude that the sulphur electrodes with MX additives are
difficult to achieve a desired cell performance in the absence of LiNOs. This is probably
because the severe shuttle reaction, as can be suggested from low CE values observed
in each cell. However, the V,0s and SnO; seem to be promising additives effectively
improving the cell cycle life with low capacity fading rate after few cycles. We can
safely assume that the additional capacities are not arising from these two additives,
as V20s and SnO; redox potentials versus Li/Li* of 3.40 V and 0.6 V, respectively, which
are far from the voltage window tested here (1.3 — 2.8 V). This improvement agrees to
the previous publications, where V,0s/carbon nanocomposite to the cathode of a Li-S
battery was demonstrated to capture long-chain polysulphides and limiting the excess
formation of Li,S, hence mitigating the volume expansion of the sulphur particles. This

was in the case of the electrolyte containing 3 M LiTFSI dissolved in DOL:DME [24].
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4.4.2 LiTDI/TEGDME/LINO3

The MX@S electrodes were also tested in the electrolyte systems containing 0.25 M
LiNOs under the same conditions. Figure 4-4a shows the initial discharge/charge curves
of the MX@S electrodes and pure S electrode cycled in LiTDI/TEGDME/LINOs
electrolyte and Figure 4-4b represents the cycling performance of each cell. A

summary of the repeated discharge/charge curves are displayed in Figure 4-5.
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Figure 4-4. Electrochemical performances of sulphur composite electrodes with
different MX additives assembled in LiTDI/TEGDME/LINO; electrolyte cycled at a

current rate of 0.1 C. (a) The first discharge/charge curves.
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Figure 4-5. Galvanostatic discharge/charge curves of pure S electrode and MX@S$S
electrodes cycled in LiTDI/TEGDME/LiNOs electrolyte at a constant current rate of 0.1 C.
(a) Pure sulphur electrode, (b) V.0s@S cathode, (c) SnO.@S cathode, (d) TiO.@S
cathode, (e) CuS@S cathode, and (f) CuO@S cathode.

The remarkable advantages of the MXs as additives to the sulphur electrode are
evident in the initial discharge capacity, again, all MX-stabilised S cathodes yielding

significantly higher capacity values than that of the pure S cathode (Table 4-1).
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The initial discharge capacities of V,0s@S, Sn0,@S, TiO,@S, CuS@S, CuO@S, and pure
S electrodes at the 0.1 C rate are measured to be 1040, 1545, 1290, 1560, 1175, and
950 mAh g?, respectively. These capacities are all higher than those without LiNOs,
except for the CuO@S and V,0s@S cells, both demonstrating about 200 mAh g less
capacities in the presence of the LiNOs salt. The electrochemical performances of each

MX@S electrode are discussed individually starting with the SnO,@S cell.

The discharge voltage plateaus of SnO,@S are successfully elevated to the expected
values of about 2.4 V and 2.0 V (Figure 4-4b), in the presence of LiNOs and the CE
values are effectively improved, as opposed to the cell system in the absence of the

LiNOs salt (Figure 4-3a).

Over the first 30 cycles, the cells based on TiO.@S, CuS@S, and pure S electrodes
exhibit similar capacity stabilities (Figure 4-4b), retaining 445, 420, and 410 mAh g4,
respectively. After this point, the behaviour of the TiO,@S cell diverges, showing more
pronounced capacity decay on continued cycling with the CE values exceeding 100%,
indicating that some side reaction may happen at the anode between the Li metal and
polysulphides during the discharge process. These degradation products can not be
reversibly oxidised in the following charging process. This cell reaches the lowest

discharge capacity after 50 cycles among all the cells.

After 50 cycles, the CuS@S cell shows degrading electrochemical performance (Figure
4-4b), which again accelerated the capacity fading rate after this point. The capacity
fading behaviour of these two cells (CuS@S and TiO,@S) are highly related to the
voltage polarisation effect, indicated by the arrows in Figure 4-5d and e, which seem

to be more severe in TiO,@S at earlier stages of the prolonged cycling.

In contrast, the CuO@S and V,0s@S cathodes exhibit drastic capacity fade in the first
10 cycles, but the capacity fading rate is kept very low afterwards. In the repeated
cycling curves shown in Figure 4-5b and f, it is notable that these two electrodes
achieved to retain the discharge voltage plateaus flat and stable with small
polarisations. In these cells, the capacity fading is simply caused by the shortening of
the plateau capacities. While in the other cells the output voltages of discharge
plateaus being reduced. This type of capacity fading mechanism should be separated

from the one above, where the large voltage polarisation causes the degradation of
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the cell. The suppressed polarisation effect may be related to the limited nucleation of
the insoluble Li,S;/LizS, as the cell polarisation happens due to the elevated internal
resistance of the cell during formation of insoluble Li»S,/Li>S. [38] This means, cells are
mostly operating via conversion between long and short-chain polysulphide, so the
capacity delivered for each cycle are relatively small, but the voltage degradation is
kept to the minimum and excellent cell stabilities are achieved for the CuO@S and
V,0s@S cells. Particularly, the V,0s@S cell delivers low capacity fading rate of only
1.3 % per cycle between 10 th and 100 th cycles.

Summary of electrochemical performances

It was found that the MXs additives largely improve the initial discharge capacity and
this effect was independent of the presence of LiNOs. It should be emphasised that the
Sn0; and V,0s additives contribute to an excellent cell stability even after 50 cycles in
the absence of LiNOs salt. Specifically, the V,0s@S electrode highlighted its capability
to suppress the capacity fading rate independently of the presence of LiNOs. The
electrochemical results suggest that degradation mechanisms are different in different
MXs, implying that the polysulphide conversion reactions are altered by MXs. These

cells are further investigated using operando XAS technique.

4.5 XAS analysis

To track the redox chemistry of S in working electrodes and reveal the detailed
capacity decay mechanism, operando XANES analysis were performed on the as-
prepared five different MX@S cathodes. All the measured cells were cycled at the 0.1
C rate and XAS spectra were recorded throughout the first discharge and charge
electrochemical cycle, unless otherwise stated. Before applying a current to start the
operando measurements, the pristine spectra were collected at the OCV (indicated as

the pristine state, “spectrum number 0” in each XANES set).

Spectra were recorded in the energy range of 2450 to 2520eV, with a step size of 1.5
eV before the pre-edge (2450 — 2465 eV), 0.16 eV in the pre-edge, main-edge, and
electrolyte region (2465 - 2495 eV), and 1 eV between 2495 — 2520 eV, with a counting
time of 5 seconds per point, resulting in a total acquisition time of 25 - 27 minutes,

corresponding to approximately 50 ~ 60 mAh g per spectrum, unless otherwise stated.
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In this chapter, XAS measurements were performed at two different synchrotrons

facilities: (i) ESRF; beamline BM28 and (ii) DLS; beamline B18. Table 4-2 summarise the

samples analysed in each beamline. Details of the XAS experiment set-up is described

in Section 2.3. All operando measurements were performed using a Ketek detector

and modified coin cells described in Section 2.4.2.

From the previous section, it was revealed that better cycling performance can be

achieved using LiNOs-contained electrolyte, therefore, we focus our attention

particularly on the LiNOs-contained electrolyte, where all cells were standardised with

sulphur-free LiTDI/TEGDME/LINOs electrolyte to avoid the strong signals arising from

the sulphur present in the electrolyte masking the electrochemically active sulphur

peaks in the XAS measurements.

Table 4-2. List of additives tested using XAS measurements

Synchrotron Edge
S K-edge
S K-edge
S K-edge
ESRF S K-edge
S K-edge
S K-edge
Ti K-edge
DLS Ti K-edge

Additive

Sn0;
V205
CuO
CuS
TiO2

TiO2

TiO3

Type of measurement

Operando XANES
Operando XANES
Operando XANES
Operando XANES
Operando XANES

Operando double-edge

XANES
Ex situ EXAFS

XAS obtained for a complete cycle

Part XAS data missing

Data collection

v

v
v
v
v

<

4.5.1 S K-edge XANES — Pristine spectrum of each cell

Slight difference was already observed in the pristine state when comparing the S K-

edge spectra of each MX@S electrode, which is highly related to the rate of self-

discharge effect. As previously explained in Chapter 3, the self-discharge phenomenon
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occurred during cell storage and can be recognised by the presence of the pre-edge
feature in XANAES spectrum at the pristine state, where the pre-edge feature
represents the presence of long-chain polysulphides. Table 4-3 summarises the
observation of the pre-edge feature in the pristine spectrum of each cell and Figure 4-

6 represents the pristine spectra of each cell.

Table 4-3. A summary of the pre-edge detection in different MX@S electrodes at OCV

after storage

Detection of the pre-edge in the pristine state

No/little pre-edge Pre-edge detected
V205 Sr.102
Cuo TiO3
CusS
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Figure 4-6. S K-edge XANES spectra of (a) TiO,@S, SnO,@S, and CuS@S cells, (b)
CuO@S and V,0s@S cells, all at the pristine state, and (c) Ss and Li>Sa4 reference

compounds (offset for clarity).

The S K-edge XANES spectra of the pristine state of each MXs@$5 cell are compared
with the reference compounds of Sg and Li>Ss in Figure 4-6. The pristine spectra of
TiO2@S, SNnO,@S and CuS@S cells exhibited the pre-edge feature at 2470.3 eV
accompanying with the main-edge at about 2472 eV, and the concave feature at
2474.5 eV (Figure 4-6a), indicating that the long-chain polysulphides being present in

the cells. At OCV, polysulphides can only be formed from chemical reaction between
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dissolved Ss and Li-ions that exist in the electrolyte, therefore, the pre-edge detected

at the OCV is a strong evidence of self-discharge reaction.

On the contrary, the V,0s@S electrode did not observe the pre-edge signature,
indicating the absence of terminal sulphur atoms (Figure 4-6b). This observation
strengthens by the fact that the concave feature coincides with that of Sg reference
compounds, as highlighted by the arrow in Figure 4-6b. These findings confirm that
polysulphide species are not formed during cell storage. In other words, V,0s additive

successfully limiting the self-discharge phenomenon.

The pristine spectrum of the CuO@S cell also exhibited spectral feature similar to that
of Sg reference compound in the active sulphur region, but the weak pre-edge
detected at 2470.3 eV and broad concave centered at around 2475.0 eV is noticed
(Figure 4-6b). This suggests that the CuO additive also contributes to inhibiting self-

discharge, but not as effective as the V,0s additive.

We have also noticed some difference in the peak intensities at higher absorption
energy region of 2478 and 2480 eV. (Figure 4-6a,b) In the previous chapter, these two
peaks are also detected in the LiTDI/TEGDME cells and attributed to SO3%> and R-OSO*
species (Section 3.6.2.2, Figure 3-17). In the pristine states, these peaks are less
pronounced in the sulphur electrode fabricated with MXs with the redox potential
below 2.4 V vs Li/Li* (Figure 4-1), such as, SnO.@S, TiO,@S, and CuS@S cells (Figure
4-6a). Whereas the sulphur electrode fabricated with additives with higher redox
potentials show prominent peaks (CuO@S and V.0s@S, Figure 4-6b). Also, the
evolution of these peaks behaved differently in different additives, which is discussed

later in Section 4.5.3.

4.5.2 Operando XAS analysis
Operando XAS measurements were used to detect the evolution of polysulphides in all
five different electrodes. Some differences in the polysulphide reduction process is
observed. Overall, spectral trends of the pre-edge, main-edge, and Li,S signature can

be divided into three classes.

1. Reversible pre-edge intensity and reversible main-edge absorption energy

shift during discharge and charge processes. (TiO,@S5)
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2. Reversible pre-edge intensity during discharge and charge, but irreversible
main-edge energy shift. (V20s)
3. lIrreversible pre-edge intensity and no energy shift of the main-edge (CuO,

Cus, Sn0y)

4.5.2.1 TiO.@S
For the TiO.@S electrode, two different batteries were measured where one battery
focused only at the S K-edge with the aim to examine the change in the sulphur
chemistry as a comparison with other MX@S electrodes, while the second battery was
analysed for the K-edges of both S and Ti element to investigate the changes in the
oxidation number of Ti while recording the S K-edge simultaneously. Both cells were
cycled at the 0.1 C rate between the voltage range of 1.3 - 2.8 V. First, we discuss the
cell focused only on the S K-edge spectra. This cell showed spectral trends remarkably

different compared to other MX@S cells.

4.5.2.1.a) Operando S K-edge analysis
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Figure 4-7. Operando XANES dataset for the TiO,@S cell. (a) Voltage profile for the first
cycle with dots indicating the points where XAS spectra were collected and labelled

from 1 —17. This cell is cycled at a constant rate of 0.1 C.
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Figure 4-7. Continued. (b, c) XANES spectra of the S K-edge during the first discharge
and charge processes, respectively, corresponding to the labels in the voltage profile,
and spectrum number 0 indicating the pristine spectrum (offset for clarity). (d) Data
points correspond to the energy position of the main-edge of each spectrum, (e) plot
of the maximum intensity of the main-edge (normalised), (f) area ratio of the
main/pre-edge, and (g) waterfall graph of S K-edge XANES spectra to show a clear

image of the pre-edge evolution.

The changes in the spectral feature are similar to what was observed in the
LiTDI/TEGDME cell, presented previously in Section 3.6.3.5; reversible energy shift in
the main-edge and the presence of isosbestic points along with the main-edge
(represented in Figure 4-8a). The pre-edge feature is observed in the pristine spectrum,
indicating the inevitable self-discharge phenomenon (Figure 4-7b spectrum number 0).
This shows that the active sulphur reacted with the electrolyte and formed long-chain
polysulphide during cell storage. As can be seen in Figure 4-7e, the main-edge intensity
is at its maximum in the pristine state. This is because a significant amount of
polysulphides are already formed and diffused out to the electrolyte to high self-
discharge rate, suggesting that the reduction of sulphur starts from Li;Ss to LiSe.a

conversion, instead of Ss to Li,Ss conversion. This can be recognised in the
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electrochemical discharge curve, by the elimination of the high voltage plateau (Figure

4-7a).

In the beginning of the first discharge (spectrum number 1 and 2 in Figure 4-7b), the
pre-edge grows significantly while its accompanying main-edge at 2472 eV is
decreasing. This indicates shortening of the polysulphide chain length, due to the
growth of terminal sulphur concentration with decreasing the population of the
internal sulphur atoms, hence, confirming the Li,Ss to Li»Se.4 reaction reduction process.
This is also evident by the significant decrease in the area ratio of the main/pre-edge

from 6.0 to 4.0 during this process (Figure 4-7f).

During the low voltage plateau corresponding to spectrum number 3 to 8 in Figure
4-7b, the polysulphide signature of the pre-edge and its accompanying main-edge
decrease in their intensities and these features are becoming closer to that of Li,S
reference compound. Simultaneously, the main-edge energy shifts to a slightly higher
value by around 0.5 eV and splitting of the pre and main-edge peaks becomes larger.
This is a characteristic of the increased charge density, i.e. shortening of the linear
polysulphide chain lengths. Concurrently, the concave shape after the main-edge

slowly becomes flat and the additional Li,S feature at 2475.7 eV is recognised.

For the indication of an isosbestic point, the spectra series is displayed without offset
in Figure 4-8. The XANES spectra involves several isosbestic points along the main-edge,
where curves do not share a single point as represented by the inset in Figure 4-8a.
This gives convincing evidence of a two-phase transition behaviour of the conversion
reactions with existing side reaction. [39] The imperfect isosbestic point indicates that
the additional disproportionation steps are involved in the formation of Li,S. [40]
Therefore, it is considered that shortening of linear polysulphide chain lengths
happened simultaneously with the formation of Li,S, rather than a sequential series of
reactions. Those findings suggest that the Li,S co-exists with linear-chain polysulphides
during the cell reaction. [41][42] It must be noted that, at spectrum 8 in Figure 4-7b
(end of the low voltage plateau), not only the signature of Li,S is confirmed, but also
the pre-edge is detected which is a characteristics of linear polysulphide chains. This

observation supports the possibility of the co-existence of polysulphide species and
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LiS. This was previously suggested by other XANES studies. [41][42] This behaviour is

not true for all other MX@S electrodes, which will be discussed later.

On the other hand, the value of the area ratio exhibits an increasing trend after
spectrum number 8. As explained previously in Chapter 2, the polysulphide chain
length estimation using the area ratio of the main/pre-edge can only be applied when
the detected species are in the form of linear polysulphide chain, because the pre-edge
feature is only present in such species. Therefore, the value of the area ratio does not
correlate to the polysulphide chain lengths when Li,S is the dominant species, hence,
the data represented in Figure 4-7f is not meaningful after spectrum number 8

because Li,S is clearly detected at this point.

Upon further lithiation (spectrum number 8 - 11 in Figure 4-7b), the Li,S signs become
more pronounced due to a further increase in the main-edge energy position, which is
detected at 2473.0 eV. Simultaneously, the second peak of the Li,S feature at 2475.7
eV becomes more dominant than the first peak at 2473 eV and continues to grow until
the end of discharge. Additionally, the pre-edge intensity decreases gradually. These
findings indicate that Li,S species becomes the dominant species present in the

cathode side at the end of discharge.

In the previous chapter, the LiTDI/TEGDME electrolyte cell also exhibited a shift in the
main-edge towards higher energy during discharge, but did not reach to the energy
position of 2473 eV. Whereas in this cell (TiO,@S cycled in the LiTDI/TEGDME/LINOs
electrolyte), the XANES spectral feature clearly characterises the conversion of
polysulphides to Li,S, suggesting more successful disproportionation reaction to form
Li»S and deposition of Li2S on the cathode side. This result clearly demonstrated the
polysulphide adsorbing effect of TiO,. This could be owing to the potential interaction
of Ti-S, which is facilitated by formation of oxygen vacancies and utilising the
interaction between TiO, and polysulphides. This is also previously suggested by the

Cui group. [43]

To clearly show the evolution of the Li,S peaks, Figure 4-9 compares the XANES spectra
at the discharged state and Li,S reference compound, which gives a direct evidence of
Li»S formation by the new peaks formed at 2473.0 eV and 2475.7 eV as they both

match the XANES spectra of the Li,S reference.
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In the last spectrum collected during the discharge, the pre-edge feature was still
detected. This is associated with residual polysulphide being present, suggesting that
some polysulphide species were left unreacted during discharge and did not fully

convert into Li,S (Figure 4-8a spectrum number 13).
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Figure 4-8. Normalised S K-edge XANES spectra set without offset. (a) During the initial
discharge and (b) during the initial charge. The inset show an expanded view of the

isosbestic points.
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Figure 4-9. Sulphur K-edge XANES spectra of Li,S reference compound and end of the
initial discharge of the TiO.@S cell cycled at 0.1 C rate (offset for clarity).

Charge TiO.@S

Only four spectra were collected during the charging process of the TiO,@S cell due to
the beam loss. However, those spectra still provide the strong evidence of the
oxidation reaction of Li,S to linear-chain polysulphide at an early stage of the charging
process. During this process, the XANES spectra shows a similar feature to the
discharge process but in reverse sequence, indicating that the same sulphur species
are involved in the Li extraction process (Figure 4-8b). With increasing depth of charge,
the spectra become more dominant by the polysulphide, characterised by the energy
shift of the main-edge towards lower value (Figure 4-7d), and the pre-edge peak at

2470.3 eV becomes more pronounced.
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High-energy region

With increasing depth of discharge, an obvious growth is recognised at the higher
absorption energy of 2478 eV and 2480 eV. In Section 3.6.2.2, these two peaks were
assigned as the reaction between Li, S and oxygen in the electrolyte. The growth of
these peaks originate to the detriment of active sulphur species, but considered as
non-effective towards the redox mechanism of polysulphides. [44][45] In contrast to
the pure sulphur electrode cycled in the LiTDI/TEGDME electrolyte, these two peaks,
especially the 2478 eV peak, show a systematic increase and decrease in the intensity
during discharge and charge processes, respectively. There is also an additional
shoulder at 2482 eV identified, which follows the trend of two peaks at 2478 and 2480
eV. The differences between those two cells are (i) the presence of LiNOs in the
electrolyte and (ii) TiO2 support on the sulphur cathode. The discussions of these

oxidised sulphur peaks will be explained in Section 4.5.3.

4.5.2.1.b) Operando double edge (S K-edge and Ti K-edge) analysis
To gain additional insights of the redox reactions that takes place between Li and TiO3,
operando XANES measurement was performed on a fresh TiO,@S cell probing both
the S and the Ti K-edges simultaneously and to correlate these results with the

electrochemical behaviour.

It should be noted that the operando S K-edge spectra were collected with low counts,
hence a larger signal to noise ratio was unavoidable. The S K-edge spectra are
therefore used only to ensure that sulphur species are active as expected. Our main
focus here is to elucidate the electrochemical redox activity and reversibility of the

TiO, additive in the electrode.

Ti K-edge references

Firstly, two reference Ti K-edge XANES spectra, Ti2O3 and anatase TiO; are shown in
Figure 4-10 corresponding to the Ti(IlI) (Ti203) and Ti(IV) (anatase-TiO;) oxidation

states, respectively.

193



L L 1 L | ! | ' |
o l Ti K-edge referencesl anatase TiO, | |

o~ Ti203

= i

S

c

2 10}

o

(@]

)]

0 X

©

©

()

L 05}

©

£

52 i

Jﬂ / 4962 4965 4968 4971 4974 4977 4980
0.0 et : | 1 | lEnergy(elV) , 1 _

4960 4980 5000 5020 5040
Energy (eV)

Figure 4-10. Normalised Ti K-edge XANES spectra of two references: Ti,0s, Ti(III) and

anatase-TiOy, Ti(IV). The inset shows an expanded view of the pre-edge area.

The main difference between these two spectra is related to the energy position of the
absorption edge that is located at lower energy with lower oxidation state of Ti,
indicating the lower valence. The energy position of the absorption edge values for
Ti,03 and TiO; are reported at 4975 and 4980 eV, respectively. [46] The pre-edge peaks
also exhibit a notable difference. One broad shoulder peak is identified in the Ti,03
reference, whereas three distinct peaks were detected in the anatase-TiO; reference
compound. For the anatase-TiO; reference, three peaks labelled 1, 2, and 3, in the pre-
edge region are separated by approximately 2.6 eV (inset of Figure 4-10). This
multiplet is a feature of six-coordinated titanium compounds arising from hybridisation
of p and d orbitals of the Ti and neighbouring atoms. [47][48] Although the exact
assignments of these peaks are still not clear, it is generally accepted that peak 1,2,3
arise from a 1s to 3d dipole electronic transitions and those peak intensities are

affected by the local geometry and the medium range structure of the sample around
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the central Ti atom. [47][49] The sharp peak at 4985 eV (peak 5) arises from the dipole
allowed 1S to 3pyy electron transition, indicating the presence of Ti(IV). [50] Sharpness
of the peaks 6 and 7 identifies the crystallinity of TiO,. These peaks become broader
with reduced crystallinity. The crystallinity of TiO, can also be identified by the
intensity of the pre-edge. The local geometry and the particular medium range
structure of atoms around the central Ti atom affect the pre-edge peak intensity. [49]
For less crystalline TiO, the Ti environment is expected to be distorted or defective,
increasing the pre-edge resonance. These facts will be used in the following to analyse

the different phases that may appear in our electrodes cycled at different stages.

Operando S K-edge & Ti-K-edge XANES spectra

Operando XAS measurement was performed on the TiO,@$S electrode probing both at
the Ti K-edge and the S K-edge, cycled at 0.1 C rate between 1.3 — 2.8 V for two
complete set of discharge and charge cycles of a single test cell. In this way, we were
able to measure the K-edges of two elements subsequently without having the

uncontrolled difference between cells.

Firstly, the S K-edge XANES was collected, followed by moving the monochromator to
the Ti K-edge collecting the XANES region, then the monochromator was moved back
to the S K-edge to collected new sequence of XANES spectra. This was carried out
consecutively during the discharge and charge process. Such difficult measurements
were achieved thanks to the motorised XYZ sample mount, which allows precise and

reproducible movements of the X, Y and Z translation. [51]

Because our main focus was on the Ti K-edge, the counts and the acquisition time of
the S K-edge is decreased to obtain as many spectra as possible during the discharge
and charge state. The S K-edge XANES spectra were recorded over the energy range
between 2430 and 2530 eV with a step size of 2.0 eV before the pre-edge (2430 — 2460
eV), 0.2 eV in the pre-edge, main-edge, and electrolyte region (2460 - 2490 eV), 0.25
eV between 2490 — 2510 eV, 0.125 eV between 2510 — 2520, and 0.5 eV between 2520
— 2540 eV, with a counting time of 2 seconds per point, resulting in a total acquisition
time of 18 minutes per spectrum. Subsequently, the Ti K-edge XANES spectra were
recorded between 4940 and 5100 eV with a step size of 2 eV before the pre-edge

(4940 - 4960 eV), 0.25 eV in the pre-edge and white line region, (4960 - 4995 eV), 1.88
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eV after the white line (4995 — 5040 eV), and 3 eV between 5040 — 5100 eV, with a
counting time of 2 seconds per point, resulting in a total acquisition time of 14 minutes

per spectrum.

The summary of the operando measurement of the initial cycle is presented in Figure

4-11.

S K-edge

The pre- and the main-edge trends of the S K-edge XANES spectra were similar to the
previous finding where all focus was on the S K-edge XANES region. The observation of
the shift in the main-edge energy towards higher absorption energy value as well as
presence of isosbestic points confirm the two-step conversion reaction in the
electrode. Again, the dominant peaks of oxidised sulphur are detected at 2478.0 and
2480 eV, which may have masked signals arising from Li,S at 2457.7 eV because the
signal/noise ratio is a lot higher than those studied solely on the S K-edge. For the
charging process, the same XANES spectral features are observed in the reverse
sequence to the discharge process. This result ensures the reproducibility of the

operando S K-edge spectra.

196



Cell Poetntial (V)

Normalised absorption (a.u.)

27}
2.4}
2.1}
1.8}
1.5}
1.2L

2.0

—

‘1/‘

200

600

Capacity (mAh g’

800

1000

1200

(b) Operando first discharge TiO,@S

-
-

—

1
T

1
T

' 771 t
2.0 -8/ (C) Operandofirst charge TiO,@S -
9
1.5 10 1
1 '
1.0 )
i \ ‘//
0.5 ' 1
N
0.0 . 1 1 7 Ll N 5 o
LA
2470 2475 2480 4960 4980 5000

Energy (eV)

Figure 4-11. Operando XANES of the TiO,@S cell measured at 0.1 C rate. (a) Voltage
profile for the first discharge and charge. The points at which measurements were
collected are marked with dots of corresponding colour on each point and labeled 1 to
11. The corresponding normalised XANES spectra for; (b, c) the initial discharge and (c)
charge. The S K-edge spectra are shown in the left panels, and the right panels

represents the Ti K-edge spectra.

Ti K-edge

The Ti K-edge energy edge at the pristine state is same as the TiO, reference

compound, suggesting that the oxidation state of Ti in the as-prepared material is
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Ti(IV). Throughout the initial discharge, no measurable difference is observed in the
spectral feature until the last scan of the discharge process collected at 1.40 V (Figure

4-11b right panel, spectrum number 6).

To clearly see the pre-edge features, the Ti K-edge spectrum at the end of 1% discharge

is displayed with TiO2 and Ti»Os references in Figure 4-12.
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Figure 4-12. Ti K-edge XANES spectra of Ti»Os3 (Ti3*) reference, TiO.@S cell at the
pristine, and discharged to 1.4 V state. The inset shows the expanded view of the pre-

edge region.

After the discharge voltage reaches to 1.4 V, where the cell voltage is lower than the
redox potential of TiO, (1.7 V vs Li/Li*), the pre-edge peaks lose their sharpness and
flattens out while the main-edge shifts to slightly lower energy, in line with the
reduction of Ti(IV) to Ti(III) (Figure 4-12). The loss of the pre-edge features observed
in Figure 4-11b and Figure 4-12 is highly related to the distortion of TiOs octahedral
coordination. [52] This peak stretching is also observed in other studies during

lithiation of TiO; in other Li-ion battery material. [53] The observed shift of the Ti K-
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edge is understood as a result of the Li insertion into TiOz, and the shift does not
appear gradually. Instead, the shift is observed abruptly below the redox potential of
TiO2. This means that TiO, does not change in its chemical structure until lithiated.
Despite this fact, the sign of Li,S is already observed before the voltage reaches to 1.7
V (Figure 4-7b). This means that the TiO; additive still has some effect of accelerating
the reduction reaction of polysulphides to Li,S without changing its chemical structure,

suggesting that TiO; functions as a catalyst.

Following charging process revealed that this is a reversible observation. The Ti K-edge
energy position returns to higher absorption energy at 4980 eV (Ti(IV)), and the triplet
pre-edge feature reappeared at their original locations and sharpness. It is worth
nothing that the first spectrum of the charging process, as shown in Figure 4-11c right
panel, the Ti has already returned to its original energy, suggesting that there was
some relaxation between the last scan of the discharge (1.40 V) and the beginning of

the charging process (at 2.38 V, 55 mAh g* charged).

In the second cycle of the same cell, we observed very similar XANES behaviour in both
the S K-edge and Ti K-edge, indicating a good reproducibility of the compounds formed

during the following cycle (See Appendix A-2).

Additionally, ex situ XAS measurement of TiO.@S electrode is conducted at B18 at the
DLS, the results obtained from this is presented in Appendix A-3, which highlights the

importance of the operando measurements.

Conclusions of TiO. @S

Operando XANES spectra of TiO,@S cell revealed that TiO has strong interactions with
lithium polysulphides and we can conclude that the TiO, additive favours the
polysulphide redox reactions and supports the progressive deposition of insoluble
Li,S2/Li,S species on the cathode side, confirmed by a large energy shift of the S K-edge
XANES main-edge towards higher energy value and clear detection of Li,S peak at the
end of the discharge process. This confirms that the diffusion of long-chain
polysulphide to the anode side is inhibited and disproportionation and deposition of
LiS is achieved on the cathode side. Despite this advantage, the long-term capacity

fading seen in Figure 4-4b, which is likely related to the excessive formation of Li,S,
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which eventually leading to the increase in the internal resistance of the cell and
elevate the polarisation. [54] The growth of Li,S leads to the large volumetric change
during cell cycling in expense of achieving the high capacity. Also, the precipitation of
insoluble discharge product LiS on the cathode hinders the Li*-ion transportation. Li,S
also behave as an insulator disconnecting the pathways for electrons migrating from
the carbon matrix to long chain polysulphides. [55] This result shows that it is
important to control the optimal balance between the redox kinetics and insoluble
polysulphide formation which is the origin of the volume expansion and contraction,

during the redox conversion.

Also, Ti K-edge operando XAS results verify that the partial conversion of Ti between
Ti(IV)/Ti(III) and Ti(III)/Ti(IV) redox couples during discharge and charge process,
respectively. This proves that the TiO, additive can also behaves as an additional

capacity contributor.

4.5.2.2 (2) V20s@S: reversible pre-edge
Figure 4-13 summarises the operando S K-edge XANES spectra series of the V,0s@S

cell during the initial discharge/charge measurement.

1 (a) In-operando V,0,@S
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Figure 4-13. Operando XANES dataset for the V,0s@S cell. (a) Voltage profile for the

first cycle with dots indicating the points where XAS spectra were collected and

labelled from 1 -23.
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Discharge V,0s@S

As explained earlier, the S K-edge XANES indicates that the starting material is Ss, as
the pre-edge is not detected in the pristine spectrum of the V,0s@S cell. This indicates
the excellent self-discharge mitigation achieved by the V,0s additive (Figure 4-13d,
black line). Upon lithiation, the formation of polysulphide is confirmed by the
progressive growth of the pre-edge feature at 2470.3 eV (Figure 4-13d).
Simultaneously, the main-edge is gradually increased and the concave shape at 2476
eV is lost, accounting for the formation of lithium polysulphides (Figure 4-13b). The
polysulphide species formed are gradually dissolved in the electrolyte, which reduced
the self-absorption (SA) effect of the XANES spectra observed as an increase in the
main-edge intensity between spectrum number 0 to 3, as can be seen in the waterfall
spectra set in Figure 4-13d. The polysulphide species formed during high voltage
plateau are identified to be long-chain polysulphides, as the ratio of the main/pre-edge
area is relatively high at the beginning of the discharge Figure 4-13e. A gradual
decrease in the values of ratio suggests that the polysulphide chain length is
decreasing with increasing depth of discharge. This can also be recognised by the
increase in the main-edge absorption energy to slightly higher value, which is also an

indication of the reduction of polysulphide chain-lengths (Figure 4-13b).

Yet, the formation of Li,S was not recognised as there were no peaks detected at 2473
and 2476 eV. The energy position of the main-edge is still far from 2473 eV at the end
of discharge. Isosbestic points were only seen near the end of discharge, which is
almost accumulated to one point. The delay in the isosbestic point suggests that the
conversion reaction of polysulphides occurs sequentially from long-chain to medium-
chain polysulphides, followed by the conversion of medium-chain to short-chain

polysulphides in the most of the reaction steps.

Charge V,0s@S

The spectral features observed during the discharge process appeared irreversibly
during the charging process as indicated by the blue arrows in Figure 4-13c. At the last
spectrum of the charging process, the intensity of the pre-edge and the main-edge
declined abruptly, and the spectral feature becomes very close to Ss. The abrupt

decline in the peak can be attributed to the concentrated sulphur species at the
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cathode, which induced the SA effect and decreased the peak intensity. To compare
the total concentration of sulphur species, Figure 4-14 shows the raw spectra at the

pristine state and charged to 2.71 V.
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Figure 4-14. Raw spectra (not normalised) of the pristine state and the charged state

of V,0s@S electrode.

It is clear that those two spectra are very similar, indicating that the species present at
the end of the initial charge is similar to those present at the pristine state.
Additionally, the edge steps at 2500 eV of two spectra are very close, suggesting that
the relative concentration of sulphur species in these two are close to each other. In
other words, the active sulphur is not lost during the first cycling and the charging
process is fully reversible. This is a remarkable improvement compared to the previous
cells measured in Chapter 3. As the sulphur electrode cycled in LiTDI/TMS and
LiTDI/TEGDME electrolytes experienced loss in the active sulphur at the end of the first

cycle.
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4.5.2.3 (3) CuO, CusS, and SnO; additive — irreversible pre-edge feature
In the CuO@S, CuS@S, and SnO,@S cells, the S K-edge spectra set observed the pre-
edge growth during the discharge process but this peak was irreversible during the
charge process. Especially, CuS@S and SnO.@S cells exhibited relatively similar
spectral behaviour of XANES spectra during their first discharge and charge processes.

The spectral feature changes of these cells are described individually, starting with the

CuO@S cell.
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Figure 4-15. Operando XANES dataset for the CuO@S cell. (a) Voltage profile for the
first cycle with dots indicating the points where XAS spectra were collected and
labelled from 1 — 19. This cell is cycled at a constant rate of 0.1 C. (b) Plot of the
calculated area ratio of the main/pre-edge. (c) Normalised S K-edge XANES spectra
collected during first discharge and (d) charge, corresponding to the labels in the

voltage profile. The pristine spectrum is labelled as spectrum number 0.
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Only a weak resonance of the pre-edge is exhibited in the pristine state of this cell
(Figure 4-15b spectrum number 0), suggesting a successful mitigation of self-discharge
achieved by the CuO additive. Therefore, most of the starting material are in the form
of Sg rather than polysulphides and the reduction process starts from Sg to long-chain
polysulphide conversion. During the discharging process (Figure 4-15c), the pre-edge
peak growth is confirmed, ascribed to the formation of long-chain lithium polysulphide.
The intensities of the main-edge and pre-edge increase progressively, attributed to the
dissolution of polysulphides into the electrolyte and decreased SA effect. Figure 4-15b
shows the calculated area ratio of the main/pre-edge during the discharge process,
which starts decreasing after the high voltage plateau (spectrum number 3) from the
value of 6.8 to 5.0 towards the end of the discharge process. This suggests the
conversion of the long-chain polysulphides to medium-chain polysulphides. However,
there is essentially no difference in the main-edge energy position, indicating that
short-chain polysulphides are not formed during this reaction. The XANES spectra do
not involve any isosbestic points in the active sulphur energy region, indicating that the

reduction process is sequential reaction (Figure 4-15b).

During the subsequent charging process, no obvious change in the XANES feature is
observed, including the pre- and main-edge energy position and intensities of those
peaks, identifying that the type of sulphur species remained unchanged during the de-
lithiation reaction, hence some of the active sulphur became inactive. As opposed to
the unchanged XANES features during the charging process, the electrochemical
measurement still delivers the initial charge capacity of more than 860 mAh g*
involving a sloping plateau. Hence, it is reasonable to assume that the re-oxidation
process is taking place in the entire cell, but the sulphur species at the probed area do
not engage in this reaction. This suggests that some of the polysulphide species are
unable to be re-oxidised, hence became inactive in the following cycles and deposited
on the cathode, which blocks the Li*-ion transport, behaving as an insulating product.
This tells us that the active sulphur is not only lost on the anode side, but also become
inactive in the cathode side. This explains the significant capacity fade phenomenon in

prolonged cycling (Figure 4-4b).

Additionally, the XANES spectra exhibit a trend similar to that of the V,0s@S cell in the

higher energy region (2478 — 2483 eV). This is explained in detail in later section.
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SN0, @S

The Sn0,@S cell was then investigated under the same condition and the results are

summarised in Figure 4-16.
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Figure 4-16. Operando XANES dataset for the SnO,@S cell. (a) Voltage profile for the
first cycle with dots indicating the points where XAS spectra were collected and
labelled from 1 — 22. This cell is cycled at a constant rate of 0.1 C. (b) Plot of the
calculated area ratio of the main/pre-edge. (c, d) Normalised XANES spectra for S K-
edge during first discharge and charge, respectively, corresponding to the labels in the

voltage profile, and spectrum number 0 indicating the pristine spectrum.

As reported previously in Section 4.5.1, the XANES spectrum at the pristine state is
dominated by the polysulphide, characterised by the pre-edge at 2740.3 eV with the
main-edge at 2472 eV, indicating the self-discharge phenomenon (Figure 4-16c,
spectrum number 0). During the discharge process, the main-edge and the pre-edge
showed an inverse evolution. The pre-edge becomes more pronounced with increasing
depth of discharge, while the intensity of the main-edge is decreased as indicated by
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the red arrows in Figure 4-16c, suggesting that the overall polysulphide chain length is
shortened. This is confirmed by the main/pre-edge area ratio which decreases steeply
as the extent of the discharge process until the beginning of the low voltage plateau,
where it reaches to its minimum at spectrum number 5 (Figure 4-16b). Isosbestic point
is detected along the main-edge, which is almost gathered at one point as indicated by
the red circle in Figure 4-16¢. This suggests that the conversion of sulphur comprise of
a two-phase reaction that is distinctly different from the CuO@S cell. This can be

interpreted as a simultaneous reduction of the linear-chain polysulphides.

During the following charging process, the S K-edge XANES spectra series hardly
undergoes any change and remains dominated by polysulphides throughout. This was
similar to what was observed in the charging process of the CuO@S electrode and
considered as a limited re-oxidation process of lithium polysulphide formed during the

discharge, which inactivated some of the active sulphur species.

207



O
[

(V)
(Vp}

3.0 : : : 8.0 : : . . . ;
28] \in—operando CuS@Sl(a) ] ;5| CUS@S (b) |
+_ - Main/pre-edge area ratio
S 261 192021 i 2ok p g
- 6 5|. u [}
4 o 7
2 © 60l ]
s |
T o 5.5- |
< < g0l n ]
5 - SppggEnEnm
o 45 -
1.2 1 1 1 1 4'0 1 1 1 1 1 1 1
0 400 800 1200 0 2 4 6 8 10 12 14
. Capacity (mAh g"') . Spectrum number
S - i' — : ; ol ; . ; : ;
s [ —1 l|CuS@S discharge] (c) K [CuS@S Charge | (d)
C 20 —2 1 = 20f » | 1
S —_ S b :
= — ) = B ;
2 15 —5 ' o 15k 16 N
o o \
) —6 @ 17 H
e 7 Qo ;
S 1o} 8 S 1o} 13 : /T
O Y —9 o i : / S —
10) - o) :
@ ]‘1’ @ 21 :
S o5 1 & 05F .
6 —13 B r‘:
N
Z ; zZ ) N
1 1 1 1 o‘o i L 1 1 1
2468 2472 2476 2480 2484 2468 2472 2476 2480 2484
Energy (eV) Energy (eV)

Figure 4-17. Operando XANES dataset for the CuS@S cell. (a) Voltage profile for the
first cycle with dots indicating the points where XAS spectra were collected and
labelled from 1 - 21, (b) Plot of the calculated area ratio of the main/pre-edge. (c, d)
Normalised XANES spectra for S K-edge during first discharge and charge, respectively,
corresponding to the labels in the voltage profile, and spectrum number 0 indicating

the pristine spectrum.

The normalised S K-edge XANES spectra of the CuS@S cell exhibited very similar trends
as seen in the SNO,@S cell; no energy shift in the main-edge, an opposite trend in the
evolution of the pre- and the main-edge, a steep decrease of the ratio of the main/pre-
edge in the beginning of the discharge process, and almost perfect isosbestic point.
Again, no measurable difference in the XANES spectra is detected during the charging
process showing an irreversible polysulphides species remained at the reduced state.
These findings indicate that the sulphur behaves similar in the CuS@S cell and the
Sn0, @S cell.
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The operando XAS results suggests that it is harder to achieve the re-oxidation of

polysulphides during the charging process in the presence of CuO, CuS, and SnO;

additives.

4.5.3 High-energy region

Operando S K-edge spectra detected the additional oxidised sulphur peaks at the

higher energy region in the TiO,@S, CuO@S, and V,0s@S cells, as displayed in Figure

4-18a-f.
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Figure 4-18. Expanded view of the higher energy region of normalised S K-edge XANES

spectra. (a, b) TiO.@S and (c, d) V.0s@S, during the first discharge and charge,

respectively.
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There are three plausible explanations of the origin of oxidised sulphur peaks; (i)
beam-induced oxidation of sulphur species, (ii) oxidatin of sulphur by the presence of

MX additives, and (iii) oxidation of sulphur by the presence of the LiNOs salt.

(i) These peaks were firstly considered as the beam-induced oxidation. However, the
irrelevanve of beam-induced damage to this experiemental conditions already proven
in Chapter 3 (Section 3.6.3.3). In the previous chapter, two oxidised sulphur peaks at
2478.0 and 2480.0 eV were relatively stable throughout the discharge and the charge
processes and it was considered that the reaction of active sulphur is not influenced by
these oxidised species. However, in this study, these peaks exhibited a reversible
tendency during the discharge and charge processes. Such behaviour is not observed
in the pure sulphur electrode cycled in the LiNOs-free electrolyte. Hence, it is
reasonable to deduce that these peaks are due to the oxidation of the active sulphur
within the cell. Also, the reversible tendency of these peaks suggest that these peaks

are related to the cell reaction, which supports the postulations (ii) and (iii).

(ii) Comparison of Figure 4-18 demonstrates that these oxidised peaks in the TiO,@S
cell evolve differently from those in the V,0s@S and CuO@S cells. The oxidised sulphur
peaks are located at 2477.5, 2480.0, and a weak shoulder at 2482.0 eV, hereby
denoted as peak A, B, and C, respectively. Additionally, a broad feature is observed at
2495.0 eV in the V;0s@S and the CuO@S cells, denoted as peak D. Despite the overall
shape being different, those spectra share peak positions at the similar to those in the
sulphite, thiosulphate, and sulphate reference compounds (Figure 4-19). The peak A
can be assigned either as SOs? (sulphite) and/or S;03% (thiosulphate). Peak B is a
signature of R-OSO;" originating from thiosulphate. Thiosulphate reference compound
also exhibits a weak shoulder peak at 2481.7 eV, which resembles to the weak
shoulder peak C at 2482.0 eV in Figure 4-18. This can also be a sign of SO4>" which gives
a peak at 2482.0 eV (Figure 4-19). Peak D in the V,0s@S cell and the CuO@S cell can
be assigned to the broad feature in thiosulphate. For the TiO.@S cell, these peaks
increase progressively during the discharge process and decrease during the charging
process, while the opposite trend is exhibited for the CuO@S and V,0s@S cells, as

indicated by the arrows in Figure 4-18.
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In the CuO@S and V,0s@S cells, oxidised sulphur peaks are at their maximum in the
pristine state. The common property of CuO and V,0s is that both have relatively high
redox potentials vs Li/Li* (2.53 and 3.40 V, respectively) This could be causing the
oxidation of active sulphur after cell assembly and preventing the reduction of sulphur
by Li-ions, hence, mitigating the self-discharge reaction. In the V,0s@S cell, the pre-
edge is not found in the pristine state indicating no formation of polysulphides during
cell storage, where as in the CuO@S cell, only a weak sign of the pre-edge is
recognised (Figure 5-6b). This suggests that the redox potentials of MXs are related to
the ability of self-discharge mitigation. During the discharge process, these oxidised
sulphur are reduced and becomes active to form polysulphides to proceed the cell

reaction, and re-oxidised during the charging process.

In contrast, the redox potential of the TiO, additive is low, hence did not oxidise the
sulphur species until the start of the cell reaction nor contribute to the mitigation of
the self-discharge. Instead, TiO; is reduced by Li-ions during the discharge process
causing the oxidation of sulphur by the excess oxygen released from TiO;, therefore,
oxidised sulphur peaks become more pronounced. During the charging process, TiO; is

re-oxidised, resulted in the reversible tendency of the oxidised sulphur peaks.

In the SNO,@S (Figure 4-16) and the CuS@S (Figure 4-17) cells, such interaction was
not activated and the oxidised sulphur peaks were moderate and unchanged during

the cell cycling.

(iii) Another postulation is the oxidation of sulphur by the presence of LiNOs. It is
previously published that the LiNOs salt oxidises shuttled polysulphides, which gives
Li;SO3 and Li;SOs and simultaneously reduces LiNOs to LiNO,;. These oxidised
polysulphide can also contribute to those peaks observed in the higher energy region

of the S K-edge XANES spectra. [56]

Further investigation is required to be able to accurately understand the origin of the

oxidation of suphur.
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4.6 Conclusions

Sulphur cathode were prepared utilising five different MX additives and the effect of
these MXs towards sulphur reaction mechanisms is directly compared using XAS

techniques as well as the electrochemical analysis.

In the electrolyte system employed here (1 M LiTDI in TEGDME), LiNOs did not improve
the electrochemical performance after 50 cycles, the electrode without the MX
additives retained the best capacity in the LiTDI/TEGDME/LINOs electrolyte for
prolonged cycling. Nonetheless, the V;0s and SnO; additives showed improved

capacity retentions compared to the pure S electrode in the absence of the LiNOs salt.

These electrodes were investigated under real operating conditions using an operando
XAS technique. Since the absorption of X-rays is sensitive to the element of interest,
good contrast of sulphur change is obtained without being interfered with MX
additives. This study confirmed that the influences towards sulphur conversion

reaction are different between each MX additive.

We endow that the TiO; additive strongly adsorbs polysulphides and is capable of
retaining the polysulphide species within the cathode side, as well as tuning the
sulphur redox reaction, behaving as a catalyst. The Li;S disproportionation and
deposition is clearly seen when TiO; is used as an additive, while in the other MX@S5
electrodes, we did not detect the clear peaks of Li>S in the XANES spectra. Further
work will need to focus on linear combination fitting (LCF) of the Ti K-edge
measurements, which would be useful to quantitatively identify the evolution of TiO,
to Ti;0s. Also, the double-edge experiment of V,0s@S will enable us to directly
compare the redox activity and influence of the metal oxides towards sulphur

chemistry.

The CuO and V,0s additives exhibited very low rate of self-discharge phenomenon
during cell storage. This is evident by the absence of the pre-edge feature in Figure 4-6.
Both CuO and V,0s additives have relatively high redox potential and mutually
observed distinct two peaks of oxidised sulphur in the S K-edge XANES at the pristine
state. This could be arising from the oxidation of active sulphur during cell storage,

which mitigated the reduction to form polysulphides. This suggests that the formation
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and dissolution of polysulphides during cell storage can be effectively suppressed by
the presence of MXs with high redox potential. However, further investigation is

needed to clearly define this behaviour.
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Chapter 5

Electrically Conducting Polymer Additives

5.1 Introduction

The binder plays an important role in improving the mechanical integrity of the sulphur
cathode as well as adhesion and bonding for the composite on the current collector in
Li-S batteries. Currently, PVDF is the mostly used binder for the Li-S batteries, which is
far from being the perfect choice and reported as having an adverse effect towards Li-S
cell cycling. [1][2] This chapter explored interesting approaches to the design of the
sulphur cathode. One is the binder-free approach, which is beneficial for increasing the
practical energy densities of Li-S batteries by elimination of the electrochemically
inactive materials from the cell components. [2][3] Another approach is the
replacement of insulating binder with conductive polymers, as a multifunctional binder
for the Li-S cathode, and introduction of an environmentally friendly synthesis method.
The discussion below introduces a variable use of such conductive polymer materials

for an advanced design of sulphur electrodes.

With the issue of diffusional loss of the active sulphur materials to the liquid
electrolyte, the introduction of conductive polymers to the cathode composite is one
of the promising options to improve the Li-S battery systems. [4] The chain-like
structure and rich functional groups of polymers achieve the polysulphide trapping
while maintaining good physical confinement in a similar manner to carbon. [5] Hence,
offering the improvement of interfacial polarisation of the cell. [6] Recently, it was
found that the polysulphide dissolution can be suppressed via lithium bonds formed
between lithium in the lithium polysulphide and the electron donating groups of the
polymers. [7] For example, the Cui group recently reported that polyvinylpyrrolidone
(PVP) shell coating of hollow sulphur nanosphere for cathode shows an excellent long-
term cycling of 1000 cycles with a specific capacity of 535 mAh g* at the C/2 rate

demonstrating 54 % capacity retention and the average Coulombic efficiency (CE)
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value of ~ 98.5 %. [8] More recently, Cui’s group demonstrated the use of aqueous
inorganic polymer, ammonium polyphosphate as a multifunction binder successfully
inhibiting the polysulphide shuttle effect by blocking the diffusion of polysulphide

anions. [9]

Generally, an ideal binder materials should meet the following criterion: (i) It should be
both rigid and stable but still feasible to avoid cracking during the volume expansion of
sulphur upon cycling, [10] (ii) capable to create a good ionic and electronic conductive
network between sulphur and conductive carbon, and (iii) good adhesion to the
electrode materials. [11] Following these guidelines, we chose two conductive polymer
materials and analysed the behaviour of those as additives for the sulphur cathode
composite. We investigated electrically conducting polymers (ECP), [12] polyaniline
(PANI) and Poly(3,4-ethylenedioxythiophene)-poly(styrenesulphonate) (PEDOT:PSS)

due to their advantages described below.

O

AN

Figure 5-1. Chemical structure of PANI. [13]

Polyaniline (PANI), shown in Figure 5-1 is one of the most frequently studied
conductive polymers due to its electrochemical, electrical, and optical properties, as
well as its high affordability owing to its simple components (C, H, and N). [13][14][15]
PANI consists of monomer units built from reduced (y in Figure 5-1) and oxidised (1-y
in Figure 5-1) blocks, where 0 = y = 1. PANI can exist in three different oxidation
states; (i) fully reduced leucoemeraldine (y = 1), (ii) half oxidised emeraldine base (y =
0.5), and (iii) fully oxidised pernigraniline (y = 0). [13] Among these different forms of
PANI, emeraldine base is the most suitable type to use in the electrochemistry due to
its highest stability and conductivity. Leucoemeraldine slowly oxidises in air and not

electrically conducting. Pernigraniline readily decomposes in air because it is
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composed of alternating aminobenzene and quinonediimine fragments, which is
unstable in the presence of nucleophiles. [16] The morphologies of PANI can be
accurately controlled via chemical polymerisation of aniline. PANI can be synthesised

into various shapes such as, nanofibers, nanotubes, and nanospheres. [17]

PANI is widely applied in energy storage and conversion devices, such as,
supercapacitors, batteries and fuel cells. [13] A recent trend in PANI-related energy
research has been focused on Li-S systems to use as a coating material due to its low
solubility in the organic electrolyte and high flexibility for encapsulation of sulphur. For
example, the Abruna group has adopted Cui and co-workers’ TiO, yolk-shell structure
sulphur encapsulation and designed a polyaniline-sulphur yolk-shell nanocomposite.
This composite exhibits a stable capacity of 765 mAh g at 0.2 C rate after 200 cycles.
[18] The yolk-shell structure was able to accommodate the volumetric expansion of
sulphur within the internal void space, which successfully leads to an excellent
performance due to reduced polysulphide dissolution into the electrolyte. Another
example is a three-dimensional, cross-linked, structurally stable sulphur-PANI
nanotube composite synthesised via in situ vulcanisation process. [19] This electrode
retains a discharge capacity of 837 mAh g after 100 cycles at the 0.1 C rate. Even at a
higher C-rate (1 C), very stable cycling is observed up to 500 cycles. The successful
performance is achieved due to the vulcanisation that encapsulates sulphur
compounds in molecular-level. Also, a flexible framework of the matrix reduced the
stress and structural degradation that can be caused during lithiation and de-lithiation.
Moreover, the electropositive amine and imine groups on sulphur-PANI nanotube
composite were found to attract polysulphides via electrostatic forces, hence, reduce

the detachment of sulphur during prolonged cycling. [19]

222



PEDOT:PSS

PSS

O

Figure 5-2. Chemical structure of PEDOT:PSS. [20]

PEDOT:PSS, shown in Figure 5-2, is another promising material widely studied to
enhance the battery performance due to its high electronic conductivity and excellent
robustness. [21][22] PEDOT:PSS is described by PEDOT groups that belong to the
polythiophene family forming a high electric conducting poly-electrolyte complex
when combined with PSS. [23] The SO3™ group in PSS offers good ionic conductivity and
attract positive lithium ions. PEDOT:PSS has also been used in Li-S batteries. For
example, Cui et al. developed the PEDOT:PSS coating on the surface of mesoporous
carbon/sulphur particles which effectively minimised the dissolution of polysulphides
and loss of active material in sulphur cathodes by strong trapping capability of
polysulphides. The initial discharge capacity of 1140 mAh g? is achieved with
remaining 600 mAh g after 150 cycles at a rate of 0.2 C, and slow capacity decay of
15 % per 100 cycles is observed. [7] PEDOT:PSS coating of sulphur-activated porous
graphene cathode composite has been designed by the Wang group. [24] This
composite achieved a remarkable rate capability and cycling stability of the initial
discharge capacity of 1198 mAh g at a rate of 0.1 C retaining 845 mAh g after 200
cycles. The conductive PEDOT:PSS layer effectively facilitate the charge transportation

and minimised the polysulphide diffusion. Zhang et al. also concluded that PEDOT:PSS
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can serve as an assisted ‘current collector’ to enhance the electronic conductivity of

sulphur cathode and controls the polarisation of the battery. [25]

Generally, for Li-S battery cathodes, Polyvinylidene fluoride (PVDF) and polyethylene
glycol (PEQ) are commonly used as binders. [26] For Li-S battery synthesis these
binders are typically dissolved in NMP, which brings few disadvantages. NMP could
dissolve sulphur out of pre-constructed nanostructures, and the evaporation of NMP
raises environmental related concerns. [18] The drying of NMP solvents requires high
temperature and long time in a vacuum oven, which could cause sublimation of
sulphur from the cathode. Recently, it has been found that these binders have some
adverse effects on cell performance due to [27]; (i) their linear polymer chains
structure and weaker interchain interaction cannot accommodate the large volume
change of sulphur particles during lithium insertion and extraction, and undermines
the structural integrity of the cathode leading to the loss of electrical contact with
conductive additives; (ii) they have weak affinity towards polysulphides and cannot
contribute to prevent the shuttle effect of polysulphides; (iii) low swellability of PVDF
in DOL:DME based electrolyte restricting the surface area and pore volume of carbon
available to the electrolyte during cell operation, [26] (iv) their electrically insulating
nature do not effectively transfer electrons, hence, elevate the internal resistance of
the cell. Moreover, at high temperature, PVDF decompose into toxic compounds, such
as, hydrofluoric acid and fluorocarbons. [2] Alternative binders with high binding
strength as well as high electrical conductivity should, therefore, be considered for Li-S

cells. [28]

In this chapter we present a simple and low-cost approach to synthesise the binder-
free sulphur cathodes (AB@S) composite as well as fabrication of the sulphur
electrode using PANI and PEDOT:PSS as the alternative to PVDF binders (PANI-AB@S
and PEDOT:PSS-AB@S, respectively). These conductive polymers binders were
investigated as conductive additives to AB@S composite or more importantly, utilised
in similar fashion to the PVDF binder. In this study, colloidal nanometric sulphur
powders were chosen as active materials to aim for more finely distributed sulphur
particles within these conductive polymers. In order to understand the influence of the

conductive polymer binders, we will focus on the investigation of cathodes varying
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PANI and PEDOT:PSS as additives while keeping all other materials and fabrication
processes constant. The binder-free electrode sample without PANI or PEDOT:PSS

additives was also fabricated in the same method as PANI-AB@S and PEDOT:PSS-AB@S.

In the previous chapters, PVP was used as a binder, which required the use of
environmentally hazardous organic solvents, NMP to transform PVP binder from
crystalline to amorphous, which is the most widely used method for slurry making
during electrode fabrication step. NMP solvent is highly volatile and combustible as
well as highly toxic. This introduces the contamination risks particularly upon drying of
the electrode. [1] The operational safety is the prime importance as well as desirable
parameters, such as, high energy efficiency, long cycle life, low cost, and sustainability.
[29] Whereas the slurry fabrication in this chapter employed the aqueous dispersion of
composite materials in methanol and no such toxic solvent are used, which provides

an additional advantage of being highly safety as well as environmentally friendly.

The objectives in this study is to investigate the influence of the conductive polymer
binders on sulphur at an atomic level, with a specific focus on the reaction mechanism
of polysulphide intermediate formation and dissolution. To achieve this, AB@S, PANI-
AB@S and PEDOT:PSS-AB@S electrodes were analysed using operando XAS techniques

as well as the electrochemical characterisations.

5.2 Material preparations

5.2.1 Synthesis of polymer additives for sulphur composites

PANI and PEDQOT:PSS preparation

The polymer binders were prepared using PEDOT:PSS (1.3 wt % dispersion in water)
pipetted into a sample jar and dried in oven under vacuum at 40 °C for 24 hours. PANI
was synthesised by soft template method as follows; 0.02 M of aniline solution was
oxidised by adding 0.01 M of iron sulphate solution dropwise. Polymerisation reaction
was carried at 5 °C for 24 hours. The precipitate was washed with deionised water and
methanol and resultant product was dried in vacuum oven for 24 hours at 40 °C. As-

prepared materials of PEDOT:PSS and PANI were characterised using FT-IR.
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Electrode prepartaions

The binder-free sulphur composite was prepared by mixing colloidal sulphur and AB in
a mass ratio of a ratio of 60:40, followed by heating in Teflon-lined autoclave at 155 °C
for 12 hours. A slurry was then prepared by dispersion in methanol by stirring for 16

hours at room temperature.

To prepare the electrodes with polymer binders, colloidal sulphur and AB were mixed
in @ mass ratio of 70:30 and heated in Teflon-lined autoclave 155 °C for 12 hours. This
was then mixed with polymer binder (PANI or PEDOT:PSS), using a mass ratio of
S/AB/polymer binder equals to 60:25:15, by dispersion in methanol and stirred for 16

hours at room temperature.

5.2.2 Electrode preparations

Slurries prepared as above methods were coated onto 12.7 mm pre-cut Al discs via
spin-coating method. After coating, electrodes were dried in vacuum oven at 60°C for

4 hours and kept in an argon-filled glove box until cell assembly.

For electrodes used for operando measurements, pre-cut Al discs were prepared with
diameter of 2 mm holes in the centre and cathode composites were spin coated and
dried as described above. Cathode composite materials were then manually pasted on
the 2 mm holes on the electrodes with a support of Mylar films. The resultant cathode
discs were dried in vacuum oven at 60 °C for 4 hours, Mylar films were carefully

removed and transferred in an argon-filled glovebox.

Coin cells were assembled in an argon-filled glove box. The construction of operando
coin cells used in this study is essentially the same as described in Section 2.4.2, but CR
2320 coin cell was used instead of CR 2016 cell, together with a spring to maintain a
balanced pressure in the cell. Operando cells were assembled using epoxy glue instead
of coin cell crimper due to the failure of the coin cell crimper during beamtime
preparation. Prior to operando cell assembly, the epoxy glue was tested to ensure no
reaction with electrolyte. All coin cells prepared for in-house electrochemical

measurements were assembled in CR 2016 coin cell cases utilising a cell crimper.
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5.3 Material characterisations

To confirm the synthesis of PANI and PEDOT:PSS did not undergo phase changes
during drying step, the as-prepared polymers were characterised using Fourier

transform infrared (FTIR) spectroscopy and X-ray diffraction (XRD) techniques.
PEDOT:PSS

Figure 5-3 shows the FTIR spectrum for dried sample of PEDOT:PSS and Table 5-1

shows the peak assignments for the spectrum collected.

J | . | . |
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65 - .
C=C T
g o0 | Thiophene c-0-Cf _
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Figure 5-3. FTIR spectrum of dried PEDOT:PSS

All of the PEDOT:PSS signature peaks were observed in the dried PEDOT:PSS sample.
PEDOT is recognised by C=C bond at 1585 cm™, C-C bond at 1508 cm™, C-O-C stretch at
1290 cm™, and C-S thiophene backbone located at 1001, 894, 771, 670 cm™. PSS peaks
are arising from S-O bond at 1165 cm™ and S-phenyl bonds in sulphonic acid at 1122

and 1026 cm™. Those peaks agree well with previously reported values. [30][31]
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Table 5-1. FTIR spectrum peak assignments for PEDOT:PSS

Wavenumber (cm™) PEDOT PSS
1585 C=C
1508 C-C
1290 C-0-C
1165 S-0
1122 5-oh |
-phen
1026 pheny
1001
894 s
Thiophene
771
backbone
670

The XRD patterns of PEDOT:PSS is shown in Figure 5-4. There were no particular sharp
peaks observed in pure PEDOT:PSS sample, indicating substantial amorphous nature of

PEDOT:PSS. [32]

i Dried PEDOT:PSS

Intensity (a.u.)

1 " 1 L 1

20 40 60 80

2 Theta

Figure 5-4. XRD spectrum of dried PEDOT:PSS.
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PANI

Synthesised PANI was analysed by FTIR and presented in Figure 5-5, and Table 5-2

shows the peak assignments for the spectrum.
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ﬁ
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C-H bend C-H bond

1 1 1 1 1 1 1 3 1 1 1 1 1

2000 1800 1600 1400 1200 1000 800 600

Wave number (cm ™)

Figure 5-5. FTIR pattern of synthesised PANI.

The characteristic absorption bands of PANI are 592 cm™ and 696 cm™ can be ascribed
to C-C and C-H bonding of aromatic ring [33], 798 cm™ is a C-H stretch out of plane
bending in 1,4-disubstitued benzene ring [15], broad band around 1100 cm™ is a
common feature of emeraldine salt which is overlapped with the aromatic C-H in-plane
bending [15][34], 1301 cm™ is attributed to a C-N stretching of an aromatic amine [33],
two peaks at 1480 cm™ and 1566 cm™ can be ascribed to benzenoid and quinoid ring,

respectively. [19][33][35][36]
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Table 5-2. FTIR spectrum peak assignments for emeraldine PANI

Wavenumber (cm™) Assignments
1566 Quinoid ring-stretch
1480 Benzoid ring-stretch
1301 C-N stretch
1100 C-H bend
(in plane)
798 C-H bend
(out of plane)
696 C-H bond
592 C-C bond

Figure 5-6 represents the XRD patterns of the synthesised PANI-AB@S composite and
binder-free AB@S composite. For comparison, pure sulphur and acethylene black (AB)
were also measured as they are present in these composites. The XRD patterns of pure
AB shows a single broad peak around 26°, indicating an amorphous structure, which
agrees with other reports. [37] The diffraction peaks of the AB@S and PANI-AB@S
composites exist in similar patterns as pure sulphur, with an additional broad peak
nearing 26 °, arising from the amorphous nature of AB. The XRD pattern of PANI-AB@S
composite exhibits some sharp and strong peaks throughout the entire diffraction
range, indicating that the sulphur in PANI@AB@S composite exists in a well-defined
crystal structure and sulphur exists in good dispersion within the PANI structure.
[15][38] Similarity of the XRD patterns between AB@S composite and PANI-AB@S
indicates that PANI does not affect the structure of elemental sulphur and no new

phase was formed during the cathode preparation steps. [15]
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Figure 5-6. XRD patterns of pure sulphur, pure AB, PANI-AB@S, and AB@S composite.

5.4 Electrochemical measurements

In this section, coin cells were investigated electrochemically to establish the cycling

performances of as-prepared electrodes.

Galvanostatic cycling was performed on the binder-free AB@S, PANI-AB@S, and
PEDOT:PSS-AB@S electrodes are displayed in Figure 5-7a-c, respectively. All electrodes
were assembled in conventional CR2016 cell assembled using a cell crimper and cycled
at a rate of 0.1 C between 1.3 — 2.8 V using the electrolyte containing 1 M LiTFSI and
0.25 M LiNO3s dissolved in DOL:DME (1:1 by volume).
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Figure 5-7. Galvanostatic cycling curves for the as-prepared electrodes cycled at a rate
of 0.1 C using the electrolyte composed of 1 M LiTFSI and 0.25 M LiNOs in DOL:DME
(1:1 by volume). (a) AB@S, (b) PANI-AB@S cells.
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Figure 5-7. Continued. (c) PEDOT:PSS-AB@S cells.

The initial discharge capacity of the binder-free AB@S, PANI-AB@S, and PEDOT:PSS-
AB@S electrodes were 493, 230, and 290 mAh g?, respectively. These values are
significantly lower than those found in other samples (Chapter 3 and 4) and can be
explained by the electrode design and fabrication method; PVP binder is not used,
which decreased the connection between sulphur particles and conductive carbons,
hence the adhesion of the electrode composite to the aluminium current collector is
weak. Also, the doctor blade coating method was not applicable for this slurry
composition, as the methanol is too low viscous than NMP slurry and spreads out
immediately after loading onto the doctor blade machine. The spin coating method
was used instead which may have decreased the electrode loading of the cell.
Nevertheless, the binder-free AB@S and PEDOT:PSS-AB@S electrodes still observed
the typical Li-S cell discharge and charge profiles with two discharge voltage plateaus

at approximate 2.3 Vand 2.1 V.

54.1.1 AB@S
The binder-free AB@S electrode exhibited severe voltage depression and extremely

short high voltage plateau. Also, a large irreversible capacity loss is found during the
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initial charging process (Figure 5-7a). Typically, this feature is descried to the formation
of a thick SEl layer, which is generated when lithium metal reacts with the
polysulphides that migrated to the anode during the discharging process. It appears
reasonable to believe that this was the main reason for the cell degradation, as this
cathode is fabricated in the absence of a binder, therefore, the poor adhesion to the

electrode material led to the dissolution of polysulphides into the electrolyte.

5.4.1.2 PANI-AB@S
PANI-AB@S cell exhibited an unusual behaviour in the initial discharge. The high
voltage plateau is eliminated and only the low voltage plateau is observed at 2.08 V,
followed by the extremely delayed charge ending, so-called ‘shuttle’ phenomenon,
leading to an extremely poor Coulombic efficiency (CE) of 32 %. In the following cycling,
the high voltage plateau is appeared. To confirm the accuracy of the discharge curves,
CV scan was recorded at a sweep rate of 0.03 mV s between 1.3 — 2.8 V, and the
results are shown in the inset of Figure 5-7b. The CV scan of this electrode exhibited
two cathodic peaks at 2.33 V and 2.06 V, followed by one anodic peak at 2.48 V. These
peaks are originating from the reduction and oxidation of sulphur species, which
means, conducting state of PANI binder remained unchanged during the discharge and
charge processes. [39] Two cathodic peaks also means that the sulphur undergoes
two-step conversion reaction. Therefore, two voltage plateaus were expected for

PANI-AB@S cell unlike the observed discharge/charge curve for the initial cycle.

There are three plausible explanations for the observed single plateau behaviour. (i)
One possible explanation is that the high rate of severe self-discharge caused the
dissolution of the sulphur into the electrolyte, forming the long-chain polysulphides in
the cell before cycling, leading to the conversion reaction starting from the long-chain
polysulphides to medium/short-chain polysulphides, resulting in the elimination of the
high voltage plateau. (ii) Another explanation is the slow diffusion of the electrolyte
throughout complex structure, limiting the utilisation of active sulphur particles.
Because the molecular structure of PANI is smaller than that of PEDOT:PSS, the active
sulphur and conducive carbon material can be finely surrounded by the PANI, which
takes more time for the electrolyte to be soaked into the sulphur particles, hence large

amount of sulphur is left unreacted in the first cycle, leading to the extremely short
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high voltage plateau and low discharge capacity. (iii) There is also a possibility that the
PANI is bindling sulphur species tightly and does not provide sufficient spaces to form
long-chain polysulphides, therefore, the long-chain polysulphide formed in the initial
discharge is short-lived and immediately converted into shorter chain polysulphides
soon after the ring opening of Sg. Then, in the following charging process, the delayed
charge ending is caused due to the difficulty for the short-chain polysulphides to
reoxidse to the long-chain polysulphides. The extended charge ending can also be
ascribed to the migration of soluble polysulphides between the cathode and anode
while charging. [40][41] In the second discharge and onwards, the usual discharge
voltage plateaus are observed, due to the more space gained during changing of the
polysulphide chain lengths, which now have enough space to accommodate the long-

chain polysulphides.

5.4.1.3 PEDOT:PSS-AB@S
In PEDOT:PSS-AB@S cell, although the accessible capacity has decreased over the
cycles, two clear discharge plateaus were observed with very little or no voltage
polarisation over repeated cycles, and the charging capacity is consistent with the
discharge capacity. This indicates that the shuttle reaction is highly mitigated by the
PEDOT:PSS binder.

5.4.2 Operando XAS analysis

These electrodes were further investigated using operando XAS technique. In this
section operando XANES spectra were collected for as-prepared three different
cathode composites and linked to the galvanostatic discharge/charge curves. Initially,
the operando series of the binder-free AB@S cell is discussed, followed by the PANI-
AB@S and PEDOT:PSS-AB@S cells. All XAS measurements displayed in this chapter
were performed at beamline XMa$S (BM28) at the ESRF.

For the energy calibration of spectra, pure Sg reference compound was used and
spectrum was collected using a Ketek detector. However, operando measurements
were collected using a Vortex detector due to the failure of a Ketek detector during the
beamtime experiment. The cycling rate of 0.1 C was used for the binder-free AB@S

and PANI-AB@S cells, whereas slower cycling rate of 0.05 C is used for the PEDOT:PSS-
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AB@S cell. Before applying the current to the measured cells, pristine spectrum was

collected at OCV and labelled as “spectrum number 0” for each cell.

Spectra were recorded over the energy range of 2450 - 2520 eV, with a step size of 1.5
eV before the pre-edge (2450 — 2465 eV), 0.16 eV in the pre-edge, main-edge, and
electrolyte region (2465 - 2495 eV), and 0.5 eV between 2495 — 2520 eV, with a
counting time of 10 seconds per point, resulting in a total acquisition time of 43 - 44

minutes per spectrum.

5.4.2.1 Binder-free cell (AB@S)

Figure 5-8 shows the pristine spectra of the AB@S cell, together with the reference
sulphur (Ss) compound. The spectrum collected at the pristine state observed a
dominant peak at 2480.0 eV originating from the LiTFSI salt in the electrolyte system in
which sulphur is in the form of sulphates (VI). [42] This dominant electrolyte peak is
also observed in both PANI-AB@S and PEDOT:PSS-AB@S cells at the same energy
position and the intensity of this peak was extremely larger than those of the
electrochemically active sulphur peaks (inset Figure 5-8). The main focus of this XANES
study is the electrochemically active sulphur region, therefore, for PANI-AB@S and
PEDOT:PSS-AB@S cells, only the S K-edge energy region of the active sulphur is
displayed for their operando spectra in Section 5.4.1.2 and 5.4.1.3.

Theoretically, the pristine spectra should only show a dominant peak at 2472 eV,
originating from the Ss molecule because there should be no electrochemical reaction
occurring when no current is applied to the batteries. The normalised S K-edge XANES
spectra collected at the pristine state of the AB@S cell is characterised by a dominant
peak at 2472.2 eV and a concave shape after the main-edge at 2476.0 eV, these
features are very similar to those observed in Ss reference compound. However, an
additional weak shoulder is recognised at lower energy of 2470.4 eV. This could be
attributed to a weak sign of the pre-edge originating from the long-chain polysulphide,

indicating the self-discharge reaction within the cell during storage.
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Figure 5-8. Normalised S K-edge XANES spectra of the binder-free AB@S cell in the
pristine state and Sg reference compound. The inset shows the pristine state of the

PANI-@S cell and PEDOT:PSS-AB@S cell.

Following the pristine measurement, a current was applied to the cell and the
subsequent of operando S K-edge XANES spectra were recorded during the initial cycle
of this battery. The galvanostatic curve for this cell as a function of time is plotted in
Figure 5-9a, containing two discharge voltage plateaus at around 1.95 V and 1.65 V,
generally attributed to the transitions from LixSs > Li;Ss and LisSs = LiaSa),
respectively. [43] This is consistent with the observation from the electrochemical test
displayed in Figure 5-7a, although the voltage plateaus are approximately 0.4 V lower
than those in the electrochemical test cell. This may be caused by the insufficient
pressure applied to the operando cells, as the operando cells were assembled using
glue, rather than a coin cell crimper. This might have caused the pressure difference

between the conventional cells and operando cells.
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Figure 5-9. Operando XANES spectra dataset for the AB@S electrode cycled at the 0.1
C rate in LiTFSI/DOL:DME/LiNOs electrolyte. (a) Galvanostatic discharge/charge curve
for the initial cycle with labels 1 — 8 indicating the points at which XANAES spectra
were started to record. (b) Normalised S K-edge spectra collected during discharge
corresponding to these labels including the pristine spectrum (labelled as 0). The inset

showing the calculated main/pre-edge area ratio for each spectrum.
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The first operando spectrum is collected as soon as a current is applied to the cell
(Figure 5-9b). There is a notable increase in the main-edge resonance in the spectrum
number 1 compared to the pristine spectrum. Because the sulphur exists in high
concentration (60 %) in the electrode fabricated for this study, it is reasonable to
believe that the spectra are distorted by self-absorption (SA) effect, hence, a distinct
increase in the main-edge intensity is originated from the dissolution and diffusion of
the starting material, Ss, into the electrolyte. A weak pre-edge is recognised at the
spectrum number 2 corresponding to the end of high voltage plateau. This is attributed
to the formation of long-chain polysulphide. During the discharge, sulphur is reduced
by ring opening of cyclo-Ss into linear S-S chains with two ends of sulphur adjacent to Li
atoms. Each of the terminal sulphur atoms have a charge of 1le, which leads to a
reduced binding energy of the 1s core-electrons and split the sulphur peak at 2472 eV

into the pre-edge and the main-edge. [44]

The energy shift is observed in the main-edge towards slightly lower absorption energy
by the value of 0.3 eV. This energy shift was the inverse trend compared to the
measurements in previous chapters. Previously, the energy position of the main-edge
is increased to higher absorption energy values with increasing depth of discharge,
which was the indication of the shortening of the polysulphide chain length.
Nevertheless, the negative shift of the main-edge energy could be arising from the
error in the XAS measurement. It is worth remembering that a Vortex detector is used
for this operando measurement instead of a Ketek detector. A Ketek detector is more
suitable and advantageous for such bespoke sample environments and all

measurements in the previous chapters were collected using a Keytek detector. [45]

The concave shape after the main-edge is shifted to the lower energy position and
centroid at around 2475 eV in the spectrum number 2. This supports the detection of
the linear-chain polysulphides. During the lower voltage plateau, corresponding to the
spectrum number 3 and 4, the pre-edge and main-edge exhibit further increase in their
intensities, while the main-edge energy position remains unchanged. It is suggested
from the area ratio of main/pre-edge, that the average chain length of polysulphide is
decreasing (inset Figure 5-9b), as the relative amount of terminal versus internal

sulphur atoms proportionally reflects to the chain lengths of polysulphide. [46]—[49]
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At the end of the low voltage plateau, both the pre-edge and the main-edge observe
their maximum absorption intensity. This suggests that large amount of polysulphides
are dissolved in the electrolyte. This supports the findings from the electrochemical
analysis in Figure 5-7a that shows a large irreversible charging capacity during the first
cycling. The uncontrolled dissolution of polysulphides leads to the migration of those
to the anode and react with the Li metal, leading to the formation of a thick SEI layer
resulting in the charging capacity loss. At the last spectrum of the discharge process
(spectrum number 5 in Figure 5-9b), the peak position of the main-edge is observed at
2471.6 eV, evidencing that no Li,S is formed, as the presence of Li>S would give rise to

a peak at 2473 eV.
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Figure 5-10. Normalised S K-edge XANES spectra set collected during the charging
process of the AB@S cell.

During the following charging process, the variation in spectral shape was not
observed in the S K-edge XANES spectra, as displayed in Figure 5-10. This indicates that
the form of sulphur did not experience in any difference, suggesting the inability of the
re-oxidation of polysulphides to Ss. The voltage profile fluctuates during the charging

process (Figure 5-7a), which is generally considered as the consumption of the
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electrolyte and failure of Li*-ions conduction. [50] We have also noticed a major peak
intensity loss in the electrolyte sulphone especially during the discharge (Figure 5-9b).
Several explanations to this observation are possible; (i) the evaporation and leakage
of the electrolyte from the cell, hence, electrolyte is decomposed which resulted in the
voltage fluctuation of the cell over time, or (ii) loss of contact between the electrolyte
due to the cathode cracking. As previously mentioned, the binder-free electrode is
poorly adhered to the aluminium current collector and the electrode materials can

easily be cracked. Both can result in the observed behaviour.
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5.4.2.2 PANI-AB@S

The PANI-AB@S cell was analysed under the same conditions as the AB@S cell and a

summary of the operando analysis is given in Figure 5-11.
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Figure 5-11. (a) Operando galvanostatic discharge curve of PANI-AB@S cell at a rate of
0.1 C plotted as a function of time, the dots indicate the points where the XANES

spectra were collected. (b) Operando sulphur K-edge XANES spectra obtained during
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the initial discharge process of the PANI-AB@S cell with the inset showing the

calculated main/pre-edge area ratio for each spectrum.

Figure 5-11a shows the galvanostatic curves of operando PANI-AB@S battery as a
function of time, representing that the high voltage plateau is again missing during the
first discharge process and the plateau at low voltage is observed around 1.5 V. This
discharge behaviour is in agreement with the one observed in the electrochemical
measurement (Figure 5-7b), despite the fact that the low voltage plateau is observed
about 0.4 V lower than that in the electrochemical test, in which, the possible reason is

explained in the previous section (Section 5.4.2.1).

Operando XANES measurement provides some clues to this unusual single voltage
plateau behaviour. The XANES spectrum at the pristine state exhibited a very weak
broad signal of the pre-edge feature at around 2470.3 eV and the dominant main-edge
at 2471.9 eV, accompanying the concave feature at 2474.5 eV. These are the
characteristics of the long-chain polysulphide, confirming the presence of polysulphide
species originating from the self-discharge reaction during the cell storage. However,
the pre-edge feature is considerably smaller compared to those observed in the
previous chapters where the rate of self-discharge was significantly high and resulted
in elimination of the high voltage plateau. However, in this cell, the pre-edge feature at
the pristine is not as strong as these cells, indicating the minor self-discharge rate.
Therefore, this voltage plateau elimination behaviour may be originating from the
different effects to the previous cases. Hence, the postulation (i) discussed in Section

5.4.1.2 is likely to be eliminated.

During the discharge process, the S K-edge XANES spectra exhibits a similar trend to
what was observed in the AB@S cell; start by an increase in the main-edge and pre-
edge intensities from the pristine state up to spectrum number 2, indicating the
dissolution of polysulphides into the electrolyte. As explained previously, the intensity
increased due to the reduced SA effects by lowering the concentration of the sulphur

particles at the probed area. This also suggests that the rate of self-discharge was

243



relatively low, as there are still active original cyclo-octasulphur (Ss) left on the cathode

to be dissolved and react with the Li*-ions.

In the spectrum number 4, the intensity of the main-edge drops abruptly, whereas that
of the pre-edge remains relatively stable. This may be a sign of the shortening of
polysulphide chain lengths, where the relative population of the internal sulphur
atoms are decreased while maintaining that of the terminal sulphur atoms.
Nonetheless, this reaction does not reach the disproportionation of Li,S/Li,S because

the energy position of the main-edge remains unchanged.

We have also tried to analyse the area ratio of the main/pre-edge (inset Figure 5-11b).
However, the values fluctuate and do not show a trend which makes it very difficult to
make any effective analysis. This is mainly because the spectral feature originating
from the active sulphur is extremely low compared to the LiTFSI peak leading to the
considerably high signal to noise ratio. To be able to clearly identify the origin of
unusual discharge behaviour of this electrode, further investigation is necessary to

examine the remaining possibilities discussed earlier in Section 5.4.1.2.
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Figure 5-12. Sulphur K-edge XANES spectra obtained during the initial charge process
of the PANI-AB@S cell.
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Figure 5-12 shows the S K-edge XANES spectra focused on the electrochemically active
sulphur species of the following charge process of the PANI-AB@S cell. Again, the
voltage profile of the charging process exhibited fluctuating feature (Figure 5-11a), and
there is no measurable difference in the S K-edge XANES spectra. The accuracy of this
data during charging process is ambiguous due to the voltage fluctuation of the cell
and a large signal/noise ratio of the spectra. This inferior cell behaviour is potentially

caused by the insufficient cell pressure led to evaporation of the electrolyte.

5.4.2.3 PEDOT:PSS-AB@S
From the results above (AB@S and PANI-AB@S operando XANES), we speculated that
the number of spectra obtained may be too small to clearly interpret the sulphur
reaction mechanism. Therefore, for the PEDOT:PSS-AB@S cell, the C-rate is decreased
to 0.05 C to allow enough time to obtain more spectra. The summary of operando

measurement is displayed in Figure 5-13.
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Figure 5-13. (a) Discharge curve for operando measurements of the PEDOT:PSS-AB@S

cell at a 0.05 C rate with dots indicating the point at XANES spectra are collected.
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Figure 5-13. Continued. (b) S K-edge XANES spectra with offset collected during
operando measurement, and (c) selected spectra without offset to clearly show the

peak intensities. (d) Plot of the calculated main/pre-edge area ratio for each spectrum.

The discharge curve of the PEDOT:PSS-AB@S cell exhibits two plateaus as expected
(Figure 5-13a), but again the output discharge plateaus are observed at lower
potentials than those observed in Figure 5-7c by the value of about 0.4 V. This voltage
depression behaviour in operando cell is consistent with the other two operando cells,

hence it is assigned as insufficient pressure in the cell.

The pristine state is dominated by the Sg feature (solid red line in Figure 5-13b), which
is characterised by the main-peak at 2471.9 eV with the concave feature observed at
2476 eV. There is also a weak pre-edge sign observed in the lower energy of 2469.5 eV,
suggesting the small contribution of the polysulphides, which is ascribed as the long-
chain polysulphides according to the area ratio of the main/pre-edge resonance
(Figure 5-13d). Additional to these active sulphur species, there is a broad shoulder
peak detected along with the main-edge (highlighted by the blue arrow in Figure 5-

13b). The evolution of this peak will be explained in later section.
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During the discharge process, the pre-edge becomes more pronounced at spectrum
number 5, indicated by the red arrow in Figure 5-13b, while the main-edge energy
position remains unchanged. The normalised intensity of both the pre-edge and the
main-edge increase, suggesting that the overall proportion of the polysulphide is
increasing within the cell and polysulphides are diffusing into the electrolyte (Figure 5-
13c). Throughout the high voltage plateau, the area ratio of the main/pre-edge
observed a linear decrease from 7.2 to 5.2 (Figure 5-13d). These results are reflecting
the reduction of polysulphide chain length. During the low voltage plateau, there is an
energy shift in the absorption energy of the main-edge to a slightly higher energy value,
indicating the further shortening of polysulphide chain lengths. Nonetheless, the shift
in the energy position of the main-edge is very small and the energy position is still far
from the Li,S sign at 2473 eV, and the ratio of the main/pre-edge remains stable
around 5 during the low voltage plateau. Therefore, no spectroscopic evidence of
lithium sulphide(s) formation is provided. Even after the low voltage plateau, the
XANES spectra does not recognise the Li,S peaks (Figure 5-13b), indicating the absence

of disproportionation reaction and deposition of LiS.
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Figure 5-14. Sulphur K-edge XANES spectra of the PEDOT:PSS-AB@S cell at the pristine

state and the discharged state compared with pure PEDOT:PSS reference compound.
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As mentioned previously, an additional feature was observed in the pristine spectrum
as a weak shoulder after the main-edge (Figure 5-14, black line). This is slowly
diminishing during the discharge process. The energy position of this additional peak
matches with that of the PEDOT:PSS reference peak, at 2473.1 eV. Therefore, this peak
is assigned to the sulphur atoms present in PEDOT:PSS. The disappearance of this peak
suggests that PEDOT:PSS is being consumed during the battery discharge. Therefore,

the permanent effect of the PEDOT:PSS additive cannot be expected.

To conclude, the PANI additive showed the possibility of controlling the chain-lengths
of polysulphides formed during the discharge. PANI could be favouring the formation
of medium to short chain polysulphides due to the limited space to accommodate
large compounds of long-chain polysulphides. (Figure 5-15a) Whereas the PEDOT:PSS
additive demonstrated the prevention of cell polarisation and mitigate the shuttle
reaction as well as hindering the irreversible capacity loss during charging (Figure 5-
15b), which may be due to the support of conductive PEDOT:PSS additive. However,
this effect cannot be expected to be maintained PEDOT:PSS is being consumed with

increasing depth of discharge.

=== PAN| === PEDOT (positive charge) === PSS Negative charge
Figure 5-15. Schematic image of effects of PANI and PEDOT:PSS additives on the

sulphur cathode.

5.5 Conclusions

This chapter introduced the sulphur composite cathode fabricated using electrical
conducting polymers, PANI and PEDOT:PSS, as the replacement for non-conducting
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and insulating PVDF binder, utilising a simple, cost-effective, and scalable method.
These electrodes were investigated using an operando XAS technique as well as the
electrochemical analysis to determine the sulphur reaction mechanisms. Operando
XANES measurement technique used in this study was not as sophisticated as used in
the previous two chapters. The scan time for each spectrum had to be longer than
those collected in previous chapters because a Vortex was used for operando
measurements due to the failure of a Ketek detector. As the conversion reaction is
continuous, some polysulphide species may be too short-lived to be detectible in this
measurement method. Also, the signal to noise ratio in the spectra collected using a
Vortex detector was considerably higher compared to those collected using a Ketek
detector. Therefore, there is a possibility that the species exist in the beginning of the
spectrum collection may differ to those exist at the end of the measurement collection.
Moreover, operando cells were assembled using an epoxy glue, which failed to supply
a good pressure in the cells. Further examination is necessary to obtain more accurate

results.

Of course, the binder-free AB@S, PANI-AB@S, and PEDOT:PSS-AB@S electrodes
prepared in this work, will have very low mechanical strength after dissolution of
sulphur on discharge, severely limiting their practical applications. Nonetheless, this
study supports the further research into economical and electrochemically benign
binder-free cathode as an interesting approach for rechargeable Li-S batteries for

future work.

One valuable objective for future work would be to determine the behaviour of
conductive polymer binders using XANES technique combined with other X-ray based
investigations, such as, SAXS (small-angle X-ray scattering) and XRD. At XMaS beamline
at the ESRF, it is possible to combine different characterisation methods together with
XAS measurements, which would bring a significant advantage for the future research

not only for the Li-S batteries, but also for various Li-ion battery systems.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

In this thesis, operando XANES technique was applied to investigate the reaction
mechanism of Li-S batteries to provide a better understanding of the effect of various
electrolyte systems, additives on the sulphur cathode, and electrode fabrication
methods. The combination of electrochemical analysis with operando XAS
measurements is a powerful tool to provide information about the sulphur reaction

mechanisms in real-time Li-S cell operation.

Firstly, this thesis provides an overview of the fundamentals of Li-S batteries, with an
emphasis on the existing issues and recent progress in various components, such as,
the positive electrode, the negative electrode, and electrolytes. Secondly,
experimental techniques and fabrication methods were demonstrated with an
attention given to the XAS measurements. The detailed information of the preparation
method of operando cell is provided. In order to conduct successful operando XANES
measurements, X-ray transparent coin cell is designed to achieve both the standard
electrochemical behaviour and the X-ray access to the material of interest. Our
operando cell is specially designed to fit in the vessel chamber used at XMa$S beamline
(BM28) at the ESRF and capable to penetrate the beam through the X-ray window. The
use of a simple but highly-effective design of the X-ray transparent coin cell allowed us

to prepare numbers of backup cells, and time efficient sample changing available.

In order to understand the influence of the electrolytes on the electrochemical

performances and conversion reaction mechanisms of sulphur in the Li-S batteries,

operando XAS measurements were performed on Li-S cells with variations of the

electrolyte systems. The most widely used solvent system, DOL/DME (1:1 volume

ratio), tuned out to be unusable in Li-S batteries without the support of LiNOs; or

modification of LiTFSI salt to LiTDI salt. In contrast, TEGDME was found to be a flexible
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choice for both LiTFSI and LiTDI salts, in the presence of LiNOs;. TMS solvent was found

to achieve better electrochemical performance in the absence of LiNOs.

Operando XANES measurements revealed that the rate of self-discharge can be
mitigated by the use of the LiTDI/TMS electrolyte, and sulphur undergoes a sequential
conversion reaction in this electrolyte system. On the contrary, LiTDI/TEGDME is
advantageous in faster reaction kinetics of the conversion reaction favouring the
reduction of long-chain polysulphides to short-chain polysulphides, and the formation
of polysulphide is accompanied with the disproportionation and precipitation reaction
of insoluble Li,S,/Li,S. Additionally, no spectroscopic evidence of radical species was

found in the electrolyte systems studied here.

To further improve the performance of Li-S batteries, metal oxides and sulphides (MX)
were employed as the physical/chemical reservoir for soluble polysulphides. The S K-
edge operando XANES measurements of the MX@S cells demonstrated that the
variation of the MX additives led to different sulphur conversion mechanisms.
Particularly, the TiO, additive demonstrated an interesting effect of accelerating the
conversion reaction of linear-chain polysulphide to Li,S. For the TiO.@S cell, we also
performed operando measurements of the K-edges of two elements (S and Ti) using a
single test cell. This unique measurement is achieved owing to the motorised precision
XYZ mount, which allowed us to reproduce the detection point precisely in-between
the different energy edge measured. This analysis revealed the reversible oxidation
states of the anatase-TiO, additive during the lithiation and de-lithiation of TiO,@S
electrode. TiO, behaves as a source of additional capacity to the cell, as well as
accelerating the disproportionation and deposition of LiS on the cathode. CuO and
V,0s additives were found to be very effective in suppressing the self-discharge rate. A
similar trend was identified between these two additives at the higher energy region
of the S K-edge XANES spectra. The suppression of self-discharge is potentially due to
the oxidation of active sulphur by these additives preventing the reduction reaction
during cell storage. Nonetheless, more analysis is required to clearly identify the origin

of these peaks.

Last but not least, the design of alternative binder materials for fabrication of the

sulphur electrodes is studied. Conductive polymer binders, PANI and PEDOT:PSS were

257



employed as replacement of conventional binders and sulphur electrodes were
fabricated via a cost-effective and environmentally benign method. Additionally, the
binder-free sulphur electrode is synthesised, and they were characterised using an
operando XAS technique. It was suggested that PANI can potentially control the chain-
lengths of polysulphides. Although this architecture is not yet optimised for high-rate
performance and mechanical stability is considerably low, this study opened the

possibility of an interesting direction of the further research.

6.2 Future work

Our collective results did not show signs of radical polysulphides in the XANES spectra.
However, S K-edge XANES analysis is not a fully suitable technique to measure the
polysulphide radicals, therefore, further investigation using electron paramagnetic
resonance (EPR) spectroscopy analysis is necessary for a clear detection of such
species. It would also be ideal to investigate more detailed optical studies using open-
cell analysis, combined with UV-VIS measurements to examine dispersion behaviour of

polysulphides.

The sulphur electrodes studied in this work were fabricated via simple method to
investigate the individual effect of each components. It is expected that utilisation of
sophisticated materials and architectures, such as, carbon nanotubes, mesoporous
carbon, and nanostructured metal oxides and sulphides would increase the battery
performances. Our future work includes the use of such materials to improve the Li-S

systems further.

Oxidised sulphur peaks detected at the S K-edge XANES in some of our cells are
considered as potential oxidation of sulphur by metal oxide additives, and this reaction
may depend on the redox potential of the metal oxide additives vs Li/Li*. Another
possibility is that the oxidation of sulphur by LiNOs. Further investigation is required to
accurately identify the origin of these peaks. For example, XPS and FTIR measurements
on the S cathode, separator, and Li anode would allow us to detect the interaction of
LiNOs and sulphur species. It would also be interesting to conduct the ‘double-edge’
XAS analysis on other MXs additives to gain comparable results with the TiO,@S cell.
The combination of different synchrotron-based analysis, such as, XAS/XRD, XAS/SAXS
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will provide more comprehensive pictures of the reaction mechanism, which is

possible at the beamline BM28 and BM26 at the ESRF as well as at B18 at the DLS.
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Appendix

A-1 List of chemicals used

The list of materials and chemicals used for fabrication, characterisation and

electrochemical analysis are summarised below in Table A-1 in alphabetical order;

Table A-1. List of chemicals and materials used

Chemical
Aniline

AB

Celgard

Coin cell cases
CuO

CusS

DME

DOL

Glass fibre filters
Li-foil

LiNOs

LiTDI

LiTFSI

Mylar film

NMP

PEDOT:PSS

PVDF

CAS number

99.5%, 62-53-3

Acetylene black 99.9 %, 1333-86-4

25 pum thick

CR2016

Copper(ll) oxide 99.999%, 1317-38-0

Copper(ll) sulphide 99.8 %, 1317-40-4
1,2-dimethoxyethane, anhydrous 99.5% 110-71-4
1, 3-Dioxolane, anhydrous 99.8 %, 646-06-0

GF/F, 1825-110

99.9 %, 7439-93-2

Lithium Nitrate 99.99 %, 7790-69-4

Lithium 4,5-dicyano-2-(trifluoromethyl)imidazole
95%,
Bis(trifluoromethane)sulphonimide lithium salt

90076-65-6
3.4 um thick

1-methyl-2pyrrolidinone, anhydrous 99.5 %, 872-
50-4

Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulphonate) 1.3 wt% dispersion in
H,0, conductive grade,

Poly(vinylidene fluoride), 24937-79-9
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Supplier
Sigma-Aldrich
Alfa Aesar
MTI

MTI
Sigma-Aldrich
Alfa Aesar
Sigma-Aldrich
Sigma-Aldrich
Whatman
Sigma-Aldrich
Sigma-Aldrich
Alfa Aesar

Alfa Aesar

Fisher

scientific

Sigma-Aldrich

Sigma-Aldrich

Sigma-Aldrich



PVP
Ss

Sn0O;
TEGDME

TiO2
TMS
V205

Polyvinylpyrrolidone, 9003-39-8

Sulphur 99.998%, 7704-34-9

Tin(IV) oxide, 18282-10-5

Tetraethylene glycol dimethyl ether 99 %, 143-24-
8

Titanium(IV) oxide, anatase 99.7%, 1317-70-7
Sulpholane 99%, 126-33-0

Vanadium(V) oxide 99.99%, 1314-62-1
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A-2 Second discharge and charge cycle of TiO,@S cell for

operando double-edge experiment

The operando S K-edge & Ti K-edge XANES measurement in Section 4.4.2.1.b), was
measured further until the end of second charge to investigate the reproducibility of

the S and the Ti K-edge XANES feature.

3.0

27{d 18 19 ___._)2
21 13 14 15
f——,
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Figure A-1. Operando XANES measurement of the TiO,@S cell at 0.1 C rate. (a) Voltage
profile for the second discharge and charge. Normalised XANES spectra for both the S
K-edge (left panels) and the Ti K-edge (right panels) for (b) the second discharge
(labelled as 12 - 16), and (c) the second charge (labelled as 17 - 22).

262



As can be seen in Figure A-1, the spectral features undergo similar trend as the first
cycle for both at the S and Ti K-edges. This indicates a good reproducibility of the

compounds formed during the measurement of two successive cycles.

A-3 Post-mortem XAS measurements

To gain additional insights into the redox reactions and local structures, ex situ (post-
mortem) Ti K-edge XAS measurements were performed for cycled TiO.@S cathodes
and correlated these results with the electrochemical behaviour and operando sulphur

K-edge results.

A-3.1 Sample preparation

Several TiO,@S cathodes cells were cycled in LiTDI/TEGDME/LINOs electrolyte at a rate
of 0.1 C and cells were disassembled to retrieve the TiO,@S cathodes. Extracted
cathodes were sandwiched by Kapton adhesive foils to prevent possible side reactions
in the air. Cell dissembling, and cathode packing was carried out in an argon-filled
glove box. The Ti K-edge XANES and EXAFS spectra of TiO,@S cathodes extracted from
coin cells were acquired in transmission detection mode at beamline B18 at the
Diamond Light Source (DLS, Didcot, UK). All samples measured at this beamline were

placed on a non-absorbent sample holder using Kapton adhesive foil (Figure A-2).

Decrimped

N
@ — s

Cycled S ——

Non-absorbent
sample holder

Inside the argon-filled glove box

Figure A-2. Preparation steps for post-mortem samples.
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A-3.2 Beamline set up

The experiment set up at the B18 (DLS) is displayed in Figure A-3. The ionisation
chambers detectors, Iyp and I, were used to measure the intensities of incident beam
and transmitted beam thorugh the sample, respectively. ¥ The excitation energy is
adjusted using a double crystal monochromator, resulting in a spectral energy

resolution of 4.98 keV.

Figure A-3. Ti K-edge XAS set up at beamline B18 at DLS.

A-3.2 Results

The XANES spectra for the ex situ TiO,@S electrodes are represented in Figure A-4b,
together with the anatase-TiO, reference spectrum. There was no significant change in
the XANES region for post-mortem cathode samples, having the same number of the
pre- and main-edge feature and stable energy position of the absorption edge. From
the Ti K-edge XANES we do not detect the energy shift towards Ti3*. Furthermore, peak
intensities did not change, confirming the no change in the crystallinity. This proves
that the Ti K-edge change is only observed under operando conditions and TiO, are
metastable and post-mortem treatment disturbs the properties of the sample. This

result highlighted the importance of the operando XAS measurement.
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Figure A-4. (a) Typical voltage profile of TiO,@S for the first cycle with labels of various
(de)lithiated states (1 - 6) for samples used in ex situ XAS measurements, and (b) ex

situ Ti K-edge XANES spectra of TiO,@S cathodes.
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